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Preface

Photosynthesis is the process through which the energy inherent in sunlight is cap-
tured in the chemical bonds of reduced carbon compounds, thereby providing the 
food upon which almost all life depends. In addition, the production of oxygen as 
a result of the utilization of water as the ultimate electron donor to the photosyn-
thetic electron transport chain has transformed our atmosphere, allowing for the 
emergence of oxygenic respiration, without which there would be no human life 
on Earth.

Photosynthesis is carried out in plants and algae in chloroplasts. Given their cen-
tral role in energy transduction in the biosphere, chloroplasts have been the focus of 
attention for generations of scientists. This volume brings together many aspects of 
modern research into plastids relating to their biogenesis, functioning in photosyn-
thesis and utility for biotechnology.

Plastids had their origins in free living photosynthetic bacteria and took up resi-
dence in the primitive eukaryotic cells through endosymbiosis. While they have lost 
most of their DNA to the nucleus, they retain a functioning genome and are capable 
of a limited but critical amount of semi-autonomous protein synthesis. Accordingly, 
we start this volume with a series of three chapters devoted to the handling of the 
genetic information contained within the plastid genome and crosstalk between the 
chloroplast and nucleus as the information encoded in both locations is decoded. 
Following this are five chapters that examine the biogenesis and differentiation of 
the plastid itself and the sub-structures found at the plastid surface and within the 
internal thylakoid system. Also included here is a treatment of the unusual non-
photosynthetic plastids found within the Apicoplexa, a group of parasitic protists 
responsible for a number of important human diseases.

Despite having their own genomes, the vast majority of plastid proteins are syn-
thesized in the cytosol and taken up into and subsequently distributed within the 
organelle. The next six chapters of the volume describe these processes, as well 
as the roles of molecular chaperones and proteases in protein homeostasis. This is 
followed by three chapters dedicated to critical aspects of chloroplast physiology 
relating to dissipation of excess light energy, control of electron transport and ion 
homeostasis. Finally, the book ends with two chapters discussing the emerging roles 
of plastids in biotechnology, one as a platform for synthesis of useful proteins, made 
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desirable because of the superior containment of transgenes within this organelle 
than when inserted in nuclear genomes, and the other as a source of hydrogen pro-
duction to be used as biofuel.

Each of the chapters has been written by leading authorities in their respective 
research areas. Many chapters are the result of collaborations between experts in 
different laboratories, giving a broader than usual perspective on a given topic. In 
each case, readers will find well-crafted chapters containing information and in-
sights for both novices and experts alike.

We are grateful to our many friends and scholars who contributed these out-
standing chapters. The breadth of their knowledge and clarity of their writing have 
made for a unique and readable volume bringing together many disparate but in-
terconnected topics relating to plastid biology. We are also indebted to those at 
Springer, especially Kenneth Teng and Brian Halm, who oversaw this project in its 
final stages of production.

Davis, CA, USA Steven M. Theg
Paris, France Francis-André Wollman
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Chapter 1
Chloroplast Gene Expression—RNA Synthesis 
and Processing

Thomas Börner, Petya Zhelyazkova, Julia Legen  
and Christian Schmitz-Linneweber

S.M. Theg, F.-A. Wollman (eds.), Plastid Biology, Advances in Plant Biology 5, 
DOI 10.1007/978-1-4939-1136-3_1, © Springer Science+Business Media New York 2014

C. Schmitz-Linneweber () · T. Börner · P. Zhelyazkova · J. Legen
Institute of Biology, Humboldt University Berlin, Chausseestr. 117,  
10115 Berlin, Germany
e-mail: smitzlic@rz.hu-berlin.de

Abstract Both transcription and transcript processing are more complex in 
chloroplasts than in bacteria. Plastid genes are transcribed by a plastid-encoded 
RNA polymerase (PEP) and one (monocots) or two (dicots) nuclear-encoded 
RNA polymerase(s) (NEP). PEP is a bacterial-type multisubunit enzyme com-
posed of core subunits (coded for by the plastid rpoA, B, C1 and C2 genes) and 
additional protein factors encoded in the nuclear genome. The nuclear genome 
of Arabidopsis contains six genes for sigma factors required by PEP for pro-
moter recognition. NEP activity is represented by phage-type RNA polymerases. 
Factors supporting NEP activity have not been identified yet. NEP and PEP use 
different promoters. Both types of RNA polymerase are active in proplastids 
and all stages of chloroplast development. PEP is the dominating transcriptase 
in chloroplasts.

Chloroplast RNA processing consists of hundreds of mostly independent 
events. In recent years, much progress has been made in identifying factors be-
hind RNA splicing and RNA editing. Namely, pentatricopeptide repeat (PPR) 
proteins have come into focus as RNA binding proteins conferring specificity to 
individual processing events. Also, studies on chloroplast RNases have helped 
considerably to understand chloroplast RNA turnover. Such mechanistic insights 
are set in contrast to how little we know about the regulatory role of RNA process-
ing in chloroplasts.

Keywords Chloroplast transcription · Chloroplast RNA polymerase · Chloroplast 
promoter · Chloroplast RNA processing · Chloroplast RNA-binding proteins · PPR 
proteins · Chloroplast splicing · Chloroplast editing · Chloroplast RNA degradation ·  
Chloroplast nucleases

Abbreviations

CRS2 Chloroplast RNA splicing 2 protein
IR Inverted repeat
NEP Nuclear-encoded plastid RNA polymerase
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Nt Nucleotides
PEP Plastid-encoded plastid RNA polymerase
PPR Pentatricopeptide repeat
TAC Transcriptionally active chromosome
TFs Transcription factors
TPR Tetratricopeptide repeat
TSSs Transcription start sites

1.1  Introduction

Chloroplasts, which have their own genomes (plastomes) and specific machiner-
ies for gene expression, evolved from a bacterium that was related to the extant 
cyanobacteria. During evolution, the majority of the cyanobacterial genes were lost 
or transferred to the nucleus; only a few genes, mainly those required for photosyn-
thesis and gene expression, are currently retained in the plastome ([84, 321]; see 
Chap. 3). Despite the lower gene content, however, the transcriptional apparatus 
of higher-plant chloroplasts is more complex than that of bacteria. For example, 
bacteria use a multisubunit RNA polymerase to transcribe all of their genes. Chlo-
roplasts in angiosperms and possibly in the moss, Physcomitrella, possess a ho-
mologous enzyme, but additionally require one or more single-subunit phage-type 
RNA polymerases for transcription. In contrast, the chloroplasts of algae and the 
lycophyte, Selaginella, have a simpler, more archaic apparatus that seems to rely 
solely on the bacteria-type multisubunit enzyme for transcription [320]. RNA pro-
cessing is also more complex in chloroplasts than in bacteria, as virtually all chlo-
roplast mRNAs, rRNAs and tRNAs are subjected to maturation, which involves 
trimming of the 5′ and/or 3′ ends. To become functional, many transcripts require 
additional cis- and/or trans-splicing, and (in the case of most land plants) editing 
of their nucleotide sequences [14]. Transcription and RNA processing seem to take 
place in close proximity, since components of both processes are found together 
with DNA in the nucleoids of chloroplasts [176]. In addition to tRNAs and rRNAs, 
many other non-coding RNAs (including a large number of antisense RNAs) have 
recently been found in plastids, partly through deep-sequencing strategies [58, 81, 
109, 169, 188, 316, 338, 340]. Many of the detected non-coding RNAs are the 
products of transcription from own promoters [306, 340]; these non-coding RNAs 
could play a role in regulating gene expression, thus further increasing the complex-
ity of plastid RNA metabolism [77, 108, 267, 316, 337]. A number of the recently 
described small plastid RNAs, however, are identical to the 3′ and 5′ end regions of 
mature mRNAs protected from degradation by RNA-binding proteins or stem-loop 
structures, and are therefore thought to represent by-products of RNA degradation 
and processing with questionable potential for regulatory functions [239, 340]. A 
well-investigated example of a plastid non-coding RNA is the Chlamydomonas tscA 
RNA which functions in trans-splicing [233].
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This chapter focuses on recent studies dealing with the function of RNA poly-
merases in plastid gene expression and the role of RNA-binding proteins in the pro-
cessing of chloroplast transcripts. For more information, a number of recent reviews 
provide more details on the evolution and regulation of chloroplast transcription, 
the function of plastid sigma factors, and on plastid RNA processing [14, 155, 160, 
262, 320].

1.2  RNA Synthesis

1.2.1  The Plastid-Encoded Plastid RNA Polymerase (PEP) 
is a Bacteria-Type Multisubunit RNA Polymerase

Homologs of the cyanobacterial RNA polymerase subunits α, β, β′ and β″ are en-
coded by the plastid rpoA, B, C and C1 genes; together, these form the core of 
the plastid-encoded plastid RNA polymerase (PEP; [111, 198, 269, 272]). Simi-
lar to the gene organization in bacteria, rpoA, which encodes the α subunit of 
PEP, is found in a gene cluster with several genes encoding ribosomal proteins 
[223], while rpoB, rpoC and rpoC1, encoding the β, β′ and β″ subunits, respec-
tively, together form an operon [127, 269]. The PEP β and β′ subunits can serve 
as functional substitutes for the homologous subunits of the E. coli RNA poly-
merase [265]. PEP is sensitive to tagetitoxin, an inhibitor of bacterial transcription 
[178], further demonstrating the high degree of conservation between the plastid-
encoded and eubacterial RNA polymerases. However, the PEP α subunit does not 
substitute for the E. coli homolog in transplastomic tobacco plants [285]. As the 
bacterial polymerase, the chloroplast core enzyme requires a sigma (σ) factor for 
promoter recognition and initiation of transcription [162]. While Chlamydomonas 
reinhardtii has only one nuclear gene encoding a sigma factor [26], land plants 
and the red algae, Cyanidioschyzon merolae and Cyanidium caldarium, possess 
several sigma factor genes ([154, 165, 180], for reviews on higher plant sigma fac-
tors see [262, 290, 291]). It is not yet known whether the less complex organiza-
tion of the transcriptional apparatus in algae (PEP alone and fewer sigma factors) 
is causally related to the lower degree of transcriptional regulation in algal chloro-
plasts versus those of higher plants [62, 76].

PEP can be isolated from plastids as a soluble enzyme or an insoluble form, 
also known as transcriptionally active chromosome (TAC), which contains DNA, 
RNA, the PEP subunits, and a large number of other proteins [37, 89, 144, 164, 
215, 230]. Similar to isolated nucleoids [241], TAC exhibits in vitro transcrip-
tional activity. The soluble PEP fraction isolated from mustard ( Sinapis alba) etio-
plasts, referred to as PEP-B, consists of only the core subunits (Fig. 1.1a; [217, 
276]. However, the existence of transcription factors in very low amounts and/or 
only loosely associated with PEP-B cannot be completely ruled out. Soluble PEP 
preparations from photosynthetically active plastids, called PEP-A, contain the 
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PEP core subunits associated with ~ 10 nuclear-encoded proteins (Fig. 1.1a). PEP 
complexes have been assessed in etioplasts and chloroplasts; other plastid types 
have not yet been analyzed in terms of their protein compositions. The proteins 
associated with the core subunits of PEP (the PEP-associated proteins, or PAPs) in 
PEP-A preparations [276] are also observed as components of TAC (the pTACs). 
Experimental data support the view that the PAPs/pTACs are required for tran-
scription and its regulation under light conditions [122, 197, 215, 217, 218]. Ad-
ditional factors involved in transcription and the regulation of gene expression can 
be found in nucleoid preparations [138, 176, 228]. The combination of PEP with 
its accessory proteins may help establish nuclear control over plastid transcription 
and adapt transcription to endogenous and exogenous cues [276]. This is also true 
for the sigma factors, which confer promoter recognition to PEP. The PEP sigma 
factors of higher plants belong to the eubacterial σ70 family [173]. Arabidopsis 
has six different sigma factors [74, 154, 260, 262]. Sigma factors do not co-purify 
with PEP, perhaps because they are not needed for the elongation phase of RNA 
synthesis [276]. In addition, highly purified PEP complexes do not contain the 
plastid transcription kinase, cpCK2, or the chloroplast sensor kinase, CSK [276], 

TSSTSS  

TF TF TF
TF

TFTF
TF

TF TF

TSS  

Nuclear-encoded  plas�d
RNA  polymerase  (NEP)  

Plas�d-encoded  plas�d
 RNA  polymerase  (PEP)  

PEP-A

TF

PEP-B  

RPOTTF?

TF?

NEP

TAtaaT�Gact

15-21 nt

TSS 

YATa

TSS

PEP promoter NEP promoter

-35 box -10 box YRTa box

a

b

Fig. 1.1  Plastid RNA polymerases and their promoters. a PEP-A and PEP-B represent the soluble 
forms of PEP isolated from chloroplasts and etioplasts, respectively. PEP-B comprises the core 
subunits 2 α, 1 β, 1 β′ and 1 β″. For promoter recognition and transcription initiation, a σ factor is 
needed. PEP-A has a more complex structure and consists of the core subunits, the σ factor, and 
auxiliary factors such as transcription factors (TFs) like the PAPs (see text). For RNA synthesis, 
the nuclear-encoded plastid RNA polymerase (NEP) requires only the catalytic subunit, RPOT. 
Unknown TFs support promoter recognition and regulation. b Structures of the PEP and NEP 
promoters, with consensus sequences as found in the barley plastome. Typical PEP promoters 
resemble bacterial promoters with − 10 and − 35 consensus sequences, while typical NEP promot-
ers have a YRT core motif. Note, however, that many PEP and NEP promoters do not conform to 
the depicted structures. The transcription start sites (TSSs) are indicated by arrows
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even though these enzymes are believed to regulate transcription by phosphorylat-
ing PEP subunits and sigma factors in a photosynthesis/redox-dependent manner 
[10, 11, 36, 126, 163, 197, 224, 225, 302]. Experimental data support the involve-
ment of sigma factors in the regulation of plastid transcription during development 
and in response to changing environmental conditions (reviewed in [154, 155, 
260, 262]). Transcription of plastid genes is also controlled by hormones, but fu-
ture studies will be needed to identify the factors responsible for mediating the ef-
fects of hormones on plastid transcription [160, 344, 345].

1.2.2  PEP Promoters

Given the bacterial origin of PEP, it is unsurprising that many of the promoters 
utilized by PEP resemble the E. coli σ70 promoter architecture, which harbors both 
− 35 and − 10 consensus sequence elements [75, 85, 282]. The E. coli RNA poly-
merase can accurately transcribe from such PEP promoters [34, 35]. In Chlam-
ydomonas chloroplasts, however, most promoters lack a conserved − 35 sequence 
element; instead, extended − 10 boxes and/or more remote sequences confer full 
promoter strength [24, 116, 133, 140, 141]. Furthermore, neither the − 10 nor the 
− 35 box seem to be essential for a functional PEP promoter in higher plants. Ac-
cording to a plastome-wide search for conserved PEP promoter motifs, the − 10 
element “TAtaaT” (upper-case letters indicate overrepresented nucleotides > 1 bit) 
is located 3–9 nucleotides (nt) upstream of the transcription start site of 89 % of 
all primary (unprocessed) transcripts in the chloroplasts of mature barley leaves, 
and the − 35 element “ttGact” can be found 15–21 nt upstream of 70 % of the PEP 
promoters harboring this − 10 motif (Fig. 1.1b; [340]). Comparable whole-genome 
analyses are not yet available for algae and dicots. The − 10 and − 35 boxes can be 
complemented or replaced by other sequences, most of which have not yet been 
identified. For instance, the mustard psbA promoter harbors a regulatory element 
(TATATA) between the − 10 and − 35 promoter elements; in vitro, this regulatory 
element promotes a basal level of transcription in the absence of the −35 region in 
plastid extracts from dark- and light-grown plants. However, the − 35 element is 
essential for the full promoter activity required during active photosynthesis [64, 
161], and it is needed for in vitro transcription in barley chloroplasts [137]. In the 
case of the wheat psbA promoter, an extended − 10 sequence (TGnTATAAT) is uti-
lized as the sole psbA promoter element by PEP in mature chloroplasts. PEP ob-
tained from developing chloroplasts in the leaf base, however, requires both the 
− 10 and − 35 boxes, suggesting that different transcription factors may participate 
during chloroplast development [248]. Several cis-elements required for the bind-
ing of regulatory proteins in the context of PEP promoters have been described. A 
22-bp sequence, known as the AAG box, plays an important role in regulating the 
blue light-responsive promoter of psbD (which encodes the photosystem II reaction 
center chlorophyll protein, D2) by providing a binding site for the AAG-binding 
factor, PTF1, which acts as a positive regulator [7, 137]. The blue-light dependent 
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activation of the psbA and psbD promoters in Arabidopsis chloroplasts depends on 
the sigma factor, SIG5, whose expression is stimulated by blue light [204]. SIG5 
is also responsible for the enhanced transcription of psbD and several other genes 
under various stress conditions ([193]; Yamburenko et al., unpubl. data). Similarly, 
a transcription factor binds to a sequence − 3 to − 32 nt upstream of the rbcL tran-
scription start site and enhances transcription [136]. In silico analyses suggest that 
there are many more, yet-uncharacterized nuclear-encoded plastid transcription fac-
tors [258, 312].

Similar to most protein-encoding genes/operons and the rRNA gene cluster, the 
majority of tRNA genes are transcribed by PEP from typical σ70-like promoters 
upstream of the transcription start site [155]. In addition, some reports suggest that 
several tRNAs are transcribed from gene-internal promoters; these include the spin-
ach trnS, trnR and trnT [53, 86, 323], the mustard trnS, trnH and trnR [156, 195, 
196], and the Chlamydomonas trnE [119]. However, the exact tRNA-related inter-
nal promoter elements and the polymerase(s) capable of recognizing them have not 
yet been elucidated.

1.2.3  The Nuclear-Encoded Plastid RNA Polymerase (NEP) is 
Represented by Phage-Type RNA Polymerases

In stark contrast to the bacterial RNA polymerase, PEP is not sufficient to tran-
scribe all plastid genes in higher plants. Instead, a nuclear-encoded plastid RNA 
polymerase (NEP) activity participates in and is essential for plastid transcription 
[1, 102, 271]. The first evidence for the existence of one or more NEP enzymes 
came from studies on the effect of translation inhibitors on cytoplasmic and plastid 
ribosomes [65]. Active RNA synthesis occurs in ribosome-deficient plastids, sug-
gesting a nuclear location for the gene(s) responsible for this activity [39, 95, 102, 
271]. Moreover, transcription takes place in plastids of the parasitic plant, Epifagus 
virginiana, even though its plastome lacks genes encoding the core subunits of PEP 
[68, 189]. Similarly, plastid genes are transcribed in PEP-knockout transplastomic 
tobacco plants, but these plants have an albino phenotype, suggesting that NEP 
alone cannot provide for photosynthetically active chloroplasts [1, 88, 151].

NEP is represented by one or more phage-type RNA polymerases in higher 
plants [97, 98, 153], encoded by the RpoT ( RNA polymerase of the phage T3/T7 
type) genes [97]. In contrast to the multi-subunit PEP, these phage-type enzymes 
are composed of only a single catalytic subunit, possibly associated with only one 
or a few auxiliary factor(s) (see below; Fig. 1.1a; [146]). While monocots and the 
basal angiosperm, Nuphar, contain only one plastid phage-type RNA polymerase 
(RPOTp; [46, 66, 148, 332]), eudicots have two of these enzymes, RPOTp and 
RPOTmp, the latter of which is targeted to both plastids and mitochondria [98, 99, 
142, 147]. Knocking out the RpoTp or RpoTmp genes in Arabidopsis yields plants 
with delayed chloroplast biogenesis and slightly altered leaf morphogenesis, while 
RpoTp/RpoTmp double mutants exhibit a more severe phenotype characterized 
by extreme growth retardation [110]. Transgenic tobacco and Arabidopsis plants 
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overexpressing RPOTp show increased transcription from a set of NEP promoters 
[159], and RPOTp recognizes distinct NEP promoters in vitro [146]. Even though 
RPOTmp fails to drive transcription from NEP promoters in vitro [146], the enzyme 
plays a distinct role in plastid transcription during the early developmental stages 
of Arabidopsis [54].

Specific antibodies detect both RPOTp and RPOTmp in the stroma and mem-
brane fractions of plastids (J. Sobanski et al., unpublished data, [5, 46]) and the 
two phage-type polymerases can be prepared from plastids in both soluble and 
membrane-bound forms (J. Sobanski et al., unpublished data, [5, 6]). The RING 
H2-protein mediates the binding of RPOTmp to the stromal side of the thylakoid 
membrane in spinach [6]. RPOTp and RPOTmp are not detected in purified PEP 
fractions, PEP-containing TAC preparations, or the proteome of plastid nucleoids 
[176, 199, 215, 276], most likely because the phage-type polymerases are much less 
abundant than the PEP subunits in chloroplasts.

The phage T7 RNA polymerase is a genuine single-subunit enzyme; the com-
plete process of transcription (including promoter recognition, initiation, elongation 
and termination) is performed by a single protein, regardless of whether the DNA 
template is linear, circular or supercoiled [277]. Similarly, the Arabidopsis RPOTp 
polymerase is able to correctly recognize promoters, transcribe the gene, and stop 
at a (bacterial) terminator without additional factors in in vitro assays, provided that 
the DNA templates are in the supercoiled conformation [146]. However, Arabidop-
sis RPOT polymerases are also capable of correctly initiating transcription in vitro 
on linear double-stranded DNA templates if the base sequence of the promoter is 
altered to prevent base pairing (i.e., if the promoter region is already in a partially 
open state; A. Bohne and T. Börner, unpublished data). This finding suggests that, 
similar to the related phage-type RNA polymerases in yeast and human mitochon-
dria [59, 179, 232, 284], RPOT polymerases need additional factors to melt the 
DNA duplex at promoter regions in organello. However, such factors have not yet 
been identified in plants [231]. As shown for PEP (see above), transcription by NEP 
is also affected by developmental and environmental cues (reviewed in [155, 160]). 
In the case of the Type II Pc promoter of spinach chloroplasts, a specific transcrip-
tion factor, CDF2, is involved in the development-dependent decision on whether to 
use the NEP promoter or the PEP promoter for transcription of the rrn genes [23]. 
Future work is warranted to identify additional NEP-interacting factors and the sig-
naling pathways responsible for regulating NEP activity.

1.2.4  NEP Promoters

In green chloroplasts, PEP transcripts are overrepresented, while most of the 
transcripts generated by NEP are of low abundance and not easily detectable 
[101, 158]. Therefore, the NEP transcription start sites have been identified in 
plants lacking PEP activity [1, 112, 264, 273, 287, 340]. Based on their archi-
tectures, the NEP promoters can be grouped into three types: Type-Ia, Type-Ib, 
and Type-II [158, 319]. The majority of the analyzed NEP promoters belong to 
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the Type-I NEP promoters, which are characterized by a conserved YRTa core 
motif located a few nucleotides upstream of the transcription start site (Fig. 1.1b; 
[340]). The plastid promoters share the YRTa motif with many plant mitochon-
drial promoters [112]. The similarity of the NEP and mitochondrial promoters 
is not surprising, since the NEP-encoding genes originated from duplication(s) 
of the gene encoding the mitochondrial RNA polymerase [320]. NEP accurately 
initiates transcription at the Oenothera berteriana mitochondrial atpA promoter 
when integrated into the tobacco plastome, suggesting that there are relationships 
not only between the promoters and RNA polymerases of plant mitochondria and 
chloroplasts, but also among the factor(s) involved in promoter recognition [27]. 
The Type-I promoters are further divided into two subclasses, Type-Ia and -Ib. 
Type-Ia promoters have only the YRTa box as a conserved sequence motif. No 
sequence elements outside of this core motif have significant influence on in vi-
tro transcription from the tobacco rpoB Type-Ia promoter [157]. However, de-
letion analysis of the 5′-flanking region of the Arabidopsis rpoB fused to GUS 
and transiently expressed in the chloroplasts of cultured tobacco cells suggests 
the existence of additional regulatory elements upstream of the YRTa sequence 
[113]. The Type-Ib NEP promoters carry an additional conserved sequence mo-
tif (ATAN0–1GAA), called the “GAA box”, located approximately 18–20 nt up-
stream of the YRTa motif [319]. Deletion analysis of the tobacco Type-Ib Pat-
pB-289 promoter reveals that the GAA box plays a functional role in promoter 
recognition both in vivo and in vitro [129, 325]. There is no Type-Ib promoter 
in the barley chloroplast genome, suggesting that this promoter type may not be 
used by NEP in the plastids of Poaceae and perhaps other monocots [340].

Transcription from Type-II NEP promoters is YRTa-independent, and is in-
stead controlled by “non-consensus” promoter elements [160]. The best inves-
tigated example is the tobacco clpP NEP promoter, whose core sequence com-
prises the region − 5 to + 25 with respect to the transcription initiation site [275]. 
Interestingly, the clpP NEP promoter sequence is conserved among monocots, 
dicots and C. reinhardtii, but is not required to drive transcription in rice and 
Chlamydomonas. However, when introduced into tobacco, the rice sequence is 
efficiently utilized as a promoter. This promoter sequence might therefore be rec-
ognized by a distinct transcription factor or NEP enzyme that is present in dicots 
but not monocots, such as PROTmp [159, 275]. The Pc promoter of the rrn op-
eron in spinach chloroplasts represents another non-YRTa NEP promoter [155]. 
The promoter region of the rrn operon is highly conserved in plants and con-
tains the − 10 and − 35 PEP promoter elements, which drive PEP-mediated tran-
scription of the operon in barley, tobacco, maize, and later in the development 
of Arabidopsis chloroplasts [1, 54, 112, 282, 307]. However, in spinach, as well 
as during the early developmental stages of Arabidopsis chloroplasts, NEP initi-
ates at the Pc promoter located between the conserved PEP promoter elements 
[9, 54, 114, 115, 287]. Approximately 70 % of the more than 200 NEP promot-
ers used in the PEP-deficient plastids of albostrians barley have a YRTa box as 
the only conserved promoter element, and thus belong to Type-Ia. The remaining 
30 % of the NEP promoters lack YRTa, as well as any other consensus motif in 
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the region − 50 downstream to + 25 upstream of the transcription start sites [340]. 
Thus, the Type-II promoters may be regarded as a group of apparently unrelated 
promoters defined by the lack of YRTa.

1.2.5  Division of Labor among Different Plastid RNA 
Polymerases

The algae investigated to date and the lycophyte, Selaginella moellendorffii, do 
not show NEP activity; instead, PEP transcribes all of their chloroplast genes (re-
viewed in [320]). Angiosperms and most likely also the moss, Physcomitrella 
patens, rely on NEP in addition to PEP for plastid transcription, although the ad-
vantage of this is a matter of some debate. The establishment of NEP activity is 
believed to have evolved in land plants to offset elevated levels of point mutations 
in PEP promoters, which may have occurred due to enhanced UV irradiation af-
ter the water-to-land transition [175]. This view is supported by two observations: 
in the absence of PEP, numerous NEP promoters are activated in barley plastids 
[340]; and a NEP promoter that is inactive in wild-type Arabidopsis, compensates 
when transcription is abolished from the atpB PEP promoter in a sigma factor-6 
knockout line [261]. An additional or alternative advantage of a second RNA poly-
merase activity in plastids might be stronger control of organellar transcription by 
the nuclear genome.

A division of labor between PEP- and NEP- mediated transcription was first pro-
posed by Hess et al. [102] and further elaborated by Mullet [192] and Hajdukiewicz 
et al. [88]. Initial studies suggested that NEP plays a role in transcribing housekeep-
ing genes, while PEP is responsible for transcribing the photosynthetic genes [1, 88, 
102, 112, 130, 308]. However, later studies showed that there is no strict division of 
labor between the two polymerases with respect to the functional classes of plastid 
genes they transcribe (housekeeping/non-photosynthetic vs. photosynthetic). Many 
housekeeping genes have both PEP and NEP promoters, and certain non-photosyn-
thetic genes are transcribed only by PEP in green leaves (e.g., [88, 307, 340]). A 
few potential NEP promoters may exist upstream of photosynthetic genes in normal 
green chloroplasts (Fig. 1.2; [340]), and more than 200 new NEP promoters are 
activated in the leaf plastids of a barley mutant lacking PEP activity, resulting in 
the NEP-mediated transcription of virtually all plastid genes ([339]; see also [151]).

The transcriptional activity of plastid genes massively increases with the onset 
of chloroplast development (reviewed in [155]). In addition, the transcription of 
the rpoB-C1-C2 genes is NEP-dependent [102] and precedes the strong transcrip-
tion of photosynthetic genes during chloroplast development in barley [18] and pea 
leaves [61]. These data, together with the detection of NEP promoters upstream 
of housekeeping genes (see above), led researchers to suggest that NEP might be 
responsible for the basal transcriptional activity in the plastids of non-green cells. 
With the onset of chloroplast development from non-green proplastids, increased 
NEP activity would transcribe the genes encoding the core subunits of PEP. Then, 
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PEP would take over transcription and provide the high transcriptional activity 
needed for further chloroplast development, including the assembly of the photo-
synthetic apparatus [88, 192]. Indeed, NEP promoters are more active in early leaf 
development, while the transcriptional activity of PEP increases during chloroplast 
maturation [18, 54, 58, 66, 130, 288, 342]. However, these roles of NEP and PEP 
in chloroplast development have not yet been directly demonstrated. More recent 
data show that both PEP and NEP are present and active in all investigated green 
and non-green tissues during all developmental stages of the leaf [38, 42, 57, 58, 
125, 288, 305, 342]. Nevertheless, PEP is clearly the predominating RNA poly-
merase in photosynthetically active chloroplasts (Fig. 1.2; [340]). PEP transcribes 
the vast majority of plastid genes, including all photosynthetic genes. In mature bar-
ley chloroplasts, active NEP promoters (but no PEP promoters) were mapped within 
750 nt upstream of the rpl23 and rpoB coding sequences. However, rpl23 is part 
of a PEP-controlled gene cluster [128, 174], leaving rpoB-C-C1 as the only known 
example of an exclusively NEP-dependent transcript in monocots [340]. Although 
chloroplast genes can be transcribed from promoters located even further upstream 
of the coding region [308], no PEP-dependent transcription start sites is seen in the 
2 kb region upstream of the annotated rpoB gene in the barley plastome (Fig. 1.2). 
Given that multiple promoters are very common in plastids and a large percentage 
of genes/operons have both NEP and PEP promoters [155, 340], it is remarkable 
that the expression of the genes encoding the ß, ß′ and ß″ PEP subunits is entirely 
dependent on NEP in both monocots and dicots [157, 287, 340].

The nuclear genomes of the eudicots harbor two genes for NEP activity, RPOTp 
and RPOTmp [98], suggesting that there is also a division of labor between the 
two NEP polymerases. Indeed, several studies suggest that RPOTp and RPOTmp 
display their major activities in different tissues and developmental stages. In Ara-
bidopsis, RPOTmp promoter activity is detected in young, non-green cells of dif-
ferent organs, whereas RPOTp expression is mainly observed in green, photosyn-
thetically active tissues [67]. In agreement with this observation, Courtois et al. 
[54] found that RPOTmp is needed for the synthesis of rRNAs from the Pc pro-
moter in Arabidopsis seeds during imbibition, while at later stages, PEP becomes 
the principle polymerase responsible for rrn transcription [54]. Furthermore, lack of 
RPOTmp activity resulted in lower accumulation of several chloroplast transcripts 
in young Arabidopsis seedlings upon illumination [8, cf. 147]. However, several 
lines of evidence suggest that RPOTp is also present and required early in develop-
ment, and that RPOTmp may also play a role in mature chloroplasts. The activity 
of RPOTmp in mature chloroplasts can be deduced from the use of NEP promoters 
in Arabidopsis mutants lacking RPOTp. However, the strong NEP promoter that 
drives transcription of the essential ycf1 gene in wild-type dicot chloroplasts is not 
used in very young RPOTp mutant seedlings, hinting that RPOTp may play a role at 
this early stage of development [288]. In addition, knocking out or knocking down 
RPOTp decreases the levels of transcripts originating from NEP promoters in both 
mature and developing Arabidopsis chloroplasts (the effect is more pronounced 
in the latter; [288]). RPOTp appears to prefer Type-I promoters, while RPOTmp 
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Fig. 1.2  Distribution of PEP- and NEP-dependent transcription start sites (TSSs) in mature bar-
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(NC_008590). The graphical representation was created using OGDraw (OrganellarGenome-
DRAW; http://ogdraw.mpimp-golm.mpg.de/; [166]) and further modified. Genes at the inside 
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prefers Type-II promoters. Overexpression of RPOTp enhances the usage of Type-I 
promoters [159]. Similarly, usage of the non-consensus Type-II promoters of the 
clpP gene and the rrn operon is unaffected and enhanced, respectively, by the lack 
of RPOTp activity. However, most of the Type-I NEP promoters are still active in 
the absence of RPOTp, suggesting that RPOTmp can recognize Type-I promoters 
[288].

1.3  RNA Processing

Early on, transcription was recognized as a major point of gene regulation in bac-
teria, epitomized by the operon model of Jacob and Monod [118]. In addition to 
the core transcriptional machinery, a number of factors (repressors or activators 
of transcription) are known to determine the usage of bacterial promoters. Such 
modulators of transcription initiation are DNA-binding proteins, and include the 
famous trp repressor [250]. Bacterial RNAs are translated as they are transcribed, 
so there is very little posttranscriptional RNA processing. Splicing, RNA editing 
and intercistronic processing are rare events in bacteria; thus, transcription initiation 
and RNA degradation largely determine mRNA expression and eventual protein 
production [83]. Although non-coding RNAs have lately come into focus as regula-
tors of gene expression in bacteria, prokaryotes undergo relatively little regulated 
RNA processing.

In chloroplasts, however, every primary RNA is subject to some form of modi-
fication after transcription [278]. As in bacteria, chloroplasts express the majority 
of their genes as polycistronic RNAs. However, the bacterial concept of the operon 
as a cluster of co-regulated genes does not fully apply to plastids. Instead of being 
directly translated, numerous polycistronic transcripts function as precursors that 
are cleaved into smaller polycistronic or monocistronic RNAs, many of which still 
require splicing and/or RNA editing to become functional [14, 278]. Thus, RNA 
maturation further increases the complexity of RNA populations arising from most 
genes. Major events in plastid RNA maturation ( e.g., 5′- and 3′-end processing 
and intercistronic processing) involve the action of ribonucleases that have low se-
quence specificity, and the extent of processing is often determined by barriers such 
as RNA-binding protein and the presence of secondary structures [14, 278].

This part of our review focuses on the poorly understood complexity of post-
transcriptional processes in chloroplasts. We will summarize the most important 
findings on the central processes of RNA splicing, editing and end maturation, and 
then focus on studies that point to the potential regulatory functions of these RNA 
processing steps. In contrast to translational regulation, which is discussed in the 
accompanying article by Nickelsen et al. (Chap. 3), only a few studies demonstrate 
that RNA processing has a true rate-limiting effect on chloroplast gene expression. 
We will not attempt a detailed discussion of the large body of work on the mecha-
nistic aspects of RNA processing. For this, we direct the reader to recent reviews 
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on the individual RNA processing steps of splicing, editing and RNA degradation 
[50, 117, 279].

1.3.1  Chloroplast RNA Splicing

1.3.1.1  Chloroplast Introns and Factors

The two dominant classes of introns found in the chloroplast genes are the group I 
and group II introns, which are archaic introns believed to be the precursors of the 
eukaryotic spliceosomal introns [45, 104, 247, 270, 310]. Group I and group II in-
trons are structurally different, and harbor subdomains that have specific functions 
in the splicing reaction [242]. For example, the group II introns share six secondary 
domains that fold into a structure that is held together by tertiary interactions within 
the intron and with exonic sequences [185]. This structure brings together the splice 
sites, intron-internal guiding sequences, and the branch point. The number of in-
trons and their positions within the genome are relatively stable; the chloroplast 
genes of land plants usually contain around 20 introns, all but one of which fall into 
group II (for example: 17 intron in maize chloroplasts, 21 in Arabidopsis thaliana 
chloroplasts, [252]). These introns disrupt protein-encoding genes as well as those 
for tRNAs. In chlorophyte algae, group I introns are far more dominant, and the 
overall intron number per genome is more variable than that in land plants (e.g. 7 
introns in C. reinhardtii, 27 in Pseudendoclonium; [181, 219]). In addition, some 
chlorophytes also have introns in their rRNA-encoding genes [235]. These introns 
are all ribozymes by definition, and bacterial group I and group II introns can be 
made to self-splice in vitro [242]. However the chloroplast introns require trans-act-
ing factors for excision [252]. A large and growing set of nuclear-encoded proteins 
important for chloroplast splicing have been identified over the past 15 years. These 
factors are not related to the nuclear spliceosomal machinery, but instead have been 
evolutionarily recruited from very different sources. For example, the maize chloro-
plast RNA splicing 2 protein (CRS2) is a modified peptidyl-tRNA-hydrolase [120], 
while the Chlamydomonas Raa2 is derived from pseudouridine synthase [213]. 
Other known splicing factors contain various RNA binding domains, including the 
CRM domain found in ribosome-assembly factors [16], the abundant RRM domain 
[257], the mTERF domain [92], and the organelle-specific PPR domain [19, 52, 
55, 135]. In accordance with their diverse origins, the target ranges of these factors 
differ somewhat, although they overlap. The known factors and their target introns 
are listed in Table 1.1.

In terms of molecular functions, these factors are believed to help mold the in-
tron into a structure that allows splicing to occur. Intron folding could, for example, 
be promoted by high-affinity, sequence-specific interactions that stabilize otherwise 
transient RNA-internal interactions [208]. Proteins could also block competing 
non-productive folding pathways, or act as helicases to actively resolve misfolded 
RNA structures [90, 100]. Finally, the proteins may help juxtapose the 5′-splice site 
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with the internal branch point, allowing an intron-internal phosphodiester bridge to 
form and freeing the 3′-OH group of the 5′-exon. The latter is brought into prox-
imity with the 3′-splice site, the two exons are fused, and the intron is released as 
a circular structure known as the lariat. It is not yet clear how chloroplast factors 
fulfill this role at an atomic level; few biochemical or structural studies have ad-
dressed the exact binding sites of splice factors on their target introns and how these 
factors change the conformation of their intron ligands. For the maize factor, CRS1, 
we know that binding to its single target, the atpF intron, triggers structural changes 
in a particular intronic domain [208]. Footprinting analyses have demonstrated that 
CRS1 facilitates the internalization of intronic elements required for the core of the 
functional ribozyme [208]. In the future, it will be important to understand how 
chloroplast splicing factors act on and affect the structures of their target introns.

In addition to the nuclear-encoded splicing factors, there is also one chloroplast-
encoded protein essential for splicing a set of introns: MatK. Canonical bacterial 
group II introns harbor reading frames for maturase proteins that specifically sup-
port the splicing of their own introns and are required for the mobility of group II 
introns (bacterial introns can reverse-splice into novel genomic locations, a process 
not happening in chloroplasts and thus not further discussed here, [149]). With one 
exception, the introns of the land plant chloroplasts have lost their maturase reading 
frames. The sole maturase left in the chloroplast, MatK, resides in the trnK gene 
and has been implicated in splicing a subset of introns characterized by specific 
structural elements [103, 311]. MatK was recently demonstrated to associate in vivo 
with these introns [343], but we need further structural insights into how, where and 
why MatK attaches to its target introns in chloroplasts.

1.3.1.2  Regulation of Chloroplast RNA Splicing

RNA splicing is an essential process, making it an ideal step for switching on or 
off the gene expression of intron-containing reading frames. Unspliced chloroplast 
RNAs accumulate to high levels, and changes in the ratio of spliced to unspliced 
mRNAs in different tissues have been described in maize (for the atpF, petD, petB, 
rpl16, and ycf3 introns, [13, 182]), potato ( atpF, ndhB, [305]), for the mustard trnG 
intron , and the tomato ndhB intron [125]. The latter is believed to involve inhibi-
tion of the first splicing reaction [125], but we do not yet fully understand how these 
shifts in splicing efficiency occur. The existing studies largely agree, however, that 
splicing is most effective in chloroplasts, whereas non-photosynthetic tissues show 
relative over-accumulations of unspliced precursor RNAs. Unexpectedly, light does 
not seem to generally activate splicing in land plants [13, 156]. However, it does 
appear to have a positive effect on the splicing of the psbA group I introns in C. re-
inhardtii chloroplasts [60]. At present, it is unclear if these findings reflect an active 
change in splicing efficiency, or if there are changes in the stability of spliced versus 
unspliced transcripts. It is even less clear whether the observed changes impact the 
amount of proteins produced from these mRNAs, i.e., whether splicing can indeed 
be rate-limiting for gene expression. In Chlamydomonas, a mutation in a group 
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I intron of the psbA mRNA reduces the levels of both mature mRNA and PsbA 
protein by two-fold [150]. In this case, splicing could be a true rate-limiting step; 
however, it seems doubtful that such correlations between splicing rate and protein 
production exist for many spliced RNAs. There is evidence in C. reinhardtii that 
the amount of chloroplast mRNAs exceeds the capacity of the translational appa-
ratus [62], suggesting that smaller changes in splicing might not affect the eventual 
protein levels. Also, there is growing evidence that many chloroplast mRNAs are 
regulated at the level of translation, i.e., after splicing (see Chap. 3). Nevertheless, 
for selected introns or under selected conditions, splicing could become rate limit-
ing for gene expression.

We can only speculate on how this could be accomplished. Most simply, nucle-
us-encoded chloroplast splicing factors could become rate-limiting for splicing. A 
correlation of splice factor abundance and the splicing rate of a target mRNA has 
been demonstrated for CRS1 and its target, atpF [294], but few other splicing fac-
tors have been measured in a comprehensive fashion (under different conditions, in 
plants of different ages, etc.).

Next to such direct effects by varying amounts of splicing factors, we can imag-
ine indirect effects from the transcriptional and translational machineries. Splicing 
efficiencies and transcription rates have not yet been formally correlated, but the 
speed of an intron’s production could impact its folding status and thus its splicing 
efficiency. The different chloroplast RNA polymerases can be expected to have dif-
ferent transcription elongation rates, and each polymerase could be tuned to differ-
ent velocities depending on external and internal cues ( e.g., changes in phosphory-
lation) [295]. This could affect the folding and subsequent splicing of all chloroplast 
introns [210]. In addition, it is well known that translation in bacterial systems can 
impact transcription rates, and recent data show that transcription and translation 
are physically linked in prokaryotes [40, 222]. To date, no evidence suggests that 
translation would be uncoupled from transcription in chloroplasts. Thus, if emerg-
ing transcripts are rapidly associating with ribosomes, the latter could drive into the 
intronic structures, almost certainly decreasing splicing. To prevent this, splicing 
would have to be finished before the start codons emerge from the polymerase. 
Detailed studies on the kinetics of transcription, translation and splicing of selected 
messages are needed to answer such questions.

Alterations of the Mg2+ concentrations in chloroplasts may offer a regulatory 
mechanism that is completely independent of protein co-factor activity. Group II 
introns fold into catalytically active conformations only in the presence of Mg2+ 
ions [226], and the concentration of free Mg2+ is dependent on chloroplast biogen-
esis and the activity of Mg2+ transporters in the chloroplast envelope [107]. Thus, 
regulation of Mg2+ availability could also limit splicing.

In summary, there is currently no direct evidence that introns benefit chloroplasts 
by regulating gene expression. However, the evolutionary stability of introns in 
land plants suggests that other benefits may exist. The ultimate test of the putative 
advantage of having an intron is, of course, to remove it. This was recently done 
for the two group II introns in the tobacco ycf3 gene [214], an assembly factor for 
photosystem I [238]. While the loss of ycf3 intron 2 has no phenotypic consequence, 
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deletion of intron 1 decreases photosynthetic activity [214]. This is because intron 
2 remains unspliced in the intron 1 deletion strains, disrupting ycf3 expression. Im-
portantly, this demonstrates that an intron can have a cis-acting effect on the expres-
sion of its own gene. It is unclear how this cis-interaction occurs on a molecular 
level, but it may be related to a physical interaction of the introns necessary for the 
splicing of intron 2.

While the interaction of intron 1 and intron 2 in ycf3 is positive, an intron in the 
ndhA mRNA in spinach has a negative effect. In the latter case, an RNA editing 
event downstream of the intron takes place only in the absence of the intron, i.e., 
after splicing [254]. It will be interesting to explore whether splicing can also affect 
other gene expression events, particularly translation and transcription (see above 
for possible kinetic interactions between these processes).

1.3.2  Chloroplast RNA Editing

1.3.2.1  Chloroplast RNA Editing Sites and Factors

The term “RNA editing” describes a variety of base conversion, deletion and in-
sertion processes in various organisms [82]. In chloroplasts, RNA editing is re-
stricted to nucleotide conversions from C to U or, less frequently, from U to C, 
and is achieved by amination and deamination reactions [51]. Most editing sites 
are located in coding regions and affect the coding potential of the mRNA. Cis-
acting sequences adjacent to editing sites determine the specificity of these events. 
In recent years, it has been demonstrated that the PPR proteins are responsible for 
recognizing these sequence elements [253]. For the majority of editing sites, only 
one responsible PPR protein has been identified. For a few sites in mitochondria, 
however, the knockout of one PPR protein reduces but does not abolish editing, 
suggesting that the remaining editing is carried out by another PPR protein or other 
factor [335]. Similar observations have not yet been made in chloroplasts. Notably, 
while some PPR proteins seem to be responsible for only a single editing site, most 
PPR proteins recognize multiple sites (and in most cases show sequence similarities 
in their cis-sequences) [93].

PPR proteins have been identified for almost all of the 34 sites in Arabidopsis 
chloroplasts (Table 1.2). The PPR proteins were identified as the long-sought recog-
nition factors based on mutant analyses and their ability to bind to the cis-elements 
in vitro (for recent reviews see [44, 51]). The PPR proteins share similarities with 
other helix-loop-helix proteins, particularly the pumilio proteins, which also bind 
RNA [56]. Recently, atomic structures of PPR proteins have been solved [134, 263, 
333]. Together with previous data, they support the idea that amino acids from two 
consecutive. PPR repeats bind one nucleotide [see also 73, 221]. These structural 
models will certainly support the current efforts to predict bindings sites of PPR 
proteins computationally [17].

Intriguingly, not all PPR proteins can serve as editing factors; this is the function 
of a specific subclass of this large family, called the “E/DYW” PPR proteins. DYW 
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stands for a C-terminal extension that includes the name-giving trio of amino acids 
[170]. The DYW domain has weak similarities to the cytidine deaminases, and is 
thus believed to harbor the enzymatic activity that carries out base deamination 
[243]. In this model, the DYW domain provides the enzymatic activity in cis when 
present in the PPR protein, and also in trans through heterodimer formation [236, 
243]. Future studies are needed to provide enzymatic proof for this hypothesis. In an 
alternative model, additional proteins carry the necessary enzymatic activity and are 
recruited via PPR proteins. Indeed, PPR proteins are part of large, RNA-associated 
protein complexes [19, 71, 257], where editing PPR proteins interact with each 
other and with other factors [289]. These interacting proteins are believed to form 
the core of a larger structure that we call the “organellar editosome.”

Recently, a novel class of proteins was identified as part of this editosome, the 
so-called MORF/RIP proteins [22, 289]. The MORF proteins form a small family 
in land plants, but are absent from chlorophytes. Most of the members of this fam-
ily are imported into mitochondria, but at least two are also found in chloroplasts 
(MORF2 and MORF9), and another one, MORF8, is dually targeted to mitochon-
dria and chloroplasts [289] for a comparison of the MORF and RIP nomenclature, 
please see [22]. Most of the analyzed organellar editing sites show reduced editing 
in the absence of either factor, demonstrating that the two MORF proteins act to-
gether at the same sites, which was substantiated by yeast-two-hybrid (Y2H) and 
pull-down experiments showing that the MORF proteins interact with each other 
and with PPR proteins [289]. The specificity of this interaction is low, however, 
because interactions occur also between plastid MORF proteins and mitochondrial 
PPR proteins, which presumably do not occur in vivo. It can be expected that the 
nature of the interactions between MORFs and PPR proteins will be scrutinized in 
the near future.

Another group of proteins that have been implicated in RNA editing are the 
chloroplast ribonucleoprotein (cpRNPs; [300]). They are required for the editing 
of specific sites in a tobacco in vitro RNA editing system [105], and null mutants 
of the Arabidopsis cpRNP, CP31A, display reduced editing at multiple sites [298]. 
The cpRNPs, which are very abundant RNA-binding proteins, are believed to help 
govern the conformation and/or stability of transcripts [194, 298] and thus play 
indirect roles in RNA editing. Their direct binding to cis-elements seems unlikely, 
as the PPR proteins perform this essential job, and PPR knockout phenotypes are 
much more severe than those observed for cpRNP mutants [253]. Finally, the recent 
discovery of yet another RNA binding protein involved in editing suggests that 
the complexity of the editing apparatus has been greatly underetimated in the past 
[283]. How the many newly identified factors (and further proteins) constitute the 
chloroplast editosome on individual editing sites is certainly one of the challenges 
lying ahead.
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1.3.2.2  Regulation of Chloroplast RNA Editing

Only few chloroplast editing sites are conserved over longer evolutionary distances, 
within the embryophytes [72, 297]. Usually, editing sites evolve rapidly, at rates 
similar to those of synonymous codon positions [268, 299]. Differences in edit-
ing sites are observed between closely related taxa, and even between species of a 
single genus (e.g. [70, 72, 246, 255]). This strongly suggests that editing events per 
se are meaningless to the chloroplast; for most editing sites, chloroplast function is 
not affected by whether C-to-T editing occurs or a T is already encoded. This notion 
is supported by mutational and cell-biological analyses of an editing site in the es-
sential atpA gene of tobacco chloroplasts. In this case, editing must occur to provide 
the proper amino acid at this position [256], but replacement of the edited C with a 
T on the DNA level did not result in any phenotypic alteration [256]. Thus, it does 
not seem to matter whether the T(U) is provided by RNA editing or by a DNA mu-
tation. Finally, for a number of sites in chloroplasts (more so in mitochondria), the 
loss of a responsible pentatricopetide repeat protein abolishes editing but does not 
trigger any phenotypic change, indicating that the editing event itself is unimportant 
[93, 309, 336].

Of course, these findings strongly suggest that RNA editing does not play any 
regulatory function. In fact, it has been suggested that RNA editing is an evolution-
ary answer to genomic stress rather than an effort to increase the complexity and 
regulatory power of gene expression [175]. Organelles are obligate endosymbionts 
that persist asexually in their host cells and go through frequent bottlenecks during 
host reproduction. This lifestyle is known to lead to the accumulation of deleteri-
ous mutations that cannot be removed by means of recombination [171]. However, 
chloroplast genomes evolve much more slowly than the nuclear genomes of plants 
[172, 209, 322], suggesting that nuclear genes may suppress negative mutations 
within the organellar genome by providing repair factors that can reverse point mu-
tations on the RNA level. In the case of editing, the involved repair factors are the 
PPR proteins. This model is supported by the finding that plant genomes use PPR 
proteins to suppress deleterious mitochondrial mutations that, if left unchecked, 
lead to cytoplasmic male sterility (CMS, [47]). In fact, plant breeders have selected 
successfully for these suppressors (which are called “restorers of fertility”) multiple 
times in recent agricultural history [47].

In sum, there is reason to doubt that RNA editing evolved because of the need to 
regulate gene expression in chloroplasts. However, individual editing events may 
have been hijacked for regulatory purposes. Below, we summarize the few putative 
points of regulation that have been identified to date.

Most editing sites in chloroplasts appear to be fully edited (e.g. [48, 91, 240, 
296]), leaving little room for regulation by the resulting protein products. However, 
a few sites show fluctuations in the ratio between edited and unedited messages 
over time and space, or in response to environmental clues [25, 106, 131, 132, 
187, 237]. Notably, however, such quantitative editing changes are likely to be su-
perseded by much larger variations in the abundances of the respective transcripts 
[211]. Thus, processes other than editing ( e.g., transcription and RNA degradation) 
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have a much larger bearing on the eventual output of gene expression. An interest-
ing exception might be the editing of the rpoB mRNA, which encodes an essential 
subunit of PEP. The PPR protein, YS1, is required for rpoB editing; it is believed 
to potentially limit PEP activity, thereby regulating the expression of tRNAs, par-
ticularly trnE [341]. trnE is required for plastid translation and additionally serves 
as a starting point for tetrapyrrole synthesis, which is crucial to the development of 
chloroplasts in the light [341]. Thus, an editing event in a chlorophyll synthesis-
related gene might impact chloroplast biogenesis. Future studies on manipulating 
YS1 levels and correlating the expression of YS1 with chloroplast biogenesis under 
different conditions will be needed to further support this model. Consistent with 
the above findings, the rpoA mRNA encoding the α-subunit of PEP is also only 
partially edited, forming another potential link with RNA polymerase activity and 
chloroplast biogenesis [106]. In general, detailed investigations into the regulation 
of editing factors, particularly the PPR proteins and the recently identified MORF 
proteins, will be needed to clarify the role of RNA editing in the rate-limiting of 
chloroplast gene expression.

1.3.3  RNA Cleavage and Degradation

The half-lives of mRNAs are in the range of minutes in prokaryotes, but mRNAs 
can remain stable for up to hours in chloroplasts [139]. This reflects the fact that 
chloroplasts “live” in a very stable environment (the plant cell) where it is less 
crucial to rapidly adjust gene expression to changing external conditions (compared 
to the situation in a free-living bacterium). Nevertheless, the chloroplast harbors an 
extensive set of nucleolytic enzymes whose regulatory functions are just beginning 
to be understood [279].

1.3.3.1  Chloroplast RNases

Both endo- and exonuclease activities, which are mediated by nuclear-encoded ri-
bonucleases (RNases), have been reported to participate in rRNA maturation, tRNA 
maturation, intercistronic mRNA processing, and RNA decay in plastids [14, 31, 
278, 279]. Some plastid RNases are homologous to bacterial ribonucleases, and are 
likely to fulfill homologous functions. In many other cases, however, the enzymes 
and their precise functions have not yet been elucidated. In fact, there are a number 
of nucleases that are predicted to reside in the chloroplast, but still lack experimen-
tal verification or molecular characterization [279]. Among the best characterized 
plastid ribonucleases are the RNases that participate in 5′ and 3′ RNA maturation.

Processed 5′ RNA ends are thought to be generated via either a 5′-to-3′ exo-
nuclease pathway or endonucleolytic cleavage [244, 278]. Homologs of the E. coli 
RNase E and the B. subtilis RNase J may act as major plastid endonucleases [279]. 
The Arabidopsis RNase E has a function comparable to its E. coli counterpart: it 
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prefers 5′ monophosphorylated (processed) substrates; it is inhibited by structured 
RNA; and it preferentially cleaves AU-rich sequences [191, 249]. Recent analyses 
found that RNase E null mutants in Arabidopsis show multiple defects in the pro-
cessing of polycistronic precursor transcripts [314]. The processing of the mRNA 
for the ribosomal protein, L22, is most severely affected, perhaps explaining the 
ribosome deficiency observed in RNase E mutants [314].

Another endonuclease, RNase J also exhibits endonucleolytic activity; however, 
unlike RNase E, RNase J is insensitive to the number of phosphates at the 5′ end 
[266]. Moreover, similar to its B. subtilis homolog, plastid RNase J acts as a 5′-to-
3′ exonuclease and prefers 5′-monophosphorylated RNAs [266]. RNase E and -J 
endonucleolytic activities are thought to initiate intercistronic mRNA processing, 
which is followed by exonucleolytic trimming of the novel transcript ends [14]. In 
fact, RNase J may take part in the otherwise poorly understood 5′-to-3′ trimming of 
RNAs, and it could act as surveillance enzyme that eliminates long antisense RNAs, 
such as those arising from read-through transcription [266].

A further endonuclease found in chloroplasts is CSP41 (chloroplast stem–loop-
binding protein of 41 kDa). This protein has been demonstrated to bind chloroplast 
RNAs [329, 330] and cleave them in vitro with a preference for stem-loop RNA 
segments [28, 328]. In Arabidopsis, two genes encode CSP41 proteins, which are 
involved in a dazzling and not yet fully understood variety of chloroplast tasks. 
The loss of CSP41 proteins leads to pleiotropic molecular phenotypes; these in-
clude decreased steady-state levels of multiple chloroplast RNAs, and decreased 
plastid transcription and translation rates [20, 32, 227]. The underlying molecular 
function(s) of CSP41 are not yet fully understood, however, in part because the pro-
teins associate with various chloroplast structures and machineries. For example, 
CSP41 proteins are components of the PEP in mustard [218], and CSP41 mutants 
show decreased transcriptional activity [32], suggesting that the proteins play a role 
in transcription. In contrast, however, other proteomic studies failed to find CSP41 
proteins in PEP preparations [215, 286], and transcriptional activity can be second-
arily influenced by defects in chloroplast translation since PEP expression requires 
plastid ribosomes. Thus, additional approaches will be needed to verify the pro-
posed role of CSP41 in transcription.

CSP41 from C. reinhardtii is also found in preparations of chloroplast 70S ri-
bosomes [326], in preparations of the 30S ribosomal subunit [199], and in com-
plexes containing the ribosomal proteins, L5 and L31 [212]. This could indicate that 
CSP41 plays a role in translation. However, CSP41 proteins are found together with 
pre-ribosomal particles [20] and bind in vivo to chloroplast rRNA in Arabidopsis 
[227]. Thus, a role in ribosome biogenesis seems more likely.

The case is further complicated by the finding that CSP41b interacts in the cyto-
sol with heteroglycans [69], pointing to potential functions outside of nucleic acid 
metabolism. Further genetic analyses will be required to identify the primary mo-
lecular lesion(s) in CPS41 mutants.

The best characterized plastid exonuclease is the bacterial homolog of polynu-
cleotide phosphorylase, or short PNPase, which participates in the processing, poly-
adenylation and degradation of chloroplast RNAs [31, 78, 278]. PNPase catalyzes 
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both processive 3′-to-5′ degradation and RNA polymerization [331], and appears to 
act as a major 3′-to-5′ exonuclease for processing the 3′ termini of mRNAs [313].

Recently, a thorough mutational study of PNPase in vivo and in vitro demon-
strated that PNPase promotes rRNA and mRNA 3′-end maturation and RNA deg-
radation [78]. The ability of PNPase to degrade RNA is blocked by either stable 
secondary structures ( e.g., the stem-loops frequently found in chloroplast 3′-UTRs) 
or by proteins tightly bound to 3′-UTRs [14, 278, 339]. PNPase also seems to be 
required for the removal of excised introns, although it is unclear whether this abil-
ity impacts splicing efficiency or (more likely) is just a scavenging function [78]. In 
any case, an enzyme that can function in both degrading and stabilizing chloroplast 
RNAs would obviously be a natural target for regulating gene expression.

Finally, for the sake of completeness, we will mention three additional chloro-
plast RNases, all of which are involved in the processing of rRNAs and tRNAs. The 
maturation of rRNAs is believed to involve the 3′-to-5′ exonuclease, RNase R [30], 
while tRNA maturation involves the endonucleases, RNaseP and RNase Z, which 
produce the 5′ and 3′ ends of tRNAs, respectively [43, 251, 292, 315]. While these 
enzymes are essential, we do not yet know whether their activities regulate chloro-
plast translation by limiting the amounts of tRNA or rRNA.

1.3.3.2  Intercistronic mRNA Processing

Plastid RNA metabolism is characterized by excessive intercistronic mRNA pro-
cessing ( i.e., increased processing of polycistronic transcripts between the coding 
regions). Initially, it was thought that intercistronic processing is mediated by site-
specific endonucleases that generate processed 5′ and 3′ ends mapping to adjacent 
nucleotides [31]. However, it was later observed that the 5′ processed end of petD 
and the 3′ end of the upstream gene ( petB) overlapped by approximately 30 nt, and 
thus could not have been generated by a single cleavage event [15]. A similar phe-
nomenon exists for other adjacent processed RNAs in maize. A detailed analysis of 
the processed termini mapping to the atpI-atpH and psaJ-rpl33 intergenic regions 
led to the emergence of a model in which the maize PPR10 binds to these intergenic 
regions and blocks 5′-to-3′ and 3′-to-5′ exonuclease activity, and thus defines the 
corresponding 5′- and 3′-processed plastid ends [216]. Indeed, recombinant PPR10 
is sufficient to block 5′-to-3′ and 3′-to-5′ exonuclease activity in vitro [221]. More-
over, when PPR10 is supplemented in vitro with a generic 5′-to-3′ exonuclease, a 5′ 
end is generated that precisely matches the PPR10-dependent terminus generated 
in vivo [221]. In addition, other PPR and PPR-like proteins (RNA-binding pro-
teins with helical repeat architectures, including CRP1, HCF152, PGR3, PPR38, 
MRL1, MCA1, Mbb1, NAC2 and HCF107) mediate the accumulation of RNAs 
with processed 5′/3′ termini mapping to intergenic regions [15, 29, 96, 124, 167, 
183, 245, 304, 327]. Other non-PPR-like RNA-binding proteins are also likely to 
be capable of protecting RNAs against exonucleolytic attack, as recently shown 
for PrfB3 [280]. Taken together, these observations indicate that the PPRs (and 
other RNA binding proteins) make major contributions to 5′- and 3′-processed end 
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formation by binding to target RNAs and protecting adjacent regions by blocking 
exonucleases [14].

Such an event should logically be accompanied by the presence of short RNA 
fragments in vivo; these would represent the PPR footprints (minimal PPR bind-
ing sites) that are protected from complete elimination by nucleases [216]. Indeed, 
small RNAs (sRNAs) corresponding to the PPR10 binding sites are found in the 
transcriptomes of several angiosperms [123, 190, 216, 239]. More than 80 sRNAs 
exist in the chloroplast transcriptomes of Arabidopsis and barley; some of them 
can be correlated with PPR binding sites, while most of the others co-localize with 
known mRNA ends [239, 339]. If, as predicted by this model, all sRNAs are linked 
to stabilizing proteins, then there should be at least one stabilizing protein (on aver-
age) for each chloroplast mRNA ([239, 339], and own unpublished results). Given 
that transcript termini are widely stabilized in angiosperm chloroplasts and green 
algae (well-studied examples are NAC2 for the petD mRNA and MCA1 for the 
petA mRNA in Chlamydomonas, [32, 205, 229, 259]), we can conclude that this is 
an evolutionarily conserved mechanism by which transcripts are defined in chloro-
plasts.

1.3.3.3  Regulation of RNA Degradation

Similar to the situations with RNA editing and splicing, there are various options 
for regulating gene expression by RNA stability, yet relatively few studies actually 
show situations in which RNA degradation becomes rate-limiting. However, in-
triguing examples come from work on RNA stabilizing factors in Chlamydomonas 
and on the regulation of the chloroplast PNPase in Arabidopsis.

As noted above, one of the many tasks of PPR proteins in chloroplast RNA 
metabolism is protecting transcript ends against the action of exonucleases, thereby 
increasing the half-lives of chloroplast messages. It is undisputed that this job is 
essential for chloroplast gene expression, but is it a point of regulation? In an el-
egant and laborious genetic approach, Raynaud et al. prepared a series of transgenic 
Chlamydomonas lines with decreasing amounts of the PPR protein, MCA1 [229], 
thereby incrementally stabilizing the Chlamydomonas petA mRNA [87]. They 
found a correlation between the amount of MCA1, the amount of petA mRNA and 
the translation rate of petA leading to the product, cytochrome f [229]. In line with 
its regulatory importance, MCA1 is a short-lived protein that responds rapidly to 
changing physiological conditions ( e.g., nitrogen starvation or culture age), trigger-
ing changes in the mRNA levels of petA [229]. It was recently shown that the unas-
sembled cytochrome f induces the degradation of MCA1, thus constituting a nega-
tive feed-back loop for the regulation of cytochrome b6f biogenesis [33]. MCA1 
forms complexes with TCA1, which aids it in stabilizing the petA transcripts. Both 
proteins support petA translation and (as a complex) connect and regulate RNA 
stability and translation [33]. Regulatory links between RNA stabilization and RNA 
translation also exist for the PPR protein, PPR10 [216], the HAT protein, HCF107 
[94], and the Chlamydomonas protein, NAC2 [259], suggesting that this may be 
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an emerging general feature of chloroplast gene regulation. PPR10 and HCF107 
capture short sequence stretches in a single-stranded state, which would otherwise 
be found in secondary structural elements that inhibit translation ([94, 221], see also 
Chap. 3 for further details). These are among the rare examples wherein chloroplast 
proteins are known to induce changes in RNA secondary structure.

As we have seen, chloroplast RNA degradation depends on the action of protect-
ing proteins and the antagonism of enzymatic activities. Regulation could occur on 
both sides of this balancing act. Indeed, there is evidence that at least one of the 
chloroplast RNases, PNPase, is a regulated protein. As noted above, PNPase can 
both degrade RNAs and add A-rich tails to chloroplast RNAs. This bidirectional ac-
tivity is reversible and governed by the nucleotide diphosphate-inorganic phosphate 
ratio [331]. In Chlamydomonas, artificial reduction of PNPase levels renders cells 
unable to acclimate to phosphorus scarcity, leading to the mis-regulation of numer-
ous nuclear genes [177, 331]. The transcript and protein levels of PNPase itself are 
negatively regulated under phosphorus deprivation, and are under the control of 
general factors responsible for governing the response to phosphorus deficiency in 
Chlamydomonas [324]. Chloroplast transcript levels are modulated by PNPase ac-
tivity under phosphorus deprivation, demonstrating that this protein links phosphate 
availability to chloroplast RNA levels. We do not yet understand how this impacts 
chloroplast development, but it is the best known example for the regulation of a 
chloroplast RNase. In the future, it will be interesting to understand to what extent 
other abiotic stimuli (aside from phosphorus limitation) elicit responses in chloro-
plast RNA processing and stability.

1.3.4  RNA Processing: Outlook

Chloroplast RNA processing has been a challenging puzzle for the past two de-
cades. Efforts to unravel its complexity have necessarily focused on identifying the 
underlying machineries, and were thus mehanistic by nature. Today, we know that 
a large and growing number of factors from various protein families are involved 
in chloroplast gene expression; some of them are essential, while others have more 
subtle effects. However, we do not yet know how the individual factors interact 
with target RNAs, or how they act to change RNA conformations and thus pre-
pare/carry out discrete RNA processing steps. Likewise, while it is clear that these 
factors act in larger-order structures, little is known about interacting partners and 
the possibility for chloroplast spliceosomes, editosomes, degradosomes, and so on. 
Therefore, one future goal will certainly be to understand the action of individual, 
exemplary factors at the molecular and atomic levels, in conjunction with their im-
mediate molecular environment. Structure-function studies are needed for many of 
the identified factors ( e.g., the PPR proteins). Another major challenge lying ahead 
is to find ways to identify regulatory steps amidst the post-transcriptional complex-
ity. It is likely that holistic approaches (such as the measurement of many factors 
at the same time) will be necessary. Whole-genome, transcriptomic and proteomic 
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studies are available for chloroplasts, but have not yet been brought together and 
scrutinized for the various regulatory steps in the chloroplast gene expression net-
work. Modeling of such large datasets and other approaches from systems biology 
will be needed to help us predict the regulatory steps in chloroplast gene expression.

Finally, we need to address the spatial organization of chloroplast gene expres-
sion. Recent publications show that there are different RNA pools in the chloro-
plast; some of them are translated, while others are translation-inactive [63]. In 
Chlamydomonas, translated RNAs are found in specialized regions of the chloro-
plast, called “T-zones” [303]. In the future, genetic approaches will help us iden-
tify factors involved in localizing RNAs, while novel high-resolution microscopic 
techniques will help us understand the distribution of unprocessed, processed, and 
translated RNAs in the chloroplast. Furthermore, a three-dimensional analysis of 
chloroplast gene expression can be expected to open up novel inroads into under-
standing the remaining mysteries of RNA processing in the chloroplast.

Acknowledgements The experimental work of the authors was supported by the Deutsche Forsc-
hungsgemeinschaft (SFB 429 to TB and CSL; Emmy-Noether-Program to CSL). PZ was a fellow 
of the Helmholtz Graduate School “Molecular Cell Biology” at the Max Delbrück Center for 
Molecular Medicine and Humboldt University, Berlin, Germany. We are very grateful to Konrad 
Förstner (Institute for Molecular Infection Biology, University of Würzburg, Germany) for support 
in the preparation of Fig. 1.2.

References

1. Allison LA, Simon LD, Maliga P (1996) Deletion of rpoB reveals a second distinct transcrip-
tion system in plastids of higher plants. EMBO J 15:2802–2809

2. Asakura Y, Barkan A (2006) Arabidopsis orthologs of maize chloroplast splicing factors pro-
mote splicing of orthologous and species-specific group II introns. Plant Physiol 142(4):1656–
1563

3. Asakura Y, Bayraktar OA, Barkan A (2008) Two CRM protein subfamilies cooperate in the 
splicing of group IIB introns in chloroplasts. RNA 14(11):2319–2332

4. Asakura Y, Galarneau E, Watkins KP, Barkan A, van Wijk KJ (2012) Chloroplast RH3 DEAD 
box RNA helicases in maize and Arabidopsis function in splicing of specific group II introns 
and affect chloroplast ribosome biogenesis. Plant Physiol 159(3):961–974

5. Azevedo J, Courtois F, Lerbs-Mache S (2006) Sub-plastidial localization of two different 
phage-type RNA polymerases in spinach chloroplasts. Nucleic Acids Res 34:436–444

6. Azevedo J, Courtois F, Hakimi MA, Demarsy E, Lagrange T, Alcaraz JP, Jaiswal P, Marechal-
Drouard L, Lerbs-Mache S (2008) Intraplastidial trafficking of a phage-type RNA polymerase 
is mediated by a thylakoid RING-H2 protein. Proc Natl Acad Sci U S A 105:9123–9128

7. Baba K, Nakano T, Yamagishi K, Yoshida S (2001) Involvement of a nuclear-encoded ba-
sic helix-loop-helix protein in transcription of the light-responsive promoter of psbD. Plant 
Physiol 125:595–603

8. Baba K, Schmidt J, Espinosa-Ruiz A, Villarejo A, Shiina T, Gardestrom P, Sane AP, Bhalerao 
RP (2004) Organellar gene transcription and early seedling development are affected in the 
rpoT;2 mutant of Arabidopsis. Plant J 38:38–48

9. Baeza L, Bertrand A, Mache R, Lerbs-Mache S (1991) Characterization of a protein binding 
sequence in the promoter region of the 16S rRNA gene of the spinach chloroplast genome. 
Nucleic Acids Res 19:3577–3581



1 Chloroplast Gene Expression—RNA Synthesis and Processing 31

10. Baginsky S, Tiller K, Link G (1997) Transcription factor phosphorylation by a protein kinase 
associated with chloroplast RNA polymerase from mustard ( Sinapis alba). Plant Mol Biol 
34:181–189

11. Baginsky S, Tiller K, Pfannschmidt T, Link G (1999) PTK, the chloroplast RNA polymerase-
associated protein kinase from mustard ( Sinapis alba), mediates redox control of plastid in 
vitro transcription. Plant Mol Biol 39:1013–1023

12. Balczun C, Bunse A, Schwarz C, Piotrowski M, Kück U (2006) Chloroplast heat shock pro-
tein Cpn60 from Chlamydomonas reinhardtii exhibits a novel function as a group II intron-
specific RNA-binding protein. FEBS Lett 580(18):4527–4532

13. Barkan A (1989) Tissue-dependent plastid RNA splicing in maize: transcripts from four plas-
tid genes are predominantly unspliced in leaf meristems and roots. Plant Cell 1:437–445

14. Barkan A (2011) Expression of plastid genes: organelle-specific elaborations on a prokary-
otic scaffold. Plant Physiol 155:1520–1532

15. Barkan A, Walker M, Nolasco M, Johnson D (1994) A nuclear mutation in maize blocks the 
processing and translation of several chloroplast mRNAs and provides evidence for the dif-
ferential translation of alternative mRNA forms. Embo J 13:3170–3181

16. Barkan A, Klipcan L, Ostersetzer O, Kawamura T, Asakura Y, Watkins KP (2007) The CRM 
domain: an RNA binding module derived from an ancient ribosome-associated protein. RNA 
13:55–64

17. Barkan A, Rojas M, Fujii S, Yap A, Chong YS, Bond CS, Small I (2012) A combinato-
rial amino acid code for RNA recognition by pentatricopeptide repeat proteins. PLoS Genet 
8(8):e1002910

18. Baumgartner BJ, Rapp JC, Mullet JE (1993) Plastid genes encoding the transcription/transla-
tion apparatus are differentially transcribed early in barley ( Hordeum vulgare) chloroplast 
development (evidence for selective stabilization of psbA mRNA). Plant Physiol 101:781–
791

19. Beick S, Schmitz-Linneweber C, Williams-Carrier R, Jensen B, Barkan A (2008) The pen-
tatricopeptide repeat protein PPR5 stabilizes a specific tRNA precursor in maize chloroplasts. 
Mol Cell Biol 28:5337–5347

20. Beligni MV, Mayfield SP (2008) Arabidopsis thaliana mutants reveal a role for CSP41a and 
CSP41b, two ribosome-associated endonucleases, in chloroplast ribosomal RNA metabo-
lism. Plant Mol Biol 67:389–401

21. Bentolila S, Heller WP, Sun T, Babina AM, Friso G, van Wijk KJ, Hanson MR (2012) RIP1, 
a member of an Arabidopsis protein family, interacts with the protein RARE1 and broadly 
affects RNA editing. Proc Natl Acad Sci USA 109(22):E1453–1461

22. Bentolila S, Oh J, Hanson MR, Bukowski R (2013) Comprehensive high-resolution analysis 
of the role of an Arabidopsis gene family in RNA editing. PLoS Genet 9(6):e1003584

23. Bligny M, Courtois F, Thaminy S, Chang CC, Lagrange T, Baruah-Wolff J, Stern D, Lerbs-
Mache S (2000) Regulation of plastid rDNA transcription by interaction of CDF2 with two 
different RNA polymerases. EMBO J 19:1851–1860

24. Blowers AD, Ellmore GS, Klein U, Bogorad L (1990) Transcriptional analysis of endogenous 
and foreign genes in chloroplast transformants of Chlamydomonas. Plant Cell 2:1059–1070

25. Bock R, Hagemann R, Kossel H, Kudla J (1993) Tissue- and stage-specific modulation of 
RNA editing of the psbF and psbL transcript from spinach plastids-a new regulatory mecha-
nism? Mol Gen Genet 240:238–244

26. Bohne AV, Irihimovitch V, Weihe A, Stern DB (2006) Chlamydomonas reinhardtii encodes 
a single sigma70-like factor which likely functions in chloroplast transcription. Curr Genet 
49:333–340

27. Bohne AV, Ruf S, Borner T, Bock R (2007) Faithful transcription initiation from a mitochon-
drial promoter in transgenic plastids. Nucleic Acids Res 35:7256–7266

28. Bollenbach TJ, Stern DB (2003) Secondary structures common to chloroplast mRNA 3′-un-
translated regions direct cleavage by CSP41, an endoribonuclease belonging to the short 
chain dehydrogenase/reductase superfamily. J Biol Chem 278:25832–25838



T. Börner et al.32

29. Boudreau E, Nickelsen J, Lemaire S, Ossenbuhl F, Rochaix J (2000) The Nac2 gene of 
Chlamydomonas encodes a chloroplast TPR-like protein involved in psbD RNA stability. 
EMBO J 19:3366–3376

30. Bollenbach TJ, Lange H, Gutierrez R, Erhardt M, Stern DB, Gagliardi D (2005) RNR1, a 3′-
5′ exoribonuclease belonging to the RNR superfamily, catalyzes 3′ maturation of chloroplast 
ribosomal RNAs in Arabidopsis thaliana. Nucleic Acids Res 33:2751–2763

31. Bollenbach TJ, Schuster G, Portnoy V, Stern D (2007) Processing, degradation, and polyad-
enylation of chloroplast transcripts. In: Bock R (ed) Cell and molecular biology of plastids. 
Springer, Berlin, pp 175–211

32. Bollenbach TJ, Sharwood RE, Gutierrez R, Lerbs-Mache S, Stern DB (2009) The RNA-bind-
ing proteins CSP41a and CSP41b may regulate transcription and translation of chloroplast-
encoded RNAs in Arabidopsis. Plant Mol Biol 69:541–552

33. Boulouis A, Raynaud C, Bujaldon S, Aznar A, Wollman FA, Choquet Y (2011) The nucleus-
encoded trans-acting factor MCA1 plays a critical role in the regulation of cytochrome f 
synthesis in Chlamydomonas chloroplasts. Plant Cell 23:333–349

34. Boyer SK, Mullet JE (1986) Characterization of P. sativum chloroplast psbA transcripts pro-
duced in vivo, in vitro and in E. coli. Plant Mol Biol 6:229–243

35. Bradley D, Gatenby AA (1985) Mutational analysis of the maize chloroplast ATPase-beta 
subunit gene promoter: the isolation of promoter mutants in E. coli and their characterization 
in a chloroplast in vitro transcription system. EMBO J 4:3641–3648

36. Bräutigam K et al (2009) Dynamic plastid redox signals integrate gene expression and me-
tabolism to induce distinct metabolic states in photosynthetic acclimation in Arabidopsis. 
Plant Cell 21:2715–2732

37. Briat JF, Laulhere JP, Mache R (1979) Transcription activity of a DNA-protein complex 
isolated from spinach plastids. Eur J Biochem 98:285–292

38. Brosch M, Krause K, Falk J, Krupinska K (2007) Analysis of gene expression in amyloplasts 
of potato tubers. Planta 227:91–99

39. Bünger W, Feierabend J (1980) Capacity for RNA synthesis in 70S ribosome-deficient plas-
tids of heat-bleached rye leaves. Planta 149:163–169

40. Burmann BM, Schweimer K, Luo X, Wahl MC, Stitt BL, Gottesman ME, Rosch P (2010) A 
NusE: NusG complex links transcription and translation. Science 328:501–504

41. Cai W, Ji D, Peng L, Guo J, Ma J, Zou M, Lu C, Zhang L (2009) LPA66 is required for editing 
psbF chloroplast transcripts in arabidopsis. Plant Physiol 150:1260–1271

42. Cahoon AB, Harris FM, Stern DB (2004) Analysis of developing maize plastids reveals two 
mRNA stability classes correlating with RNA polymerase type. EMBO J 5:801–806

43. Canino G, Bocian E, Barbezier N, Echeverria M, Forner J, Binder S, Marchfelder A (2009) 
Arabidopsis encodes four tRNase Z enzymes. Plant Physiol 150:1494–1502

44. Castandet B, Araya A (2011) RNA editing in plant organelles. Why make it easy? Biochem-
istry (Mosc) 76:924–931

45. Cech TR (1986) The generality of self-splicing RNA: relationship to nuclear mRNA splicing. 
Cell 44:207–210

46. Chang CC, Sheen J, Bligny M, Niwa Y, Lerbs-Mache S, Stern DB (1999) Functional analysis 
of two maize cDNAs encoding T7-like RNA polymerases. Plant Cell 11:911–926

47. Chase CD (2007) Cytoplasmic male sterility: a window to the world of plant mitochondrial-
nuclear interactions. Trends Genet 23:81–90

48. Chateigner-Boutin AL, Hanson MR (2003) Developmental co-variation of RNA editing ex-
tent of plastid editing sites exhibiting similar cis-elements. Nucleic Acids Res 31:2586–2594

49. Chateigner-Boutin AL, Ramos-Vega M, Guevara-Garcia A, Andres C, de la Luz Gutierrez-
Nava M, Cantero A, Delannoy E, Jimenez LF, Lurin C, Small I, Leon P (2008) CLB19, a 
pentatricopeptide repeat protein required for editing of rpoA and clpP chloroplast transcripts. 
Plant J 56:590–602

50. Chateigner-Boutin A, Small I (2011) Organellar RNA editing. In: Wilusz J (ed) Wiley inter-
disciplinary reviews: RNA. Wiley, London, pp 493–506



1 Chloroplast Gene Expression—RNA Synthesis and Processing 33

51. Chateigner-Boutin AL, Small I (2011) Organellar RNA editing. Wiley Interdiscip Rev RNA 
2:493–506

52. Chateigner-Boutin AL, des Francs-Small CC, Delannoy E, Kahlau S, Tanz SK, de Longevi-
alle AF, Fujii S, Small I (2011) OTP70 is a pentatricopeptide repeat protein of the E subgroup 
involved in splicing of the plastid transcript rpoC1. Plant J 65:532–542

53. Cheng YS, Lin CH, Chen LJ (1997) Transcription and processing of the gene for spinach 
chloroplast threonine tRNA in a homologous in vitro system. Biochem Biophys Res Com-
mun 233:380–385

54. Courtois F, Merendino L, Demarsy E, Mache R, Lerbs-Mache S (2007) Phage-type RNA 
polymerase RPOTmp transcribes the rrn operon from the PC promoter at early developmen-
tal stages in Arabidopsis. Plant Physiol 145:712–721

55. de Longevialle AF, Hendrickson L, Taylor NL, Delannoy E, Lurin C, Badger M, Millar AH, 
Small I (2008) The pentatricopeptide repeat gene OTP51 with two LAGLIDADG motifs is 
required for the cis-splicing of plastid ycf3 intron 2 in Arabidopsis thaliana. Plant J 56:157–
168

56. Delannoy E, Stanley WA, Bond CS, Small ID (2007) Pentatricopeptide repeat (PPR) proteins 
as sequence-specificity factors in post-transcriptional processes in organelles. Biochem Soc 
Trans 35:1643–1647

57. Demarsy E, Courtois F, Azevedo J, Buhot L, Lerbs-Mache S (2006) Building up of the plastid 
transcriptional machinery during germination and early plant development. Plant Physiol 
142:993–1003

58. Demarsy E, Buhr F, Lambert E, Lerbs-Mache S (2012) Characterization of the plastid-specif-
ic germination and seedling establishment transcriptional programme. J Exp Bot 63:925–939

59. Deshpande AP, Patel SS (2012) Mechanism of transcription initiation by the yeast mitochon-
drial RNA polymerase. Biochim Biophys Acta 1819:930–938

60. Deshpande NN, Bao Y, Herrin DL (1997) Evidence for light/redox-regulated splicing of psbA 
pre-RNAs in Chlamydomonas chloroplasts. RNA 3:37–48

61. DuBell AN, Mullet JE (1995) Differential transcription of pea chloroplast genes during light-
induced leaf development (continuous far-red light activates chloroplast transcription). Plant 
Physiol 109:105–112

62. Eberhard S, Drapier D, Wollman FA (2002) Searching limiting steps in the expression of 
chloroplast-encoded proteins: relations between gene copy number, transcription, transcript 
abundance and translation rate in the chloroplast of Chlamydomonas reinhardtii. Plant J 
31:149–160

63. Eberhard S, Loiselay C, Drapier D, Bujaldon S, Girard-Bascou J, Kuras R, Choquet Y, 
Wollman FA (2011) Dual functions of the nucleus-encoded factor TDA1 in trapping and 
translation activation of atpA transcripts in Chlamydomonas reinhardtii chloroplasts. Plant J 
67:1055–1066

64. Eisermann A, Tiller K, Link G (1990) In vitro transcription and DNA binding characteristics 
of chloroplast and etioplast extracts from mustard ( Sinapis alba) indicate differential usage 
of the psbA promoter. EMBO J 9:3981–3987

65. Ellis RJ, Hartley MR (1971) Sites of synthesis of chloroplast proteins. Nature 233:193–196
66. Emanuel C, Weihe A, Graner A, Hess WR, Börner T (2004) Chloroplast development affects 

expression of phage-type RNA polymerases in barley leaves. Plant J 38:460–472
67. Emanuel C, von Groll U, Müller M, Börner T, Weihe A (2006) Development- and tissue-spe-

cific expression of the RpoT gene family of Arabidopsis encoding mitochondrial and plastid 
RNA polymerases. Planta 223:998–1009

68. Ems SC, Morden CW, Dixon CK, Wolfe KH, dePamphilis CW, Palmer JD (1995) Transcrip-
tion, splicing and editing of plastid RNAs in the nonphotosynthetic plant Epifagus virgin-
iana. Plant Mol Biol 29:721–733

69. Fettke J, Nunes-Nesi A, Fernie AR, Steup M (2011) Identification of a novel heteroglycan-
interacting protein, HIP 1.3, from Arabidopsis thaliana. J Plant Physiol 168:1415–1425

70. Fiebig A, Stegemann S, Bock R (2004) Rapid evolution of editing sites in a small non-
essential plastid gene. Nucl Acids Res 7:3615–3622



T. Börner et al.34

71. Fisk DG, Walker MB, Barkan A (1999) Molecular cloning of the maize gene crp1 reveals 
similarity between regulators of mitochondrial and chloroplast gene expression. Embo J 
18:2621–2630

72. Freyer R, Kiefer-Meyer MC, Kossel H (1997) Occurrence of plastid RNA editing in all major 
lineages of land plants. Proc Natl Acad Sci U S A 94:6285–6290

73. Fujii S, Bond CS, Small ID (2011) Selection patterns on restorer-like genes reveal a conflict 
between nuclear and mitochondrial genomes throughout angiosperm evolution. Proc Natl 
Acad Sci U S A 108:1723–1728

74. Fujiwara M, Nagashima A, Kanamaru K, Tanaka K, Takahashi H (2000) Three new nuclear 
genes, sigD, sigE and sigF, encoding putative plastid RNA polymerase sigma factors in Aa-
rabidopsis thaliana. FEBS Lett 481:47–52

75. Gatenby AA, Castleton JA, Saul MW (1981) Expression in E. coli of maize and wheat chlo-
roplast genes for large subunit of ribulose bisphosphate carboxylase. Nature 291:117–121

76. Geimer S, Belicova A, Legen J, Slavikova S, Herrmann RG, Krajcovic J (2009) Transcrip-
tome analysis of the Euglena gracilis plastid chromosome. Curr Genet 55:425–438

77. Georg J, Honsel A, Voss B, Rennenberg H, Hess WR (2010) A long antisense RNA in plant 
chloroplasts. New Phytol 186:615–622

78. Germain A, Herlich S, Larom S, Kim SH, Schuster G, Stern DB (2011) Mutational analysis 
of Arabidopsis chloroplast polynucleotide phosphorylase reveals roles for both RNase PH 
core domains in polyadenylation, RNA 3′-end maturation and intron degradation. Plant J 
67:381–394

79. Glanz S, Bunse A, Wimbert A, Balczun C, Kück U (2006) A nucleosome assembly protein-
like polypeptide binds to chloroplast group II intron RNA in Chlamydomonas reinhardtii. 
Nucleic Acids Res 34(18):5337–5351

80. Glanz S, Jacobs J, Kock V, Mishra A, Kück U (2012) Raa4 is a trans-splicing factor that 
specifically binds chloroplast tscA intron RNA. Plant J 69(3):421–431

81. Gonzalez-Ibeas D, Blanca J, Donaire L, Saladie M, Mascarell-Creus A, Cano-Delgado A, 
Garcia-Mas J, Llave C, Aranda MA (2011) Analysis of the melon ( Cucumis melo) small 
RNAome by high-throughput pyrosequencing. BMC Genomics 12:393

82. Gott JM, Emeson RB (2000) Functions and mechanisms of RNA editing. Annu Rev Genet 
34:499–531

83. Gottesman S, Storz G (2012) Bacterial small RNA regulators: versatile roles and rapidly 
evolving variations. Cold Spring Harb Perspect Biol 3

84. Green BR (2011) Chloroplast genomes of photosynthetic eukaryotes. Plant J 66:34–44
85. Gruissem W, Zurawski G (1985) Analysis of promoter regions for the spinach chloroplast 

rbcL, atpB and psbA genes. EMBO J 4:3375–3383
86. Gruissem W, Elsner-Menzel C, Latshaw S, Narita JO, Schaffer MA, Zurawski G (1986) A 

subpopulation of spinach chloroplast tRNA genes does not require upstream promoter ele-
ments for transcription. Nucleic Acids Res 14:7541–7556

87. Gumpel NJ, Ralley L, Girard-Bascou J, Wollman FA, Nugent JH, Purton S (1995) Nuclear 
mutants of Chlamydomonas reinhardtii defective in the biogenesis of the cytochrome b6f 
complex. Plant Mol Biol 29:921–932

88. Hajdukiewicz PT, Allison LA, Maliga P (1997) The two RNA polymerases encoded by the 
nuclear and the plastid compartments transcribe distinct groups of genes in tobacco plastids. 
EMBO J 16:4041–4048

89. Hallick RB, Lipper C, Richards OC, Rutter WJ (1976) Isolation of a transcriptionally active 
chromosome from chloroplasts of Euglena gracilis. Biochemistry 15:3039–3045

90. Halls C, Mohr S, Del Campo M, Yang Q, Jankowsky E, Lambowitz AM (2007) Involvement 
of DEAD-box proteins in group I and group II intron splicing. Biochemical characteriza-
tion of Mss116p, ATP hydrolysis-dependent and -independent mechanisms, and general RNA 
chaperone activity. J Mol Biol 365:835–855

91. Halter CP, Peeters NM, Hanson MR (2004) RNA editing in ribosome-less plastids of iojap 
maize. Curr Genet 45:331–337



1 Chloroplast Gene Expression—RNA Synthesis and Processing 35

 92. Hammani K, Barkan A (2014) An mTERF domain protein functions in group II intron 
splicing in maize chloroplasts. Nucleic Acids Res 42(8):5033–5042

 93. Hammani K, Okuda K, Tanz SK, Chateigner-Boutin AL, Shikanai T, Small I (2009) A study 
of new Arabidopsis chloroplast RNA editing mutants reveals general features of editing 
factors and their target sites. Plant Cell 21:3686–3699

 94. Hammani K, Cook WB, Barkan A (2012) RNA binding and RNA remodeling activities of 
the half-a-tetratricopeptide (HAT) protein HCF107 underlie its effects on gene expression. 
Proc Natl Acad Sci U S A 109:5651–5656

 95. Han C-D, Patrie W, Polacco M, Coe EH (1993) Aberrations in plastid transcripts and defi-
ciency of plastid DNA in striped and albino mutants in maize. Planta 191:552–563

 96. Hattori M, Sugita M (2009) A moss pentatricopeptide repeat protein binds to the 3′ end of 
plastid clpP pre-mRNA and assists with mRNA maturation. FEBS J 276:5860–5869

 97. Hedtke B, Börner T, Weihe A (1997) Mitochondrial and chloroplast phage-type RNA poly-
merases in Arabidopsis. Science 277:809–811

 98. Hedtke B, Börner T, Weihe A (2000) One RNA polymerase serving two genomes. EMBO 
Rep 1:435–440

 99. Hedtke B, Legen J, Weihe A, Herrmann RG, Börner T (2002) Six active phage-type RNA 
polymerase genes in Nicotiana tabacum. Plant J 30:625–637

100. Herschlag D (1995) RNA chaperones and the RNA folding problem. J Biol Chem 
270:20871–20874

101. Hess WR, Börner T (1999) Organellar RNA polymerases of higher plants. Int Rev Cytol 
190:1–59

102. Hess WR, Prombona A, Fieder B, Subramanian AR, Börner T (1993) Chloroplast rps15 and 
the rpoB/C1/C2 gene cluster are strongly transcribed in ribosome-deficient plastids: evi-
dence for a functioning non-chloroplast-encoded RNA polymerase. EMBO J 12:563–571

103. Hess WR, Hoch B, Zeltz P, Hübschmann T, Kössel H, Börner T (1994) Inefficient rpl2 
splicing in barley mutants with ribosome-deficient plastids. Plant Cell 6:1455–1465

104. Hetzer M, Wurzer G, Schweyen R, Mueller M (1997) Trans-activation of group II intron 
splicing by nuclear U5 snRNA. Nature 386:417–420

105. Hirose T, Sugiura M (2001) Involvement of a site-specific trans-acting factor and a com-
mon RNA-binding protein in the editing of chloroplast mRNAs: development of a chloro-
plast in vitro RNA editing system. Embo J 20:1144–1152

106. Hirose T, Kusumegi T, Tsudzuki T, Sugiura M (1999) RNA editing sites in tobacco chlo-
roplast transcripts: editing as a possible regulator of chloroplast RNA polymerase activity. 
Mol Gen Genet 262:462–467

107. Horlitz M, Klaff P (2000) Gene-specific trans-regulatory functions of magnesium for chlo-
roplast mRNA stability in higher plants. J Biol Chem 275:35638–35645

108. Hotto AM, Huston ZE, Stern DB (2010) Overexpression of a natural chloroplast-encoded 
antisense RNA in tobacco destabilizes 5S rRNA and retards plant growth. BMC Plant Biol 
10:213

109. Hotto AM, Schmitz RJ, Fei Z, Ecker JR, Stern DB (2011) Unexpected diversity of chloro-
plast noncoding RNAs as revealed by deep sequencing of the Arabidopsis transcriptome. 
G3 1:559–570

110. Hricova A, Quesada V, Micol JL (2006) The SCABRA3 nuclear gene encodes the plastid 
RpoTp RNA polymerase, which is required for chloroplast biogenesis and mesophyll cell 
proliferation in Arabidopsis. Plant Physiol 141:942–956

111. Hu J, Bogorad L (1990) Maize chloroplast RNA polymerase: the 180-, 120-, and 38-kilo-
dalton polypeptides are encoded in chloroplast genes. Proc Natl Acad Sci U S A 87:1531–
1535

112. Hübschmann T, Börner T (1998) Characterisation of transcript initiation sites in ribosome-
deficient barley plastids. Plant Mol Biol 36:493–496

113. Inada H, Seki M, Morikawa H, Nishimura M, Iba K (1997) Existence of three regulatory 
regions each containing a highly conserved motif in the promoter of plastid-encoded RNA 
polymerase gene ( rpoB). Plant J 11:883–890



T. Börner et al.36

114. Iratni R, Baeza L, Andreeva A, Mache R, Lerbs-Mache S (1994) Regulation of rDNA 
transcription in chloroplasts: promoter exclusion by constitutive repression. Genes Dev 
8:2928–2938

115. Iratni R, Diederich L, Harrak H, Bligny M, Lerbs-Mache S (1997) Organ-specific tran-
scription of the rrn operon in spinach plastids. J Biol Chem 272:13676–13682

116. Ishikura K, Takaoka Y, Kato K, Sekine M, Yoshida K, Shinmyo A (1999) Expression of a 
foreign gene in Chlamydomonas reinhardtii chloroplast. J Biosci Bioeng 87:307–314

117. Jacobs J, Kuck U (2011) Function of chloroplast RNA-binding proteins. Cell Mol Life Sci 
68:735–748

118. Jacob F, Perrin D, Sanchez C, Monod J (1960) [Operon: a group of genes with the expres-
sion coordinated by an operator.]. C R Hebd Seances Acad Sci 250:1727–1729

119. Jahn D (1992) Expression of the Chlamydomonas reinhardtii chloroplast tRNAGlu gene in 
a homologous in vitro transcription system is independent of upstream promoter elements. 
Arch Biochem Biophys 298:505–513

120. Jenkins BD, Barkan A (2001) Recruitment of a peptidyl-tRNA hydrolase as a facilitator of 
group II intron splicing in chloroplasts. Embo J 20:872–879

121. Jenkins BD, Kulhanek DJ, Barkan A (1997) Nuclear mutations that block group II RNA 
splicing in maize chloroplasts reveal several intron classes with distinct requirements for 
splicing factors. Plant Cell 9(3):283–296

122. Jeon Y, Jung HJ, Kang H, Park YI, Lee SH, Pai HS (2012) S1 domain-containing STF 
modulates plastid transcription and chloroplast biogenesis in Nicotiana benthamiana. New 
Phytol 193:349–363

123. Johnson C, Bowman L, Adai AT, Vance V, Sundaresan V (2007) CSRDB: a small RNA 
integrated database and browser resource for cereals. Nucleic Acids Res 35:D829–D833

124. Johnson X et al (2010) MRL1, a conserved pentatricopeptide repeat protein, is required for 
stabilization of rbcL mRNA in Chlamydomonas and Arabidopsis. Plant Cell 22:234–248

125. Kahlau S, Bock R (2008) Plastid transcriptomics and translatomics of tomato fruit develop-
ment and chloroplast-to-chromoplast differentiation: chromoplast gene expression largely 
serves the production of a single protein. Plant Cell 20:856–874

126. Kanekatsu M, Munakata H, Furuzono K, Ohtsuki K (1993) Biochemical characterization 
of a 34 kDa ribonucleoprotein (p34) purified from the spinach chloroplast fraction as an 
effective phosphate acceptor for casein kinase II. FEBS Lett 335:176–180

127. Kaneko T et al (1996) Sequence analysis of the genome of the unicellular cyanobacterium 
Synechocystis sp. strain PCC6803. II. Sequence determination of the entire genome and 
assignment of potential protein-coding regions (supplement). DNA Res 3:185–209

128. Kanno A, Hirai A (1993) A transcription map of the chloroplast genome from rice ( Oryza 
sativa). Curr Genet 23:166–174

129. Kapoor S, Sugiura M (1999) Identification of two essential sequence elements in the non-
consensus type II PatpB-290 plastid promoter by using plastid transcription extracts from 
cultured tobacco BY-2 cells. Plant Cell 11:1799–1810

130. Kapoor S, Suzuki JY, Sugiura M (1997) Identification and functional significance of a new 
class of non-consensus-type plastid promoters. Plant J 11:327–337

131. Karcher D, Bock R (2002) The amino acid sequence of a plastid protein is developmentally 
regulated by RNA editing. J Biol Chem 277:5570–5574

132. Karcher D, Bock R (2002) Temperature sensitivity of RNA editing and intron splicing reac-
tions in the plastid ndhB transcript. Curr Genet 41:48–52

133. Kasai S, Yoshimura S, Ishikura K, Takaoka Y, Kobayashi K, Kato K, Shinmyo A (2003) 
Effect of coding regions on chloroplast gene expression in Chlamydomonas reinhardtii. J 
Biosci Bioeng 95:276–282

134. Ke J, Chen RZ, Ban T, Zhou XE, Gu X, Tan MH, Chen C, Kang Y, Brunzelle JS, Zhu JK, 
Melcher K, Xu HE (2013) Structural basis for RNA recognition by a dimeric PPR-protein 
complex. Nat Struct Mol Biol 20(12):1377–1382. doi:10.1038/nsmb.2710. [Epub 2013 
Nov 3]



1 Chloroplast Gene Expression—RNA Synthesis and Processing 37

135. Khrouchtchova A, Monde RA, Barkan A (2012) A short PPR protein required for the splic-
ing of specific group II introns in angiosperm chloroplasts. RNA 18:1197–1209

136. Kim JW, Park JK, Kim BH, Lee JS, Sim WS (2002) Molecular analysis of the accumula-
tion of the transcripts of the large subunit gene of ribulose-1,5-bisphosphate carboxylase/
oxygenase by light. Mol Cells 14:281–287

137. Kim M, Thum KE, Morishige DT, Mullet JE (1999) Detailed architecture of the barley 
chloroplast psbD-psbC blue light-responsive promoter. J Biol Chem 274:4684–4692

138. Kindgren P, Kremnev D, Blanco NE, de Dios Barajas Lopez J, Fernandez AP, Tellgren-
Roth C, Small I, Strand A (2012) The plastid redox insensitive 2 mutant of Arabidopsis is 
impaired in PEP activity and high light-dependent plastid redox signalling to the nucleus. 
Plant J 70:279–291

139. Klaff P, Gruissem W (1991) Changes in chloroplast mRNA stability during leaf develop-
ment. Plant Cell 3:517–529

140. Klein U, De Camp JD, Bogorad L (1992) Two types of chloroplast gene promoters in 
Chlamydomonas reinhardtii. Proc Natl Acad Sci U S A 89:3453–3457

141. Klein U, Salvador ML, Bogorad L (1994) Activity of the Chlamydomonas chloroplast 
rbcL gene promoter is enhanced by a remote sequence element. Proc Natl Acad Sci U S A 
91:10819–10823

142. Kobayashi Y, Dokiya Y, Sugita M (2001) Dual targeting of phage-type RNA polymerase 
to both mitochondria and plastids is due to alternative translation initiation in single tran-
scripts. Biochem Biophys Res Commun 289:1106–1113

143. Kotera E1, Tasaka M, Shikanai T (2005) A pentatricopeptide repeat protein is essential for 
RNA editing in chloroplasts. Nature 433(7023):326–330

144. Krause K, Krupinska K (2000) Molecular and functional properties of highly purified tran-
scriptionally active chromosomes from spinach chloroplasts. Physiol Plant 109:188–195

145. Kroeger TS, Watkins KP, Friso G, van Wijk KJ, Barkan A (2009) A plant-specific RNA-
binding domain revealed through analysis of chloroplast group II intron splicing. Proc Natl 
Acad Sci USA 106(11):4537–4542

146. Kühn K, Bohne AV, Liere K, Weihe A, Börner T (2007) Arabidopsis phage-type RNA poly-
merases: accurate in vitro transcription of organellar genes. Plant Cell 19:959–971

147. Kühn K et al (2009) Phage-type RNA polymerase RPOTmp performs gene-specific tran-
scription in mitochondria of Arabidopsis thaliana. Plant Cell 21:2762–2779

148. Kusumi K, Yara A, Mitsui N, Tozawa Y, Iba K (2004) Characterization of a rice nuclear-
encoded plastid RNA polymerase gene OsRpoTp. Plant Cell Physiol 45:1194–1201

149. Lambowitz AM, Zimmerly S (2004) Mobile group II introns. Annu Rev Genet 38:1–35
150. Lee J, Herrin DL (2003) Mutagenesis of a light-regulated psbA intron reveals the impor-

tance of efficient splicing for photosynthetic growth. Nucleic Acids Res 31:4361–4372
151. Legen J, Kemp S, Krause K, Profanter B, Herrmann RG, Maier RM (2002) Comparative 

analysis of plastid transcription profiles of entire plastid chromosomes from tobacco attrib-
uted to wild-type and PEP-deficient transcription machineries. Plant J 31:171–188

152. Lee K, Lee HJ, Kim DH, Jeon Y, Pai HS, Kang H (2014) A nuclear-encoded chloroplast 
protein harboring a single CRM domain plays an important role in the Arabidopsis growth 
and stress response. BMC Plant Biol 14:98

153. Lerbs-Mache S (1993) The 110-kDa polypeptide of spinach plastid DNA-dependent RNA 
polymerase: single-subunit enzyme or catalytic core of multimeric enzyme complexes? 
Proc Natl Acad Sci U S A 90:5509–5513

154. Lerbs-Mache S (2011) Function of plastid sigma factors in higher plants: regulation of gene 
expression or just preservation of constitutive transcription? Plant Mol Biol 76:235–249

155. Liere K, Börner T (2007) Transcription and transcriptional regulation in plastids. In: Bock 
R (ed) Cell and molecular biology of plastids. Springer, Berlin, pp 121–174

156. Liere K, Link G (1994) Structure and expression characteristics of the chloroplast DNA 
region containing the split gene for tRNA(Gly) (UCC) from mustard ( Sinapis alba L.). Curr 
Genet 26:557–563



T. Börner et al.38

157. Liere K, Maliga P (1999) In vitro characterization of the tobacco rpoB promoter reveals a 
core sequence motif conserved between phage-type plastid and plant mitochondrial pro-
moters. EMBO J 18:249–257

158. Liere K, Maliga P (2001) Plastid RNA polymerases in higher plants. In: Aro E-M, Anders-
son B (eds) Regulation of photosynthesis. Springer, Netherlands, pp 29–49

159. Liere K, Kaden D, Maliga P, Börner T (2004) Overexpression of phage-type RNA poly-
merase RpoTp in tobacco demonstrates its role in chloroplast transcription by recognizing 
a distinct promoter type. Nucleic Acids Res 32:1159–1165

160. Liere K, Weihe A, Börner T (2011) The transcription machineries of plant mitochondria and 
chloroplasts: composition, function, and regulation. J Plant Physiol 168:1345–1360

161. Link G (1984) DNA sequence requirements for the accurate transcription of a protein-
coding plastid gene in a plastid in vitro system from mustard ( Sinapis alba L. ). EMBO J 
3:1697–1704

162. Link G (1996) Green life: control of chloroplast gene transcription. BioEssays 18:465–471
163. Lisitsky I, Schuster G (1995) Phosphorylation of a chloroplast RNA-binding protein chang-

es its affinity to RNA. Nucleic Acids Res 23:2506–2511
164. Little MC, Hallick RB (1988) Chloroplast rpoA, rpoB, and rpoC genes specify at least three 

components of a chloroplast DNA-dependent RNA polymerase active in tRNA and mRNA 
transcription. J Biol Chem 263:14302–14307

165. Liu B, Troxler RF (1996) Molecular characterization of a positively photoregulated nuclear 
gene for a chloroplast RNA polymerase sigma factor in Cyanidium caldarium. Proc Natl 
Acad Sci U S A 93:3313–3318

166. Lohse M, Drechsel O, Bock R (2007) OrganellarGenomeDRAW (OGDRAW): a tool for 
the easy generation of high-quality custom graphical maps of plastid and mitochondrial 
genomes. Curr Genet 52:267–274

167. Loiselay C, Gumpel NJ, Girard-Bascou J, Watson AT, Purton S, Wollman FA, Choquet Y 
(2008) Molecular identification and function of cis- and trans-acting determinants for petA 
transcript stability in Chlamydomonas reinhardtii chloroplasts. Mol Cell Biol 28:5529–
5542

168. de Longevialle AF, Hendrickson L, Taylor NL, Delannoy E, Lurin C, Badger M, Millar 
AH, Small I (2008) The pentatricopeptide repeat gene OTP51 with two LAGLIDADG 
motifs is required for the cis-splicing of plastid ycf3 intron 2 in Arabidopsis thaliana. Plant 
J 56(1):157–168

169. Lung B, Zemann A, Madej MJ, Schuelke M, Techritz S, Ruf S, Bock R, Huttenhofer A 
(2006) Identification of small non-coding RNAs from mitochondria and chloroplasts. Nu-
cleic Acids Res 34:3842–3852

170. Lurin C et al (2004) Genome-wide analysis of Arabidopsis pentatricopeptide repeat pro-
teins reveals their essential role in organelle biogenesis. Plant Cell 16:2089–2103

171. Lynch M, Blanchard JL (1998) Deleterious mutation accumulation in organelle genomes. 
Genetica 102-103:29–39

172. Lynch M, Koskella B, Schaack S (2006) Mutation pressure and the evolution of organelle 
genomic architecture. Science 311:1727–1730

173. Lysenko E (2006) Analysis of the evolution of the family of the Sig genes encoding plant 
sigma factors. Russ J Plant Physiol 53:605–614

174. Lyubetsky VA, Zverkov OA, Rubanov LI, Seliverstov AV (2011) Modeling RNA poly-
merase competition: the effect of sigma-subunit knockout and heat shock on gene transcrip-
tion level. Biol Direct 6:3

175. Maier UG, Bozarth A, Funk HT, Zauner S, Rensing SA, Schmitz-Linneweber C, Borner T, 
Tillich M (2008) Complex chloroplast RNA metabolism: just debugging the genetic pro-
gramme? BMC Biol 6:36

176. Majeran W, Friso G, Asakura Y, Qu X, Huang M, Ponnala L, Watkins KP, Barkan A, van 
Wijk KJ (2011) Nucleoid-enriched proteomes in developing plastids and chloroplasts from 
maize leaves: a new conceptual framework for nucleoid functions. Plant Physiol 158:156–
89



1 Chloroplast Gene Expression—RNA Synthesis and Processing 39

177. Marchive C et al (2009) Abnormal physiological and molecular mutant phenotypes link 
chloroplast polynucleotide phosphorylase to the phosphorus deprivation response in Arabi-
dopsis. Plant Physiol 151:905–924

178. Mathews DE, Durbin RD (1990) Tagetitoxin inhibits RNA synthesis directed by RNA poly-
merases from chloroplasts and Escherichia coli. J Biol Chem 265:493–498

179. Matsunaga M, Jaehning JA (2004) Intrinsic promoter recognition by a “core” RNA poly-
merase. J Biol Chem 279:44239–44242

180. Matsuzaki M et al (2004) Genome sequence of the ultrasmall unicellular red alga Cyanidi-
oschyzon merolae 10D. Nature 428:653–657

181. Maul JE, Lilly JW, Cui L, dePamphilis CW, Miller W, Harris EH, Stern DB (2002) The 
Chlamydomonas reinhardtii plastid chromosome: islands of genes in a sea of repeats. Plant 
Cell 14:2659–2679

182. McCullough AJ, Kangasjarvi J, Gengenback BG, Jones RJ (1992) Plastid DNA in develop-
ing maize endosperm. Plant Physiol 100:958–964

183. Meierhoff K, Felder S, Nakamura T, Bechtold N, Schuster G (2003) HCF152, an Arabidop-
sis RNA binding pentatricopeptide repeat protein involved in the processing of chloroplast 
psbB-psbT-psbH-petB-petD RNAs. Plant Cell 15:1480–1495

184. Merendino L, Perron K, Rahire M, Howald I, Rochaix JD, Goldschmidt-Clermont M 
(2006) A novel multifunctional factor involved in trans-splicing of chloroplast introns in 
Chlamydomonas. Nucleic Acids Res 34(1):262–274

185. Michel F, Umesono K, Ozeki H (1989) Comparative and functional anatomy of group II 
catalytic introns—a review. Gene 82:5–30

186. Miyamoto T, Obokata J, Sugiura M (2002) Recognition of RNA editing sites is directed 
by unique proteins in chloroplasts: biochemical identification of cis-acting elements and 
trans-acting factors involved in RNA editing in tobacco and pea chloroplasts. Mol Cell Biol 
22(19):6726–6734

187. Miyata Y, Sugita M (2004) Tissue- and stage-specific RNA editing of rps 14 transcripts in 
moss ( Physcomitrella patens) chloroplasts. J Plant Physiol 161:113–115

188. Mohorianu I, Schwach F, Jing R, Lopez-Gomollon S, Moxon S, Szittya G, Sorefan K, 
Moulton V, Dalmay T (2011) Profiling of short RNAs during fleshy fruit development 
reveals stage-specific sRNAome expression patterns. Plant J 67:232–246

189. Morden CW, Delwiche CF, Kuhsel M, Palmer JD (1992) Gene phylogenies and the endo-
symbiotic origin of plastids. Biosystems 28:75–90

190. Morin RD, Aksay G, Dolgosheina E, Ebhardt HA, Magrini V, Mardis ER, Sahinalp SC, 
Unrau PJ (2008) Comparative analysis of the small RNA transcriptomes of Pinus contorta 
and Oryza sativa. Genome Res 18:571–584

191. Mudd EA, Sullivan S, Gisby MF, Mironov A, Kwon CS, Chung WI, Day A (2008) A 125 
kDa RNase E/G-like protein is present in plastids and is essential for chloroplast develop-
ment and autotrophic growth in Arabidopsis. J Exp Bot 59:2597–2610

192. Mullet JE (1993) Dynamic regulation of chloroplast transcription. Plant Physiol 103:309–
313

193. Nagashima A, Hanaoka M, Shikanai T, Fujiwara M, Kanamaru K, Takahashi H, Tanaka K 
(2004) The multiple-stress responsive plastid sigma factor, SIG5, directs activation of the 
psbD blue light-responsive promoter (BLRP) in Arabidopsis thaliana. Plant Cell Physiol-
ogy 45:357–368

194. Nakamura T, Ohta M, Sugiura M, Sugita M (2001) Chloroplast ribonucleoproteins function 
as a stabilizing factor of ribosome-free mRNAs in the stroma. J Biol Chem 276:147–152

195. Neuhaus H, Link G (1990) The chloroplast psbK operon from mustard ( Sinapis alba L.): 
multiple transcripts during seedling development and evidence for divergent overlapping 
transcription. Curr Genet 18:377–383

196. Nickelsen J, Link G (1990) Nucleotide sequence of the mustard chloroplast genes trnH and 
rps19. Nucleic Acids Res 18:1051



T. Börner et al.40

197. Ogrzewalla K, Piotrowski M, Reinbothe S, Link G (2002) The plastid transcription kinase 
from mustard ( Sinapis alba L.). A nuclear-encoded CK2-type chloroplast enzyme with 
redox-sensitive function. Eur J Biochem 269:3329–3337

198. Ohyama K et al (1986) Chloroplast gene organization deduced from complete sequence of 
liverwort Marchantia polymorpha chloroplast DNA. Nature 322:572–574

199. Olinares PD, Ponnala L, van Wijk KJ (2010) Megadalton complexes in the chloroplast 
stroma of Arabidopsis thaliana characterized by size exclusion chromatography, mass 
spectrometry, and hierarchical clustering. Mol Cell Proteomics 9:1594–1615

200. Okuda K, Nakamura T, Sugita M, Shimizu T, Shikanai T (2006) A pentatricopeptide re-
peat protein is a site recognition factor in chloroplast RNA editing. J Biol Chem 281: 
 37661–37667

201. Okuda K, Myouga F, Motohashi R, Shinozaki K, Shikanai T (2007) Conserved domain 
structure of pentatricopeptide repeat proteins involved in chloroplast RNA editing. Proc 
Natl Acad Sci USA 104:8178–8183

202. Okuda K, Chateigner-Boutin AL, Nakamura T, Delannoy E, Sugita M, Myouga F, Moto-
hashi R, Shinozaki K, Small I, Shikanai T (2009) Pentatricopeptide repeat proteins with 
the DYW motif have distinct molecular functions in RNA editing and RNA cleavage in 
Arabidopsis chloroplasts. Plant Cell 21:146–156

203. Okuda K, Hammani K, Tanz SK, Peng L, Fukao Y, Myouga F, Motohashi R, Shinozaki K, 
Small I, Shikanai T (2009) The pentatricopeptide repeat protein OTP82 is required for RNA 
editing of plastid ndhB and ndhG transcripts. Plant J 61:339–349

204. Onda Y, Yagi Y, Saito Y, Takenaka N, Toyoshima Y (2008) Light induction of Arabidop-
sis SIG1 and SIG5 transcripts in mature leaves: differential roles of cryptochrome 1 and 
cryptochrome 2 and dual function of SIG5 in the recognition of plastid promoters. Plant J 
55:968–978

205. Ossenbuhl F, Nickelsen J (2000) cis- and trans-acting determinants for translation of psbD 
mRNA in Chlamydomonas reinhardtii. Mol Cell Biol 20:8134–8142

206. Ostheimer GJ, Williams-Carrier R, Belcher S, Osborne E, Gierke J, Barkan A (2003) Group 
II intron splicing factors derived by diversification of an ancient RNA-binding domain. 
EMBO J 22(15):3919–3929

207. Ostheimer GJ, Hadjivassiliou H, Kloer DP, Barkan A, Matthews BW (2005) Structural 
analysis of the group II intron splicing factor CRS2 yields insights into its protein and RNA 
interaction surfaces. J Mol Biol 345(1):51–68

208. Ostersetzer O, Cooke AM, Watkins KP, Barkan A (2005) CRS1, a chloroplast group II 
intron splicing factor, promotes intron folding through specific interactions with two intron 
domains. Plant Cell 17:241–255

209. Palmer JD (1990) Contrasting modes and tempos of genome evolution in land plant organ-
elles. Trends Genet 6:115–120

210. Pan T, Sosnick T (2006) RNA folding during transcription. Annu Rev Biophys Biomol 
Struct 35:161–175

211. Peeters NM, Hanson MR (2002) Transcript abundance supercedes editing efficiency as a 
factor in developmental variation of chloroplast gene expression. Rna 8:497–511

212. Peltier JB, Cai Y, Sun Q, Zabrouskov V, Giacomelli L, Rudella A, Ytterberg AJ, Rutschow 
H, van Wijk KJ (2006) The oligomeric stromal proteome of Arabidopsis thaliana chloro-
plasts. Mol Cell Proteomics 5:114–133

213. Perron K, Goldschmidt-Clermont M, Rochaix JD (1999) A factor related to pseudouridine 
synthases is required for chloroplast group II intron trans-splicing in Chlamydomonas rein-
hardtii. Embo J 18:6481–6490

214. Petersen K, Schottler MA, Karcher D, Thiele W, Bock R (2011) Elimination of a group II 
intron from a plastid gene causes a mutant phenotype. Nucleic Acids Res 39:5181–5192

215. Pfalz J, Liere K, Kandlbinder A, Dietz KJ, Oelmuller R (2006) pTAC2, − 6, and − 12 are 
components of the transcriptionally active plastid chromosome that are required for plastid 
gene expression. Plant Cell 18:176–197



411 Chloroplast Gene Expression—RNA Synthesis and Processing

216. Pfalz J, Bayraktar OA, Prikryl J, Barkan A (2009) Site-specific binding of a PPR protein 
defines and stabilizes 5′ and 3′ mRNA termini in chloroplasts. EMBO J 28:2042–2052

217. Pfannschmidt T, Link G (1997) The A and B forms of plastid DNA-dependent RNA poly-
merase from mustard ( Sinapis alba L. ) transcribe the same genes in a different develop-
mental context. Mol Gen Genet 257:35–44

218. Pfannschmidt T, Ogrzewalla K, Baginsky S, Sickmann A, Meyer HE, Link G (2000) The 
multisubunit chloroplast RNA polymerase A from mustard ( Sinapis alba L. ). Integration of 
a prokaryotic core into a larger complex with organelle-specific functions. Eur J Biochem 
267:253–261

219. Pombert JF, Otis C, Lemieux C, Turmel M (2005) The chloroplast genome sequence of the 
green alga Pseudendoclonium akinetum (Ulvophyceae) reveals unusual structural features 
and new insights into the branching order of chlorophyte lineages. Mol Biol Evol 22:1903–
1918

220. Prikryl J, Watkins KP, Friso G, van Wijk KJ, Barkan A (2008) A member of the Whirly 
family is a multifunctional RNA- and DNA-binding protein that is essential for chloroplast 
biogenesis. Nucleic Acids Res 36(16):5152–5165

221. Prikryl J, Rojas M, Schuster G, Barkan A (2011) Mechanism of RNA stabilization and 
translational activation by a pentatricopeptide repeat protein. Proc Natl Acad Sci USA 
108:415–420

222. Proshkin S, Rahmouni AR, Mironov A, Nudler E (2010) Cooperation between translating 
ribosomes and RNA polymerase in transcription elongation. Science 328:504–508

223. Purton S, Gray JC (1989) The plastid rpoA gene encoding a protein homologous to the 
bacterial RNA polymerase alpha subunit is expressed in pea chloroplasts. Mol Gen Genet 
217:77–84

224. Puthiyaveetil S et al (2008) The ancestral symbiont sensor kinase CSK links photosynthesis 
with gene expression in chloroplasts. Proc Natl Acad Sci U S A 105:10061–10066

225. Puthiyaveetil S, Ibrahim IM, Allen JF (2012) Oxidation-reduction signalling components 
in regulatory pathways of state transitions and photosystem stoichiometry adjustment in 
chloroplasts. Plant Cell Environ 35:347–359

226. Pyle A (2002) Metal ions in the structure and function of RNA. J Biol Inorg Chem 7:679–
690

227. Qi Y, Armbruster U, Schmitz-Linneweber C, Delannoy E, de Longevialle AF, Ruhle T, 
Small I, Jahns P, Leister D (2011) Arabidopsis CSP41 proteins form multimeric complexes 
that bind and stabilize distinct plastid transcripts. J Exp Bot 63:1251–1270

228. Qiao J, Ma C, Wimmelbacher M, Bornke F, Luo M (2011) Two novel proteins, MRL7 and 
its paralog MRL7-L, have essential but functionally distinct roles in chloroplast develop-
ment and are involved in plastid gene expression regulation in Arabidopsis. Plant Cell 
Physiol 52:1017–1030

229. Raynaud C, Loiselay C, Wostrikoff K, Kuras R, Girard-Bascou J, Wollman FA, Choquet Y 
(2007) Evidence for regulatory function of nucleus-encoded factors on mRNA stabilization 
and translation in the chloroplast. Proc Natl Acad Sci U S A 104:9093–9098

230. Reiss T, Link G (1985) Characterization of transcriptionally active DNA-protein complexes 
from chloroplasts and etioplasts of mustard ( Sinapis alba L.). Eur J Biochem 148:207–212

231. Richter CV, Bals T, Schunemann D (2010) Component interactions, regulation and mecha-
nisms of chloroplast signal recognition particle-dependent protein transport. Eur J Cell Biol 
89:965–973

232. Ringel R, Sologub M, Morozov YI, Litonin D, Cramer P, Temiakov D (2011) Structure of 
human mitochondrial RNA polymerase. Nature 478:269–273

233. Rivier C, Goldschmidt-Clermont M, Rochaix JD (2001) Identification of an RNA-protein 
complex involved in chloroplast group II intron trans-splicing in Chlamydomonas rein-
hardtii. EMBO J 20:1765–1773

234. Robbins JC, Heller WP, Hanson MR (2009) A comparative genomics approach identifies a 
PPR-DYW protein that is essential for C-to-U editing of the Arabidopsis chloroplast accD 
transcript. RNA 15:1142–1153



42 T. Börner et al.

235. Rochaix JD, Rahire M, Michel F (1985) The chloroplast ribosomal intron of Chlamydomo-
nas reinhardii codes for a polypeptide related to mitochondrial maturases. Nucleic Acids 
Res 13:975–984

236. Rudinger M, Szovenyi P, Rensing SA, Knoop V (2011) Assigning DYW-type PPR proteins 
to RNA editing sites in the funariid mosses Physcomitrella patens and Funaria hygromet-
rica. Plant J 67:370–380

237. Ruf S, Kössel H (1997) Tissue-specific and differential editing of the two ycf3 editing sites 
in maize plastids. Curr Genet 32:19–23

238. Ruf S, Kossel H, Bock R (1997) Targeted inactivation of a tobacco intron-containing open 
reading frame reveals a novel chloroplast-encoded photosystem I-related gene. J Cell Biol 
139:95–102

239. Ruwe H, Schmitz-Linneweber C (2012) Short non-coding RNA fragments accumulating in 
chloroplasts: footprints of RNA binding proteins? Nucleic Acids Res 40:3106–3116

240. Ruwe H, Castandet B, Schmitz-Linneweber C, Stern DB (2013) Arabidopsis chloroplast 
quantitative editotype. FEBS Lett 587(9):1429–1433

241. Sakai A, Takano H, Kuroiwa T (2004) Organelle nuclei in higher plants: structure, compo-
sition, function, and evolution. Int Rev Cytol 238:59–118

242. Saldanha R, Mohr G, Belfort M, Lambowitz AM (1993) Group I and group II introns. 
FASEB J 7:15–24

243. Salone V, Rudinger M, Polsakiewicz M, Hoffmann B, Groth-Malonek M, Szurek B, Small 
I, Knoop V, Lurin C (2007) A hypothesis on the identification of the editing enzyme in plant 
organelles. FEBS Lett 581:4132–4138

244. Salvador ML, Suay L, Klein U (2011) Messenger RNA degradation is initiated at the 5′ end 
and follows sequence- and condition-dependent modes in chloroplasts. Nucleic Acids Res 
39:6213–6222

245. Sane AP, Stein B, Westhoff P (2005) The nuclear gene HCF107 encodes a membrane-asso-
ciated R-TPR (RNA tetratricopeptide repeat)-containing protein involved in expression of 
the plastidial psbH gene in Arabidopsis. Plant J 42:720–730

246. Sasaki T, Yukawa Y, Miyamoto T, Obokata J, Sugiura M (2003) Identification of RNA edit-
ing sites in chloroplast transcripts from the maternal and paternal progenitors of tobacco 
( Nicotiana tabacum): comparative analysis shows the involvement of distinct trans-factors 
for ndhB editing. Mol Biol Evol 20:1028–1035

247. Sashital DG, Cornilescu G, McManus CJ, Brow DA, Butcher SE (2004) U2-U6 RNA fold-
ing reveals a group II intron-like domain and a four-helix junction. Nat Struct Mol Biol 
11:1237–1242

248. Satoh J, Baba K, Nakahira Y, Tsunoyama Y, Shiina T, Toyoshima Y (1999) Developmental 
stage-specific multi-subunit plastid RNA polymerases (PEP) in wheat. Plant J 18:407–415

249. Schein A, Sheffy-Levin S, Glaser F, Schuster G (2008) The RNase E/G-type endoribo-
nuclease of higher plants is located in the chloroplast and cleaves RNA similarly to the E. 
coli enzyme. RNA 14:1057–1068

250. Schevitz RW, Otwinowski Z, Joachimiak A, Lawson CL, Sigler PB (1985) The three-di-
mensional structure of trp repressor. Nature 317:782–786

251. Schiffer S, Rosch S, Marchfelder A (2002) Assigning a function to a conserved group of 
proteins: the tRNA 3′-processing enzymes. EMBO J 21:2769–2777

252. Schmitz-Linneweber C, Barkan A (2007) RNA splicing and RNA editing in chloroplasts. 
In: Bock R (ed) Cell and molecular biology of plastids. Springer, Berlin, pp 213–248

253. Schmitz-Linneweber C, Small I (2008) Pentatricopeptide repeat proteins: a socket set for 
organelle gene expression. Trends Plant Sci 13:663–670

254. Schmitz-Linneweber C, Tillich M, Herrmann RG, Maier RM (2001) Heterologous, splic-
ing-dependent RNA editing in chloroplasts: allotetraploidy provides trans-factors. Embo J 
20:4874–4883

255. Schmitz-Linneweber C, Regel R, Du TG, Hupfer H, Herrmann RG, Maier RM (2002) The 
plastid chromosome of Atropa belladonna and its comparison with that of Nicotiana taba-



431 Chloroplast Gene Expression—RNA Synthesis and Processing

cum: the role of RNA editing in generating divergence in the process of plant speciation. 
Mol Biol Evol 19:1602–1612

256. Schmitz-Linneweber C, Kushnir S, Babiychuk E, Poltnigg P, Herrmann RG, Maier RM 
(2005) Pigment deficiency in nightshade/tobacco cybrids is caused by the failure to edit the 
plastid ATPase alpha-subunit mRNA. Plant Cell 17:1815–1828

257. Schmitz-Linneweber C, Williams-Carrier R, Williams P, Kroeger T, Vichas A, Barkan A 
(2006) A pentatricopeptide repeat protein binds to and facilitates the trans-splicing of the 
maize chloroplast rps12 pre-mRNA. Plant Cell 18:2650–2663

258. Schwacke R, Fischer K, Ketelsen B, Krupinska K, Krause K (2007) Comparative survey 
of plastid and mitochondrial targeting properties of transcription factors in Arabidopsis and 
rice. Mol Genet Genomics 277:631–646

259. Schwarz C, Elles I, Kortmann J, Piotrowski M, Nickelsen J (2007) Synthesis of the D2 pro-
tein of photosystem II in Chlamydomonas is controlled by a high molecular mass complex 
containing the RNA stabilization factor Nac2 and the translational activator RBP40. Plant 
Cell 19:3627–3639

260. Schweer J (2010) Plant sigma factors come of age: flexible transcription factor network for 
regulated plastid gene expression. Endocytobio Cell Res 20:1–20

261. Schweer J, Loschelder H, Link G (2006) A promoter switch that can rescue a plant sigma 
factor mutant. FEBS Lett 580:6617–6622

262. Schweer J, Turkeri H, Kolpack A, Link G (2010) Role and regulation of plastid sigma fac-
tors and their functional interactors during chloroplast transcription-recent lessons from 
Arabidopsis thaliana. Eur J Cell Biol 89:940–946

263. Schwinghammer K, Cheung AC, Morozov YI, Agaronyan K, Temiakov D, Cramer P 
(2013) Structure of human mitochondrial RNA polymerase elongation complex. Nat Struct 
Mol Biol 20(11):1298–1303. doi:10.1038/nsmb.2683. [Epub 2013 Oct 6]

264. Serino G, Maliga P (1998) RNA polymerase subunits encoded by the plastid rpo genes are 
not shared with the nucleus-encoded plastid enzyme. Plant Physiol 117:1165–1170

265. Severinov K, Mustaev A, Kukarin A, Muzzin O, Bass I, Darst SA, Goldfarb A (1996) Struc-
tural modules of the large subunits of RNA polymerase. Introducing archaebacterial and 
chloroplast split sites in the beta and beta′ subunits of Escherichia coli RNA polymerase. J 
Biol Chem 271:27969–27974

266. Sharwood RE, Halpert M, Luro S, Schuster G, Stern DB (2011) Chloroplast RNase J 
compensates for inefficient transcription termination by removal of antisense RNA. RNA 
17:2165–2176

267. Sharwood RE, Hotto AM, Bollenbach TJ, Stern DB (2011) Overaccumulation of the chlo-
roplast antisense RNA AS5 is correlated with decreased abundance of 5S rRNA in vivo and 
inefficient 5S rRNA maturation in vitro. RNA 17:230–243

268. Shields DC, Wolfe KH (1997) Accelerated evolution of sites undergoing mRNA editing in 
plant mitochondria and chloroplasts. Mol Biol Evol 14:344–349

269. Shinozaki K et al (1986) The complete nucleotide sequence of the tobacco chloroplast 
genome: its gene organization and expression. EMBO J 5:2043–2049

270. Shukla GC, Padgett RA (2002) A catalytically active group II intron domain 5 can function 
in the U12-dependent spliceosome. Mol Cell 9:1145–1150

271. Siemenroth A, Wollgiehn R, Neumann D, Börner T (1981) Synthesis of ribosomal RNA 
in ribosome-deficient plastids of the mutant “albostrians” of Hordeum vulgare L. Planta 
153:547–555

272. Sijben-Muller G, Hallick RB, Alt J, Westhoff P, Herrmann RG (1986) Spinach plastid genes 
coding for initiation factor IF-1, ribosomal protein S11 and RNA polymerase alpha-subunit. 
Nucleic Acids Res 14:1029–1044

273. Silhavy D, Maliga P (1998) Mapping of promoters for the nucleus-encoded plastid RNA 
polymerase (NEP) in the iojap maize mutant. Curr Genet 33:340–344

274. Small I, Peeters N (2000) The PPR motif-a TPR-related motif prevalent in plant organellar 
proteins. Trends Biochem Sci 25:46–47



T. Börner et al.44

275. Sriraman P, Silhavy D, Maliga P (1998) The phage-type PclpP-53 plastid promoter 
comprises sequences downstream of the transcription initiation site. Nucleic Acids Res 
26:4874–4879

276. Steiner S, Schröter Y, Pfalz J, Pfannschmidt T (2011) Identification of essential subunits in 
the plastid-encoded RNA polymerase complex reveals building blocks for proper plastid 
development. Plant Physiol 157:1043–1055

277. Steitz TA (2009) The structural changes of T7 RNA polymerase from transcription initia-
tion to elongation. Curr Opin Struct Biol 19:683–690

278. Stern DB, Goldschmidt-Clermont M, Hanson MR (2010) Chloroplast RNA metabolism. 
Annu Rev Plant Biol 61:125–155

279. Stoppel R, Meurer J (2011) The cutting crew-ribonucleases are key players in the control of 
plastid gene expression. J Exp Bot 63:1663–1673

280. Stoppel R, Lezhneva L, Schwenkert S, Torabi S, Felder S, Meierhoff K, Westhoff P, Meurer 
J (2011) Recruitment of a ribosomal release factor for light- and stress-dependent regula-
tion of petB transcript stability in Arabidopsis chloroplasts. Plant Cell 23:2680–2695

281. Stothard P, Wishart DS (2005) Circular genome visualization and exploration using 
CGView. Bioinformatics 21:537–539

282. Strittmatter G, Gozdzicka-Jozefiak A, Kössel H (1985) Identification of an rRNA operon 
promoter from Zea mays chloroplasts which excludes the proximal tRNAVal from the pri-
mary transcript. EMBO J 4:599–604

283. Sun T, Germain A, Giloteaux L, Hammani K, Barkan A, Hanson MR, Bentolila S (2013) 
An RNA recognition motif-containing protein is required for plastid RNA editing in 
Arabidopsis and maize. Proc Natl Acad Sci USA 110(12):E1169–1178. doi:10.1073/
pnas.1220162110. [Epub 2013 Mar 4]

284. Surovtseva YV, Shutt TE, Cotney J, Cimen H, Chen SY, Koc EC, Shadel GS (2011) Mi-
tochondrial ribosomal protein L12 selectively associates with human mitochondrial RNA 
polymerase to activate transcription. Proc Natl Acad Sci U S A 108:17921–17926

285. Suzuki JY, Maliga P (2000) Engineering of the rpl23 gene cluster to replace the plastid 
RNA polymerase alpha subunit with the Escherichia coli homologue. Curr Genet 38:218–
225

286. Suzuki JY, Jimmy Ytterberg A, Beardslee TA, Allison LA, Wijk KJ, Maliga P (2004) Af-
finity purification of the tobacco plastid RNA polymerase and in vitro reconstitution of the 
holoenzyme. Plant J 40:164–172

287. Swiatecka-Hagenbruch M, Liere K, Börner T (2007) High diversity of plastidial promoters 
in Arabidopsis thaliana. Mol Genet Genomics 277:725–734

288. Swiatecka-Hagenbruch M, Emanuel C, Hedtke B, Liere K, Börner T (2008) Impaired func-
tion of the phage-type RNA polymerase RpoTp in transcription of chloroplast genes is 
compensated by a second phage-type RNA polymerase. Nucleic Acids Res 36:785–792

289. Takenaka M, Zehrmann A, Verbitskiy D, Kugelmann M, Hartel B, Brennicke A (2012) 
Multiple organellar RNA editing factor (MORF) family proteins are required for RNA edit-
ing in mitochondria and plastids of plants. Proc Natl Acad Sci U S A 109:5104–5109

290. Tanaka K, Oikawa K, Ohta N, Kuroiwa H, Kuroiwa T, Takahashi H (1996) Nuclear encod-
ing of a chloroplast RNA polymerase sigma subunit in a red alga. Science 272:1932–1935

291. Tanaka K, Tozawa Y, Mochizuki N, Shinozaki K, Nagatani A, Wakasa K, Takahashi H 
(1997) Characterization of three cDNA species encoding plastid RNA polymerase sigma 
factors in Arabidopsis thaliana: evidence for the sigma factor heterogeneity in higher plant 
plastids. FEBS Lett 413:309–313

292. Thomas BC, Li X, Gegenheimer P (2000) Chloroplast ribonuclease P does not utilize the 
ribozyme-type pre-tRNA cleavage mechanism. RNA 6:545–553

293. Tan J, Tan Z, Wu F, Sheng P, Heng Y, Wang X, Ren Y, Wang J, Guo X, Zhang X, Cheng 
Z, Jiang L, Liu X, Wang H, Wan J (2014) A novel chloroplast-localized pentatricopeptide 
repeat protein involved in splicing affects chloroplast development and abiotic stress re-
sponse in rice. Mol Plant  pii: ssu054. [Epub ahead of print]



1 Chloroplast Gene Expression—RNA Synthesis and Processing 45

294. Till B, Schmitz-Linneweber C, Williams-Carrier R, Barkan A (2001) CRS1 is a novel group 
II intron splicing factor that was derived from a domain of ancient origin. RNA 7:1227–
1238

295. Tiller K, Link G (1993) Phosphorylation and dephosphorylation affect functional charac-
teristics of chloroplast and etioplast transcription systems from mustard. EMBO J 12:1745–
1753

296. Tillich M, Funk HT, Schmitz-Linneweber C, Poltnigg P, Sabater B, Martin M, Maier RM 
(2005) Editing of plastid RNA in Arabidopsis thaliana ecotypes. Plant J 43:708–715

297. Tillich M, Poltnigg P, Kushnir S, Schmitz-Linneweber C (2006) Maintenance of plastid 
RNA editing activities independently of their target sites. EMBO Rep 7:308–313

298. Tillich M, Hardel SL, Kupsch C, Armbruster U, Delannoy E, Gualberto JM, Lehwark P, 
Leister D, Small ID, Schmitz-Linneweber C  (2009) Chloroplast ribonucleoprotein CP31A 
is required for editing and stability of specific chloroplast mRNAs. Proc Natl Acad Sci U S 
A 106:6002–6007

299. Tillich M, Le Sy V, Schulerowitz K, von Haeseler A, Maier UG, Schmitz-Linneweber C 
(2009) Loss of matK RNA editing in seed plant chloroplasts. BMC Evol Biol 9:201

300. Tillich M, Beick S, Schmitz-Linneweber C (2010) Chloroplast RNA-binding proteins: re-
pair and regulation of chloroplast transcripts. RNA Biol 7:172–178

301. Tseng CC, Sung TY, Li YC, Hsu SJ, Lin CL, Hsieh MH (2010) Editing of accD and ndhF 
chloroplast transcripts is partially affected in the Arabidopsis vanilla cream1 mutant. Plant 
Mol Biol 73:309–323   

302. Türkeri H, Schweer J, Link G (2012) Phylogenetic and functional features of the plastid 
transcription kinase cpCK2 from Arabidopsis signify a role of cysteinyl SH-groups in regu-
latory phosphorylation of plastid sigma factors. FEBS J 279:395–409

303. Uniacke J, Zerges W (2009) Chloroplast protein targeting involves localized translation in 
Chlamydomonas. Proc Natl Acad Sci U S A 106:1439–1444

304. Vaistij F, Boudreau E, Lemaire S, Goldschmidt-Clermont M, Rochaix J (2000) Character-
ization of Mbb1, a nucleus-encoded tetratricopeptide repeat protein required for expression 
of the chloroplast psbB/psbT/psbH gene cluster in Chlamydomonas reinhardtii. Proc Natl 
Acad Sci U S A 97:14813–14818

305. Valkov VT, Scotti N, Kahlau S, Maclean D, Grillo S, Gray JC, Bock R, Cardi T (2009) 
Genome-wide analysis of plastid gene expression in potato leaf chloroplasts and tuber amy-
loplasts: transcriptional and posttranscriptional control. Plant Physiol 150:2030–2044

306. Vera A, Sugiura M (1994) A novel RNA gene in the tobacco plastid genome: its possible 
role in the maturation of 16S rRNA. EMBO J 13:2211–2217

307. Vera A, Sugiura M (1995) Chloroplast rRNA transcription from structurally different tan-
dem promoters: an additional novel-type promoter. Curr Genet 27:280–284

308. Vera A, Hirose T, Sugiura M (1996) A ribosomal protein gene ( rpl32) from tobacco chloro-
plast DNA is transcribed from alternative promoters: similarities in promoter region orga-
nization in plastid housekeeping genes. Mol Gen Genet 251:518–525

309. Verbitskiy D, Hartel B, Zehrmann A, Brennicke A, Takenaka M (2011) The DYW-E-PPR 
protein MEF14 is required for RNA editing at site matR-1895 in mitochondria of Arabidop-
sis thaliana. FEBS Lett 585:700–704

310. Villa T, Pleiss J, Guthrie C (2002) Spliceosomal snRNAs: Mg2 +-dependent chemistry at the 
catalytic core? Cell 109:149–152

311. Vogel J, Hübschmann T, Börner T, Hess WR (1997) Splicing and intron-internal RNA ed-
iting of trnK-matK transcripts in barley plastids: support for MatK as an essential splice 
factor. J Mol Biol 270:179–187

312. Wagner R, Pfannschmidt T (2006) Eukaryotic transcription factors in plastids-bioinformat-
ic assessment and implications for the evolution of gene expression machineries in plants. 
Gene 381:62–70

313. Walter M, Kilian J, Kudla J (2002) PNPase activity determines the efficiency of mRNA 3′-
end processing, the degradation of tRNA and the extent of polyadenylation in chloroplasts. 
EMBO J 21:6905–6914



T. Börner et al.46

314. Walter M, Piepenburg K, Schöttler MA, Petersen K, Kahlau S, Tiller N, Drechsel O, We-
ingartner M, Kudla J, Bock R. (2011) Knockout of the plastid RNase E leads to defective 
RNA processing and chloroplast ribosome deficiency. Plant J 64:851–863

315. Wang MJ, Davis NW, Gegenheimer P (1988) Novel mechanisms for maturation of chloro-
plast transfer RNA precursors. EMBO J 7:1567–1574

316. Wang L, Yu X, Wang H, Lu YZ, de Ruiter M, Prins M, He YK (2011) A novel class of heat-
responsive small RNAs derived from the chloroplast genome of Chinese cabbage ( Brassica 
rapa). BMC Genomics 12:289

317. Watkins KP, Kroeger TS, Cooke AM, Williams-Carrier RE, Friso G, Belcher SE, van Wijk 
KJ, Barkan A (2007) A ribonuclease III domain protein functions in group II intron splicing 
in maize chloroplasts. Plant Cell 19(8):2606–2623

318. Watkins KP, Rojas M, Friso G, van Wijk KJ, Meurer J, Barkan A (2011) APO1 promotes the 
splicing of chloroplast group II introns and harbors a plant-specific zinc-dependent RNA 
binding domain. Plant Cell 23(3):1082–1092

319. Weihe A, Börner T (1999) Transcription and the architecture of promoters in chloroplasts. 
Trends Plant Sci 4:169–170

320. Weihe A, Liere K, Börner T. (2012) Transcription and transcription regulation in chloro-
plasts and mitochondria of higher plants. In: Bullerwell CE (ed) Organelle genetics. Spring-
er, Berlin, pp 297–325

321. Wicke S, Schneeweiss GM, dePamphilis CW, Muller KF, Quandt D (2011) The evolution 
of the plastid chromosome in land plants: gene content, gene order, gene function. Plant 
Mol Biol 76:273–297

322. Wolfe KH, Li WH, Sharp PM (1987) Rates of nucleotide substitution vary greatly among 
plant mitochondrial, chloroplast, and nuclear DNAs. Proc Natl Acad Sci U S A 84:9054–9058

323. Wu C-Y, Lin C-H, Chen L-J (1997) Identification of the transcription start site for the spin-
ach chloroplast serine tRNA gene. FEBS Lett 418:157–161

324. Wykoff DD, Grossman AR, Weeks DP, Usuda H, Shimogawara K (1999) Psr1, a nuclear lo-
calized protein that regulates phosphorus metabolism in Chlamydomonas. Proc Natl Acad 
Sci USA 96:15336–15341

325. Xie G, Allison LA (2002) Sequences upstream of the YRTA core region are essential for tran-
scription of the tobacco atpB NEP promoter in chloroplasts in vivo. Curr Genet 41:176–182

326. Yamaguchi K, Beligni MV, Prieto S, Haynes PA, McDonald WH, Yates JR 3rd, Mayfield SP 
(2003) Proteomic characterization of the Chlamydomonas reinhardtii chloroplast ribosome. 
Identification of proteins unique to th e70 S ribosome. J Biol Chem 278:33774–33785

327. Yamazaki H, Tasaka M, Shikanai T (2004) PPR motifs of the nucleus-encoded factor, 
PGR3, function in the selective and distinct steps of chloroplast gene expression in Arabi-
dopsis. Plant J 38:152–163

328. Yang J, Stern DB (1997) The spinach chloroplast endoribonuclease CSP41 cleaves the 
3′-untranslated region of petD mRNA primarily within its terminal stem-loop structure. J 
Biol Chem 272:12874–12880

329. Yang J, Usack L, Monde RA, Stern DB (1995) The 41 kDa protein component of the spin-
ach chloroplast petD mRNA 3′ stem-loop: protein complex is a nuclear encoded chloroplast 
RNA-binding protein. Nucleic Acids Symp Ser 237–239

330. Yang J, Schuster G, Stern DB (1996) CSP41, a sequence-specific chloroplast mRNA bind-
ing protein, is an endoribonuclease. Plant Cell 8:1409–1420

331. Yehudai-Resheff S, Zimmer SL, Komine Y, Stern DB (2007) Integration of chloroplast 
nucleic acid metabolism into the phosphate deprivation response in Chlamydomonas rein-
hardtii. Plant Cell 19:1023–1038

332. Yin C, Richter U, Börner T, Weihe A (2010) Evolution of plant phage-type RNA polymer-
ases: the genome of the basal angiosperm Nuphar advena encodes two mitochondrial and 
one plastid phage-type RNA polymerases. BMC Evol Biol 10:379

333. Yin P, Li Q, Yan C, Liu Y, Liu J, Yu F, Wang Z, Long J, He J, Wang HW, Wang J, Zhu JK, 
Shi Y, Yan N (2013) Structural basis for the modular recognition of single-stranded RNA by 
PPR proteins. Nature 504(7478):168–171. doi:10.1038/nature12651. [Epub 2013 Oct 27]



1 Chloroplast Gene Expression—RNA Synthesis and Processing 47

334. Yu QB, Jiang Y, Chong K, Yang ZN (2009) AtECB2, a pentatricopeptide repeat protein, is 
required for chloroplast transcript accD RNA editing and early chloroplast biogenesis in 
Arabidopsis thaliana. Plant J 59:1011–1023

335. Zehrmann A, Verbitskiy D, Hartel B, Brennicke A, Takenaka M (2011) PPR proteins net-
work as site-specific RNA editing factors in plant organelles. RNA Biol 8:67–70

336. Zehrmann A, van der Merwe J, Verbitskiy D, Hartel B, Brennicke A, Takenaka M (2012) 
The DYW-class PPR protein MEF7 is required for RNA editing at four sites in mitochon-
dria of Arabidopsis thaliana. RNA Biol 9:155–161

337. Zghidi-Abouzid O, Merendino L, Buhr F, Malik Ghulam M, Lerbs-Mache S (2011) Char-
acterization of plastid psbT sense and antisense RNAs. Nucleic Acids Res 39:5379–5387

338. Zhao T, Li G, Mi S, Li S, Hannon GJ, Wang XJ, Qi Y (2007) A complex system of small 
RNAs in the unicellular green alga Chlamydomonas reinhardtii. Genes Dev 21:1190–1203

339. Zhelyazkova P, Hammani K, Rojas M, Voelker R, Vargas-Suarez M, Börner T, Barkan A 
(2012) Protein-mediated protection as the predominant mechanism for defining processed 
mRNA termini in land plant chloroplasts. Nucleic Acids Res 40:3092–3105

340. Zhelyazkova P, Sharma CM, Förstner KU, Liere K, Vogel J, Börner T (2012) The primary 
transcriptome of barley chloroplasts: numerous noncoding RNAs and the dominating role 
of the plastid-encoded RNA polymerase. Plant Cell 24:123–136

341. Zhou W, Cheng Y, Yap A, Chateigner-Boutin AL, Delannoy E, Hammani K, Small I, Huang 
J (2009) The Arabidopsis gene YS1 encoding a DYW protein is required for editing of rpoB 
transcripts and the rapid development of chloroplasts during early growth. Plant J 58:82–96

342. Zoschke R, Liere K, Börner T (2007) From seedling to mature plant: Arabidopsis plastidial 
genome copy number, RNA accumulation and transcription are differentially regulated dur-
ing leaf development. Plant J 50:710–722

343. Zoschke R, Nakamura M, Liere K, Sugiura M, Börner T, Schmitz-Linneweber C (2010) 
An organellar maturase associates with multiple group II introns. Proc Natl Acad Sci U S A 
107:3245–3250

344. Zubo YO et al (2008) Cytokinin stimulates chloroplast transcription in detached barley 
leaves. Plant Physiol 148:1082–1093

345. Zubo YO, Yamburenko MV, Kusnetsov VV, Börner T (2011) Methyl jasmonate, gibberel-
lic acid, and auxin affect transcription and transcript accumulation of chloroplast genes in 
barley. J Plant Physiol 168:1335–1344



49

Chapter 2
Chloroplast Gene Expression—Translation

Jörg Nickelsen, Alexandra-Viola Bohne and Peter Westhoff

S.M. Theg, F.-A. Wollman (eds.), Plastid Biology, Advances in Plant Biology 5,  
DOI 10.1007/978-1-4939-1136-3_2, © Springer Science+Business Media New York 2014

J. Nickelsen () · A.-V. Bohne
Molekulare Pflanzenwissenschaften, Biozentrum LMU München,  
Großhaderner Str. 2-4, 82152 Planegg-Martinsried, Germany
e-mail: joerg.nickelsen@lrz.uni-muenchen.de

P. Westhoff
Institut für Entwicklungs- und Molekularbiologie der Pflanzen, Heinrich-Heine-Universität, 
Universitätsstrasse 1, 40225 Düsseldorf, Germany
e-mail: west@uni-duesseldorf.de

Abstract Translation has often been shown to represent the rate-limiting step of 
chloroplast gene expression. Genetic and biochemical analyses indicate that numer-
ous nucleus-encoded protein factors in concert with their cognate target sites on 
chloroplast mRNAs are involved in determining protein-specific synthesis rates. In 
this chapter, we summarize the constituents of the chloroplast translational appa-
ratus as well as the molecular principles underlying its spatiotemporal regulation.

Keywords Protein synthesis · Chloroplast translation · Chloroplast translational 
apparatus · Translation factors · T-zones · Helical repeat proteins

Abbreviations

CES Control by epistasy of synthesis
CPSGs Chloroplast stress granules
HCF High chlorophyll fluorescence
LDMs Low density membranes
NTRC NADPH-dependent thioredoxin reductase C
OPR octotricopeptide repeat
PABP Poly(A) binding protein
PET Photosynthetic electron transport
PPR Pentatricopeptide repeat
PSI Photosystem I
PSII Photosystem II
PSRPs Plastid-specific ribosomal proteins
RRF Ribosome recycling factor
SD Shine-Dalgarno
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TMs Thylakoid membranes
TPR Tetratricopeptide repeat
UTRs Untranslated regions

2.1  Introduction

Due to their endosymbiotic origin, chloroplasts contain their own gene expression 
machinery which is basically of prokaryotic origin. Although this system serves the 
synthesis of only less than ca. 100 proteins, it is crucial for mainly maintaining pho-
tosynthetic functions but also others like, e.g., fatty acid synthesis (see Chap. 1). One 
intrinsic complication for the control of plastid gene expression is the necessity of 
coordination with nuclear gene expression because most of the chloroplast protein 
complexes are assembled from subunits which are encoded either in the nucleus or in 
the plastid genome. As we know today, this coordination is mainly mediated by nu-
cleus-encoded factors which control almost all steps of chloroplast gene expression 
ranging from transcription and RNA metabolism to translation and protein complex 
assembly [for recent overviews see 4 and Chap. 2 of this issue; 101, 115].

Despite the fact that all plastid gene expression steps appear to be dependent/
affected by nucleus-encoded trans-acting factors, especially chloroplast translation 
has been considered to play a key role for determining the levels of photosynthetic 
proteins. This idea is based on findings that often chloroplast mRNA levels are not 
limiting for protein synthesis and, moreover, protein levels can vary considerably 
for instance in response to light, whereas the corresponding mRNA levels remain 
mostly constant [22, 50]. Furthermore, it should be taken into account that trans-
lation per se represents a highly energy consuming process which demands tight 
regulation to maintain cellular energy economy [123].

In line with this, several aspects of translational regulation in chloroplasts have 
been addressed in recent reviews [53, 71, 114, 123]. Here, we summarize recent 
developments and outcomes to provide a state-of-the-art view on the various facets 
of chloroplast protein synthesis. Aspects of chloroplast translation that are related 
to the connection between protein synthesis and the biogenesis and assembly of 
photosynthetic complexes will not be addressed here but are covered in Chap. 13 of 
this issue. The same holds for the biotechnological aspects of optimized chloroplast 
translation which will be reviewed in Chap. 20.

2.2  Technical Considerations for Measuring Translational 
Activities in Chloroplasts

The combined use of both genetic and biochemical approaches has dramatically 
improved our current knowledge on the molecular details of chloroplast translation. 
This includes the identification of the basic translational machinery, gene-specific 
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regulatory protein factors as well as—at least for some of these—their cognate 
target RNA elements on chloroplast transcripts. Furthermore, the relatively broad 
spectrum of model systems which have been utilized for analysing chloroplast gene 
expression has enabled researchers to compare translational processes/principles 
from single-celled microalgae like Chlamydomonas reinhardtii to vascular plants 
like Arabidopsis thaliana or Zea mays.

2.2.1  Genetic Approaches

2.2.1.1  Model Organisms

The identification of nucleus-encoded factors involved in chloroplast translation 
started with systematic forward genetic screens of photosynthetic mutants from C. 
reinhardtii, A. thaliana and maize. Defects in photosynthetic activities are character-
ized by, e.g., increased chlorophyll fluorescence and, thus, give rise to the so-called 
hcf (high chlorophyll fluorescence) phenotype. Some of these hcf mutants were 
subsequently found to be affected in the synthesis of distinct chloroplast proteins 
(Table 2.1). The half-a-tetratricopeptide repeat protein HCF107 was the first factor 
identified by this approach in A. thaliana [86]. In C. reinhardtii, however, photosyn-
thesis is dispensable provided that cells are fed by a reduced carbon-source, namely 

Table 2.1  Cloned nucleus-encoded factors for chloroplast translation from higher plants and 
C. reinhardtii
Factor Homologies Target gene(s) Organism Reference
cPDI Protein disulfide isomerase psbA C. reinhardtii Kim and Mayfield [41]
cPAB1 Poly(A)-binding protein psbA C. reinhardtii Yohn et al. [117]
TBA1 Oxidoreductase psbA C. reinhardtii Somanchi et al. [98]
HCF173 Short Chain 

Dehydrogenase
psbA A. thaliana Schult et al. [90]

DLA2 E2 subunit pyruvate 
dehydrogenase

psbA C. reinhardtii Bohne et al. [9]

TBC2 OPR protein psbC C. reinhardtii Auchincloss et al. [2]
NAC2 TPR protein psbD C. reinhardtii Boudreau et al. [11]
RBP40 – psbD C. reinhardtii Schwarz et al. [91]
AC115 – psbD C. reinhardtii Rattanachaikunsopon 

et al. [79]
TAB2 ATAB2 psaB C. reinhardtii Dauvillée et al. [19]
ATAB2 Tab2 PSI and PSII 

subunits
A. thaliana Barneche et al. [5]

CRP1 PPR protein petA/petD Z. mays Fisk et al. [26]
TCA1 – petA C. reinhardtii Raynaud et al. [80]
PGR3 PPR protein petL A. thaliana Cai et al. [15]
PR10 PPR protein atpH Z. mays Pfalz et al. [74]
TDA1 OPR protein atpA C. reinhardtii Eberhard et al. [23]
CRR2 PPR protein ndhB A. thaliana Hashimoto et al. [30]
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acetate. As a consequence, photosynthetic mutants are fertile and accessible to further 
genetic manipulations like crossings and/or easy selection of suppressor strains which 
paved the way for genetic dissection of more complex regulatory networks [123].

With the comprehensive determination of the entire genome sequences of all 
abovementioned model systems together with dramatically improved mass spectro-
metrical detection of low abundant regulatory factors of chloroplast gene expres-
sion, nowadays, reverse genetic approaches more-and-more come to the fore to 
decipher the function of distinct protein factors for chloroplast translation. These 
include RNAi-based methods as well as the screening of mutant libraries for the 
identification of knock-out lines [76, 89].

2.2.1.2  Chloroplast Reporter Genes

With the development of efficient chloroplast transformation techniques for C. 
reinhardtii as well as tobacco more than 20 years ago, the targeted manipulation 
of chloroplast genomes at least for these two species became easily feasible [13, 
105]. This methodological breakthrough resulted in the identification of numerous 
cis-acting elements—mainly located within the 5′ untranslated regions (UTRs) of 
plastid mRNAs—which affect chloroplast translation based on chimeric reporter 
gene assays. Reporters for measuring plastid translation rates include classical het-
erologous genes like aadA, uidA, GFP or lucCt (luciferase) as well as endogenous 
coding regions from petA and atpA [for an overview see 45, 123].

Unfortunately, no efficient chloroplast transformation systems for either A.  thaliana 
or maize are available to date, hence, a genetically combined analysis of both nuclear 
mutants as well as transgenic chloroplasts harbouring chimeric reporter gene con-
structs is still hampered. Currently, transplastomic lines in different nuclear mutant 
backgrounds can only be generated in C. reinhardtii and, indeed, this has accelerated 
the identification of the interplay and fine mapping of regulatory cis-acting elements 
and the recognizing translational factors.

2.2.2  Measurement of in vivo Protein Synthesis

2.2.2.1  Pulse Labelling of Proteins

To quantitate translational activities more directly, labelling of proteins via the met-
abolic incorporation of 35S or 14C radioisotopes is routinely used for both algae and 
higher plants [e.g. 22, 67, 72]. Selective inhibition of cytoplasmic translation by 
 cycloheximide treatment prior to labelling ensures detection of only chloroplast-
synthesized polypeptides. However, as discussed by Zerges and Hauser [123] 
 several limitations might affect pulse labelling assays. These include analyses of 
rapidly degraded proteins which might escape detection despite the fact that they 
are produced at normal rates. Furthermore, secondary effects of starvation phases 
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prior to addition of radioisotopes or varying uptake kinetics of radiolabel under 
different culture conditions or between different strains might interfere with the in-
terpretation of data. In addition, efficient incorporation of label during the relatively 
short pulse phase of ca. 5–30 min. is restricted to those chloroplast proteins with 
a high synthesis rate such as major subunits of PSII or the Rubisco large subunit 
RbcL. However, weakly synthesized or very small proteins often are not labelled 
with sufficient efficiency to allow their unambiguous visualization on autoradio-
graphs. Nevertheless, pulse labelling experiments have been widely used and allow 
a rapid initial evaluation of molecular phenotypes in a given set of photosynthetic 
mutants.

2.2.2.2  Polysomal Loading

An alternative approach to estimate the translational status of a certain chloroplast 
mRNA is represented by so-called polysomal loading experiments [e.g. 90, 91]. 
These include the separation of high molecular weight polysome-fractions on ap-
propriate sucrose gradients and the subsequent detection of particular transcripts 
within these fractions by either Northern or RT-PCR analyses. This technique en-
ables solid conclusions on whether the translation of an mRNA is affected at the 
level of initiation (in this case no polysomal distribution is detected). However, 
blocks in elongation or termination phases or precise quantification of protein syn-
thesis rates cannot be deduced from such data sets. Therefore, pulse labelling results 
are often required to complement polysomal analyses.

2.2.3  Reconstituted Systems

2.2.3.1  In Vitro Translation Systems

While the abovementioned methods are applicable to a variety of evolutionary 
distant model organisms, the analysis of chloroplast translation by in vitro sys-
tems is strictly restricted to tobacco chloroplasts. In 1996, Hirose and Sugiura 
for the first time reported on the successful preparation of translationally active 
chloroplast extracts which were capable of mediating accurate translation from 
exogenously added mRNA molecules [32]. In 2007, the same group introduced 
a non-radioactive improved version of this system which possesses a more than 
100-fold higher protein synthesis activity [119]. By using these systems, several 
burning questions regarding translational processes have been answered as speci-
fied below. This underlines the power of a biochemical tool like an in vitro trans-
lation system for in-depth analysis of chloroplast translation and strongly argues 
for further efforts in establishing related systems for the abovementioned model 
systems.
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2.2.3.2  RNA Binding Assays

Besides the thorough analysis of cis-acting determinants on plastid mRNAs, in vi-
tro reconstituted systems can also be utilized to identify the regulative trans-acting 
protein factors by biochemical means [32]. Indeed, the analysis of RNA/protein 
interactions between chloroplast proteins and in vitro synthesized RNA probes from 
a huge variety of plastid genes by UV-crosslinking or gel shift assays has revealed 
the existence of numerous polypeptides interacting especially with the untranslated 
regions of plastidial mRNAs [for a review see 65]. Some of these proteins have 
been purified and identified by mass spectrometrical analysis creating the entry 
point of the abovementioned reverse genetic analysis of the plastid protein synthesis 
machinery (see Sect. 2.2.1.1).

2.3  Constituents of the Chloroplast Translational 
Apparatus

As outlined above the chloroplast translation machinery is of prokaryotic origin and, 
thus, it is basically assumed that the principle of its working mode and its regulation 
resembles those of bacteria. Due to evolutionary constraints imposed by the endo-
symbiotic lifestyle of chloroplasts, then, this machinery has been considerably modi-
fied by additional factors and principles which allowed the integration of the former 
cyanobacterium into an intracellular environment [6, 71]. This view is supported by 
the fact that many general constituents of this apparatus share strong homologies 
with their bacterial counterparts but additional—often gene-specific—regulators 
with novel molecular features entered the scene during endosymbiosis (Fig. 2.1).

2.3.1  Basic Elements and Factors

2.3.1.1  Chloroplast tRNAs and Codon Usage

Chloroplasts like mitochondria do not encode an entire minimal set of 32 tRNAs 
which would be required to read all codons according to Crick’s wobble rules. For 
instance the tobacco chloroplast genome contains 30 tRNA genes while the one of 
C. reinhardtii harbours only 29 [54, 96]. Recently, it has been demonstrated that su-
perwobbling mechanisms compensate for this apparent deficiency, i.e., tRNAs with 
a non-modified U residue in the wobble position are capable of recognizing all four 
nucleotides in the third codon position [83]. However, superwobbling is accompa-
nied by reduced translational efficiencies as indicated by targeted manipulations of 
tobacco plastid glycine tRNA genes [83].

Hence, tRNA levels and concomitant codon usage appear to represent crucial de-
terminants for manifesting synthesis levels of distinct chloroplast proteins. Indeed, 
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the codon usage in chloroplasts is different from that in prokaryotic and eukaryotic 
nuclear genomes. The question on a connection between codon usage and transla-
tional efficiencies has been further addressed by utilizing the above mentioned in 
vitro translation system from tobacco (2.2.3.1). In some cases, a clear correlation 
between translation rate and the usage of synonymous codons was observed, but 
surprisingly, frequent exceptions were also dismantled [63, 64]. This led to specula-
tions that the frequent use of weakly translated codons like the chloroplast arginine 
codon CGA represent a mechanism to regulate translation, possibly in concert with 
other yet to be identified factors [64].

2.3.1.2  Chloroplast Ribosomes and General Translation Factors

As mentioned above chloroplast ribosomes—like mitochondrial ones—are of the 
bacterial-like 70S type and besides the ribosomal RNAs contain 58 proteins, 33 of 
these form part of the large 50S subunit and 25 build the small 30S subunit [8, 123]. 
52 of them are orthologues to E. coli ribosomal proteins while six are chloroplast-
specific and thus were named PSRPs (plastid-specific ribosomal proteins) [116]. 
Another plastid-specific feature of the otherwise prokaryotic ribosomes are exten-
sions at the N- and C- termini of some of the ribosomal proteins, and consequently, 
plastid ribosomes are larger than their bacterial counterparts.

The very limited set of ca. 100 mRNAs being translated in chloroplasts together 
with the structural specialities of the ribosomal machinery led to speculations wheth-
er these apparent differences as compared to the bacterial translation systems reflect 
plastid-specific functions of ribosomes, e.g., light-regulated protein synthesis or 
thylakoid membrane associated translation of integral membrane proteins. Detailed 
cryo-electron microscopic analysis of ribosomes from spinach and C. reinhardtii has 
then revealed that PSRPs appear to fulfil more structural roles, e.g., by compensat-
ing for missing 16S rRNA elements [51, 94]. A recent reverse-genetic study with 
A. thaliana supports this notion in part and shows that PSRP3, 4 and 5 behave like 
typical classical ribosomal proteins. In contrast, a knock-down of PSPR2 and 5 does 
not result in a detectable phenotype in ribosome synthesis and translation [106].

On the other hand, plastid-specific extensions of the conserved ribosomal S21 
protein from spinach or the S2 protein from C. reinhardtii were shown to be local-
ized at the mRNA exit channel of the 30S subunit [51, 94]. Here, the initial interac-
tions—like the recognition of the Shine-Dalgarno sequence that is located in the 
5′UTR of mRNAs—take place and, thus, this region would be ideally suited to me-
diate chloroplast-specific translation initiation mechanisms. Supportive of that idea, 
UV-crosslinking experiments using purified ribosomes revealed that the plastid S2 
protein directly interacts with RNA whereas the bacterial one does not [51]. Another 
ribosomal protein directly binding to 5′ UTR sequences in both bacteria and plas-
tids, namely S1, is closely localized to S2 at the mRNA exit channel. However, the 
plastid S1 is much smaller than the bacterial one and exhibits different RNA binding 
affinities thereby potentially enabling a plastid-style positioning of the ribosome on 
the mRNA [56, 97].
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Additional outcomes of structural analyses of chloroplast ribosomes are factors 
that form transient interactions with ribosomes. These include a ribosome recy-
cling factor (RRF) or the plastid-specific PSRP1 protein which shares homologies 
with the E. coli cold-shock protein pY [94]. Both inhibit translation by binding 
within the intersubunit space of 70S ribosomes where they block the mRNA and 
tRNA binding sites and are involved in storage and stabilization of ribosomes under 
stress conditions [95]. It has been proposed that PSRP1 might be involved in overall 
 chloroplast translational regulation by balancing the pools of stored and actively 
translating ribosomes in a light-dependent manner [95].

In C. reinhardtii, two other proteins, named RAP38 and RAP41, have been iden-
tified which co-sediment with 70S particles [116]. These two proteins, exhibit ho-
mologies with the higher plant plastid RNA binding proteins CSP41a and CSP41b 
which were implicated with functions during diverse processes such as transcrip-
tion, RNA stabilization and ribosome assembly [7, 10, 78]. However, neither CS-
P41a nor CSP41b from A. thaliana are associated with polysomal fractions leaving 
open the question on a direct function of these factors during translation [10].

In addition to 70S ribosomes, chloroplasts contain an entire set of 11 bacterial-
type non-ribosomal translation factors which are involved in initiation of transla-
tion (IF, IF2 and IF3), elongation (EF-Tu, EF-Ts, EF-G and EF-P) of polypeptide 
chains and RF-1, RF-2 , RF-3 and RRF for release/recycling of ribosomes [for an 
overview see 8, 123]. Interestingly, both RRF and EF-G have been postulated to act 
in concert with the abovementioned PSRP1 factor during reactivation of ribosomes 
after stress/dark-phases at least in spinach [95]. Expression profiles of these factors 
in various organisms suggest that they might also be involved in the light/redox-
dependent induction of general chloroplast translational activities [53].

Mutations in the genes encoding the plastidial release factor 2 ( hcf109/AtprfB2) 
lead to a pleiotropic photosynthetic phenotype, since the synthesis of several plastid-
encoded subunits belonging to different thylakoid membrane protein complexes is 
disturbed [57, 58]. In contrast, the knock-out of AtprfB3, a PrfB-like protein, affects 
specifically the biogenesis of the cytochrome b6f complex. This protein/gene can 
only be found in the nuclear genomes of vascular plants and appears to be involved 
in the light, redox and stress control of this thylakoid membrane complex [102].

Plastid translational activity is essential for photosynthesis but other cellular func-
tions can also depend on chloroplast-encoded proteins like, e.g., the D subunit of 
the acetyl-CoA carboxylase (AccD) which is required for fatty acid synthesis. Nev-
ertheless, single ribosomal components/subunits might be dispensable as  suggested 
by the absence of some of the ribosomal protein genes from non-photosynthetic 
parasitic plants. Recent systematic reverse genetic approaches using transplastomic 
tobacco lines now revealed that many but not all of these genes are essential. For in-
stance, the ribosomal proteins from the large subunit, namely Rpl20, Rpl22, Rpl23, 
and Rpl32 as well as Rps2, Rps3, Rps4, Rps16, and Rps18 from the small subunit 
cannot be inactivated whereas deletion strains lacking Rpl33, Rpl36 and Rps15 can 
be generated [27, 82, 83]. The resulting phenotypes of knockout lines revealed a 
specialized function for Rpl32 during acclimation of tobacco plants to cold stress 
and for Rpl36 in control of leaf morphology [27, 83]. This suggests that chloroplast 
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translation influences nuclear gene expression presumably via retrograde signalling 
pathways documenting a tight integration of chloroplast translation into the overall 
cellular gene expression activity [27, 73].

2.3.1.3  Shine-Dalgarno Sequences and Start Codon Recognition

As outlined in detail by Zerges and Peled-Zehavi and Danon translation initiation, 
especially, the recruitment of the small ribosomal subunit and the subsequent rec-
ognition of the AUG start codon fundamentally differ between prokaryotes and eu-
karyotes [71, 121]. In the cytosol of eukaryotic cells, translation initiation follows 
the so-called scanning model which predicts the 40S ribosomal subunit to be bound 
immediately downstream of the mRNA’s 5′ cap structure via an interaction between 
the cap-binding eIF4F complex and other eIFs associated with the 40S subunit. This 
complex formation is assisted by a further interaction of the eIF4F complex with the 
poly(A) binding protein (PABP) bound to the mRNA’s 3′poly A tail. Subsequently, 
the 40S subunit—with the help of an RNA helicase—scans the 5′ UTR for the first 
appropriate AUG start codon in a 5′ to 3′ direction.

In contrast to this scenario, the small 30S ribosomal subunit of bacteria directly 
recognizes the AUG start codon. This recognition is mediated by the Shine-Dal-
garno (SD) ribosome binding site, a short purine-rich stretch (GGAGG) ca. 10 nt 
upstream of the start codon which base pairs with the 3′ end of the 16S rRNA moi-
ety of the 30S ribosomal subunit. As a consequence, translation initiation does not 
require any scanning mechanisms and, thus, allows the simultaneous translation of 
multiple reading frames on polycistronic transcripts.

Chloroplasts with their cyanobacterial history were assumed to utilize the sec-
ond, bacteria-like mechanism for translation initiation. In agreement with this, one 
third of chloroplast genes contain bona fide SD-sequences at an appropriate dis-
tance to the AUG start codon [103]. However, two thirds do not contain SD-ele-
ments what has provoked a long-standing discussion on the role of chloroplast SD-
like sequences as well as of alternative cis-acting determinants during translation 
initiation [for recent overviews see 3; as well as references herein; 53, 71]. In brief, 
the targeted mutagenesis of chloroplast genes in C. reinhardtii and tobacco revealed 
transcript-specific effects of SD-mutations. For instance in case of the psbA, psbD 
and psbC mRNAs from C. reinhardtii, altered SD-sequences clearly affect protein 
synthesis rates while this does not hold for other transcripts like those from the 
petD, atpB, rps14, and rps7 genes [24, 55, 67, 85, 126]. Similarly, in vitro transla-
tion assays with tobacco chloroplast extracts revealed a non-homogeneous picture 
with regard to the functionality of SD-sequences [34–36, 75].

In conclusion, the available data suggest multiple alternative pathways for trans-
lation initiation in chloroplasts apart from the “classical” SD-element-mediated 
one. Basically, these include three different mechanisms which might also occur in 
prokaryotes. First, it has been proposed that other regions of the 16S rRNA apart 
from those complementary to the SD-sequence base pair with elements in 5′ UTRs 
of chloroplast mRNAs [48]. For instance in tobacco, the psbA 5′ UTR contains 
two crucial elements for translation initiation (AAG and UGAUGAU) which are 
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positioned close to the start codon and have the capacity to base pair with the 3′ 
end of the 16S rRNA [32]. Secondly, a scanning procedure related to the eukaryotic 
one described above was suggested by the preferential use of upstream start codons 
during the analysis of chloroplast reporter gene constructs [21, 34]. Finally, recent 
analyses revealed that the absence of secondary structure elements at translation ini-
tiation sites represents a critical determinant for enabling access of the translational 
apparatus to the start codon in the absence of SD-sequences in both bacteria and 
chloroplasts [87]. This is illustrated by the hcf107 mutant of A. thaliana which is 
affected in psbH synthesis and hence deficient in photosystem II [25]. The defect in 
psbH translation is associated with a lack of all psbH-containing transcripts that are 
processed and have psbH as their leading cistron; only non-processed psbH tran-
scripts accumulate in the hcf107 mutant background. These non-processed psbH 
transcripts contain a stable stem and loop structure just in front of psbH that encom-
passes the translational start site. The translational start site becomes only available 
when the stem loop structure is cleaved and/or when the secondary structure is 
unfolded by the half-a-tetratricopeptide repeat protein HCF107 [25, 29]. Thus, un-
structured single-stranded RNA regions in 5′ UTRs might serve as landing pads for 
the 30S ribosomal subunit, and thus circumvent the need of precise base pairing of 
the 16S rRNA pairing via SD-elements.

2.3.2  Gene Specific Elements and Factors for Translation 
Initiation

The abovementioned general principles of translational control in chloroplasts al-
ready open a wide area for regulatory control possibilities which might resemble 
those in cyanobacteria. However, one particular outcome of recent scientific work 
on chloroplast biology is that the synthesis of many if not all chloroplast-encoded 
proteins is dependent on gene-specific translational regulators. These appear to be 
new inventions having embellished the basic prokaryotic apparatus during the evo-
lutionary development of an organelle as discussed by Barkan [4]. Thus, these fac-
tors and their molecular working modes are likely to provide new insights of how 
gene expression machineries can be modified by the creation of new molecular 
principles in evolutionary terms, and thus represent a driving force for the devel-
opment of eukaryotic cells. The phylogenetic development of chloroplast-specific 
translational mechanisms is likely to have occurred by a co-evolution of the two 
basic components of every gene expression system, i.e., the chloroplast-encoded 
cis-acting elements on mRNAs and their cognate interactors which are normally 
represented by nucleus-encoded polypeptides.

2.3.2.1  Cis-acting Signals on Chloroplast RNAs

Translation initiation is generally considered as the rate-limiting step determining 
individual protein synthesis rates independent of the system under investigation 
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[46]. Therefore, most attention has been attracted by the 5′ UTRs of chloroplast 
mRNAs where initiation takes place. However as mentioned above, the 3′ UTRs 
of cytoplasmic mRNAs interact with their 5′ regions and thereby promote trans-
lation initiation. Interestingly in some cases, also chloroplast translation appears 
to depend—at least to some extent—on 3′ RNA regions suggesting that related 
principles of translational regulation occur also in the organelle [40, 84]. Whether 
this indeed represents a considerable general phenomenon remains to be shown by 
future scientific work.

The targeted manipulation of many 5′ UTR regions from chloroplast genes in 
both C. reinhardtii and tobacco, chloroplast in vitro translation assays as well as 
RNA binding studies have revealed a complex picture involving various different 
cis-regulating RNA elements for plastid protein synthesis [for comprehensive re-
views see 53, 71]. Intriguingly, these elements are often found close to elements 
required for the stabilization and/or processing of chloroplast mRNAs suggesting a 
tight correlation of these processes via 5′ UTRs of plastid messages (see also III.B.2 
and IV.C).

Basically, these regulatory elements fall into three categories, i.e., the above de-
scribed prokaryotic elements like SD-sequences, elements which are recognized 
by specific trans-acting factors and elements that define secondary RNA structures 
which positively or negatively affect the entry of the translational apparatus, namely 
the ribosomal subunits. Often it cannot be clearly distinguished between these pos-
sibilities because the underlying molecular mechanisms involve a mixture of dif-
ferent determinants. Especially, stem-loop structures within 5′ UTRs have attracted 
much attention. The first evidence for the role of such a hairpin-like element was 
obtained for the C. reinhardtii psbC gene encoding the inner antenna protein CP43 
of PSII. The stem region of the psbC translational element contains bulged residues 
due to imperfect complementarity which are critical for translational activity. In-
creased stability of the stem region by the introduction of mutations or a vice versa 
reduced stability in suppressor mutants led to reduced or rescued CP43 synthesis, 
respectively [81, 125].

Furthermore, conserved RNA stem-loop structures in the vicinity of the AUG 
start codon as well as an unstructured region located upstream have been shown to be 
critical for the translation of the petD mRNA in C. reinhardtii [31, 47]. Similar to a 
stem-loop close to the psbA SD-sequence in C. reinhardtii, these structures appear to 
serve as recognition signals for trans-acting regulatory factors. Other stem-loops ap-
pear to constitute negatively acting elements due to the fact that they incorporate cru-
cial basic translational elements like the SD-sequence (if present) or the AUG start 
codon into their double stranded stem region thereby abolishing ribosomal access to 
the mRNA. These cases include, e.g., the C. reinhardtii psbD and psbB mRNAs with 
structured AUG start codons and the C. reinhardtii psaB and Z. mays atpH mRNA 
with affected SD-sequences [44, 77, 99, 113]. The stem-loop structure within the 5′ 
UTR of psbH genes of higher plantsis another example for a structured AUG codon 
[25, 29]. It is generally assumed that the conformation of these regions is released by 
directly or indirectly interacting protein factors.  Hammani et al. provide convincing 
evidence that the binding of the he half-a-tetratricopeptide peptide repeat protein 
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HCF107 to its binding site within that stem-loop structure is required to open the 
secondary structure and thereby to enhance translation of psbH [64]. This view is 
further supported by genetic suppressor analyses affecting the psbD stem loop and 
by in vitro RNA binding data of the atpH 5′ UTR as specified below [44, 77]. In 
case of the psbD and petD mRNA also unstructured elements were experimentally 
mapped which are required for translational activities. The same holds for distinct 
elements in the tobacco psbA 5′ UTR which have been postulated to interact with the 
16S rRNA thereby substituting for a lacking SD element [32].

Besides the signals in 5′ UTRs, other crucial cis-acting determinants have been 
identified which are involved in the translation of overlapping reading frames of 
polycistronic plastid RNA transcripts. This appears particularly interesting because 
this gene organization raises questions as to whether a translational coupling exists 
between the reading frames similar to some bacterial or viral cases [39]. This would 
imply that the downstream cistron is translated exclusively by those ribosomes that 
completed the translation of the upstream cistron. Such a translational coupling 
usually leads to a rather low translation efficiency of the downstream cistron be-
cause many ribosomes are released at the stop codon of the upstream reading frame 
[37]. Recently three out of four cases of overlapping protein coding regions from 
the tobacco chloroplast genome, namely ndhC-ndhK, atpB-atpE and psbD-psbC, 
have been investigated in detail by using the tobacco in vitro translation system 
[1, 104, 120]. Interestingly, in all three cases the gene pairs encode subunits of the 
same chloroplast multiprotein complex, i.e., the NAD(P)H dehydrogenase, the ATP 
synthase and PSII, respectively. Since these subunits should accumulate to stoichio-
metrically related amounts, a translational coupling mechanism alone would not 
guarantee proper synthesis rates of both polypeptides. Indeed, different molecular 
mechanisms for the translation of these cistrons were revealed including a transla-
tional coupling between the ndhC-ndhK and psbD-psbC units [1, 120]. However, 
additional—yet to be dismantled—translational pathways are acting on these over-
lapping genes which allow meeting a 1:1 stoichiometry of the respective subunit 
pairs. It has been proposed that a rigid stem-loop structure encompassing the psbC 
SD-sequence as well as the AUG start codon is unwinded by ribosomes translating 
the upstream psbD cistron thereby facilitating translation initiation from these sites 
[1]. In case of atpB-atpE, AtpE was shown to be synthesized independently of AtpB 
via cis elements located ca. 25 nt upstream of its start codon within the atpB coding 
region [104].

2.3.2.2  Nucleus-Encoded Factors for Chloroplast Translation

Besides the nature of the regulatory chloroplast-encoded elements, especially, the 
identification and characterization of often gene-specific translational regulator 
proteins have been in the focus of research work on plastid protein synthesis. Both, 
genetic and biochemical approaches have led to the identification of some of such 
factors which are listed in Table 2.1 [for an overview see also 53, 114]. One in-
teresting outcome of this work is that similar to the situation for control of plastid 



62 J. Nickelsen et al.

RNA metabolism many of the trans-acting factors belong to the family of so-called 
“helical repeat proteins” 4, 101; Table 2.1]. This family comprises proteins con-
taining the TPR (tetratricopeptide repeat), PPR (pentatricopeptide repeat) or OPR 
( octotricopeptide repeat) motifs which show a different evolutionary distribution 
amongst photoautotrophic organisms. Whilst TPR proteins mediating mainly pro-
tein/protein interactions are ubiquitously found from cyanobacteria to higher plants, 
the PPR family of RNA-binding proteins is not present in prokaryotes and contains 
only few members in eukaryotic algae but is predominantly present in higher plant 
genomes. In contrast, RNA recognizing OPR motifs are mostly identified in algal 
genomes but are absent or almost absent in cyanobacteria and higher plant genomes, 
respectively [23]. Thus, it is tempting to speculate that OPR proteins substitute for 
PPR proteins with regard to their organellar functions in algal systems.

The helical repeat proteins include, e.g., CRP1 and PPR10 from Z. mays as well 
as PGR3 from A. thaliana and Tda1 from C. reinhardtii which are involved in the 
translation of petA/petD, atpH, petL and atpA mRNAs, respectively [15, 77, 86, 
87]. Moreover, factors sharing homologies with redox-sensitive or C-metabolic 
enzymes like protein disulfide isomerases (cPDI), oxidoreductases (TBA1), short 
chain dehydrogenases (HCF173) and the E2 subunit of the plastid pyruvate dehy-
drogenase (DLA2) all being involved in psbA mRNA translation were discovered 
supporting the idea of a tight coupling of chloroplast translation and the redox and/
or the C-metabolic status of the cell [12, 41, 90, 98]. Finally, so-called “pioneer pro-
teins” with no obvious similarities to any other described protein motif suggest that 
novel molecular principles of plastid protein synthesis still await their discovery 
(Table 2.1). However, for some of these factors like RBP40 or TCA1 recent work 
provides some initial insights into their precise working modes as outlined below. 
Both genetic analyses as well as biochemical assays detecting a high number of 
chloroplast RNA binding activities suggest that the list of known trans-acting trans-
lational factors still is very short and awaits dramatic extensions in the near future 
[65] (Fig. 2.2).

2.4  Regulatory Principles of Chloroplast Translation

Chloroplast translation is known to be highly regulated especially in response to 
different environmental stimuli with light being the most recognized one. However, 
developmental and metabolic signals must also be integrated into the translational 
regulatory system for instance during gametic differentiation, circadian rhythms or 
changing nutrient availability [121]. Putative mediators for regulatory processes 
are the abovementioned gene-specific trans-acting factors which have the poten-
tial not only to enable but also to modulate and thereby fine-tune chloroplast gene 
expression in response to various stimuli. Since these factors are usually identified 
and characterized by analysing knock-out mutants it remained an open question 
whether they are merely constitutive or fulfil regulatory functions. However, in 
an elegant work Raynaud et al. [80] showed that the RNA stability factor MCA1 
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and the  translational activator TCA1 (Table 2.1) both acting on the petA 5′ UTR 
indeed regulate cytochrome f synthesis in C. reinhardtii. The authors constructed a 
set of strains with varying levels of these factors and found that both factors limit 
petA gene expression as would be expected for a regulatory factor. Moreover, both 
MCA1/TCA1 and Cytf levels decreased dramatically under different environmental 
conditions, i.e., stationary growth phase and nitrogen limitation, substantiating the 
idea that the levels of trans-acting nucleus-encoded factors determine and regu-
late chloroplast gene expression levels [80]. In line with this, also the RNAi-me-
diated silencing of the NAC2 gene encoding a psbD mRNA stability factor from 
C.  reinhardtii suggests that NAC2 is rate-limiting for D2 synthesis (C. Schwarz and 
J. Nickelsen, unpublished data). Thus, the emerging picture is that gene-specific 
translational activators do not only complement for the lack of genetic autonomy of 
chloroplasts like, e.g., nucleus-encoded ribosomal proteins, but alternatively, they 
mediate regulatory functions for adaptive cellular processes. Some of the better 
characterized examples are outlined in the following sections.

2.4.1  Regulation by Light and Redox/Metabolic Status

It has been known for a long time that light plays a crucial role for chloroplast pro-
tein synthesis levels based on findings that synthesis rates of chloroplast-encoded 
photosynthetic proteins like the large subunit of the Rubisco or the reaction center 
proteins D1 and D2 of PSII increase upon illumination despite the fact that their 
respective mRNA levels stay mostly constant [for an overview see 122]. When 
light regulation is addressed two principally different aspects have to be consid-
ered which are connected to the light intensities under investigation. Under nor-
mal light in growth phases of cells, the subunits of photosynthetic complexes are 
made in a concerted fashion to guarantee their stoichiometric synthesis for complex 
de novo assembly. This situation fundamentally differs from high light conditions 
(> 700 µE) when the chloroplast translation machinery is mainly engaged in the re-
pair synthesis of the PSII D1 protein which rapidly turns over in a light-dependent 
manner. Thus, especially for the D1 protein two different modes of protein synthesis 
must be considered.

Another important question concerns the nature of the chloroplast light signal-
ling pathway influencing chloroplast translation. In the most favoured model, a re-
dox signal generated by the photosynthetic electron transport chain is transferred to 
the translational apparatus via the redox status of the plastoquinone pool or via the 
chloroplast thioredoxin system [for a review see 6].

2.4.1.1 psbA mRNA Translation

Chloroplast D1 synthesis represents probably the most extensively studied case 
for light regulation and has been comprehensively reviewed [53, 62, 71, 123]. In 
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brief, light regulated psbA mRNA translation has been shown to be mediated via 
its 5′ UTR in both C. reinhardtii and tobacco [55, 100], however, the involved cis-
elements appear to be different. In C. reinhardtii, a stem-loop region preceding the 
putative SD-sequence was shown to be critical for translation whereas in tobacco 
mutation of the SD-sequence had no effect but instead three other elements within 
the 5′ UTR appeared to be critical for D1 synthesis [32, 100]. These include two 
sequences (RBS1 and RBS2) that were proposed to base-pair with the 3′ end of the 
16S rRNA and an AU rich box located exactly between RBS1 and RBS2. The AU-
box has been postulated to be looped out upon interaction with the small ribosomal 
subunit thereby serving as the recognition site for (a) yet to be cloned translational 
factor(s) [32].

However, the most elaborate—but also the most controversial—model has been 
proposed for psbA mRNA translation for D1 repair synthesis in C. reinhardtii [6, 
123]. This model predicts that high-light induced regulation is mediated via redox 
reactions coupled to the photosynthetic electron transport (PET). Biochemical iso-
lation of a multisubunit complex (the so-called RB complex) by affinity chroma-
tography using the psbA 5′ UTR as affinity ligand revealed four associated proteins, 
i.e., a 60 kDa protein disufide isomerase (cPDI), a 47/70 kDa poly (A) binding 
protein (cPAB1), a yet to be identified 55 kDa protein (RB55) and RB38, an RNA 
binding protein of 38 kDa (Table 2.1). The in vitro binding of the RB complex to the 
psbA 5′ UTR via RB47 has been shown to be sensitive to redox reagents like DTT 
or reduced thioredoxin in vitro and parallels the level of psbA mRNA translation 
under different light/redox conditions or in different genetic backgrounds in vivo 
[19, 107, 117]. This led to a model for psbA mRNA translational regulation which 
involves a redox-controlled regulation of cPDI and subsequently RB47 via thiore-
doxin which becomes reduced by the PET chain. Thus, PET would function as the 
light sensor in this scenario.

An additional player in this redox control network has been identified by iso-
lation of the TBA1 locus from C. reinhardtii using a forward genetic approach 
( Table 2.1). TBA1 encodes an oxidoreductase which has been hypothesized to play 
an opposing role to cPDI by mediating the re-reduction of RB47 upon illumination 
after its former oxidation by cPDI during dark phases [98]. Interestingly, a distinct 
mechanism coupled to the energy status of the chloroplast appears to act in addi-
tion to redox reactions on the RB complex, i.e., its inactivation via ADP-dependent 
phosphorylation of cPDI in the dark. This primary repression is then relieved via 
PET in the light and, as a consequence, makes the RB complex accessible to redox 
control via PET, a step termed “priming” [108]. While this model provides an at-
tractive explanation of how light can be signalled to the translational apparatus via 
the PET, some of its details are at odds with other published data as discussed in 
detail by Zerges and Hauser [123]. One particular point concerns the specificity 
of the RB complex formation on the psbA mRNA which is questioned by the fact 
that its RB38-component has recently been shown to be involved in psbD—instead 
of psbA—mRNA translation [see below and 91]. Secondly, the model would pre-
dict an activation of the RB complex under reducing conditions in the chloroplast, 
however, high light stress resulting in preferential D1 repair synthesis results in 
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inactivation of PSII and PSI activities and, thus, oxidizing conditions which would 
inactivate the RB complex rather than activating it [28, 68].

One reason for difficulties in developing a coherent model for psbA mRNA 
translation might be the fact that two distinct but co-existing translational systems 
involving different trans-acting factors mediate D1 synthesis, one operating dur-
ing D1 synthesis for de novo synthesis of PSII and the other one during D1 repair 
synthesis. This idea is mainly supported by two lines of evidence mainly obtained 
from work on C. reinhardtii. First, the analysis of appropriate chloroplast reporter 
gene constructs revealed that D1 repair synthesis, in contrast to de novo synthesis, 
is not controlled by the psbA 5′ UTR suggesting that not initiation but elongation 
of translation represents the regulatory target [60, 61, 111]. Secondly, de novo 
and repair synthesis of D1 were demonstrated to be spatially separated in C. rein-
hardtii [109; see also V.]. Whereas de novo D1 synthesis takes place at centered 
regions around the pyrenoid of algal chloroplasts named T-(translation) zones, 
repair synthesis is distributed all over the thylakoid membrane lobes of C. rein-
hardtii constituting a clear separation between both processes [109]. Furthermore, 
based on FISH data, a directed light-dependent transport of mRNAs, ribosomes, 
and translational activators like RBP40 to T-zones was observed, raising questions 
on the molecular mechanisms determining mRNA and translation factor localiza-
tion. In case of the psbA mRNA, a putative candidate for an RNA targeting factor 
has been identified by in vitro RNA binding analyses which was named RBP63 
[70]. RBP63 recognizes a stretch of consecutive A residues in the 5′ UTR which is 
critical for translation of the psbA message [14, 70]. Interestingly, RBP63 is asso-
ciated with stromal thylakoid membranes and, thus, was proposed to be involved 
in targeting of the psbA mRNA to distinct sites where PSII biogenesis takes place. 
Intriguingly, recent mass spectrometrical analyses identified RBP63 as the E2 
subunit (DLA2) of the chloroplast pyruvate dehydrogenase (cpPDC) from C. re-
inhardtii [12]. Furthermore, molecular characterization of RBP63/DLA2 revealed 
that it is indeed involved in targeting of psbA mRNA to T-zones around the pyre-
noid and thereby fine-tunes D1 synthesis in response to chloroplast C-metabolism 
and light conditions [12].

In line with this, a similar psbA mRNA tethering function has been proposed 
for the HCF173 protein of A. thaliana [90]. The HCF173 protein is attached to 
membranes and is associated with the psbA RNA. In its absence, D1 synthesis is 
drastically impaired and hcf173 mutants are not able of photoautotrophic growth. 
HCF173 protein is part of a higher molecular weight complex suggesting that other 
factors are involved in controlling D1 synthesis [90]. However, their molecular 
identification has not been achieved yet.

2.4.1.2  psbD mRNA Translation

A second, well characterized example for translational control in C. reinhardtii 
is represented by the psbD mRNA encoding the immediate D1 assembly partner 
D2 in the reaction center of PSII. Similar to D1, D2 synthesis is regulated via the 
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5′ UTR of its message [67]. In contrast to the A-rich element within the psbA 5′ 
UTR recognized by DLA2, the psbD message reveals an U-rich element located 
14–25 nt upstream of the AUG start codon which has been proven to be required 
for its translation [67]. This element is recognized by the abovementioned RBP40 
factor both in vitro and in vivo. Interestingly, this interaction requires the mRNA 
stabilization factor NAC2 which together with RBP40 forms part of a high mo-
lecular weight complex suggesting a tight interrelationship between processes of 
RNA stabilization and translation [69, 91]. Based on the analysis of suppressor 
mutations and in vitro RNA mapping experiments it could be shown that bind-
ing of this NAC2/RBP40 complex induces a conformational change of the down-
stream RNA region at the AUG start codon. As a consequence, a stem-loop struc-
ture containing the start codon within its stem region is melted and the AUG codon 
is exposed thereby enabling access of the small ribosomal subunit and the initiator 
tRNA to the mRNA and subsequent initiation of D2 synthesis [44; Fig. 2.1]. It is 
well established that similar to D1 also D2 synthesis is induced by light [50]. Re-
cent analyses now provided first evidence that the light signal is transmitted by the 
NAC2/RBP40 complex [92]. In the light, this complex forms in a redox-dependent 
manner, i.e., it is sensitive to treatment with reduced DTT or glutathione. In the 
dark, RBP40 detaches from the complex and consequently D2 synthesis is turned 
down. Intriguingly, a single Cys residue in RBP40 forms an intermolecular disul-
fide bridge with NAC2 which becomes reduced in the dark thereby coupling psbD 
gene expression to the redox status of the chloroplast [92]. However, in contrast 
to the above mentioned view that reducing power generated by the PET activates 
translation in the light, in case of psbD mRNA translation reduction of the NAC2/
RBP40 disulfide bond causes inactivation. Even more surprising, reduction occurs 
in the dark raising questions on the source of the reducing electrons. In vitro stud-
ies now suggest that the disulfide bond is reductively released by the chloroplast 
NADPH-dependent thioredoxin reductase C (NTRC) which transfers electrons 
from NADPH generated by the oxidative pentose phosphate pathway [42]. This 
suggests a crosstalk between chloroplast gene expression and chloroplast carbon 
metabolism during dark adaption of algal cells [92]. Together with previous reports 
on the induction of chloroplast translation by acetate treatment of C. reinhardtii 
cells in the dark and the abovementioned function of the DLA2 subunit of the 
plastid PDC for D1 de novo synthesis, this adds another piece of evidence that 
plastid C-metabolism has severe impacts on the regulation of translation at least in 
C. reinhardtii [12, 59].

2.4.1.3  rbcL mRNA Translation

The synthesis of the chloroplast-encoded large subunit of the CO2 fixing Rubisco 
enzyme (RbcL) is also highly regulated by light. Especially under oxidative stress, 
rbcL mRNA translation was found to be repressed [38, 93]. This repression ap-
pears to be induced by the redox state of the chloroplast glutathione pool which 
serves as a redox sensor under high light conditions [38]. Interestingly, the RbcL 
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protein itself contains an intrinsic non-specific RNA binding activity located within 
its N-terminus [118]. It has therefore been hypothesized that the binding of RbcL 
to its own mRNA inhibits its translation when either its redox-controlled interac-
tion with the chloroplast chaperone system or the assembly of the Rubisco subunit 
is disturbed [17]. The precise molecular mechanism of repression remains elusive 
but it has been shown that the early translational elongation phase appears to be af-
fected under high light conditions because rbcL mRNA then shifts from polysomes 
to monosomes [17].

2.4.1.4  psaB mRNA Translation

Another interesting example of light controlled translational regulation is repre-
sented by the case of the psaB gene encoding the reaction center PsaB protein of 
PS I. PsaB synthesis has been shown to be controlled by the nucleus-encoded Tab2 
locus in C. reinhardtii. TAB2 represents a novel type of RNA binding protein with 
a characteristic WLL motif at its C-terminus which directly interacts with the psaB 
5′ UTR [19]. Interestingly, this translation factor shares homologies with several or-
thologues in both eukaryotic and prokaryotic organisms performing oxygenic pho-
tosynthesis which range from A. thaliana to Synechocystis sp. PCC 6803 [19]. This 
structural evolutionary conservation is at least partially paralleled by a functional 
conservation of TBA2 since the C. reinhardtii TAB2 gene can partially complement 
a mutant of the A. thaliana homolog ATAB2. However, the A. thaliana factor has 
at least two targets—one for each PS—indicating a broader function for thylakoid 
membrane biogenesis in higher plants. A particularly interesting finding was that 
nuclear ATAB2 expression is tightly controlled by low fluence blue light via the 
photoreceptors CRY1 and CRY2 thereby providing an entry point to explain how 
blue light influences chloroplast—or more precisely thylakoid membrane—biogen-
esis during plant development [5].

2.4.2  Regulation of Translation via Interconnected Steps of Gene 
Expression

Besides external stimuli like light, internal regulatory principles underlie transla-
tional control in chloroplasts. The best described example is represented by the 
so-called CES (control by epistasy of synthesis) principle which links chloroplast 
translation to the assembly status of multisubunit photosynthetic complexes via 
feedback control mechanisms at least in C. reinhardtii. The underlying molecular 
details will be described in Chap. 13.

Another gene expression step connected to translation is the processing/stabili-
zation of chloroplast transcripts (see Chap. 1). The long standing question whether 
RNA processing—especially of polycistronic transcripts—is required for transla-
tion or its regulation is still lively discussed, but current new insights into the dual 
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role of some trans-acting factors in both RNA metabolism and translation start to 
shed some more light onto this issue [4]. It was principally believed that the reason 
for extensive RNA processing in chloroplasts is the acceleration of translational 
events via monocistronic mRNAs. Recent comparative analyses on the selection 
of SD-sequences suggested that at least in some cases internal SD-sequences are 
inefficiently recognized favouring a scanning model for translation initiation [21, 
33]. This indeed would argue for a critical role of polycistronic transcript process-
ing for translational control. However, other lines of evidence support the idea that 
polycistronic chloroplast transcripts are well translated [3, 119].

In the context of this question, one interesting observation during the analysis 
of several nuclear mutants affected in chloroplast gene expression was that many 
of the identified factors appeared to be required for both mRNA stabilization and 
translation. This holds, e.g., for CRP1 and PPR10 from maize or Hcf107, CRR2, 
PGR3 from A. thaliana [15, 26, 30, 74, 86]. Recently, a model for the connection 
between RNA stabilization/processing and translation initiation has been proposed 
based on a detailed in vitro analysis of recombinant PPR10 protein from maize 
[77]. PPR10 recognizes a defined single-stranded RNA region comprising 17 nt in 
the intergenic region between atpI and atpH [74, 77]. This interaction serves as a 
barrier against exonucleolytic attack from both the 5′ end as well as the 3′ end of 
transcripts thereby defining the transcripts termini. In addition, PPR10 binding re-
models the downstream RNA conformation releasing the atpH SD-sequence from 
an RNA duplex and thus makes it accessible to the small ribosomal subunit [77]. A 
similar mechanism has been proposed for the half-a-tetratricopeptide repeat protein 
HCF107 in enhancing PsbH synthesis [29].

This scenario of a dual function for RNA metabolism and translation in higher 
plants is reminiscent of the situation for psbD gene expression in C. reinhardtii 
which depends on the RNA stability factor NAC2 and the translational activator 
RBP40 (see above). In this case, the artificial stabilization of psbD transcripts in a 
mutant nac2 background via the transgenic introduction of poly(G) tracts into the 
psbD 5′ UTR led to accumulation of psbD mRNA but their translation was still 
hampered indicating that NAC2 is also required for D2 synthesis [67]. This function 
is—as mentioned above—exerted via its redox-controlled interaction with RBP40 
which both together fulfil a PPR10-like concerted function for chloroplast gene 
expression. Similar insertions of poly(G) sequences into the 5′UTRs of petD, psbB, 
and petA transcripts all revealed the same picture, i.e., that chloroplast RNA stabili-
zation factors are also required for translational control [20, 49, 112]. Furthermore 
apart from NAC2 and RBP40, complex formation between factors for RNA stabi-
lization and translation has been described for MCA1 and TCA1 controlling petA 
gene expression in C. reinhardtii [12]. MCA1 represents the first algal PPR protein 
whose function has been to petA mRNA stabilization [49; see also Chap. 1]. MCA1 
and TCA1 recognize adjacent targets on the first nucleotides of the petA message 
and act together to control petA gene expression with MCA1 serving also as a trans-
lational enhancer [12, 49, 80]. Consequently, the MCA1/TCA1 pair of trans-acting 
factors has been designated as single “petA gene expression system” underlining the 
fact that a single factor—or in the cases of NAC2/RBP40 or MCA1/TCA1 single 
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protein complexes—mediate dual functions, i.e., RNA stabilization and translation 
initiation [12, 91]. Interestingly, MCA1 was recently shown to be involved in the 
CES regulatory pathway, too, and thus connects processes of protein synthesis and 
assembly [12; see Chap. 13]. Taken together, the emerging picture on the posttran-
scriptional control of chloroplast gene expression in both algae and plants is that of 
a tight connection of RNA metabolism and protein synthesis which is manifested by 
factors/complexes of factors which mediate their functions mainly via the 5′ UTRs 
of chloroplast transcripts.

2.5  Spatial Organization of Chloroplast Translation

One of the most fascinating new aspects on the regulation of chloroplast protein 
synthesis concerns the spatial organization of chloroplast translational events. 
Early electronmicroscopic studies as well as sucrose density gradient separations 
had demonstrated that polyribosomes associate with thylakoid membranes (TMs) 
[16, 43, 52]. This supported the idea that chloroplast-encoded integral membrane 
proteins are co-translationally inserted into TMs. This is also suggested by the fact 
that ca. 50 % of these polysomes could only be released from TMs by the addition 
of puromycin catalysing a release of the nascent polypeptide chain from ribosomes 
(for a review see [121]). At least three different chloroplast subcompartments have 
been identified which contain the abovementioned regulatory activators, i.e., the 
chloroplast stroma, the TM system—especially non-appressed thylakoids—and a 
membrane subfraction named low density membranes (LDMs) which resembles the 
inner envelope membrane with regard to its acyl lipid composition but associates 
with thylakoids in a Mg2 + dependent manner [124].

Intriguingly, the precise in situ localization of mRNAs as well as ribosomes and/
or translational activators in the chloroplast of C. reinhardtii by FISH analyses us-
ing confocal microscopy revealed the existence of distinct so-called T-zones (for 
translation zones) which are located close to the periphery of the pyrenoid. Py-
renoids represent algae-specific structures which mainly consist of concentrated 
Rubisco enzyme and, thus, are centers where plastid CO2 fixation takes place. At 
these suborganellar structures, especially the synthesis and assembly of PSII sub-
units is proceeding while psaA mRNAs did not co-localize to them indicating that 
PSI biogenesis is separated from T-zones [109]. A further specialization of T-zones 
is that they are dedicated only to the translation during de novo synthesis of PSII but 
D1 repair synthesis is distributed all along thylakoid membranes and thus spatially 
separated from T-zones [109]. This provides further compelling evidence for the 
idea that two completely different systems for psbA mRNA translation probably 
co-exist in chloroplasts (see above). How psbA mRNA is sorted between these two 
systems remains to be shown, nevertheless, one candidate for a membrane target-
ing factor for psbA mRNA is represented by the abovementioned DLA2 subunit of 
the pyruvate dehydrogenase which is required for proper localization of the psbA 
mRNA [9].
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The translation of rbcL mRNA in C. reinhardtii is also highly localized, i.e., it 
is selectively enriched at the outer perimeter of the pyrenoid but not organized in 
T-zones [111]. Since rbcL mRNA depleted of ribosomes via lincomycin treatment 
did not localize to the pyrenoid a translation dependent targeting mechanism, pre-
sumably via the nascent RbcL polypeptide chain was suggested [111].

In addition to the observed light-dependent localizations of psbA/psbC and rbcL 
mRNAs, at two distinct regions at the periphery of the pyrenoid, another mRNA 
localization process was observed in cells which were exposed to high light or 
oxidative stress. Under these conditions, chloroplast stress granules (cpSGs) are 
formed in the internal perimeter of the pyrenoid where—embedded in pockets of 
stroma—plastid mRNAs are stored in a translationally repressed form [110]. One 
of the essential cpSGs-forming components has been hypothesized to be the RbcL 
subunit itself which has—as mentioned above—intrinsic RNA binding activity 
[111].  Furthermore, a flux of mRNAs between cpSGs and polysomes was observed 
suggesting a very dynamic mRNA trafficking in chloroplasts [111]. Additional ge-
netic support for the existence of storage particles for chloroplast mRNA was ob-
tained when the OPR protein Tda1 was analysed. Tda1 is specifically required for 
the translation of the atpA mRNA in C. reinhardtii and has been shown to act via 
its 5′ UTR [24]. Interestingly, the OPR domain of Tda1 is involved in translational 
activation while the distinct N-terminus recognizes the 5′ UTR and mediates a fine-
tuning of atpA mRNA partition between polysomes and a high molecular weight, 
non-polysomic, storage particle. These storage particles might be identical or re-
lated to cpSGs as speculated by the authors [24]. Clearly, more work is required to 
obtain a more comprehensive picture on the spatial organization of chloroplast gene 
expression. Especially, in chloroplasts of higher plants a pyrenoid is lacking raising 
questions on the organizing structural element in these organelles.

2.6  Conclusions and Future Perspectives

Translation represents a key step during chloroplast gene expression and, accord-
ingly, is highly regulated for instance by light. With the recent identification and 
molecular characterization of the involved regulatory factors, we are now start-
ing to gain first insights on the regulatory principles which underlie a concerted 
synthesis of components for photosynthetic complexes. The overall picture emerg-
ing reveals helical repeat proteins playing an essential role for the organization of 
regulatory units which often physically and functionally connect RNA metabolism 
and  translation initiation. These units also appear to represent the targets for sig-
nal transduction pathways affecting chloroplast protein synthesis and, as a con-
sequence, chloroplast biogenesis. For the future, the interconnection between 
these pathways, which utilize redox signals or other metabolic semaphores, and 
 chloroplast translation will represent an important issue of research efforts which 
might then dismantle novel unexpected crosstalks between different plastid biosyn-
thetic pathways. A second focus of chloroplast cell biology will be the visualization 
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of the three- dimensional spatial network which ensures chloroplast protein synthe-
sis to take place at those sites where e.g. photosynthetic complexes are assembled. 
Maybe one of the most intriguing suggestions of recent RNA localization studies 
is that thylakoid membrane ultrastructure does not only determine photosynthetic 
performance but also affects gene expression.
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Abstract The biogenesis of the photosynthetic apparatus of eukaryotic organisms 
depends on the concerted action of the chloroplast and nucleo-cytosolic genetic 
systems. This coordination is mediated through a large number of nucleus-encoded 
plastid factors that act at all major steps of chloroplast gene expression. Moreover 
the nucleus is capable of sensing changes in the state of the chloroplast caused 
by environmental fluctuations through complex signaling chains which originate 
from the plastid compartment. These pathways are currently under intense inves-
tigation using a wide range of molecular-genetic, biochemical and system biology 
approaches.
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PTK Plastid transcription kinase
ROS Reactive oxygen species
SMR Small mutS-related
TPR Tetratricopeptide repeats

3.1  Introduction

Chloroplasts are complex organelles which are involved in several important cel-
lular metabolic pathways in photosynthetic eukaryotic organisms such as photosyn-
thesis, carbon, nitrogen and sulfur metabolism, amino acid, tetrapyrrole and lipid 
biosynthesis. The origin of chloroplasts can be traced to an endosymbiotic event 
which occurred more than a billion years ago when a cyanobacterium invaded a 
primitive eukaryotic cell. This invasion was followed by a gradual transfer of ge-
netic information from the invader to the host nucleus. However this transfer did not 
reach completion and a small portion of the cyanobacterial genome was maintained 
and exists today as chloroplast genome. Although the size of this genome is modest, 
ranging between 60 and 200 kb and containing between 60 and 120 genes, it has ac-
quired important cellular functions because its complete loss has not been observed. 
Chloroplast genomes are part of an organellar protein synthesizing system which 
operates in an autonomous way although many of its components are encoded by 
nuclear genes and need to be imported into the chloroplast compartment. Moreover, 
the chloroplast protein synthesizing system cooperates closely with its counterpart 
in the nucleo-cytosol, as seen for example by the fact that the four major protein 
complexes of the photosynthetic apparatus, photosystem II (PSII), photosystem I 
(PSI), the cytochrome b6   f complex (Cytb6  f) and the ATP synthase, consists of sub-
units some of which are encoded by the nuclear genome while others are encoded 
by the chloroplast genome. These different subunits need to be synthesized and 
assembled in a coordinate way. This is not a trivial task as the ploidy levels be-
tween chloroplast and nuclear genomes differ dramatically. A typical mesophyll 
cell contains ca. 100 chloroplasts, each of which comprises close to 100 chloroplast 
genomes, whereas nuclear genes are present in only two copies per cell in diploid 
organisms. In recent years a great deal of progress has been achieved in understand-
ing at least part of the molecular basis of this coordinate interplay between nucleus 
and chloroplast. From this analysis it has become apparent that a surprisingly large 
number of nucleus-encoded chloroplast proteins are required for this process and 
that most of them act at various steps of chloroplast gene expression, including 
transcription, RNA processing and splicing, RNA editing, RNA stability, translation 
and assembly of the photosynthetic complexes.

The nucleus does not only encode proteins required for chloroplast biosynthe-
sis and functioning, it is also able to sense the state of the plastid and to respond 
to signals originating from this organelle. This process is called retrograde signal-
ing. Although numerous studies have been devoted to this topic, the corresponding 
signaling chains are still largely unknown. The aim of this chapter is to provide an 
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updated view on where we stand in our understanding of the molecular basis of this 
intricate crosstalk between nucleo-cytosol and plastids. Earlier studies on this topic 
have been reviewed in several excellent reviews [36, 91, 105].

The reactions of photosynthesis involve light-induced charge separations across 
the thylakoid membrane within PSII and PSI which set into motion electron flow 
along the photosynthetic electron transfer chain (Fig. 3.1). Electrons are extracted 
from water by PSII and transferred subsequently to the plastoquinone pool, the 
Cytb6   f complex and plastocyanin which is able to re-reduce photo-oxidized PSI. 
The final electron acceptor of PSI, ferredoxin, reduces NADP+ to NADPH. This 
electron flow is coupled with the pumping of protons into the thylakoid lumen and 
the proton gradient leads to the production of ATP through the ATP synthase. Both 
NADPH and ATP are then used for driving CO2 assimilation by the Calvin-Benson 
cycle. Reduced ferredoxin is also able to transfer electrons to other metabolic path-
ways involved in nitrogen and sulfur metabolism. The redox state of some of these 
electron carriers, in particular that of the plastoquinone pool, depends on the rela-
tive excitation of PSII and PSI and also on the photorespiratory chain which feeds 
stromal reducing equivalents into the PQ pool. Both photosystems contain their 
own light-harvesting systems which have distinct pigment compositions and light 
absorption properties with PSII and PSI absorption peaks in the red and far-red re-
gions, respectively. Hence any change in spectral light quality will lead to unequal 
excitation of the two photosystems and change the redox state of the plastoquinone 
pool. In turn this will elicit in the short term a compensatory response through a re-
balancing of the antenna systems and in the long term it will impact both chloroplast 
and nuclear gene expression in such a way that the photosystem which is limiting 
is upregulated, thereby allowing for a readjustment of the stoichiometry of the two 
photosystems and improved photosynthetic performance [3]. Moreover if the up-
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stream light reactions operate at a higher rate than the downstream Calvin-Benson 
cycle as a result of a sudden increase in light irradiance, the acceptor side of PSI 
will be over-reduced, leading both to the formation of reactive oxygen species and 
changes in nuclear gene expression. However the signaling chains between chloro-
plast and nucleus involved in these processes are still poorly understood.

3.2  Nucleus-Encoded Trans-Acting Factors Involved  
in Chloroplast Gene Expression

Nuclear genes encoding chloroplast proteins can be recognized by the fact that these 
proteins carry transit sequences at their N-terminal end which act as targeting sig-
nals. Based on conserved features of these transit peptides it has been estimated that 
between 3000 and 4000 nuclear genes encode chloroplast proteins [1]. This large 
set includes genes of enzymes involved in several metabolic pathways, of subunits 
of the photosynthetic complexes, and of proteins of the plastid genetic system and 
factors required for its expression. This genetic system comprises chloroplast DNA 
with a transcriptional apparatus consisting of at least two distinct RNA polymerases 
in land plants. The first, called PEP (plastid encoded polymerase) resembles the 
corresponding bacterial enzyme and contains the α, β, β’ and β” subunits encoded 
by the plastid genes rpoA, rpoB, rpoC1 and rpoC2, respectively [53], and is associ-
ated with several σ factors in land plants. The other plastid RNA polymerase, called 
NEP, consists of a single nucleus-encoded subunit which is related to bacteriophage 
T7-type RNA polymerases [50]. In addition, plastids contain 70S-type ribosomes 
consisting of both chloroplast- and nucleus-encoded subunits, most of which are 
related to bacterial ribosomes, and the common translation initiation, elongation 
and termination factors (Fig. 3.2). Although the bacterial and chloroplast protein 
synthesizing systems are very similar in structure, there are some differences. Sev-
eral plastid proteins of C. reinhardtii are considerably larger than their bacterial 
counterparts with N-terminal extensions and an insertion sequence which may play 
a role in mRNA recognition and translation initiation [156]. Moreover, a large num-
ber of ancillary nucleus-encoded factors are required for plastid gene expression, a 
feature which is not observed in bacterial systems.

3.2.1  Chloroplast Transcription Factors

Amongst chloroplast transcription factors six sigma factors have been identified, a 
surprisingly large number given the modest size of the plastid genomes. The activ-
ity of some of these factors depends on their phosphorylation status, which changes 
during plastid development and which is strongly influenced by the light environ-
ment [139], in particular when plants are shifted from the dark to the light or from 
light preferentially absorbed by PSII to light preferentially absorbed by PSI and 
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vice-versa. Amongst proteins associated with PEP, a Ser/Thr kinase of the casein 
kinase II family, called PTK (plastid transcription kinase), was identified [93]. In 
vitro, this kinase was shown to be activated by reduced glutathione and its activity 
was reduced by phosphorylation [8]. PTK acts as a global regulator of chloroplast 
transcription, a process which depends on its phosphorylation state and that of σ 
factors [72, 93] (Fig. 3.3). Globally, phosphorylation and dephosphorylation of the 
σ factors promote etioplast and chloroplast-specific promoter usage, respectively 
[139]. However transcription can be up- or down-regulated depending on which 
σ factor is phosphorylated and which promoter is used [123]. Also, some σ factors 
contain several phosphorylation sites, some of which are substrates for PTK [8, 
139]. One well-studied example is SIG1 whose phosphorylation state changes when 
plants are shifted from light favouring PSI to light favouring PSII or vice-versa 
[124] (Fig. 3.3). In this case the PQ pool is reduced which leads to dephosphoryla-
tion of SIG1and in turn to an increase of transcription of the psaA and psaB genes 
encoding the two reaction center proteins of PSI. The reciprocal event occurs when 
the PQ pool is oxidized: SIG1 is phosphorylated and transcription of the psaA and 
psaB genes is reduced. Thus these changes lead to a readjustment of the stoichiom-
etry of PSII and PSI and to a rebalancing of the absorbed light excitation energy be-
tween the two photosystems, thereby optimizing photosynthetic activity. One pos-
sible mechanism for this is that the phosphorylation of PTK is controlled through 
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the STN7 kinase which is known to be activated when the plastoquinone pool is 
reduced (Fig. 3.4) [17]. In contrast to the PSI genes, expression of psbA encoding 
the reaction center protein of PSII is not altered significantly upon changes in the 
redox state of the PQ pool. Additional targets of PTK are small DNA binding pro-
teins whose phosphorylation states change during these light shifts. These changes 
in phosphorylation appear to play an important role for mediating the redox signals 
from the photosynthetic electron transport chain to the chloroplast transcription ma-
chinery and appear to require in addition the action of thiol redox signals [128]. 
Although the underlying mechanisms are still unknown, one possibility is that these 
changes in thiol redox state could promote conformational protein changes, thereby 
granting access of masked sites to phosphorylation [122].

Another player in this chloroplast signaling network is the CSK kinase which 
shares structural features with cyanobacterial sensor histidine kinases [108]. This 
kinase, which is conserved in all major plant and algal lineages except C. rein-
hardtii, appears to be involved directly or indirectly in chloroplast gene expression 
based on the fact that the levels of several chloroplast transcripts are altered in CSK 
knock-out lines of Arabidopsis [108]. Moreover, CSK autophosphorylation occurs 
when the PQ pool is oxidized, and can be correlated with the phosphorylation of 
SIG1 and the decrease in psaAB gene expression. Based on these observations and 
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the fact that CSK interacts with PTK and SIG1 in yeast two-hybrid assays, a model 
was proposed by Puthiyaveetil [107, 109] in which the activity of CSK is regulated 
by the redox state of the PQ pool through the STN7 kinase (Fig. 3.3). CSK phos-
phorylates and inactivates PTK when the PQ pool is oxidized. CSK also would 
phosphorylate SIG1, which causes the repression of the psaAB genes but psbA ex-
pression is not significantly affected. In contrast, reduction of the PQ pool would 
lead to dephosphorylation of SIG1 and derepression of the psaAB genes. This event 
is postulated to be mediated by an unidentified phosphatase which could also de-
phosphorylate PTK.

It is still unclear how the activation of CSK is linked to the redox state of the 
PQ pool and to what extent it is functionally linked with the STN7 kinase. Because 
stn7 mutants are unable to acclimate properly [100], it is likely that these two ki-
nases operate in the same pathway, although their activity is regulated in opposite 
ways by the redox state of the PQ pool. A reduced PQ pool activates STN7 and 
inactivates CSK and the opposite occurs when the plastoquinone pool is oxidized. 
Recent studies have revealed that a thioredoxin-like protein called Trx-z is also 
involved in this plastid signaling network [119]. An Arabidopsis knock-out mutant 
of Trx-z is strongly impaired in chloroplast development and displays an albino 
phenotype [5, 119], an unusual feature as Trx mutants usually show a mild pheno-
type because of functional redundancy within the Trx family. Loss of Trx-z led to 
the specific decrease of the expression of genes transcribed by PEP. Trx-z interacts 
with two fructose-like proteins, FLN1 and FLN2 based on yeast two hybrid assays. 
Although these two proteins are members of the pfbB-sugar kinase family, both 
have amino acid substitutions within the predicted active site and lack detectable 
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sugar-phosphorylating activity. These features suggest that these proteins have ac-
quired new regulatory functions, a view which is further supported by the fact that 
FLN2 undergoes redox changes during changes in the light environment which are 
mediated by Trx-z [119]. These observations open the possibility that Trx-z and 
the FLNs participate in a signaling chain which imparts redox regulation to PEP 
and could couple transcriptional control to light signals through the photosynthetic 
electron transport chain. A complex network of interacting proteins emerges from 
these studies in which signals are transmitted from the thylakoid membrane to the 
plastid gene expression system through multiple phosphorylation events and thiol-
dependent protein redox changes (Fig. 3.3).

3.2.2  Factors Involved in Post-Transcriptional Steps  
of Chloroplast Gene Expression

Genetic studies with mutants of C. reinhardtii, maize and Arabidopsis affected in 
photosynthetic activity have revealed a large number of nucleus-encoded factors 
which are required for chloroplast gene expression and which act at different post-
transcriptional steps [36, 129] (Fig. 3.2). Some of these proteins are involved in 
RNA stability and processing (M factors), splicing, translation (T-factors), and in 
the assembly of photosynthetic complexes. In C. reinhardtii most of these factors 
act in a gene-specific manner on the corresponding 5’UTRs, whereas in land plants 
the loss of these factors has a more pleiotropic effect with several chloroplast genes 
deficient in their expression. Many of the genes affected in these mutants have been 
identified and characterized. Some are well-conserved in oxygenic photosynthetic 
organisms while others appear to be only present in specific organisms. Overall they 
can be classified in several groups.

The first group comprises proteins derived from genes involved in RNA metabo-
lism (Table 3.1). Examples include a pseudouridine synthase gene which is required 
for trans-splicing of the chloroplast psaA transcripts in C. reinhardtii [99]. Interest-
ingly, this gene has nucleotide changes in the active sites which abolish pseudo-
uridine synthase activity. Another example is the maize CRS2 gene required for 
the splicing of several chloroplast group II introns and which is related to peptidyl-
tRNA hydrolase enzymes [54]. However this protein lacks several conserved amino 
acids that are important for the peptidyl-tRNA hydrolase activity and is unable to 
rescue a mutant of E. coli lacking this activity, strongly suggesting that it has lost 
its initial function. These two cases show that during evolution enzymes have been 
recruited for performing novel functions in RNA metabolism but at the cost of their 
original activity.

Some nucleus-encoded factors contain CRM domains which appear to be derived 
from an RNA binding module in an ancient ribosome-associated protein in archae 
and bacteria [12]. The notion that CRM domains bind RNA is based on the fact that 
a single CRM domain has RNA binding activity in vitro [12], that three character-
ized proteins from maize, CRS1, CAF1 and CAF2 containing multiple CRM do-
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mains are involved in plastid RNA metabolism [97, 138], and that structural studies 
of the CRM module reveal similarity to known RNA binding domains [98].

The second group comprises a large set of genes which encode proteins with de-
generate repeats of 34–38 amino acids. Several families have been identified within 
this group such as TPR (tetratricopeptide repeats), PPR (pentatricopeptide repeats) 
and OPR proteins (octatricopeptide repeats) (Table 3.2). Proteins with similar re-
peats are widespread in nature and the atomic structure of several of them have 
been solved: β catenin with 12 ARM repeats of 42 amino acids [52], the A subunit 
of protein phosphatase 2A with 15 HEAT repeats of 39 amino acids [47], Pumilio 
with 8 Puf repeats of 36 amino acids [38] and protein phosphatase 5 with 3 TPR 
repeats [32]. These structural studies revealed that each repeat comprises two or 
three α helices and that the repeats are often tandemly organized forming a super-
helix whose internal side is thought to be involved in protein-protein interactions or 
in RNA binding as shown for Pumilio, a translational repressor of the Drosophila 
hunchback mRNA [38]. A major technical hurdle is that chloroplast TPR proteins 
are highly insoluble making their biochemical and functional characterization diffi-
cult, although RNA binding activity could be demonstrated recently with HCF107, 
a protein which contains HAT motifs (half-a-tetratricopeptide) which are variants 
of TPR repeats [48]. Specific RNA binding was shown for a few PPR proteins 
which are structurally similar to TPR proteins [125]. They include HCF152 from 
Arabidopsis required for RNA processing [76, 89] and PPR10 from maize which 
binds RNA segments from two different transcription units [102] (see Table 3.2). 
The PPR10 protein binds two short 15 nt long RNA elements in two intercistronic 
regions where it blocks 5’ to 3’ as well as 3’ to 5’ exonucleolytic digestion. Exonu-
cleolytic decay starts distal to the PPR10 binding site and may be initiated by an 
endonucleolytic event, e.g., by chloroplast RNaseE. In the end, RNA degradation 
leads to the complete elimination of the target RNAs with exception of the small 
20 nt stretch protected by PPR10 [102]. Interestingly, such potential footprints have 
been detected in small RNA databases in cereals that include suggested binding 
sites of the PPR proteins CRR2 and PPR10 and HCF152 [86, 102]. Thus some PPR 
proteins appear to act as bidirectional roadblocks against exonucleases. In this sense 

Table 3.1  Proteins involved in chloroplast post-transcriptional steps of chloroplast gene expres-
sion containing domains derived from catalytic domains
Chlamydomonas Catalytic domain Function Ref
Raa2 Pseudouridine synthase Splicing [99]
Raa3 Pyridoxamine 5’-phosphate oxidase Splicing [114]
Maize
CRS2 Peptidyl-tRNA hydrolase Splicing [54]
CRS1/Lp CRM (ribosome assembly) Splicing [97]
CAF1/Lp CRM Splicing [98]
CAF2/Lp CRM Splicing [98]
CFM2 CRM Splicing [6]
Lp Ortholog exists in land plants, CRM Conserved domain involved in chloroplast RNA splicing 
and ribosome maturation [12]
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they could provide an alternative to RNA hairpins for defining the termini of chlo-
roplast mRNAs. Moreover PPR10 binding changes the local RNA structure [106] 
near the start codon of atpH RNA and unmasks a ribosome binding site. Although 
several other PPR proteins are known to be required for translation of specific chlo-
roplast mRNAs, it is not yet known whether such PPR proteins also act by creating 
a local environment favourable for ribosome entry.

The PPR protein family contains 450 members in Arabidopsis, several of which 
are involved in RNA metabolism, in particular in RNA processing, translation and 
RNA editing [117]. This large set of proteins could provide a reservoir of trans-
acting factors which act on specific chloroplast RNA targets at various post-tran-
scriptional steps. These repeats appear to define a code which connects the succes-
sion and amino acid sequence of the repeats with the nucleotide sequence of the 
target RNA. It was indeed shown that PPR elements bind specific RNA nucleotides 
through the combinatorial action of two amino acids in each repeat [13]. Such a 
code would provide a molecular basis for the specific protein-RNA interactions 
which underlie the different post-transcriptional steps in chloroplast gene expres-
sion. The crystal structure of the related Puf repeats has given rise to models in 

Table 3.2  Nucleus-encoded repeat-containing proteins involved in chloroplast gene expression
Protein Organism Process Target Ref
PPR proteins
PPR2 Zm Translation [149]
PPR4 Zm Splicing rps12 [118]
PPR5 Zm/At Translation trnG [16]
PPR10 Zm RNA processing atpI-atpH ir, psaJ-rpl33 ir [106]
PPR8522/DGT1 Zm/At Plastid transcription Emb [127]
CRP1 Zm RNA processing petB-petD ir, psaC [11]
HCF152 At RNA processing psbH-petB ir [76]
CRR4 At RNA editing ndhD-1 [20]
CRR22 At RNA editing ndhB-7, ndhD-5, rpoB-3 [94]
OTP82 At RNA editing ndhG-1, ndhB-9 [94]
Mrl1 Cr/Lp RNA stability rbcL [56]
Mca1 Cr RNA stability petA 5’UTR [73]
TRP proteins
HCF107/Mbb1 At/Cr RNA processing psbB 5’UTR [141]
Nac2 Cr RNA processing psbD 5’UTR [90]
OPR proteins
Tbc2 Cr Translation psbC 5’UTR [7]
Tab1 Cr Translation psaB 5’UTR [110]
Tda1 Cr Translation atpA 5’UTR [37]
Raa1 Cr Splicing/RNA 

processing
psaA [78]

Rat2 Cr Splicing/RNA 
processing

psaA [9]

Zm Zea mays, At Arabidopsis thaliana, Cr Chlamydomonas reinhardtii, Lp indicates that an ortho-
log exists in land plants, ir intergenic region; target refers to the specific chloroplast RNA target 
sites of the corresponding factors, emb embryo lethal
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which each repeat of the protein would bind a single or several nucleotides of its 
RNA target sequence [38, 147, 148].

Interestingly while only 11 PPR protein genes could be detected in the Chlam-
ydomonas genome, a new family of proteins with OPR repeats has evolved in this 
alga. The first OPR protein identified was Tbc2, a factor required for the translation 
of the psbC mRNA [7] and subsequently several other factors involved in RNA 
processing, splicing and translation were identified (Table 3.2). In the case of Tab1, 
which is involved in the translation of the psaB mRNA of C. reinhardtii, a truncated 
portion of this protein displayed partial specificity of binding to the psaB 5’UTR 
and U-rich RNA in vitro, although competition experiments revealed that it also 
binds to other non-target chloroplast RNAs [110]. Other OPR proteins are Rat2 and 
Raa, involved in psaA RNA processing and trans-splicing [9, 78], and Tda1, specifi-
cally required for the translation of the atpA mRNA as well as in trapping of a subset 
of untranslated atpA transcripts into non-polysomic complexes [37]. Altogether the 
OPR family of C. reinhardtii includes more than a 100 proteins, several of which 
are likely to be implicated in chloroplast, and perhaps also mitochondrial, gene ex-
pression. These assigned functions of OPR proteins are clearly compatible with the 
large number of nucleus-encoded factors identified through genetic screens of pho-
tosynthetic mutants of C. reinhardtii. Whereas OPR proteins are very rare in plants, 
they are present in several bacteria and protozoans. In particular, OPR repeats ap-
pear to be structurally related to the RAP RNA binding domain which is abundant 
in apicomplexans [69]. Moreover some of the OPR proteins contain a region related 
to the FAST1 kinase-like domain [137], raising the possibility that the activity of 
some of these trans-acting factors may be modulated by reversible phosphorylation.

Another group of nucleus-encoded trans-acting factors involved in chloroplast 
gene expression includes proteins unrelated to any known protein. These “pioneer” 
proteins are usually specific to a given organism and not present in other plants and 
algae. The precise function of these proteins is still largely unknown.

3.2.3  CES Control

A major problem in the assembly of photosynthetic complexes is the coordinate 
synthesis of the different subunits. Subunits which accumulate in excess are usually 
degraded by chloroplast proteases [24]. Moreover, a fine control is exerted at the 
assembly stage through the CES (Control by Epistasy of Synthesis) in C. reinhardtii 
which was first identified and characterized for the Cytb6 f complex [25] and later 
extended for PSII [81], PSI [153], ATP synthase [33] and Rubisco [152]. The CES 
process involves an assembly-dependent translation of specific subunits of a com-
plex. As an example, in the case of Cytb6 f the rate of synthesis of Cytf at the level 
of translation initiation is substantially decreased in the absence of cytochrome b6 or 
the PetD subunit. It results from an exposed regulatory motif within the C-terminal 
region of unassembled Cytf that inhibits the translation of its petA mRNA through 
the 5’UTR. New insights into the mechanism of CES have come from the func-
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tional analysis of Mca1 and Tca1, which are required for the stable accumulation 
and translation, respectively, of the chloroplast petA mRNA coding for cytochrome 
f [113]. In transformed strains in which the amount of Mca1 and Tca1 were de-
creased, the level of petA mRNA and translation of cytochrome f also diminished, 
indicating that these factors are limiting for cytochrome f accumulation. Because 
Mca1 has a short half-life, its abundance varies rapidly under physiological condi-
tions in which the demand for Cytb6 f changes. Such a case occurs under nitrogen 
starvation or in aging cultures in which a decrease of both factors can be correlated 
with a loss of petA mRNA and Cytb6 f [113]. Interestingly, the degradation of Mca1 
is triggered through its interaction with unassembled Cytf and involves the same 
residues of Cytf that constitute the repressor motif during CES, i.e. mutations which 
abolish CES also prevent Mca1 turnover. Thus while some of the nucleus-encoded 
factors involved in chloroplast gene expression may be constitutively required, oth-
ers such as Mca1 clearly have a regulatory role in this process.

3.2.4  Redox Control of Post-Transcriptional Steps  
of Chloroplast Gene Expression

A hallmark of chloroplast protein synthesis is the involvement of numerous nucle-
us-encoded translational activators, some of which are part of protein complexes. 
The activity of some of these activators is influenced by the light environment and 
can also be affected by the nutrients in the growth medium. Indeed a large increase 
in the rate of synthesis of the major thylakoid proteins occurs upon a transition from 
dark to light in plants and algae [74]. A particularly striking example is the D1 reac-
tion center protein of PSII. Because of the highly oxidizing water splitting reaction 
catalyzed by PSII, photodamage to D1 is unavoidable and damaged D1 needs to be 
replaced continuously by newly synthesized protein. A protein complex consisting 
of RB60, RB55, RB47 and RB38 was characterized in C. reinhardtii which binds 
specifically to the 5’UTR of psbA mRNA encoding D1 [29]. This binding is strong-
ly enhanced by light and mediated through RB47, a member of the polyA binding 
protein family [159]. Mutants lacking this protein are no longer able to synthesize 
D1 [159, 160]. This observation, together with the correlation between the light-
stimulated RNA binding activity of the psbA mRNA complex and the association 
of psbA mRNA with polyribosomes and its translation, strongly suggest that the 
complex plays an important role in the initiation of translation of this mRNA. The 
levels of the proteins of the complex remain the same during the light shift, indicat-
ing a post-translational regulation. Indeed, in vitro the RNA binding activity of this 
complex appears to be regulated by the redox state of the complex which in turn is 
regulated by thioredoxin [31]. The disulfide isomerase RB60 which carries a redox-
active regulatory site was identified as the redox sensor of the psbA RNA binding 
complex [58, 140]. It regulates, together with the oxidoreductase Tba1 [126], the 
RNA binding activity of RB 47 in response to the redox state of the chloroplast by 
reacting with a regulatory disulfide of RB47 indicating that these two redox part-
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ners are most likely coupled [2]. In its reduced but not in its oxidized state RB47 
binds to the psbA 5’UTR, which correlates with an increase of translation. Further-
more RB60 appears to mediate the attenuation of psbA mRNA translation in the 
dark through phosphorylation of RB60 by ADP [30].

Another component of the psbA RNA complex, RB38, binds specifically to U-
rich stretches of the psbA 5’UTR [14]. However RB38 was renamed RB40 and 
shown to be involved in psbD, encoding D2, the partner reaction center protein 
of D1, rather than in psbA translation [120]. Translation of psbD mRNA is also 
increased by light. By binding to the psbD 5’UTR, RB40 destabilizes a stem-loop-
structure which provides access of the small ribosomal subunit to the psbD initia-
tion codon [60, 96]. As in the case of psbA, D2 synthesis in the light appears to be 
mediated through the formation of a dynamic high MW complex in which Nac2 and 
RB40 form an interprotein disulfide bridge [120]. This bridge is opened in the dark 
by NTRC, the NADPH-dependent thioredoxin reductase, a process which leads to 
the dissociation of RB40 from the complex and correlates with the arrest of transla-
tion initiation [121]. This system might establish a direct link between chloroplast 
gene expression and carbon metabolism during cell adaptation in the dark.

3.3  Retrograde Signaling

Retrograde signaling is usually defined as the process through which changes in 
the developmental and metabolic state of plastids are transmitted to the nucleus 
where they elicit specific changes in nuclear gene expression. This communica-
tion between plastid and nucleus is essential for ensuring a coordination between 
nuclear and chloroplast gene expression for proper chloroplast biosynthesis and 
maintenance, as well as for adaptation under adverse environmental conditions. 
Although the identity of the plastid-derived signals is still not clear, at least four 
distinct sources of these signals have been considered. They include the tetrapyrrole 
biosynthetic pathway, plastid protein synthesis, the redox state of the plastid and in 
particular that of the photosynthetic electron transport chain, and reactive oxygen 
species (ROS) within the organelle.

3.3.1  Role of Tetrapyrroles in Retrograde Signaling

The first evidence for the involvement of tetrapyrroles in retrograde signaling came 
from studies of Chlamydomonas which revealed that the level of LHCII mRNA 
was decreased in mutants with defects in the tetrapyrrole pathway (Fig. 3.5) or 
in wild-type cells treated with inhibitors of chlorophyll synthesis [55]. The role 
of tetrapyrroles in retrograde signaling in this alga was further confirmed by the 
observation that feeding of Mg-protoporphyrin IX (MgProto) to Chlamydomonas 
cells upregulates the genes of HemA (glutamyl-tRNA reductase) and the chaperone 
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genes Hsp70A, Hsp70B and HSP70E [65]. To rule out the possible role of ROS 
in this response, these feeding experiments were performed in the dark. However 
light induction of HSP70A still occurs in mutants of C. reinhardtii affected in the 
Mg-chelatase which are deficient in chlorophyll and accumulate reduced amounts 
of Mg-tetrapyrroles. In these mutants the level of free heme is increased and the role 
of heme in this process is further supported by the observation that feeding of hemin 
to cells grown in the dark activates HSP70A expression [143]. A response element 
called PRE was identified in the HSP70A promoter which mediates induction by 
Mg Proto, heme and light and which is also present in other nuclear genes induced 
by hemin [142, 143]. Further support for the convergence of these signals in the 
same pathway arises from the observation that an extended treatment of cells with 
hemin abolishes the induction of HSP70A by Mg Proto or light [143]. Recently a 
genome-wide transcriptional profiling was performed to assess the global impact of 
these tetrapyrroles on nuclear gene expression in C. reinhardtii. Close to 1000 genes 
were identified whose expression changed transiently and which encode enzymes 
of the tricarboxylic acid cycle, heme-binding proteins, stress-response proteins and 
proteins involved in protein folding and degradation [144]. Because these tetrapyr-
roles are unlikely to be found in the natural environment of the alga, it is probable 
that they act as messengers in intracellular pathways that signal changes in the en-
vironment. However the drastic changes in mRNA levels were not paralleled by 
similar changes in protein amount [144].
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Further evidence for the role of tetrapyrroles in retrograde signaling in Chlam-
ydomonas is based on the recent identification of a functional bilin biosynthesis 
pathway in this alga although, as other chlorophytes, it does not produce phyto-
chromes which are known to use bilins as chromophores [34]. In this alga a plas-
tid-localized heme oxygenase HMOX1 and a ferredoxin-dependent bilin reductase 
(PCYA) yield bilin metabolites which appear to play an important role for photo-
trophic growth by detoxifying molecular oxygen produced by photosynthesis and 
for enhanced chlorophyll synthesis in the light. Thus bilins appear to be widespread 
as retrograde signals, at least in chlorophytes. This study also revealed a cytosolic 
heme oxygenase that enables the cells to scavenge extracellular heme as an iron 
source.

Additional compelling evidence of the involvement of tetrapyrroles as mediators 
for plastid-to-nucleus communication was provided by the recent identification of 
a tetrapyrrole-regulated ubiquitin ligase as cell cycle coordinator from organelle to 
nuclear DNA replication in the primitive red alga Cyanidioschyzoan merolae [61, 
62, 135].

The situation is less clear in land plants. Genetic screens for mutants deficient 
in retrograde signaling have been performed which take advantage of the fact that 
treatment of plants with norflurazon, an inhibitor of carotenoid biosynthesis, leads 
to photooxidation of chloroplasts and to a decrease in the accumulation of LH-
CII mRNA [75]. By screening for derepression of a reporter gene driven by the 
LHCII promoter in a transgenic Arabidopsis line treated with norflurazon, several 
gun ( genome uncoupled) mutants were isolated [134]. Loss of function of these 
GUN genes leads to an increased expression of LHCII genes, or more generally, of 
photosynthesis-associated nuclear genes when chloroplast development is inhib-
ited. The gun2 and gun3 mutations affect the heme oxygenase and phytochromobi-
lin synthase genes, respectively, which are responsible for the conversion of heme 
into phytochromobilin, the chromophore of phytochromes (Fig. 3.5). The gun2 and 
gun3 mutants are allelic to the long hypocotyl photomorphogenic mutants hy1 and 
hy2 which develop long hypocotyls when grown in the light, a phenotype which 
occurs in wild-type plants grown in the dark. The gun5 mutation affects CHLH, 
one of the three subunits of Mg-chelatase which converts ProtoIX into Mg-ProtoIX 
[83], whereas gun4 affects a regulatory protein which stimulates the activity of this 
enzyme by facilitating the binding of its substrate and/or the release of its product 
[68]. In contrast, although the cs and ch42 mutants deficient in CHLI accumulate 
decreased amounts of Mg-ProtoIX and methylester of Mg-ProtoIX (Mg-Proto-IX-
ME), they do not display a gun phenotype [83]. Similarly the chlm and crd1 mu-
tants affected in the steps following Mg-ProtoIX in the tetrapyrrole pathway are not 
gun mutants [84]. While the involvement of the tetrapyrrole pathway in retrograde 
signaling is undisputed, it is not yet clear whether the effect is direct or indirect 
and the identity of the signaling molecules is uncertain. It was first proposed that 
Mg-ProtoIX acts as a signal [130] and that it can cross the chloroplast envelope 
and accumulate in the cytosol [4]. However careful measurements of Mg-ProtoIX 
and Mg-ProtoIX-ME in the wild type and in several gun mutants led to the conclu-
sion that Mg-ProtoIX does not act as a signaling molecule in Arabidopsis [84, 87]. 
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Perturbation of the tetrapyrrole pathway may lead to photo-oxidative damage and 
to the formation of ROS and it may also change the redox state of the plastid which 
would in turn trigger retrograde signaling [85].

Whereas gun1–5 were identified as loss-of-function mutants, gun6 was isolated 
as a gain-of-function gun mutant which overexpresses the plastid ferrochelatase 
FC1 [151]. In this mutant the increased flux through the heme branch of the tetra-
pyrrole pathway leads to an increase in PhANG (photosynthesis-associated nuclear 
gene) expression, although the total heme level is not increased compared to wild-
type plants. Therefore the inhibitory action of free heme on glutamate-tRNA reduc-
tase at an early step in the tetrapyrrole biosynthetic pathway and on chlorophyll syn-
thesis would not occur. However, transient changes in heme level may play a role 
in this signaling pathway and heme itself may act as a positive signal, especially 
because blocking heme catabolism and phytochromobilin synthesis also enhances 
PhANG expression [151]. Surprisingly, overexpression of FC2, a second plastid 
ferrochelatase in Arabidopsis, does not lead to a gun phenotype, raising the possibil-
ity that the two ferrochelatases FC1 and FC2 contribute to distinct pools of heme 
[151]. Because heme can be exported from chloroplasts [136], it could then increase 
PhANG expression by interacting with transcription factors in the nucleo-cytosol as 
in the case of yeast [161] and humans [158], or it could act indirectly by binding to 
hemoproteins, chaperones or transporters. Proteins of the SOUL family which have 
been shown to bind heme could be involved in these processes of heme trafficking 
and signaling [26]. Thus as proposed for Chlamydomonas [143], heme could act 
as a positive retrograde signal for the expression of specific nuclear genes in land 
plants and play a role in the coordination with chloroplast development. However 
the underlying molecular mechanisms are still largely unknown.

3.3.2  Plastid Protein Synthesis and Retrograde Signaling

Because plastid and nuclear gene expression are tightly coordinated, it is not sur-
prising that a deficiency in chloroplast protein synthesis has a strong impact on 
nuclear gene expression. The first evidence for such a process came from studies 
of the barley albostrians mutant [21]. In this variegated mutant the white tissue is 
deficient in plastid ribosomes and shows decreased activity of enzymes involved 
in photosynthesis, suggesting that cytoplasmic synthesis of plastid proteins may 
be controlled by plastid RNA [21]. These studies were later extended by showing 
that transcription of the genes encoding the light-harvesting system were down-
regulated in the albostrians mutant [51].

It is now well established that treatment of wild-type plants with inhibitors of 
plastid translation such as chloramphenicol, lincomycin, erythromycin and strepto-
mycin leads to decreased expression of nuclear genes of plastid proteins involved in 
photosynthesis in land plants [92, 131]. The inhibitory effect on nuclear gene expres-
sion was however only detected within the first 2–3 days of seedling development 
[92], and moreover, it was also seen in the dark in the pea lip1 ( light-independent 
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photomorphogenesis 1) and Arabidopsis cop1 ( constitutively photomorphogenic1) 
mutants which have a photomorphogenic development in the dark, thus indicating 
that light is not essential for this signaling pathway [46]. Similar effects were also 
observed by treating plants with tagetitoxin, a specific inhibitor of plastid RNA 
polymerase [112] or by nalidixic acid, an inhibitor of plastid DNA replication and 
transcription [46]. Taken together these studies indicate that a plastid-derived signal 
which is dependent on plastid transcription and/or translation is essential for the 
biogenesis of this organelle.

Amongst the isolated gun mutants only gun1 retains the ability to express nucle-
ar genes involved in photosynthesis when it is grown in the presence of an inhibitor 
of plastid protein synthesis early in seedling development before the photosynthetic 
machinery is fully functional [83]. The GUN1 signaling pathway is thus linked to 
disruption of chloroplast translation. The fact that gun1 was isolated by selection 
on norflurazon suggests that chloroplast photo-oxidation induced by norflurazon 
interferes with signals originating from the plastid protein synthesis pathway. More-
over, seedling development in gun1 is perturbed at the level of hypocotyl elongation 
and cotyledon expansion in response to sucrose, abscisic acid (ABA) and redox 
changes in the photosynthetic electron transport chain [27]. In the presence of these 
compounds developmental arrest is more severe compared to wild-type seedlings. 
GUN1 is a chloroplast PPR protein which contains in addition a SMR domain 
(small MutS-related) in its C-terminal part which is found in proteins involved in 
DNA repair and recombination. Based on immunofluorescence GUN1 colocalizes 
with pTAC2, a protein associated with transcriptionally active complexes in chloro-
plasts [63, 101], indicating that it is a plastid nucleoid protein.

Global gene expression responses of wild type, gun1 and gun5 to norflurazon 
revealed that they share a large number of genes which are derepressed as compared 
to wild type, strongly suggesting that GUN1 and GUN5 act in the same signaling 
pathway [63]. Interestingly, the promoters of these target genes contain the core 
of the light-responsive and the abscisic acid (ABA) response element. Amongst 
several ABA-deficient or ABA-sensitive mutants tested, only abi4 displayed a gun 
phenotype, i.e., increased Lhcb mRNA accumulation in seedlings treated with lin-
comycin [63]. ABI4 appears to act downstream of GUN4 based on the observation 
that overexpression of ABI4 which encodes the transcription factor APETALA-2 
suppressed the gun1 phenotype [63]. The picture which emerges from this study 
is that three retrograde signaling chains which become apparent when perturba-
tions occur in the tetrapyrrole pathway, in plastid gene expression or in the redox 
state of the photosynthetic electron transport chain, converge within the chloroplast 
upstream or at the level of GUN1. The GUN1-derived signal is then transmitted to 
ABI4, which binds to the Lhcb promoter where it interferes with the binding of G-
box binding factors required for the light-dependent expression of photosynthetic 
genes. In this respect it is interesting to note that studies on the nuclear chloroplast 
transcriptome under 101 different conditions revealed 23 distinct regulons, i.e., sets 
of genes that are coexpressed under the different conditions [18]. Amongst the three 
types of transcriptional regulation which were apparent, one reveals a master switch 
which either induces or represses the same large set of genes [71]. In this respect 
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ABI4 may be the proposed master switch gene which controls nuclear genes in 
response to environmental signals and developmental cues in the chloroplast [63].

A key question is how the signals generated in the chloroplast are transmitted 
across the envelope membranes to the nucleus. Significant progress in this area 
has been achieved recently through the identification of PTM, a chloroplast enve-
lope-bound homeodomain (PHD) transcription factor with transmembrane domains 
which mediates signals from undeveloped or damaged chloroplasts to the nucleus 
[132]. Upon release from the chloroplast envelope by an unknown protease, the 
N-terminal part of this factor moves to the nucleus where it transmits multiple ret-
rograde plastid signals and activates transcription of ABI4 which acts as a repressor 
of photosynthetic genes [132]. Although PTM proteins are conserved in land plants 
they appear to be absent from Chlamydomonas revealing major differences in retro-
grade signaling between plants and green algae. It should be noted that transcription 
factors tethered to the ER and Golgi membrane which are released from the mem-
brane by proteolytic cleavage have been characterized and shown to be involved in 
both stress and developmental signaling pathways [23].

3.3.3  Chloroplast Redox Changes and Retrograde Signaling

Redox changes in the chloroplast can occur within the photosynthetic electron 
transport chain upon changes in environmental conditions such as light quality and 
quantity, CO2 and nutrient availability and heat stress. These changes occur mostly 
at the level of the plastoquinone pool as the result of unequal excitation of the 
two photosystems or of limitations in the electron acceptor capacity in the Cal-
vin–Benson cycle and in other downstream reactions. Changes in gene expression 
caused by changes in the redox state of the PQ pool occur in chloroplasts [103] 
and have been clearly demonstrated in some algae for nuclear genes [35, 39]. In 
contrast, in land plants the role of the redox poise of the PQ pool is less important 
for nuclear genes, although PQ redox control could be demonstrated for the genes 
of plastocyanin, cytosolic ascorbate reductase and ELIP2 of Arabidopsis [59, 104, 
155]. Changes in PQ redox poise have been induced by shifting plants from light 
preferentially absorbed by PSII (PSII light) to light preferentially absorbed by PSI 
(PSI light) which favours reduction and oxidation of the PQ pool, respectively. Al-
though the transcription of many nuclear genes depends on photosynthetic electron 
transport, regulation by the PQ redox state could only be demonstrated for a small 
portion of these genes. From a set of ca. 2000 genes of Arabidopsis responding to 
light changes corresponding to a shift from light preferentially absorbed by PSII 
to light preferentially absorbed by PSI, less than 15 % were shown to be strictly 
regulated at the RNA level by the redox state of the PQ pool [42, 43]. This low per-
centage may be due to the fact that expression profiles were determined at the end 
of the acclimation period when a new expression equilibrium had been reached. To 
identify genes whose expression is affected only transiently after the light switch 
and which might escape detection under steady state conditions, the kinetics of 
gene expression was determined during PSI to PSII or PSII to PSI light shift experi-
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ments [22]. These experiments revealed a larger set of genes with changed expres-
sion levels, although in most cases these changes were rather modest, less than two 
fold. Comparison of the expression profiles during PSI–PSII and PSII–PSI light 
shifts revealed opposite patterns with genes involved in metabolism down- and up 
regulated, respectively, whereas genes associated with photosynthesis were down 
regulated in a PSII–PSI shift and expression was more balanced in a PSI–PSII shift 
[22]. In such experiments genes which respond rapidly are likely to be directly 
regulated by the redox signals. A set of 54 and 29 genes corresponding to PSI–PSII 
and PSII–PSI shifts were identified in this way. These genes encode mostly pro-
teins with regulatory functions such as transcription factors and protein interaction 
and modification factors. One of them is SIG1, a transcription factor of plastid en-
coded RNA polymerase. Very little overlap with expression profiles from ROS and 
other signaling pathways could be detected, suggesting that the responses to redox 
changes of the photosynthetic electron transport chain are distinct. One problem is 
that most of these changes in gene expression are modest and it remains to be seen 
whether the observed changes in transcript levels are accompanied by correspond-
ing changes in their protein products [22].

One obvious target for sensing the redox state of the plastoquinone pool is the 
STN7 protein kinase which is known to be activated when the PQ is reduced and 
plastoquinol binds to the Qo site of the Cytb6 f complex. Amongst 937 genes found 
to be significantly regulated in the wild type during these light shift experiments 
800 did no longer respond in the stn7 mutant, indicating that most of these genes are 
under redox control [22]. However the downstream components of this retrograde 
signaling chain are still largely unknown.

Although changes in Lhcb gene expression caused by changes in the redox state 
of the PQ pool have been clearly demonstrated in some green algae [35], the situ-
ation is different in land plants. Here changes in the antenna size of PSII and PSI 
resulting from changes in PQ redox state are determined by variations in the Lhcb 
transcript levels which are controlled at the post-transcriptional rather than tran-
scriptional level [45]. Another difficulty in these studies is that it is not easy to dis-
tinguish specific effects caused by changes in the PQ pool redox poise from signals 
mediated by photoreceptors [15]. Additional plastid redox sensors include ferredox-
in and other redox-active thiol group-containing proteins, and antioxidants which 
are coupled to the photosynthetic electron transport. In all these cases a change in 
the redox state of a compound triggers signals of unknown nature which are trans-
mitted across the chloroplast envelope to activate a cytosolic signaling pathway 
which in turn modulates the expression of a specific group of nuclear genes.

3.3.4  Reactive Oxygen Species Involved in Retrograde Signaling

Electron escape out of the photosynthetic electron transport chain can occur at dif-
ferent sites and is enhanced especially under adverse growth conditions such as 
elevated temperature, drought or high light when the capacity of the natural electron 
sinks of the electron transport chain and the detoxification capacity of the plastids 
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is exceeded. At the level of PSII, charge recombination and conversion of singlet 
to triplet chlorophyll occurs, which then reacts with triplet oxygen to form singlet 
oxygen. At the acceptor side of PSI, electrons can react with oxygen to form super-
oxide, hydrogen peroxide and hydroxyl radicals. Because these different ROS are 
usually produced together it has been difficult to determine which ROS is respon-
sible for a specific change in nuclear gene expression. However, in the case of the 
flu mutant of Arabidopsis, it has been possible to find conditions under which only 
singlet oxygen is produced [79, 80]. This mutant lacks the FLU protein required for 
the negative feedback control which occurs at an early step in the tetrapyrrole bio-
synthetic pathway (Fig. 3.5). In this way protochlorophyllide accumulation is pre-
vented in the dark in wild-type plants but not in flu because the conversion of pro-
tochlorphyllide to chlorophyllide is light-dependent in land plants. Accumulation 
of this highly photodynamic chlorophyll precursor in dark-grown flu mutant plants 
leads to photo-oxidation and to the production of singlet oxygen upon exposure of 
the plants to light. A suppressor screen of the flu mutant identified the Executer 1 
(Ex1) protein which is associated with the thylakoid membrane [146]. This protein 
qualifies as a singlet oxygen-signaling molecule based on the observation that the 
flu phenotype is suppressed in the ex1 flu double mutant. Interestingly, this sup-
pressed strain still overaccumulates PChlide in the dark and releases singlet oxygen 
after exposure to light, but it no longer undergoes growth arrest and cell death. It is 
therefore likely that Ex1 is part of a singlet oxygen-sensitive programmed cell death 
response. Moreover, a paralog of Ex1 called Ex2 exists, and ex1ex2 flu plants are 
unable to induce most of the singlet oxygen-responsive genes [70]. Because singlet 
oxygen has a short half-life and limited diffusion [64], it is unlikely to act over long 
distances, especially beyond the chloroplast. In this case β-cyclocitral, which is 
produced through the oxidation of β-carotene by singlet oxygen, could transmit the 
signal across the chloroplast envelope to the nucleo-cytosol [95].

A genetic screen of C. reinhardtii cells for mutants more tolerant to singlet oxy-
gen-producing chemicals identified the Sor1 gene coding for a transcription factor 
which links reactive electrophile signaling to singlet oxygen acclimation. This re-
sponse involves increased expression of Sor1 itself and of a large number of oxida-
tive stress response and detoxification genes [44].

Amongst the ROS H2O2 appears to be a promising candidate for intra- and inter-
cellular signaling because of its longer half-life and lower toxicity [88, 145]. Its for-
mation is increased under many stress conditions, especially high light, which lead 
to changes in nuclear gene expression. Some of the genes involved in this response 
are the cytosolic ascorbate peroxidases APX1 and APX2, the zinc finger transcrip-
tion factors ZAT10 and ZAT12, and the chloroplast chlorophyll binding protein 
ELIP2. Most of these genes are upregulated upon treatment with H2O2. Moreover 
APX2 and ZAT10 are downregulated upon infiltration of leaves with catalase after 
high light treatment [57]. These two genes are upregulated by ABA, drought, and 
changes in glutathione metabolism and PQ redox poise [10, 82, 155]. Under stress 
conditions, a crosstalk between singlet oxygen and H2O2 signaling is apparent when 
the latter compound stimulates the oxidation of QA, the primary electron accep-
tor of PSII [67]. This enhances the photosynthetic yield and thereby attenuates the 
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overexcitation of PSII during exposure to high light and consequently the formation 
of singlet oxygen. How H2O2 signaling occurs is still poorly understood. In this 
respect it is interesting to note that aquaporins can channel H2O2 across membranes 
[19] and that oxidative gating of aquaporin channels can be induced by H2O2 and 
hydroxyl radicals [157]. If H2O2 can traverse biological membranes, the question 
arises how the cells distinguish between H2O2 generated in the chloroplast from that 
produced in the cytosol, for example as a consequence of a pathogen attack at the 
plasma membrane, especially given the fact that the corresponding stress reactions 
are different.

3.3.5  Additional Metabolites Involved in Retrograde  
Signaling during Stress Responses

High light stress can induce other metabolites that act in retrograde signaling be-
sides singlet oxygen and ROS. Recent genetic studies have revealed that plastids 
can sense external cues by accumulating specific metabolites which then move 
from the plastid to the nucleus to convey the information to the nucleus [41, 150]. 
This is the case for 3’-phosphoadenosine 5’-phosphate (PAP) and perhaps also for 
methylerythritol cyclodiphosphate (MEcPP) which accumulate under excess light 
and drought. PAP migrates from the chloroplast to the cytosol and subsequently 
to the nucleus where it interacts with XRNs, 5’ to 3’ exonucleases, and regulates 
stress-responsive genes [40]. PAP therefore qualifies as the first plastid retrograde 
signal that is generated in the plastid and moves to the nucleus to induce a re-
sponse. The other metabolite MEcPP is a precursor of isoprenoids generated in the 
methylerythritol phosphate pathway in the chloroplast [154]. However it is not yet 
clear whether MEcPP migrates to the nucleus or additional downstream signals 
are involved in this retrograde signaling which ultimately regulates nuclear genes 
involved in stress responses.

3.3.6  Repressible Chloroplast Gene Expression  
in Chlamydomonas

While specific inhibitors of chloroplast gene expression have been used success-
fully to study retrograde signaling, a major disadvantage is that they affect all chlo-
roplast genes and probably also most of the mitochondrial genes. This induces a ma-
jor stress response which probably involves many signaling pathways and thereby 
makes the analysis more difficult. To elicit a more targeted response, a repressible 
chloroplast gene expression system was established in Chlamydomonas [111, 133]. 
This system is based on the use of nucleus-encoded chloroplast proteins that are re-
quired for chloroplast gene expression and that act at a post-transcriptional level in a 
gene-specific manner. The Nac2 protein was chosen because this protein is specifi-
cally required for the accumulation of the chloroplast psbD mRNA coding for the 
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PSII reaction center protein D2, and it acts on its 5’UTR [66, 90]. Thus nac2 mutant 
cells lack psbD mRNA but accumulate other chloroplast mRNAs as in the wild 
type. Any chloroplast gene can be chosen as target by fusing the psbD 5’UTR to 
its coding sequence because the psbD 5’UTR is necessary and sufficient to convey 
Nac2 dependence on the expression of the downstream coding sequence [90]. The 
basic idea was to drive Nac2 with an inducible/repressible nuclear promoter/5’UTR 
in a nac2 mutant background so that psbD is no longer expressed when Nac2 ex-
pression is repressed (Fig. 3.6). In one case the copper-repressible Cyc6 promoter 
of cytochrome c6 was used which is repressed in cells grown in copper-containing, 
but not in copper-depleted medium [77]. Another possibility is to use the MetE pro-
moter of methionine synthase which is repressed by vitamin B12, in combination 
with the thiamine pyrophosphate riboswitch contained in the Thi4 5’UTR which 
induces an unproductive alternative splicing event when thiamine is supplied to the 
growth medium [28]. Although both systems have been used for Nac2 repression, 
the vitamin repressible system proved to be more reliable and made it possible to 
engineer strains in which repression of essential chloroplast genes can be controlled 
in a tunable and reversible way [111, 133].

In particular, this system was used to conditionally downregulate expression of 
the essential plastid genes rpoA and rps12 coding for the α subunit of the chloro-
plast RNA polymerase and the ribosomal protein Rps12, respectively [111]. Rps12 
plays a key role in the decoding center of the ribosome, and is therefore indispens-
able for translation. Inhibition of chloroplast translation caused some unexpected 
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Fig. 3.6  Repressible chloroplast gene expression system in Chlamydomonas. The coding sequence 
of Nac2 is fused to either the nuclear Cyc6 promoter or the combined MetE methionine synthase 
promoter and Thi4 5’UTR containg the thiamine pyrophosphate responsiveThi4 riboswitch. The 
Nac2 protein is targeted to the chloroplast where it interacts with the psbD 5’UTR for stabilization 
of the psbD mRNA. The Nac2 dependence can be transferred to any chloroplast gene by fusing 
it to the psbD 5’UTR. The expression of psbD can be made independent of Nac2 by fusing the 
psbD coding sequence to another chloroplast 5’UTR. The Cyc6 promoter is active in copper-free 
medium and repressed in the presence of copper. The MetE promoter/Thi4 5’UTR allows expres-
sion of Nac2 only in absence of vitamin B12 and thiamine pyrophosphate
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effects. While the levels of the mRNAs of the components of the photosynthetic 
machinery changed only slightly upon arrest of chloroplast translation, a large in-
crease in RNA occurred for several plastid mRNAs, including those of the RNA 
polymerase, several ribosomal proteins, elongation factor TufA, ClpP1, factors in-
volved in light-independent chlorophyll synthesis and several plastid open reading 
frames of unknown function. Similar, although not identical, results were obtained 
after repression of chloroplast transcription. They could be explained by regulatory 
negative feedback loops for these chloroplast transcripts which might function as 
compensatory mechanisms to the decrease in gene expression (Fig. 3.7). It is also 
possible that ribosome-associated nucleolytic activities could degrade these mRNA 
after translation, but this process would no longer occur in the absence of transla-
tion and transcription. It is interesting to note that similar feedbacks have also been 
found in bacteria for ribosomal operons, raising the possibility that these feedback 
mechanisms have been conserved during evolution.
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Fig. 3.7  Negative regulatory feedback loops in the chloroplast gene circuitry. Left: chloroplast 
compartment; right: nucleo-cytosol. ClpP1 subunit of chloroplast ATP-dependent protease, r-prot 
chloroplast ribosomal proteins, rpo subunits of chloroplast RNA polymerase, tufA elongation 
factor, chl subunits of the light-independent protochlorophyllide reductase. Nucleus-encoded 
mRNAs coding for chloroplast and cytoplasmic proteins are shown in red and blue, respectively, 
on the right. Negative regulatory feedback loops are revealed through repression of transcription 
( green lines) or translation ( red lines). Factors involved are still unknown (X, Y, Z) except for 
the ClpP1 protein which represses accumulation of its own mRNA directly or indirectly ( green 
circular line). The feedback loops act mostly at the level of RNA accumulation in contrast to 
CES (Control of Epistasy of synthesis), an assembly-dependent feedback process in which unas-
sembled CES subunits inhibit directly or indirectly their own translation ( green circular lines) 
(for review see [24]) (reproduced from ref. [111] with permission)
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In Chlamydomonas, repression of chloroplast transcription and translation af-
fects not only chloroplast RNA levels but also the accumulation of a specific set of 
nuclear RNAs, suggesting the existence of a retrograde signaling pathway similar 
to the one in land plants [111]. While mRNA levels of the LHCII proteins are down-
regulated, those of VIPP1, Alb3.2 and several HSP proteins are increased (Fig. 3.7). 
It is possible that VIPP1 and Alb3.2 which, are both involved in some unknown 
way in lipid trafficking during thylakoid membrane biogenesis, are also implicated 
in membrane remodelling under conditions of limited chloroplast protein synthesis, 
a process which may also involve some HSP proteins. Besides mRNAs coding for 
chloroplast proteins, those of some cytosolic proteins are also upregulated [111]. 
The case of ubiquitin is particularly intriguing as it raises the possibility that un-
der conditions which compromise chloroplast gene expression, cytosolic protein 
degradation is enhanced. Whether this process would act on proteins targeted to 
the chloroplast or whether it could also involve extraction of proteins from the plas-
tid for degradation remains to be explored. In this respect, a mechanism of this 
sort has been studied in mitochondria where proteins from the inner mitochondrial 
membrane are extracted and subsequently presented to the cytoplasmic proteasome 
for degradation through the action of Cdc48 [49] whose mRNA is also increased 
when chloroplast gene expression is repressed in Chlamydomonas [111]. Finally, it 
is conceivable that compromised chloroplast gene expression will seriously affect 
plastid protein homeostasis and thereby induce several chloroplast chaperones in a 
similar way as described for the mitochondrial unfolded protein response [162]. In 
this regard, it is interesting to note that a recent genetic screen with Arabidopsis car-
ried out in the presence of norflurazon, but under conditions that minimize photo-
oxidative stress, led to the identification of a novel class of mutants named “happy 
on norfluorazon” ( hon) which are able to green in the presence of the herbicide 
[116]. These hon mutants are affected in plastid protein synthesis and degradation 
and they appear to activate an acclimatory response prior to the exposure to stress 
which attenuates their susceptibility to stress treatment. This example illustrates 
both the importance and the potential of future studies aiming to understand more 
deeply the mechanisms regulating chloroplast protein homeostasis.

3.4  Conclusions and Perspectives

Chloroplast biogenesis and function depends on the concerted action of two genetic 
systems located in the nucleo-cytosol and chloroplast. Coordination of these two 
systems requires an elaborate bidirectional cross-talk between them. A surprisingly 
large number of nuclear genes has been identified whose products are targeted to the 
chloroplast where they act at different levels of chloroplast gene expression includ-
ing transcription, RNA processing, RNA stability, RNA editing, splicing, translation 
and assembly of the photosynthetic complexes. Several of these nuclear genes and 
their products have been identified and characterized. Some of these factors have 
short half-lives and their level varies rapidly upon changes in the environmental 
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cues such as irradiance, nutrients and temperature, strongly suggesting that they 
play important regulatory roles.

Less is known about retrograde signaling, although several potential sources of 
retrograde signals have been uncovered involving the tetrapyrrole and isoprenoid 
pathway, plastid protein synthesis, the redox state of the photosynthetic electron 
transport chain, and a selected set of ROS which convey information about the 
state of plastids to the nuclear genome so that it can elicit a response for proper ad-
justment of the chloroplast. High throughput sequencing, transcriptomic, proteomic 
and metabolic studies are providing a wealth of data and some useful leads to un-
cover the mechanisms of plastid-to-nucleus communication. However, the major 
challenge remains the identification and characterization of the molecular players of 
these signaling cascades. The development of innovative genetic, biochemical and 
cell biology approaches will probably make this goal feasible.

Acknowledgements We thank Nicolas Roggli for preparing the figures. The work in the authors’ 
laboratory was supported by grant 31003A_133089/1 from the Swiss National Foundation.

References

 1. Abdallah F, Salamini F, Leister D (2000) A prediction of the size and evolutionary origin of 
the proteome of chloroplasts of Arabidopsis. Trends Plant Sci 5:141–142

 2. Alergand T, Peled-Zehavi H, Katz Y, Danon A (2006) The chloroplast protein disulfide isom-
erase RB60 reacts with a regulatory disulfide of the RNA-binding protein RB47. Plant Cell 
Physiol 47:540–548

 3. Allen JF (1993) Control of gene expression by redox potential and the requirement for chlo-
roplast and mitochondrial genomes. J Theor Biol 165:609–631

 4. Ankele E, Kindgren P, Pesquet E, Strand A (2007) In vivo visualization of Mg-protoporphy-
rin IX, a coordinator of photosynthetic gene expression in the nucleus and the chloroplast. 
Plant Cell 19:1964–1979

 5. Arsova B, Hoja U, Wimmelbacher M, Greiner E, Ustun S, Melzer M, Petersen K, Lein W, 
Bornke F (2010) Plastidial thioredoxin z interacts with two fructokinase-like proteins in a 
thiol-dependent manner: evidence for an essential role in chloroplast development in Arabi-
dopsis and Nicotiana benthamiana. Plant Cell 22:1498–1515

 6. Asakura Y, Barkan A (2007) A CRM domain protein functions dually in group I and group II 
intron splicing in land plant chloroplasts. Plant Cell 19:3864–3875

 7. Auchincloss AH, Zerges W, Perron K, Girard-Bascou J, Rochaix JD (2002) Characterization 
of Tbc2, a nucleus-encoded factor specifically required for translation of the chloroplast psbC 
mRNA in Chlamydomonas reinhardtii. J Cell Biol 157:953–962

 8. Baginsky S, Tiller K, Pfannschmidt T, Link G (1999) PTK, the chloroplast RNA polymerase-
associated protein kinase from mustard ( Sinapis alba), mediates redox control of plastid in 
vitro transcription. Plant Mol Biol 39:1013–1023

 9. Balczun C, Bunse A, Hahn D, Bennoun P, Nickelsen J, Kuck U (2005) Two adjacent nuclear 
genes are required for functional complementation of a chloroplast trans-splicing mutant 
from Chlamydomonas reinhardtii. Plant J 43:636–648

10. Ball L et al (2004) Evidence for a direct link between glutathione biosynthesis and stress 
defense gene expression in Arabidopsis. Plant Cell 16:2448–2462

11. Barkan A, Walker M, Nolasco M, Johnson D (1994) A nuclear mutation in maize blocks the 
processing and translation of several chloroplast mRNAs and provides evidence for the dif-
ferential translation of alternative mRNA forms. EMBO J 13:3170–3181



J.-D. Rochaix and S. Ramundo104

12. Barkan A, Klipcan L, Ostersetzer O, Kawamura T, Asakura Y, Watkins KP (2007) The CRM 
domain: an RNA binding module derived from an ancient ribosome-associated protein. RNA 
13:55–64 [Epub 2006 Nov 14]

13. Barkan A, Rojas M, Fujii S, Yap A, Chong YS, Bond CS, Small I (2012) A combinato-
rial amino acid code for RNA recognition by pentatricopeptide repeat proteins. PLoS Genet 
8:e1002910

14. Barnes D, Cohen A, Bruick RK, Kantardjieff K, Fowler S, Efuet E, Mayfield SP (2004) 
Identification and characterization of a novel RNA binding protein that associates with the 
5’-untranslated region of the chloroplast psbA mRNA. Biochemistry 43:8541–8550

15. Beck CF (2005) Signaling pathways from the chloroplast to the nucleus. Planta 222:743–756
16. Beick S, Schmitz-Linneweber C, Williams-Carrier R, Jensen B, Barkan A (2008) The pen-

tatricopeptide repeat protein PPR5 stabilizes a specific tRNA precursor in maize chloroplasts. 
Mol Cell Biol 28:5337–5347

17. Bellafiore S, Barneche F, Peltier G, Rochaix JD (2005) State transitions and light adaptation 
require chloroplast thylakoid protein kinase STN7. Nature 433:892–895

18. Biehl A, Ritchly E, Noutsos C, Salamini F, Leister D (2004) Analysis of 101 nuclear tran-
scriptomes reveals 23 distinct regulons and their relationship to metabolism, chromosomal 
gene distribution and coordination of nuclear and plastid gene expression. Gene 354:110–116

19. Bienert GP, Moller AL, Kristiansen KA, Schulz A, Moller IM, Schjoerring JK, Jahn TP 
(2007) Specific aquaporins facilitate the diffusion of hydrogen peroxide across membranes. 
J Biol Chem 282:1183–1192

20. Boussardon C, Salone V, Avon A, Berthome R, Hammani K, Okuda K, Shikanai T, Small I, 
Lurin C (2012) Two interacting proteins are necessary for the editing of the NdhD-1 site in 
Arabidopsis plastids. Plant Cell 24:3684–3694

21. Bradbeer JW, Atkinson YE, Börner T, Hagemann R (1979) Cytoplasmic synthesis of plastid 
polypeptides may be controlled by plastid-synthesized RNA. Nature 279:816–817

22. Brautigam K et al (2009) Dynamic plastid redox signals integrate gene expression and me-
tabolism to induce distinct metabolic states in photosynthetic acclimation in Arabidopsis. 
Plant Cell 21:2715–2732

23. Chen YN, Slabaugh E, Brandizzi F (2008) Membrane-tethered transcription factors in Ara-
bidopsis thaliana: novel regulators in stress response and development. Curr Opin Plant Biol 
11:695–701

24. Choquet Y, Vallon O (2000) Synthesis, assembly and degradation of thylakoid membrane 
proteins. Biochimie 82:615–634

25. Choquet Y, Stern DB, Wostrikoff K, Kuras R, Girard-Bascou J, Wollman FA (1998) Transla-
tion of cytochrome f is autoregulated through the 5’ untranslated region of petA mRNA in 
Chlamydomonas chloroplasts. Proc Natl Acad Sci U S A 95:4380–4385

26. Cornah JE, Roper JM, Pal Singh D, Smith AG (2002) Measurement of ferrochelatase activity 
using a novel assay suggests that plastids are the major site of haem biosynthesis in both pho-
tosynthetic and non-photosynthetic cells of pea ( Pisum sativum L.). Biochem J 362:423–432

27. Cottage A, Mott EK, Kempster JA, Gray JC (2010) The Arabidopsis plastid-signalling mu-
tant gun1 (genomes uncoupled1) shows altered sensitivity to sucrose and abscisic acid and 
alterations in early seedling development. J Exp Bot 61:3773–3786

28. Croft M, Moulin M, Webb ME, Smith A (2007) Thiamine biosynthesis in algae is regulated 
by riboswitches. Proc Natl Acad Sci U S A 104:20770–20775 [Epub 2007 Dec 18]

29. Danon A, Mayfield S (1991) Light-regulated translational activators: identification of chlo-
roplast gene specific mRNA binding proteins. EMBO J 10:3993–4001

30. Danon A, Mayfield SP (1994) ADP-dependent phosphorylation regulates RNA-binding in 
vitro: implications in light-modulated translation. EMBO J 13:2227–2235

31. Danon A, Mayfield SP (1994) Light-regulated translation of chloroplast messenger RNAs 
through redox potential. Science 266:1717–1719

32. Das AK, Cohen PW, Barford D (1998) The structure of the tetratricopeptide repeats of pro-
tein phosphatase 5: implications for TPR-mediated protein-protein interactions. EMBO J 
17:1192–1199



3 The Chloroplast Genome and Nucleo-Cytosolic Crosstalk 105

33. Drapier D, Rimbault B, Vallon O, Wollman FA, Choquet Y (2007) Intertwined transla-
tional regulations set uneven stoichiometry of chloroplast ATP synthase subunits. EMBO J 
26:3581–3591

34. Duanmu D et al (2013) Retrograde bilin signaling enables Chlamydomonas greening and 
phototrophic survival. Proc Natl Acad Sci U S A 110(9):3621–3626

35. Durnford DG, Falkowski PG (1997) Chloroplast redox regulation of nuclear transcription 
during photoacclimation. Photosynth Res 53:229–241

36. Eberhard S, Finazzi G, Wollman FA (2008) The dynamics of photosynthesis. Annu Rev 
Genet 42:463–515

37. Eberhard S, Loiselay C, Drapier D, Bujaldon S, Girard-Bascou J, Kuras R, Choquet Y, 
Wollman FA (2011) Dual functions of the nucleus-encoded factor TDA1 in trapping and 
translation activation of atpA transcripts in Chlamydomonas reinhardtii chloroplasts. Plant J 
67(6):1055–1066

38. Edwards TA, Pyle SE, Wharton RP, Aggarwal AK (2001) Structure of Pumilio reveals simi-
larity between RNA and peptide binding motifs. Cell 105:281–289.

39. Escoubas JM, Lomas M, LaRoche J, Falkowski PG (1995) Light intensity regulation of cab 
gene transcription is signaled by the redox state of the plastoquinone pool. Proc Natl Acad 
Sci U S A 92:10237–10241

40. Estavillo GM et al (2011) Evidence for a SAL1-PAP chloroplast retrograde pathway that 
functions in drought and high light signaling in Arabidopsis. Plant Cell 23:3992–4012

41. Estavillo GM, Chan KX, Phua SY, Pogson BJ (2013) Reconsidering the nature and mode of 
action of metabolite retrograde signals from the chloroplast. Front Plant Sci 3:300

42. Fey V, Wagner R, Brautigam K, Pfannschmidt T (2005) Photosynthetic redox control of nu-
clear gene expression. J Exp Bot 56:1491–1498

43. Fey V, Wagner R, Brautigam K, Wirtz M, Hell R, Dietzmann A, Leister D, Oelmuller R, 
Pfannschmidt T (2005) Retrograde plastid redox signals in the expression of nuclear genes 
for chloroplast proteins of Arabidopsis thaliana. J Biol Chem 280:5318–5328

44. Fischer BB et al (2012) SINGLET OXYGEN RESISTANT 1 links reactive electrophile sig-
naling to singlet oxygen acclimation in Chlamydomonas reinhardtii. Proc Natl Acad Sci U S A 
109:E1302–E1311

45. Frigerio S et al (2007) Photosynthetic antenna size in higher plants is controlled by the plas-
toquinone redox state at the post-transcriptional rather than transcriptional level. J Biol Chem 
282:29457–29469

46. Gray JC, Sullivan JA, Wang JH, Jerome CA, MacLean D (2003) Coordination of plastid 
and nuclear gene expression. Philos Trans R Soc Lond B Biol Sci 358:135–144; discussion 
144–145

47. Groves MR, Hanlon N, Turowski P, Hemmings BA, Barford D (1999) The structure of the 
protein phosphatase 2A PR65/A subunit reveals the conformation of its 15 tandemly repeated 
HEAT motifs. Cell 96:99–110

48. Hammani K, Cook WB, Barkan A (2012) RNA binding and RNA remodeling activities of the 
half-a-tetratricopeptide (HAT) protein HCF107 underlie its effects on gene expression. Proc 
Natl Acad Sci U S A 109:5651–5656

49. Heo JM et al (2010) A stress-responsive system for mitochondrial protein degradation. Mol 
Cell 40:465–480

50. Hess WR, Borner T (1999) Organellar RNA polymerases of higher plants. Int Rev Cytol 
190:1–59

51. Hess WR, Hübschmann T, Börner T (1994) Ribosome defcient plastids of albostrians barley: 
extreme representatives of non-photosynthetic plastids. Endocytobiosis Cell Res 10:65–80

52. Huber AH, Nelson WJ, Weis WI (1997) Three-dimensional structure of the armadillo repeat 
region of beta-catenin. Cell 90:871–882

53. Igloi GL, Kössel H (1992) The transcriptional apparatus of chloroplasts. Crit Rev Plant Sci 
10:525–558

54. Jenkins BD, Barkan A (2001) Recruitment of a peptidyl-tRNA hydrolase as a facilitator of 
group II intron splicing in chloroplasts. EMBO J 20:872–879



J.-D. Rochaix and S. Ramundo106

55. Johanningmeier U, Howell SH (1984) Regulation of light-harvesting chlorophyll-binding 
protein mRNA accumulation in Chlamydomonas reinhardi. Possible involvement of chloro-
phyll synthesis precursors. J Biol Chem 259:13541–13549

56. Johnson X et al (2010) MRL1, a conserved pentatricopeptide repeat protein, is required for 
stabilization of rbcL mRNA in Chlamydomonas and Arabidopsis. Plant Cell 22:234–248

57. Karpinski S, Reynolds H, Karpinska B, Wingsle G, Creissen G, Mullineaux P (1999) Sys-
temic signaling and acclimation in response to excess excitation energy in Arabidopsis. Sci-
ence 284:654–657

58. Kim J, Mayfield SP (1997) Protein disulfide isomerase as a regulator of chloroplast transla-
tional activation. Science 278:1954–1957

59. Kimura M, Manabe K, Abe T, Yoshida S, Matsui M, Yamamoto YY (2003) Analysis of hy-
drogen peroxide-independent expression of the high-light-inducible ELIP2 gene with the aid 
of the ELIP2 promoter-luciferase fusions. Photochem Photobiol 77:668–674

60. Klinkert B, Elles I, Nickelsen J (2006) Translation of chloroplast psbD mRNA in Chlamydo-
monas is controlled by a secondary RNA structure blocking the AUG start codon. Nucleic 
Acids Res 34:386–394

61. Kobayashi Y, Kanesaki Y, Tanaka A, Kuroiwa H, Kuroiwa T, Tanaka K (2009) Tetrapyrrole 
signal as a cell-cycle coordinator from organelle to nuclear DNA replication in plant cells. 
Proc Natl Acad Sci U S A 106:803–807

62. Kobayashi Y, Imamura S, Hanaoka M, Tanaka K (2011) A tetrapyrrole-regulated ubiquitin 
ligase controls algal nuclear DNA replication. Nat Cell Biol 13:483–487

63. Koussevitzky S, Nott A, Mockler TC, Hong F, Sachetto-Martins G, Surpin M, Lim J, Mittler 
R, Chory J (2007) Signals from chloroplasts converge to regulate nuclear gene expression. 
Science 316:715–719 [Epub 2007 Mar 29]

64. Krieger-Liszkay A (2005) Singlet oxygen production in photosynthesis. J Exp Bot 56:337–346
65. Kropat J, Oster U, Rudiger W, Beck CF (1997) Chlorophyll precursors are signals of chloro-

plast origin involved in light induction of nuclear heat-shock genes. Proc Natl Acad Sci U S A 
94:14168–14172

66. Kuchka MR, Goldschmidt-Clermont M, van Dillewijn J, Rochaix JD (1989) Mutation at the 
Chlamydomonas nuclear NAC2 locus specifically affects stability of the chloroplast psbD 
transcript encoding polypeptide D2 of PS II. Cell 58:869–876

67. Laloi C, Stachowiak M, Pers-Kamczyc E, Warzych E, Murgia I, Apel K (2007) Cross-talk 
between singlet oxygen- and hydrogen peroxide-dependent signaling of stress responses in 
Arabidopsis thaliana. Proc Natl Acad Sci U S A 104:672–677

68. Larkin RM, Alonso JM, Ecker JR, Chory J (2003) GUN4, a regulator of chlorophyll synthe-
sis and intracellular signaling. Science 299:902–906

69. Lee I, Hong W (2004) RAP-a putative RNA-binding domain. Trends Biochem Sci 29:567–570
70. Lee KP, Kim C, Landgraf F, Apel K (2007) EXECUTER1- and EXECUTER2-dependent 

transfer of stress-related signals from the plastid to the nucleus of Arabidopsis thaliana. Proc 
Natl Acad Sci U S A 104:10270–10275

71. Leister D (2005) Genomics-based dissection of the cross-talk of chloroplasts with the nucleus 
and mitochondria in Arabidopsis. Gene 354:110–116

72. Link G (2003) Redox regulation of chloroplast transcription. Antioxid Redox Signal 5:79–87
73. Loiselay C, Gumpel NJ, Girard-Bascou J, Watson AT, Purton S, Wollman FA, Choquet Y 

(2008) Molecular identification and function of cis- and trans-acting determinants for petA 
transcript stability in Chlamydomonas reinhardtii chloroplasts. Mol Cell Biol 28:5529–5542

74. Malnoe P, Mayfield SP, Rochaix JD (1988) Comparative analysis of the biogenesis of pho-
tosystem II in the wild-type and Y-1 mutant of Chlamydomonas reinhardtii. J Cell Biol 
106:609–616

75. Mayfield SP, Taylor WC (1984) Carotenoid-deficient maize seedlings fail to accumulate 
light-harvesting chlorophyll a/b binding protein (LHCP) mRNA. Eur J Biochem 144:79–84

76. Meierhoff K, Felder S, Nakamura T, Bechtold N, Schuster G (2003) HCF152, an Arabidop-
sis RNA binding pentatricopeptide repeat protein involved in the processing of chloroplast 
psbB-psbT-psbH-petB-petD RNAs. Plant Cell 15:1480–1495



3 The Chloroplast Genome and Nucleo-Cytosolic Crosstalk 107

77. Merchant S, Bogorad L (1987) Metal ion regulated gene expression: use of a plastocyanin-
less mutant of Chlamydomonas reinhardtii to study the Cu(II)-dependent expression of cyto-
chrome c-552. EMBO J 6:2531–2535

78. Merendino L, Perron K, Rahire M, Howald I, Rochaix JD, Goldschmidt-Clermont M (2006) 
A novel multifunctional factor involved in trans-splicing of chloroplast introns in Chlamydo-
monas. Nucleic Acids Res 34:262–274 (Print 2006)

79. Meskauskiene R, Apel K (2002) Interaction of FLU, a negative regulator of tetrapyrrole bio-
synthesis, with the glutamyl-tRNA reductase requires the tetratricopeptide repeat domain of 
FLU. FEBS Lett 532:27–30

80. Meskauskiene R, Nater M, Goslings D, Kessler F, op den Camp R, Apel K (2001) FLU: a 
negative regulator of chlorophyll biosynthesis in Arabidopsis thaliana. Proc Natl Acad Sci 
U S A 98:12826–12831

81. Minai L, Wostrikoff K, Wollman FA, Choquet Y (2006) Chloroplast biogenesis of photosys-
tem II cores involves a series of assembly-controlled steps that regulate translation. Plant Cell 
18:159–175

82. Mittler R, Kim Y, Song L, Coutu J, Coutu A, Ciftci-Yilmaz S, Lee H, Stevenson B, Zhu JK 
(2006) Gain- and loss-of-function mutations in Zat10 enhance the tolerance of plants to abi-
otic stress. FEBS Lett 580:6537–6542

83. Mochizuki N, Brusslan JA, Larkin R, Nagatani A, Chory J (2001) Arabidopsis genomes 
uncoupled 5 (GUN5) mutant reveals the involvement of Mg-chelatase H subunit in plastid-
to-nucleus signal transduction. Proc Natl Acad Sci U S A 98:2053–2058

84. Mochizuki N, Tanaka R, Tanaka A, Masuda T, Nagatani A (2008) The steady-state level of 
Mg-protoporphyrin IX is not a determinant of plastid-to-nucleus signaling in Arabidopsis. 
Proc Natl Acad Sci U S A 105:15184–15189 [Epub 2008 Sep 25]

85. Mochizuki N, Tanaka R, Grimm B, Masuda T, Moulin M, Smith AG, Tanaka A, Terry 
MJ (2010) The cell biology of tetrapyrroles: a life and death struggle. Trends Plant Sci 
15:488–498

86. Morin RD, Aksay G, Dolgosheina E, Ebhardt HA, Magrini V, Mardis ER, Sahinalp SC, 
Unrau PJ (2008) Comparative analysis of the small RNA transcriptomes of Pinus contorta 
and Oryza sativa. Genome Res 18:571–584

87. Moulin M, McCormac AC, Terry MJ, Smith AG (2008) Tetrapyrrole profiling in Arabidopsis 
seedlings reveals that retrograde plastid nuclear signaling is not due to Mg-protoporphyrin IX 
accumulation. Proc Natl Acad Sci U S A 105:15178–15183 [Epub 2008 Sep 25]

88. Mullineaux PM, Karpinski S, Baker NR (2006) Spatial dependence for hydrogen peroxide-
directed signaling in light-stressed plants. Plant Physiol 141:346–350

89. Nakamura T, Meierhoff K, Westhoff P, Schuster G (2003) RNA-binding properties of 
HCF152, an Arabidopsis PPR protein involved in the processing of chloroplast RNA. Eur J 
Biochem 270:4070–4081

90. Nickelsen J, van Dillewijn J, Rahire M, Rochaix J-D (1994) Determinants for stability of the 
chloroplast psbD RNA are located within its short leader region in Chlamydomonas rein-
hardtii. EMBO J 13:3182–3191

91. Nott A, Jung HS, Koussevitzky S, Chory J (2006) Plastid-to-nucleus retrograde signaling. 
Annu Rev Plant Biol 57:739–759

92. Oelmüller R, Levitan I, Bergfeld R, Rajasekhar VK, Mohr H (1986) Expression of nuclear 
genes is affecetd by treatments acting on the plastids. Planta 168:482–492

93. Ogrzewalla K, Piotrowski M, Reinbothe S, Link G (2002) The plastid transcription kinase 
from mustard ( Sinapis alba L. ). A nuclear-encoded CK2-type chloroplast enzyme with re-
dox-sensitive function. Eur J Biochem 269:3329–3337

94. Okuda K, Shikanai T (2012) A pentatricopeptide repeat protein acts as a site-specificity factor 
at multiple RNA editing sites with unrelated cis-acting elements in plastids. Nucleic Acids 
Res 40:5052–5064

95. op den Camp RG et al (2003) Rapid induction of distinct stress responses after the release of 
singlet oxygen in Arabidopsis. Plant Cell 15:2320–2332



J.-D. Rochaix and S. Ramundo108

 96. Ossenbuhl F, Nickelsen J (2000) cis- and trans-acting determinants for translation of psbD 
mRNA in Chlamydomonas reinhardtii. Mol Cell Biol 20:8134–8142

 97. Ostersetzer O, Cooke AM, Watkins KP, Barkan A (2005) CRS1, a chloroplast group II 
intron splicing factor, promotes intron folding through specific interactions with two intron 
domains. Plant Cell 17:241–255

 98. Ostheimer GJ, Williams-Carrier R, Belcher S, Osborne E, Gierke J, Barkan A (2003) Group 
II intron splicing factors derived by diversification of an ancient RNA-binding domain. 
EMBO J 22:3919–3929

 99. Perron K, Goldschmidt-Clermont M, Rochaix JD (1999) A factor related to pseudouridine 
synthases is required for chloroplast group II intron trans-splicing in Chlamydomonas rein-
hardtii. EMBO J 18:6481–6490

100. Pesaresi P et al (2009) Arabidopsis STN7 kinase provides a link between short- and long-
term photosynthetic acclimation. Plant Cell 21:2402–2423

101. Pfalz J, Liere K, Kandlbinder A, Dietz KJ, Oelmuller R (2006) pTAC2, -6, and −12 are 
components of the transcriptionally active plastid chromosome that are required for plastid 
gene expression. Plant Cell 18:176–197

102. Pfalz J, Bayraktar OA, Prikryl J, Barkan A (2009) Site-specific binding of a PPR protein 
defines and stabilizes 5’ and 3’ mRNA termini in chloroplasts. EMBO J 28:2042–2052

103. Pfannschmidt T, Nilsson A, Allen JF (1999) Photosynthetic control of chloroplast gene 
expression. Nature 397:625–628

104. Pfannschmidt T, Schutze K, Brost M, Oelmuller R (2001) A novel mechanism of nuclear 
photosynthesis gene regulation by redox signals from the chloroplast during photosystem 
stoichiometry adjustment. J Biol Chem 276:36125–36130

105. Pogson BJ, Woo NS, Forster B, Small ID (2008) Plastid signalling to the nucleus and be-
yond. Trends Plant Sci 13:602–609

106. Prikryl J, Rojas M, Schuster G, Barkan A (2011) Mechanism of RNA stabilization and 
translational activation by a pentatricopeptide repeat protein. Proc Natl Acad Sci U S A 
108:415–420

107. Puthiyaveetil S (2011) A mechanism for regulation of chloroplast LHC II kinase by plasto-
quinol and thioredoxin. FEBS Lett 585:1717–1721 (Pesaresi, 2009 #63)

108. Puthiyaveetil S et al (2008) The ancestral symbiont sensor kinase CSK links photosynthesis 
with gene expression in chloroplasts. Proc Natl Acad Sci U S A 105:10061–10066

109. Puthiyaveetil S, Ibrahim IM, Jelicic B, Tomasic A, Fulgosi H, Allen JF (2010) Transcrip-
tional control of photosynthesis genes: the evolutionarily conserved regulatory mechanism 
in plastid genome function. Genome Biol Evol 2:888–896

110. Rahire M, Laroche F, Cerutti L, Rochaix JD (2012) Identification of an OPR protein in-
volved in the translation initiation of the PsaB subunit of photosystem I. Plant J 72:652–661

111. Ramundo S, Rahire M, Schaad O, Rochaix JD (2013) Repression of essential chloroplast 
genes reveals new signaling pathways and regulatory feedback loops in Chlamydomonas. 
Plant Cell 25(1):167–186

112. Rapp JC, Mullet JE (1991) Chloroplast transcription is required to express the nuclear 
genes rbcS and cab. Plant Mol Biol 17:813–823

113. Raynaud C, Loiselay C, Wostrikoff K, Kuras R, Girard-Bascou J, Wollman FA, Choquet Y 
(2007) Evidence for regulatory function of nucleus-encoded factors on mRNA stabilization 
and translation in the chloroplast. Proc Natl Acad Sci U S A 104:9093–9098

114. Rivier C, Goldschmidt-Clermont M, Rochaix JD (2001) Identification of an RNA-protein 
complex involved in chloroplast group II intron trans-splicing in Chlamydomonas rein-
hardtii. EMBO J 20:1765–1773

115. Rochaix JD (2013) Redox regulation of thylakoid protein kinases and photosynthetic gene 
expression. Antioxid Redox Signal 18(16):2184–2201

116. Saini G, Meskauskiene R, Pijacka W, Roszak P, Sjogren LL, Clarke AK, Straus M, Apel K 
(2011) ‘happy on norflurazon’ (hon) mutations implicate perturbance of plastid homeosta-
sis with activating stress acclimatization and changing nuclear gene expression in norflura-
zon-treated seedlings. Plant J 65:690–702



3 The Chloroplast Genome and Nucleo-Cytosolic Crosstalk 109

117. Schmitz-Linneweber C, Small I (2008) Pentatricopeptide repeat proteins: a socket set for 
organelle gene expression. Trends Plant Sci 13:663–670

118. Schmitz-Linneweber C, Williams-Carrier RE, Williams-Voelker PM, Kroeger TS, Vichas 
A, Barkan A (2006) A pentatricopeptide repeat protein facilitates the trans-splicing of the 
maize chloroplast rps12 pre-mRNA. Plant Cell 18:2650–2663

119. Schroter Y, Steiner S, Matthai K, Pfannschmidt T (2010) Analysis of oligomeric protein 
complexes in the chloroplast sub-proteome of nucleic acid-binding proteins from mustard 
reveals potential redox regulators of plastid gene expression. Proteomics 10:2191–2204

120. Schwarz C, Elles I, Kortmann J, Piotrowski M, Nickelsen J (2007) Synthesis of the D2 pro-
tein of photosystem II in Chlamydomonas is controlled by a high molecular mass complex 
containing the RNA stabilization factor Nac2 and the translational activator RBP40. Plant 
Cell 19:3627–3639

121. Schwarz C, Bohne AV, Wang F, Cejudo FJ, Nickelsen J (2012) An intermolecular disulfide-
based light switch for chloroplast psbD gene expression in Chlamydomonas reinhardtii. 
Plant J 72(3):378–389

122. Schweer J, Turkeri H, Kolpack A, Link G (2010) Role and regulation of plastid sigma fac-
tors and their functional interactors during chloroplast transcription-recent lessons from 
Arabidopsis thaliana. Eur J Cell Biol 89:940–946

123. Schweer J, Turkeri H, Link B, Link G (2010) AtSIG6, a plastid sigma factor from Arabi-
dopsis, reveals functional impact of cpCK2 phosphorylation. Plant J 62:192–202

124. Shimizu M, Kato H, Ogawa T, Kurachi A, Nakagawa Y, Kobayashi H (2010) Sigma fac-
tor phosphorylation in the photosynthetic control of photosystem stoichiometry. Proc Natl 
Acad Sci U S A 107:10760–10764

125. Small ID, Peeters N (2000) The PPR motif-a TPR-related motif prevalent in plant organel-
lar proteins. Trends Biochem Sci 25:46–47

126. Somanchi A, Barnes D, Mayfield SP (2005) A nuclear gene of Chlamydomonas reinhardtii, 
Tba1, encodes a putative oxidoreductase required for translation of the chloroplast psbA 
mRNA. Plant J 42:341–352

127. Sosso D, Canut M, Gendrot G, Dedieu A, Chambrier P, Barkan A, Consonni G, Rogowsky 
PM (2012) PPR8522 encodes a chloroplast-targeted pentatricopeptide repeat protein neces-
sary for maize embryogenesis and vegetative development. J Exp Bot 63:5843–5857

128. Steiner S, Dietzel L, Schroter Y, Fey V, Wagner R, Pfannschmidt T (2009) The role of 
phosphorylation in redox regulation of photosynthesis genes psaA and psbA during photo-
synthetic acclimation of mustard. Mol Plant 2:416–429

129. Stern DB, Goldschmidt-Clermont M, Hanson MR (2010) Chloroplast RNA metabolism. 
Annu Rev Plant Biol 61:125–155

130. Strand A, Asami T, Alonso J, Ecker JR, Chory J (2003) Chloroplast to nucleus communica-
tion triggered by accumulation of Mg-protoporphyrinIX. Nature 421:79–83

131. Sullivan JA, Gray JC (1999) Plastid translation is required for the expression of nuclear 
photosynthesis genes in the dark and in roots of the pea lip1 mutant. Plant Cell 11:901–910

132. Sun X, Feng P, Xu X, Guo H, Ma J, Chi W, Lin R, Lu C, Zhang L (2011) A chloroplast 
envelope-bound PHD transcription factor mediates chloroplast signals to the nucleus. Nat 
Commun 2:477

133. Surzycki R, Cournac L, Peltier G, Rochaix JD (2007) Potential for hydrogen production 
with inducible chloroplast gene expression in Chlamydomonas. Proc Natl Acad Sci U S A 
104:17548–17553 [Epub 2007 Oct 19]

134. Susek RE, Ausubel FM, Chory J (1993) Signal transduction mutants of Arabidopsis uncouple 
nuclear CAB and RBCS gene expression from chloroplast development. Cell 74:787–799

135. Tanaka K, Hanaoka M (2013) The early days of plastid retrograde signaling with resepct to 
replication and transcription. Front Plant Sci 3:301

136. Thomas J, Weinstein JD (1990) Measurement of heme efflux and heme content in isolated 
developing chloroplasts. Plant Physiol 94:1414–1423

137. Tian Q, Taupin J, Elledge S, Robertson M, Anderson P (1995) Fas-activated serine/thre-
onine kinase (FAST) phosphorylates TIA-1 during Fas-mediated apoptosis. J Exp Med 
182:865–874



J.-D. Rochaix and S. Ramundo110

138. Till B, Schmitz-Linneweber C, Williams-Carrier R, Barkan A (2001) CRS1 is a novel 
group II intron splicing factor that was derived from a domain of ancient origin. RNA 
7:1227–1238

139. Tiller K, Link G (1993) Phosphorylation and dephosphorylation affect functional charac-
teristics of chloroplast and etioplast transcription systems from mustard (Sinapis alba L). 
EMBO J 12:1745–1753

140. Trebitsh T, Levitan A, Sofer A, Danon A (2000) Translation of chloroplast psbA mRNA is 
modulated in the light by counteracting oxidizing and reducing activities. Mol Cell Biol 
20:1116–1123

141. Vaistij FE, Boudreau E, Lemaire SD, Goldschmidt-Clermont M, Rochaix JD (2000) Char-
acterization of Mbb1, a nucleus-encoded tetratricopeptide-like repeat protein required for 
expression of the chloroplast psbB/psbT/psbH gene cluster in Chlamydomonas reinhardtii. 
Proc Natl Acad Sci U S A 97:14813–14818

142. von Gromoff ED, Schroda M, Oster U, Beck CF (2006) Identification of a plastid response 
element that acts as an enhancer within the Chlamydomonas HSP70A promoter. Nucleic 
Acids Res 34:4767–4779

143. von Gromoff ED, Alawady A, Meinecke L, Grimm B, Beck CF (2008) Heme, a plastid-
derived regulator of nuclear gene expression in Chlamydomonas. Plant Cell 20:552–567

144. Voss B, Meinecke L, Kurz T, Al-Babili S, Beck CF, Hess WR (2011) Hemin and mag-
nesium-protoporphyrin IX induce global changes in gene expression in Chlamydomonas 
reinhardtii. Plant Physiol 155:892–905

145. Vranova E, Inze D, Van Breusegem F (2002) Signal transduction during oxidative stress. J 
Exp Bot 53:1227–1236

146. Wagner D et al (2004) The genetic basis of singlet oxygen-induced stress responses of 
Arabidopsis thaliana. Science 306:1183–1185

147. Wang X, Zamore PD, Hall TM (2001) Crystal structure of a Pumilio homology domain. 
Mol Cell 7:855–865

148. Wang X, McLachlan J, Zamore PD, Hall TM (2002) Modular recognition of RNA by a hu-
man pumilio-homology domain. Cell 110:501–512

149. Williams PM, Barkan A (2003) A chloroplast-localized PPR protein required for plastid 
ribosome accumulation. Plant J 36:675–686

150. Woodson JD, Chory J (2012) Organelle signaling: how stressed chloroplasts communicate 
with the nucleus. Curr Biol 22:R690–R692

151. Woodson JD, Perez-Ruiz JM, Chory J (2011) Heme synthesis by plastid ferrochelatase I 
regulates nuclear gene expression in plants. Curr Biol 21:897–903

152. Wostrikoff K, Stern D (2007) Rubisco large-subunit translation is autoregulated in response 
to its assembly state in tobacco chloroplasts. Proc Natl Acad Sci U S A 104:6466–6471

153. Wostrikoff K, Girard-Bascou J, Wollman FA, Choquet Y (2004) Biogenesis of PSI involves 
a cascade of translational autoregulation in the chloroplast of Chlamydomonas. EMBO J 
23:2696–2705 [Epub 2004 Jun 10]

154. Xiao Y et al (2012) Retrograde signaling by the plastidial metabolite MEcPP regulates 
expression of nuclear stress-response genes. Cell 149:1525–1535

155. Yabuta Y, Maruta T, Yoshimura K, Ishikawa T, Shigeoka S (2004) Two distinct redox sig-
naling pathways for cytosolic APX induction under photooxidative stress. Plant Cell Physi-
ol 45:1586–1594

156. Yamaguchi K, Prieto S, Beligni MV, Haynes PA, McDonald WH, Yates JR 3rd, Mayfield 
SP (2002) Proteomic characterization of the small subunit of Chlamydomonas reinhardtii 
chloroplast ribosome: identification of a novel S1 domain-containing protein and unusually 
large orthologs of bacterial S2, S3, and S5. Plant Cell 14:2957–2974

157. Ye Q, Steudle E (2006) Oxidative gating of water channels (aquaporins) in corn roots. Plant 
Cell Environ 29:459–470

158. Yin L et al (2007) Rev-erbalpha, a heme sensor that coordinates metabolic and circadian 
pathways. Science 318:1786–1789



3 The Chloroplast Genome and Nucleo-Cytosolic Crosstalk 111

159. Yohn CB, Cohen A, Danon A, Mayfield SP (1998) A poly(A) binding protein functions 
in the chloroplast as a message-specific translation factor. Proc Natl Acad Sci U S A 
95:2238–2243

160. Yohn CB, Cohen A, Rosch C, Kuchka MR, Mayfield SP (1998) Translation of the chloro-
plast psbA mRNA requires the nuclear-encoded poly(A)-binding protein, RB47. J Cell Biol 
142:435–442

161. Zhang L, Hach A (1999) Molecular mechanism of heme signaling in yeast: the transcrip-
tional activator Hap1 serves as the key mediator. Cell Mol Life Sci 56:415–426

162. Zhao Q, Wang J, Levichkin IV, Stasinopoulos S, Ryan MT, Hoogenraad NJ (2002) A mito-
chondrial specific stress response in mammalian cells. EMBO J 21:4411–4419



Part II
Plastid Differentiation



115

Chapter 4
An Overview of Chloroplast Biogenesis  
and Development

Barry J. Pogson and Veronica Albrecht-Borth

S.M. Theg, F.-A. Wollman (eds.), Plastid Biology, Advances in Plant Biology 5, 
DOI 10.1007/978-1-4939-1136-3_4, © Springer Science+Business Media New York 2014

B. J. Pogson () · V. Albrecht-Borth
Australian National University, Canberra, Australia
e-mail: Barry.Pogson@anu.edu.au

Abstract During evolution plants have incorporated chloroplasts into their cells. 
Within the chloroplast energy is produced during photosynthesis but also hormones 
and metabolites essential for plant metabolism. As a consequence, chloroplast bio-
genesis and development needs to be coordinated with seedling growth to ensure 
optimal rates of photosynthesis without causing oxidative damage upon seedling 
emergence. The importance of chloroplast development during germination for 
plant vitality, seed set and growth was shown in numerous studies. Thus, it is neces-
sary to understand the regulation and mechanism of chloroplast development. This 
chapter will focus on how chloroplasts are formed with emphasis on recent find-
ings about proteins and processes required for chloroplast development as well as 
into regulatory and molecular factors for chloroplast biogenesis and development 
gained from genetic studies.

Keywords Chloroplast biogenesis · Plant development · Regulatory processes

Abbreviations

ABA Abscisic acid
ARC5 Accumulation and replication of chloroplasts 5
CAB Chlorophyll a/b-binding proteins
CLB Chloroplast biogenesis
cop/det/fus Constitutive photomorphogenic/de-etiolated/fusca
GLK Golden2-like proteins
NEP Nuclear-encoded polymerase
PDI Protein disulfide isomerases
PEP Plastid-encoded polymerase
PIFs Phytochrome interacting factors
PLB Prolamellar body
POR Protochlorophyllide oxidoreductase
PPRs Pentatricopeptide repeat
ROS Reactive oxygen species
SCO Snowy cotyledon
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STY Serine, threonine, and tyrosine
THF1 Thylakoid formation 1
TIC Translocon at inner envelope of chloroplast
TOC Translocon at outer envelope of chloroplast
VIPP1 Vesicle inducing plastid protein

4.1  Introduction

Within the chloroplast energy is produced during photosynthesis as well as hor-
mones and metabolites essential for plant metabolism. As a consequence, chloro-
plast biogenesis and development needs to be coordinated with seedling growth 
to ensure optimal rates of photosynthesis without causing oxidative damage upon 
seedling emergence. Indeed, that chloroplast development during germination is 
important for plant vitality, seed set and growth was shown in numerous studies. 
Thus, it is necessary to understand the regulation and mechanism of chloroplast 
development. The following chapter will focus on how chloroplasts are formed with 
emphasis on recent findings about proteins, processes and regulation required for 
chloroplast development as well as insight gained from genetic studies.

4.2  Chloroplast Biogenesis

Chloroplast biogenesis and development differs between dicotyledonous and mono-
cotyledonous plants. In dicotyledonous seedlings chloroplast biogenesis can be de-
scribed as the differentiation process from the plastid progenitor, a proplastid, to a 
mature chloroplast, whether direct or via the dark-grown intermediate form known 
as an etioplast (Fig. 4.1). In developed leaves, chloroplasts are further propagated by 
fission in a manner similar to that observed in bacteria. In contrast, chloroplast dif-
ferentiation in monocotyledonous plants can be observed along the blade of the leaf, 
starting with proplastids in the first centimeter from the leaf ligula and progressing 
until they are fully developed after the middle of the leaf blade (Fig. 4.2). During this 
differentiation process no etioplast formation can be observed [31]. Furthermore, 
intensive analyses in maize leaves revealed a more complex process of chloroplast 
biogenesis, since this occurs differently in the mesophyll cells (serving for CO2 fixa-
tion) and bundle sheath cells (where the Calvin cycle for CO2 assimilation occurs), 
with the cells and chloroplasts close to the cell wall connected by plasmodesmata 
to exchange the metabolites. Thus, different chloroplast differentiation steps can be 
observed in monocotyledonous plants during their entire life cycle, whereas in the 
dicotyledonous plants it is restricted to a short timeframe. The focus on chloroplast 
biogenesis in this chapter will emphasize data from dicotyledonous plants.

Chloroplasts are found in all photosynthetic tissues, ranging from cotyledons 
and leaves to certain stems, fruits and floral organs. However, rather than being 
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a uniform process, the biogenesis and development of the chloroplasts differs be-
tween organs as well as between species. For example, there is a need to consider 
if the seedlings exhibit epigaeic growth, having cotyledons which first serve as 
storage organs but become photosynthetically active, or alternatively exhibit hy-
pogaeic growth, where the cotyledons only serve as a storage organ and are not 
photosynthetic. Herein, we only consider chloroplast biogenesis and development 
in epigaeic seedlings.
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That chloroplast development proceeds differently in cotyledons and true leaves 
is demonstrated by genetic studies. That is, chloroplast mutants have been described 
that have the phenotype restricted to one leaf organ, such as chlorotic true leaves 
but green cotyledons, as in the variegated ( var) and immutans ( im) mutants [30]. 
Conversely, the snowy cotyledon ( sco) mutant group displays chlorotic or bleached 
cotyledons, but green true leaves [1–3, 39]. Here, the observed impairment in chlo-
roplast development in cotyledons seems to be due to a combination of factors: (1) 
a differential chloroplast development process in the plant organs (2) functional 
redundancy of different proteins in the true leaves and (3) different transport and/
or assembly processes between cotyledons and true leaves. A third class of mu-
tants have a white cotyledon phenotype, but require sucrose to develop green true 
leaves. Once green leaves have developed the plants can grow without sucrose and 
can be transferred to soil for propagation. To this group belongs, among others 
plastid type I signal peptidase, plsp1, which will be discussed later [41].

So how do plastids develop in germinating seedlings? In light grown seedlings 
the undifferentiated proplastid develops directly into a chloroplast. However, 
in dark-germinated seedlings the proplastid forms an etioplast. The etioplast is 
defined by the prolamellar body (PLB), a membranous structure that contains a 
limited number of lipids, metabolites and proteins required for photosynthesis. 
From this lattice-like structure prothylakoids emanate into the plastid stroma. 
The PLB contains the precursor of chlorophyll, protochlorophyllide, bound to 
its reducing enzyme Protochlorophyllide Oxidoreductase (POR), NADPH, lip-
ids, a few proteins and typically two carotenoids, lutein and violaxanthin. In 
angiosperms, light is required for POR enzyme activity whereas gymnosperms 
additionally have a light-independent POR enzyme which catalyses the same 
reaction; hence they can synthesize chlorophyll in the dark [15]. Upon illumina-
tion chlorophyll is produced and integrated into the newly assembled photosys-
tems for light absorption for photosynthesis. The photosystems are located in 
the thylakoids, which are the major internal membranous structure of the chlo-
roplasts. In some cases, chloroplasts can also develop from other plastids such as 
chromoplasts, although our focus here will be only on chloroplast differentiation 
from proplastids.

There is coordination between plastids and the nucleus at the level of transcrip-
tion, translation, import, protein turnover and metabolite flux—all of which is 
largely controlled by plastid and nuclear factors (Fig. 4.3 and Sect. 4.3). This fa-
cilitates stoichiometric assembly of nuclear-encoded and plastidic-encoded proteins 
together with chlorophylls and carotenoids: this is essential for photosynthesis, both 
with respect to limiting oxidative damage and ensuring optimal rates of protein syn-
thesis. However, photosynthesis proceeds within the context of the environment, 
and the developmental stages of the cells and leaves. Accordingly, environmental 
and cytosolic processes also influence chloroplast biogenesis, an aspect outlined in 
Fig. 4.4 and discussed in Sect. 4.4.
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4.3  Plastidic and Nuclear Factors Required for 
Chloroplast Biogenesis

The following is a summary of biogenic processes identified by mutations in chlo-
roplastic and nuclear proteins as shown in Fig. 4.3.

4.3.1  Nuclear Transcription

Upon illumination one third of the nuclear gene transcription profile changes [8], 
including many that encode chloroplast-targeted proteins. This is not surprising 
given that the vast majority of the thousands of chloroplast proteins are nuclear-
encoded. The perception of light requires the activation of the phytochrome pho-
toreceptors, such as phyA and phyB. The photomorphogenic pathways that control 
gene transcription, chlorophyll biosynthesis, and protein degradation has been ex-
plored in the cop/det/fus (constitutive photomorphogenic/de-etiolated/fusca) mu-
tants [49]. The cop mutants de-repress photomorphogenesis in the dark enabling 
the onset of chloroplast biogenesis in etiolated seedlings, and encode components of 
the so-called cytosolic COP-signalosome, which is involved in ubiquitin-dependent 
protein degradation [49]. COP1 is cryptochrome-regulated: a blue-light sensor that  
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Fig. 4.3  Processes required for chloroplast biogenesis and development

 



120 B. J. Pogson and V. Albrecht-Borth

deactivates the signalosome, thereby inhibiting further ubiquitination and degrada-
tion of proteins involved in light-signalling such as the transcription factor HY5 
(Long Hypocotyl 5) [49]. Phytochrome interacting factors (PIFs) are transcription 
factors that respond to activated phytochromes to initiate light-mediated transcrip-
tion, such that mutations in PIF1 or PIF3 impair chloroplast biogenesis [33]. Inter-
estingly, loss of four PIF proteins (PIF1, PIF3, PIF4, and PIF5) results in chloroplast 
biogenesis in dark-grown seedlings due to up-regulation of genes for chloroplast 
function, a situation comparable to the cop mutants [40].

HEMERA/pTAC12 was described to be localized both in the chloroplast tran-
scriptional apparatus as well as in the nucleus [8]. Interestingly, in the nucleus it 
seems to be involved in the regulation of PIF and phyA protein degradation after 
phyB activation rather than directly promoting transcription. Loss of this protein 
results in an albino phenotype that can only be rescued when both the chloroplast 
and the nuclear targeting signals are accessible [8].

Another class of transcription factors required for chloroplast development 
which are directly involved in the transcription of photosynthesis genes are the 
Golden2-like proteins (GLK). Loss of both GLK transcription factors in Arabidop-
sis leads to a pale mutant phenotype which can be complemented by overexpression 
of either GLK [48].

4.3.2  Chloroplast Gene Transcription and Translation

Chloroplast gene transcription, RNA maturation, and protein translation and modi-
fication include both nuclear-encoded polymerase (NEP) and plastid-encoded poly-
merase (PEP) machinery. Nuclear encoded RNA polymerases, such as rpoT, have 
been shown to affect chloroplast biogenesis [4]. The plastidic RNA polymerase 
sigma factors (SIG) are required as transcription factors for chloroplast genes, with 
the loss of sig2 and sig6 delaying chloroplast biogenesis [9, 22].

Interestingly, the aforementioned HEMERA/pTAC12 has been shown to be dual 
targeted to the chloroplast and nucleus [8]. HEMERA/pTAC12 interacts with an-
other protein of the pTAC family, pTAC14, and is involved in the regulation of 
PEP-dependent plastid gene transcription [16].

The chloroplast genome only encodes about 100 genes, but most are essential to 
the chloroplast, with mutations that affect transcription and RNA processing, such 
as RNA editing, leading to impairment of photosynthetic function [12]. Indeed, 
there is a large class of nuclear-encoded proteins known as PPRs ( pentatricopeptide 
repeat) that are required for RNA processing, splicing, editing, stability, maturation 
and translation in the chloroplast. In many instances PPR mutations are seedling-
lethal. Interestingly, most PPR proteins have specific roles, be it RNA editing or 
transcript stability of a particular chloroplast-encoded gene [7, 9, 34].

The chloroplast ribosomal complex that translates mRNA into protein is more 
closely related to bacterial than eukaryotic ribosomes, reflecting the endosymbi-
otic origins of the plastid. Not surprisingly, loss of essential proteins of the plastid  
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ribosomal complex is embryo-lethal, as the plastid provides crucial functions for 
cells in addition to photosynthesis. Phenotypes associated with a reduced function-
ality due to leaky point mutations in proteins of the ribosomal complex can be 
described as virescent, or somewhat green, as in the case of sco1 or the rice mutant 
Osvir2 [1, 43]. Such mutations result in either reduced protein translation, as has 
been shown for the sco1 mutant in which the binding of chloroplast elongation 
factor G to the ribosomal complex is impaired, or a reduced amount of the ribo-
somal complex itself, as described for the loss of the DNA and RNA binding protein 
Whirly1 in maize [37].

4.3.3  Protein Import and Processing

The majority of chloroplast-targeted proteins are imported into chloroplasts by the 
TOC and TIC translocon complexes ( Translocon at outer/inner envelope of chlo-
roplast), respectively; others are targeted via the ER [23]. Proteins with a chloro-
plast targeting sequence are directed to the complex by HSP90 and TOC159. The 
chloroplast targeting sequence is removed by a stromal processing peptidase [11]. 
The absence of critical components of the translocon, such as TOC159, drastically 
impairs biogenesis, although plants are viable if minor components such as Toc 33 
or Toc34 are absent [21, 23, 38]. The transport of some proteins to the chloroplasts 
seems to depend on the phosphorylation status of the transit peptide. Indeed, it has 
been found that the absence of some plant-specific STY kinases (STY stands for 
Serine, Threonine, and Tyrosine), specifically STY8, STY17, and STY46, results in 
delayed greening of the triple mutants after etiolation and transfer to light, as well 
as in the accumulation of transport vesicles in the chloroplast stroma, suggesting a 
delayed import of plastid proteins [28]. A detailed review on protein import into the 
chloroplast is reviewed elsewhere ([23] and Chap. 9 in this volume).

Chloroplast protein folding is mediated by chaperones, such as HSP70 and 
Cpn60, with the hsp70–1 mutation leading to variegated cotyledons [29]. Another 
class of proteins, protein disulfide isomerases (PDI), have been shown to be re-
quired for protein folding by regulating the formation of disulphide bonds between 
cysteine residues [39]. Lesions in the SCO2/CYO1 protein disulphide isomerase 
result in pale green cotyledons due to their interaction with photosystem proteins 
[2, 39, 46].

Within the chloroplast, targeting systems integrate proteins into the thylakoid 
membranes and lumen space of the thylakoids. Thylakoid membrane proteins are 
integrated either spontaneously or via the cpSRP pathway which has been described 
for LHCB proteins [14]. Transport vesicles have been proposed to mediate lipid and 
protein targeting to developing thylakoids [20]. In the sco2 mutant, accumulation 
of such transport vesicles has been observed. Indeed, the SCO2 protein disulphide 
isomerase interacts with specific photosystem proteins, such as LHCB1 [46]. Loss 
of function of either pathway, SRP and SCO2, results in impaired biogenesis and 
bleaching, though in varying degrees, depending on the tissue type.
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Proteins described to be involved in the formation of transport vesicles and thus 
also in thylakoid formation are THF1 ( Thylakoid Formation 1) and VIPP1 ( Vesicle 
inducing plastid protein) [27, 47]. Whereas the thf1 mutant line accumulates trans-
port vesicles in the white sections of the variegated true leaves, the vipp1 mutant 
is not able to form these vesicles even at 4 °C, when these vesicles are usually ob-
served in wild type. Both mutant lines are affected in normal thylakoid formation. 
Many mutations have been reported to affect thylakoid formation, although a direct 
involvement of the corresponding protein in thylakoid formation could not be at-
tributed to their protein function, rather than to their essential presence in particular 
thylakoid protein complexes.

Transport of proteins into the thylakoid lumen is either ATP-dependent via the 
cpSec-pathway or ΔpH-dependent using the cpTAT mechanism. For both pathways, 
mutants have been described as being either seedling lethal or affecting thylakoid 
formation [11]. A thylakoidal processing peptidase, PLSP1, is required for remov-
ing the thylakoid-targeting sequence from thylakoidal proteins and has been shown 
to be involved in processing PsbO and PsbP proteins. Loss of the protein is seed-
ling-lethal if no exogenous carbon source is provided [42].

The need for coordinated assembly and turnover of the photosystems is demon-
strated by the observation that the rates of protein translation and degradation are 
important for chloroplast development. That is, mutations in the family of FtsH 
proteases, such as variegated 2, impairing Photosystem II D1 protein degradation, 
cause a white patched phenotype in true leaves, but not in cotyledons. Intriguingly, 
this bleaching can be complemented by decelerating protein biosynthesis by sec-
ond site mutations in genes involved in protein translation [32, 51, 53]. The multi-
subunit ClpPR proteinase complex also has a central role in degrading proteins and 
is required for chloroplast protein homeostasis. Loss of ClpP proteins are either 
embryo- or seedling-lethal [25].

4.3.4  Pigment Biosynthesis

Assembly of the photosystems requires a coordinated import of pigment-binding 
proteins such as chlorophyll a/b-binding proteins (CAB/LHCB) and the biosyn-
thesis of the pigments. Thus, carotenoid and chlorophyll biosynthesis is tightly 
regulated during chloroplast development as free chlorophylls or their tetrapyrrole 
precursors are highly reactive oxidants [5]. Indeed, the ratio of different carotenoids 
in photosynthetic tissues is mediated in response to changes in photosystem ratios 
and is subjected to potential epigenetic regulation via a histone methyl transferase, 
SDG8 [6]. Therefore, it is not surprising, that screens for chloroplast development 
mutants have identified steps in these pathways, such as clb4 and clb6 ( chloroplast 
biogenesis), which are lesions in enzymes in the chloroplast MEP pathway (2-C-
methyl-D-erythritol 4-phosphate) [18, 19]. Furthermore, tetrapyrroles have been 
implicated in coordination of chloroplast biogenesis [52] and regulation of chloro-
plast nuclear signalling [35, 36].
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4.3.5  Retrograde Signalling

The fact that most of the proteins needed for chloroplast function are encoded in 
the nucleus necessitates a tight regulation between the chloroplast functional status 
and nuclear gene transcription. Thus, signalling from the chloroplast is involved in 
regulating nuclear gene transcription via multiple pathways in a process referred 
to as retrograde signalling. Many factors have been suggested to be involved in 
the retrograde signalling control, ranging from ROS (reactive oxygen species) to 
metabolites and proteins that regulate or transduce the signals [35, 36]. Indeed, 
there must be multiple signalling pathways to coordinate the thousands of differ-
entially regulated nuclear genes whose proteins are targeted to the chloroplast [35, 
36]. However, identifying the actual signals has proven elusive till now. One recent 
finding is that a phosphonucleotide, PAP, whose levels are regulated by chloroplast-
localised SAL1 can move between the chloroplast and nucleus, where it regulates 
the induction of a range of high light responsive genes presumably by inhibiting 
exoribonucleases [13].

A series of mutants that affect nuclear gene transcription in response to inhibitors 
of pigment biosynthesis and/or plastid transcription and translation are the genomes 
uncoupled ( gun) mutants [10]. This series of mutants demonstrate a role for tetra-
pyrrole biosynthesis and a PPR protein, GUN1, in a retrograde signalling pathway, 
but the nature of this signalling cascade is still debated. Although the gun1 mutation 
affects the signalling from chloroplast to nucleus, chloroplast biogenesis proceeds 
normally in the absence of inhibitors. This and other findings raise the question as to 
how much the different gun mutants directly affect signalling or result in a perturba-
tion of plastidic processes and metabolic signatures that alters nuclear transcription 
[35]. Interestingly, overexpression of ABI4 in the gun1 mutant background recovers 
the gun phenotype. Thus, the ABI4 4 transcription factor seems to integrate some of 
the GUN1-mediated signals from the chloroplasts by binding to light-regulatory el-
ements [26]. But how are these particular signals relayed from the chloroplast to the 
nucleus? This is still unknown, although the recent finding of a chloroplast outer en-
velope-bound transcription factor, PTM (PHD type transcription factor with trans-
membrane domains), which after proteolysis transfers to the nucleus and binds to 
the promoter of ABI4, might offer some clues for elucidating this mechanism [44].

Of particular interest in the context of chloroplast development are signals re-
lated to biogenic control, that is, those that regulate nuclear transcription during 
plastid biogenesis [36]. The PSII associated proteins, EXECUTER1 and 2 (EX1, 
EX2), mediate singlet oxygen signalling pathways [24] and have been thought to be 
largely functional in operational control in response to excess light. Interestingly, 
with respect to biogenic control, is the observation that the double mutant ex1ex2 
exhibits white cotyledon regions which contain undifferentiated plastids that re-
semble proplastids. This chloroplast biogenesis defect can be overcome by growth 
of the seedlings on abscisic acid (ABA)-containing media [24].
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4.3.6  Chloroplast Division

A typical higher plant cell contains between 80–120 chloroplasts, which necessi-
tates organelle division, a process that has been shown to be largely independent 
of cell division. Chloroplast division is mediated by tubulin-like proteins known 
as FtsZ and dynamin-like proteins, such as ARC5 ( accumulation and replication 
of chloroplasts) that form concentric rings within and outside the chloroplast enve-
lope, respectively [50]. Recent findings include a role for chaperones, cpn60, and 
PARC60 in coordinating and regulating division [17, 45]. However, although there 
are impacts on chloroplast size and function there are no substantive perturbations 
to chloroplast biogenesis.

4.4  Temporal and Cellular Factors Required  
for Chloroplast Biogenesis and Development

It is important to note that environmental, cellular and temporal factors 
also contribute to chloroplast biogenesis and development (Fig. 4.4), not just the 
actual processes and proteins within the plastid. Indeed, as noted above, the role 
of light mediated-signalling via the phytochromes and cryptochromes is essential. 
 However, not only environmental factors influence chloroplast biogenesis but also 
other organelles and structures in the cell [3]. The SCO3 protein is a protein of 
unknown function required for chloroplast biogenesis with the sco3 mutation im-
pairing chloroplast and etioplast differentiation in seedlings. Unexpectedly, the 
SCO3 protein is targeted to the surface of peroxisomes and is associated with the 
microtubule cytoskeleton [3]. Furthermore, disrupting the cytoskeleton with inhibi-
tors demonstrated a role for it, together with SCO3, in chloroplast biogenesis. One 
hypothesis is that transport and/or import of specific, but as yet unknown, proteins 
or metabolites might require interactions between the chloroplasts and cytoskeleton 
during plastid biogenesis in cotyledons.

Temporal factors also have an impact on chloroplast biogenesis in seedlings. 
Embryo maturation influences chloroplast development, that is, even though pro-
plastids are present in the seed prior to germination and are largely undifferenti-
ated, the way in which they are formed during embryogenesis affects chloroplast 
biogenesis. Mutants affected in chloroplast biogenesis in the embryonic leaves 
(cotyledons) of germinating seedlings, such as sco and ex1ex2, are not affected in 
chloroplast development during embryogenesis in the developing silique [2, 24]. 
Indeed, it could be shown that the chlorotic cotyledons of sco2 and ex1ex2 could 
be reverted to green if the mature green embryo was extracted from green seed and 
germinated precociously or if the seed was germinated from embryos that had ma-
tured in the dark, and not the light [2, 24]. The nature of this embryonic control on 
plastid development in germinating seedlings is as yet unknown, although ABA is 
proposed to be involved [24].
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4.5  Future Directions

To date most studies of chloroplast development have identified chloroplast-local-
ised proteins involved in import, chloroplast transcription/RNA maturation/protein 
translation, assembly and signalling. Temporal factors, with respect to tissue devel-
opment and age, have to be taken into account. Indeed, insights into the effects of 
embryogenesis on photomorphogenesis reveal new directions for the analysis of the 
regulation of chloroplast biogenesis. Key questions that remain include: (1) what 
is the interaction between chloroplast development and photomorphogenesis; (2) 
what is the influence of other cellular compartments, such as the cytoskeleton and 
mitochondria on chloroplast biogenesis; (3) what are the actual retrograde signals 
that mediate chloroplast development; (4) what are the check points in chloroplast 
biogenesis and development and how do they interact with phytochrome-mediate 
signalling?
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Abstract The energy converting photosynthetic machinery in plants is harbored 
in the thylakoid membrane system inside the chloroplast. The structural flexibility 
of thylakoid membranes is a central feature that allows sessile plants to adapt to 
very different and highly fluctuating environmental conditions. This chapter surveys 
structural attributes of the thylakoid membrane system and its dynamics. It connects 
structural alterations to the functionality of the energy converting apparatus and its 
regulation. Two structural levels are addressed that cover different length scales. The 
first deals with changes in the overall membrane architecture (micrometer length 
scale) with a special emphasis on stacked grana regions. The second part focuses 
on the organization of many protein complexes in thylakoid membranes (100 nm 
length scale). It turns out that thylakoid membranes evolved a remarkable degree of 
plasticity that fine-tune different aspects of photosynthetic energy transformation.

Keywords Thylakoid membrane · Grana thylakoid · Macromolecular crowding · 
Protein arrays · Supramolecular level
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5.1  Introduction

The conversion of solar radiation into biologically useful energy by photosynthesis 
is confined to highly specialized membrane systems. In plants, the thylakoid mem-
brane inside the chloroplast harbors the nanomachines that constitute the photosyn-
thetic apparatus for sunlight-driven generation of NADPH + H+ and ATP accompa-
nied by water splitting and molecular oxygen production. Although the overall reac-
tion equation is simple, the underlying molecular processes are extremely complex 
and fascinate thousands of researchers in many disciplines of natural sciences rang-
ing from quantum mechanics to ecophysiology. Learning how nature optimizes and 
regulates photosynthetic energy transformation is a high priority research field with 
significant social impact because it might provide a key to solving global energy 
and food problems in a challenging climate. Understanding the primary processes 
in photosynthesis requires not only detailed knowledge of the molecular structure 
of the individual nanomachines, but it is also essential to know how the overall thy-
lakoid system is structured and how its numerous protein complexes work together 
to establish functional networks for light-harvesting and electron transport. Recent 
work has given new insights into the structural plasticity of thylakoid membranes 
on the nanometer and micrometer length scale. This data reveals a high degree of 
structural flexibility in photosynthetic membranes, which is necessary to tackle the 
multiple challenges dictated by environmental changes that occur day-to-day on 
very different time scales.

A striking structural feature that is characteristic for the thylakoid system is that 
part of the membrane forms tightly stacked cylindrical domains called grana thyla-
koids [31, 90, 111]. Grana discs are interconnected by unstacked stroma lamellae 
forming a continuous membrane system that separates two aqueous reaction spaces: 
the chloroplast stroma and the intrathylakoid lumen space (see also Fig. 5.1). Em-
bedded in the thylakoid membrane are six main transmembrane protein complexes 
that establish the energy transforming apparatus: photosystem II (PSII) with light-
harvesting complex II (LHCII), photosystem I (PSI) with light-harvesting complex 
I (LHCI), the cytochrome b6f (cyt b6f) complex, and a F-type ATPase complex 
(ATPase). In addition to these major protein complexes, low abundance transmem-
brane proteins are present like the psbS protein or stn kinases. It is well established 
that differentiation into stacked and unstacked membrane regions leads to a lateral 
heterogeneity in protein complex distribution [2, 14, 35, 111]. The main part of 
PSII and LHCII is localized in stacked grana. In contrast, PSI with LHCI and the 
ATPase are excluded from stacked grana, most likely by steric hindrance because 
the stroma-facing protein moieties of PSI and ATPase are too large to enter the nar-
row gap between adjacent grana membranes (see Sect. 5.2.1.3). It is assumed that 
the cyt b6f complex is the only complex that is homogeneously distributed [111] but 
there is also evidence for its depletion in stacked grana [41, 122] as well as for its 
concentration in this subcompartment [2]. However, the lateral protein distribution 
within the thylakoid network is not static but highly dynamic. The dynamic redis-
tribution of protein complexes within and between stacked and unstacked thylakoid 
regions could play a key role to adjust photosynthetic performance to environmental  
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changes. Thus, unraveling this interdependency is central to understanding the plas-
ticity of the energy transforming machinery.

In the last few decades, considerable progress in solving the structure of photo-
synthetic protein complexes (for recent reviews see [8, 18, 21, 54, 121]) leads to 
an almost complete set of high-resolution models making the thylakoid membrane 
one of the best-characterized biomembranes. Furthermore, low-resolution data de-
duced from single-particle analysis of solubilized thylakoid membranes reveals that 
photosynthetic protein complexes form larger aggregates named supercomplexes 
(Fig. 5.2). It seems that protein complexes in thylakoid membranes are mainly or-
ganized into supercomplexes, i.e. dimeric cyt b6f complex, trimeric LHCII, PSI 
with four LHCI, and dimeric PSII with two trimeric LHCII [35]. In particular, the 
PSII supercomplex in grana thylakoids was extensively studied [25, 70, 91]. There 
is now an understanding that the dimeric PSII-LHCII supercomplex represents the 
structural building block in stacked grana (but see [115] for a different view). Fur-
thermore, evidence exists [35] that in grana membranes isolated by mild-detergent 
treatments, supercomplexes can arrange into higher associations called megacom-
plexes (Fig. 5.2). It has to be clarified whether these higher associations represent a 
native state or that they are generated by the detergent treatment [88]. Under some 
conditions, the PSII-LHCII supercomplex can further associate to highly ordered 
semicrystalline supramolecular networks consisting of many proteins ([32, 35, 70], 
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Fig. 5.1  Levels of protein organization in thylakoid membranes. Proteins can arrange themselves 
into different assembly levels. The example shows these levels for the LHCII-PSII complex. Dif-
ferent psb-subunits form the PSII (multi-subunit complex). This PSII complex associates to a 
dimer that binds two trimeric LHCII complexes ( red) forming the LHCII-PSII supercomplex. 
Further trimeric LHCII attach to the supercomplex generating megacomplexes that can further 
form extended supramolecular networks. The different types of complexes are characterized by 
different binding strengths indicating a hierarchy in protein-protein interactions. For example, 
the two trimeric LHCII binds stronger to the dimeric PSII than the additional trimers in mega-
complexes. As indicated by the arrows, the different assembly levels are in equilibrium and are 
inter-convertible. Intact thylakoid membranes contain all assembly levels [30] and the state of 
equilibrium is controlled by environmental factors. This inter-convertibility is critical for the PSII 
repair cycle (see text for further details)
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see Sect. 5.3.2). Since these semicrystalline arrays are found in intact thylakoid 
membranes that never had contact with detergents [32], it is safe to conclude that 
they represent an in vivo state of the photosynthetic machinery. Thus, a remark-
able degree of order and hierarchy in protein organization is realized in particular 
in grana membranes (Fig. 5.2). Although this has been recognized for a long time, 
we are just now understanding the functional significance and dynamics of struc-
tural ordering in photosynthetic membranes. Interestingly, a similar complexity and 
hierarchy is realized for membrane proteins in the respiratory membranes in mito-
chondria that also form supercomplexes [37, 38, 40] and supramolecular rows [33, 
38, 39, 112]. It seems that both bioenergetic membranes share common structural 
organization motifs indicating that learning the principles of protein organization 
in thylakoid membranes could be valuable for respiratory membranes too and vice 
versa. For example, electron transport in both membranes depends on diffusion of 
small electron carriers (plastoquinone, ubiquinone, plastocyanin, cytochrome c). 
Supercomplexes and supramolecular ordering as found photosynthetic as well as in 
respiratory membranes could have strong impact on the mobility of these carriers 
[53, 72, 59].

A current research challenge is to determine the supramolecular arrangement in 
native membranes and to understand how it dynamically responds to environmental 
changes. Furthermore, the overall thylakoid architecture is highly flexible and un-
dergoes dynamic swelling and shrinkage processes that seem to be correlated with 
the adaptation of photosynthetic energy transformation. This review focuses on the 
flexibility of the whole thylakoid system (see Sect. 5.2) as well as on the supramo-
lecular protein arrangement in thylakoid membranes (see Sect. 5.3) of higher plants. 
The reader is also referred to excellent review articles on related fields, i.e. on the 
supramolecular PSII organization [70] and on 3D models for the overall thylakoid 
membrane architecture derived from electron tomography [31, 90].
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Fig. 5.2  Survey of geometrical changes in the overall grana architecture. a Light intensity is the 
major determinant that controls the number of grana thylakoid membranes constituting the grana 
cylinder. b The grana diameter seems to be a relative robust quantity. However, it was reported that 
it shrinks under certain unfavorable conditions. This leads to inter-conversion of stacked ( grey) 
to unstacked thylakoid membrane regions ( light blue). c Recent data suggests that the thylakoid 
lumen in grana ( dark blue) swells in light that has impact on the molecular mobility of lumen-
hosted proteins. d Although experimental evidence is weak, it was suggested that the distance 
between neighbored grana membranes on the stroma side (partition gap) can change under high-
light stress
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5.2  Overall Thylakoid Architecture

The structure of the thylakoid membrane system in chloroplasts was mainly studied 
by diverse electron microscopic techniques [86, 89, 111] and atomic force micros-
copy [55]. Most recently, electron tomography was established for visualizing the 
3D thylakoid architecture [16, 32, 69, 87, 105]. An intensively discussed point is 
how the stroma lamellae insert into the grana stacks. Basically, two models have 
been proposed. One postulates that the stroma lamellae spiral up around the grana 
cylinder in the form of a right-handed helix and insert into the grana cylinder by 
slit like connections called “frets.” The other model hypothesizes that bifurcation of 
stroma lamellae leads to grana stacks (“fork” model). This open aspect in the thyla-
koid structure is not addressed in this review and the interested reader is referred to 
[16, 31, 87, 90]. The following section focuses on the architecture of grana stacks 
that constitute about 80 % of the thylakoid membrane [3].

5.2.1  Structural Organization of Grana Thylakoids

5.2.1.1  Grana Diameter

The 3D ultrastructural models derived from electron microscopy reveal the com-
plexity but also the high degree of organization realized in thylakoid membranes. 
For example, it is striking that the diameters of the numerous grana cylinders 
in a chloroplast (typically 40–60) are in a narrow size range, i.e. between 300 
and 600 nm [35, 111]. This size range seems to be a robust quantity because it 
does not change significantly under different growth conditions [59]. The gra-
na diameter is particularly relevant for processes that are based on lateral dif-
fusion between stacked and unstacked thylakoid membrane regions because it 
determines the diffusion distance and consequently the diffusion time. Diffusion 
dependent processes that are affected include the PSII repair cycle, state transi-
tion or electron shuttling between PSII and PSI by small electron carriers’. For 
a detailed discussion, see [59]. It is not clear why no broad statistical distribu-
tion in the grana diameters is realized, e.g. grana with a few tens of nm and µm 
sized grana. This points to physicochemical driving forces determining the size 
of stacked thylakoids. A possible driving force that is involved in grana organiza-
tion is the phosphorylation level of PSII and/or LHCII. PSII and LHCII can be 
reversible phosphorylated by stn7 and stn8 kinases [24, 42, 96, 116]. In stn7/stn8 
Arabidopsis double mutants with a very low PSII/LHCII phosphorylation level, 
the grana diameter is about 50 % wider compared to wild-type plants [43]. Based 
on these findings, it was suggested that the phosphorylation level of grana hosted 
PSII determines the grana diameter [44]. This correlates with the hypothesis that 
stacking is a result of mutual electrostatic attraction between positive and nega-
tive surface charges localized on the stroma-facing N-terminal part of the LHCII 
complexes located on adjacent grana discs (for a model see [21]). In the context 
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of this model, the introduction of negative charges by protein phosphorylation is 
expected to disturb the electrostatic balance leading to repulsion and destacking. 
The idea of stacking mediated by electrostatic interactions goes back to earlier 
models based on the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory that 
combine electrostatic repulsion with van-der-Waals attraction [19]. In addition, 
at short distances (< 2.5 nm), strong hydrostructural repulsion hinders further ap-
proximation of adjacent grana membranes [103]. In difference to this “surface-
charge model,” other models were postulated for explaining grana stacking in-
cluding the molecular recognition of complementary protein surface regions [4, 
5, 7] or entropic effects [26, 27]. It needs to be elucidated how all these fac-
tors work together for establishing tightly stacked grana. However, the observa-
tion that differences in the protein phosphorylation level of grana hosted protein 
complexes induce changes in grana diameter points to an important role of this 
post-translational protein modification for the structural organization of thylakoid 
membranes. A critical role of protein phosphorylation on the stromal LHCII site 
for thylakoid stacking is in accordance with studies showing that cleavage of a 
2 kDa sized N-terminal domain of LHCII prevents stacking [81]. Since the ac-
tivity of the stn-kinases are tightly controlled by the redox state of the photo-
synthetic electron transport chain (i.e. the plastoquinone pool), reversible protein 
phosphorylation allows dynamic adjustment of structural boundary conditions of 
the thylakoid membrane system to the needs determined by an ever-changing en-
vironment (see Sect. 5.2.2).

5.2.1.2  Grana Distribution in Chloroplasts

Another example for the high degree of organization found in the overall thylakoid 
architecture is that the many grana stacks in a chloroplast are remarkably homog-
enously distributed. We analyzed the grana distribution by confocal laser scanning 
microscopy (CLSM) in combination with mathematical analysis tools and found 
that the separation distance between adjacent grana stacks fall in a narrow range that 
varies between 450 and 750 nm with a mean at about 550 nm (unpublished results). 
As for the grana diameter, it is striking that a broad range of separation values is not 
realized. The non-random equal-distant separation by about ~ 550 nm of ~ 500 nm 
wide grana discs could be advantageous for absorption of visible light. This point 
has not been examined so far.

The constancy of the grana diameter and separation indicates that structural or-
ganizing forces are at work leading to a high level of order found in the overall thy-
lakoid membrane architecture. Because cytoskeleton-like elements are very likely 
missing in chloroplasts, the capability to arrange the thylakoid network is most 
likely determined by physicochemical features of the membrane itself. The poten-
tial for self-organization can be demonstrated by in vitro destacking and restack-
ing experiments of isolated stacked thylakoid membranes induced by changing salt 
concentrations [55, 65, 108, 109]. Destacking by low salt treatment not only leads 
to unfolding of grana stacks but also to randomization of the protein complexes 
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within the thylakoid membrane. Re-addition of salt to destacked thylakoids leads to 
almost full refolding to the complex grana network that is accompanied by the same 
inhomogeneous protein distribution between stacked and unstacked membrane re-
gions as found for stacked control membranes. It follows that the complex folding 
and protein organization is self-organized.

5.2.1.3  Transversal Grana Structure

The transversal geometry of grana stacks recently came into focus of photosyn-
thesis research since technical improvements (cryo-sample preparations and cryo-
EM) allow determination of structural thylakoid attributes in near-native states. 
The pioneering work of Murakami and Packer [84] on thin-sections of room-
temperature chemical fixed samples gives a first comprehensive quantitative pic-
ture of the transversal grana thylakoid structure. However, it was recognized that 
chemical fixation of thylakoids at ambient temperatures and using isolated thyla-
koids can be a source of artifacts [89]. Recently, cryo-EM tomography [32, 70] 
and cryo-EM [68] was applied to reexamine structural attributes of grana thyla-
koids. While the studies of Kouřil and co-workers were performed with isolated 
grana membranes, Daum et al. used ruptured chloroplasts and Kirchhoff et al. used 
intact leaf discs. The latter two studies gave a consistent picture of the transver-
sal grana architecture summarized in Fig. 5.3. In difference to the values given 
in Fig. 5.3, Kouřil and co-workers found significant higher numbers for the lu-
minal width (14–16 nm) and a variable width of the stroma partition gap. These 
differences may indicate that preparation of isolated grana lead to alterations in the 
native membrane organization and highlights the importance for analyzing mem-
brane attributes with intact material.

Given that high-resolution information about photosynthetic protein complexes 
is available now, it is appealing to combine them with ultrastructurual data of stacked 
grana as shown in Fig. 5.3 for the LHCII-PSII supercomplex. These quantitative 

Fig. 5.3  In-scale model of a grana stack ( cross-section). The model is based on recent cryo-EM 
data (see text for details). It represents the situation in dark- or dim light-adapted plants. The 
numbers change considerably in light-adapted plants. The model shows four grana membranes 
enclosing two lumen spaces and separated by one partition gap. The lateral grana dimension is not 
in-scale. Note that adjacent PSII complexes sharing the same lumen cannot adopt a face-to-face 
arrangement due to steric restrictions of the lumenal PSII protrusions
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models give an intuitive access to the structural organization of the photosynthetic 
machinery and allow estimations of steric restrictions. From Fig. 5.3 it follows that 
the aqueous stroma space between two grana discs (partition gap) available for 
diffusion is less than 3 nm (taking into account that PSII extends ~ 1 nm into the 
stroma). It follows that the ATPase complex and PSI must be excluded from stacked 
grana by steric reasons because their stroma protrusions are too large (~ 10 nm for 
the ATPase [1] and ~ 3.5 nm for PSI [9, 55]). In turn, both PSII and LHCII have very 
flat stromal surfaces (Fig. 5.3) that enable tight grana stacking. The situation for the 
cyt b6f complex is less clear since stromal protrusions may cause steric hindrance 
and exclusion from stacked regions. These structural conclusions based on new 
EM data taken from material in a near native state correspond with earlier models 
[7, 35]. The overall picture derived in Sect. 5.2.1 represents the situation for dark-
adapted samples or samples in dim light. However, as detailed in the next section 
the structural attributes of the thylakoid architecture are not static but can change 
significantly, in particular by illumination.

5.2.2  Flexibility of the Grana Architecture

5.2.2.1  Classification of Structural Changes in the Grana Architecture

Before summarizing the current knowledge on the structural flexibility of the thy-
lakoid membrane system, it is worthwhile to classify possible geometrical changes 
for grana stacks. Figure 5.1 gives a schematic overview about these changes that 
are all realized in native thylakoid membranes. As detailed below, the four different 
types of structural changes have different functional consequences. Therefore, gen-
eral statements like “destacking of grana” without specifying what exactly is meant 
by this may be not sufficient to understand the different functional implications as-
sociated with the different types of destacking.

The most obvious and best-documented change in the overall thylakoid archi-
tecture is alteration in the number of thylakoid membranes that constitute a grana 
stack (Fig. 5.1a). It has long been known that there is an inverse correlation between 
light intensity and the number of thylakoids per grana stack (for reviews see [11, 12, 
111]). For example, shade plants form higher grana stacks (more membrane layers) 
than sun plants. An extreme example is the shade plant Alocasia microrrhiza grow-
ing in the deep shade in rainforests with more than 100 thylakoid membranes per 
grana stack [46]. Increasing the number of membrane layers could be a strategy to 
increase the probability for absorbing the limiting number of light quanta that reach 
the plant in the shadow [12]. A simple example illustrates this. A single (grana) 
membrane layer with a chlorophyll concentration of ~ 0.3 M [61] and a thickness of 
4 nm (Fig. 5.3) would absorb only about 1 % of the incident light of 680 nm (extinc-
tion coefficient for chlorophylls at 680 nm is 53,000 mM−1 m−1, [119]). (The wave-
length of 680 nm was arbitrarily chosen). Although this is a rough estimate because 
the optical properties in intact membranes are much more complex, the number of 
1 % is in agreement with more elaborate models [93]. Due to this low probability 
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to harvest sunlight by one membrane layer, the stacking of many membrane layers 
to grana could be an important optimization for collecting limiting light quanta in 
shaded habitats. Besides changing the number of membranes per grana stack, other 
geometrical alterations in response to environmental cues are realized that are sum-
marized in the following sections.

5.2.2.2  Lateral Changes in Grana Diameter (Fig. 5.1b)

As discussed in Sect. 5.2.1.1, the diameter of the grana cylinder seems to be fairly 
constant in non-stressed plants. However, under certain conditions, the diameter of 
grana stacks can change. An example is state transition. The broad outline of state 
transition [4, 6, 56, 75] is that it dynamically adjusts the functional antenna size of 
PSII and PSI (number of chlorophylls coupled to a photosystem reaction-center) 
to balance the energy distribution between them and in that way to synchronize 
the photochemical rates of the two photosystems. Under conditions where PSII re-
ceives more light energy than PSI, the imbalance is sensed by a higher reduction 
level of the intersystem PQ pool. The reduced PQ pool activates the stn7 kinase 
that phosphorylates LHCII subunits (LHCII-P). LHCII-P uncouples from PSII and 
migrates to unstacked thylakoid regions where it serves as light harvester for PSI. 
This process is reversible, i.e. if the PQ pool gets oxidized again, LHCII-P is de-
phosphorylated and redistributes back from PSI to PSII. State 1 is defined when 
LHCII preferentially binds to PSII, state 2 when it binds to PSI. State transition is an 
important mechanism to optimize energy conversion under low light, i.e. under con-
ditions where each light quantum should be used for photochemistry. Under high 
light, the regulation by state transition is turned off because the stn7 kinase is inac-
tivated by thiol-modulation [97]. Comparative EM micrographs of pea thylakoids 
in state 1 and 2 reveal that the grana diameter shrinks in state 2, leading to a 23 % 
decrease in the amount of stacked membranes and consequently to a corresponding 
increase in unstacked membranes [72, 110]. This lateral grana shrinkage under state 
2 was recently confirmed [28].

What could be advantages to reduce the grana diameter? As discussed in detail 
in 5.3.1, grana thylakoids are heavily crowded by proteins that challenge lateral 
transport of membrane integral protein complexes. This interferes with the redis-
tribution of LHCII between PSII in stacked grana to PSI in unstacked thylakoid 
parts. In this respect, decreasing the grana diameter has several advantages. First, 
LHCII localized in grana areas that are subjected to destacking reaches unstacked 
regions without long-range diffusion. Second, the diffusion distance of proteins that 
are still in stacked regions to reach unstacked membrane parts is shortened. Conse-
quently, their diffusion time will be reduced. Third, the grana perimeter to area ratio 
increases after shrinkage of the grana diameter. Therefore, it is expected that the 
contact zones between stacked and unstacked membranes increases. In summary, 
lateral destacking by reducing the grana area could be relevant to improve lateral 
protein traffic between stacked and unstacked thylakoid membranes as required for 
state transition.
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Another prime example where lateral protein traffic is essential is the PSII repair 
cycle. Plants have to deal with the problem that primary photochemical processes in 
the reaction center of PSII have an intrinsic probability for producing toxic reactive 
oxygen species (ROS) that mainly damage the D1 subunit of PSII [73, 79, 83, 92]. 
This cannot be completely avoided and becomes a severe problem under high-light 
or temperature stress. Plants addressed this challenge by the evolution of a sophis-
ticated PSII repair cycle that is one of the fastest repair machineries in nature [73, 
79, 83]. An open question concerning the PSII repair cycle is how damaged PSII 
in stacked grana becomes mobilized and can escape from crowded grana to find its 
repair machinery in distant (several 100 nm) stroma lamellae. As discussed above 
for state transition, reduction of the grana diameter could be an elegant way to 
solve this problem because it facilitates diffusion dependent steps in the PSII repair 
cycle. Recently, we analyzed structural grana attributes by mathematical analysis of 
CLSM images of dark-adapted and light-stressed Arabidopsis protoplasts (unpub-
lished results). A key finding is that high-light stress causes a shrinkage of the grana 
diameter by about 21 % (from 380 nm to 300 nm). This contrasts with EM studies 
in which no change in grana diameter was observed by high light stress [43]. How-
ever, the error bars in the EM study are in the order of 35 %. Thus, it could be that 
the more subtle changes determined by CLSM were simply not detected in the EM 
study because the error bars are too large. It is striking that both state transition and 
the PSII repair cycle includes reversible phosphorylation of LHCII or PSII subunits 
(D1, D2, CP43, psbH) and lateral destacking of grana. This supports the concept 
that the protein phosphorylation level of grana hosted proteins determines the grana 
diameter (see Sect. 5.2.1.1).

5.2.2.3  Swelling of Thylakoid Lumen (Fig. 5.1c)

Until recently, the accepted view was that the thylakoid lumen shrinks in light com-
pared to dark-adapted samples. The concept of a light-induced shrinkage mainly 
goes back to observations made by Murakami and Packer on samples prepared by 
classical room temperature fixation techniques [84]. In contrast to this mainstream 
concept, we could show in a collaborative study with Dr. Ziv Reich by applying 
two different cryo-EM techniques on intact leaf discs that the lumen expands in 
light-adapted Arabidopsis leaves from about 4.6 nm to about 9.2 nm, i.e. by about 
100 % [68]. We interpreted the discrepancy of our study to the work of Murakami 
and Packer by differences in sample preparations and by working with intact leaf 
material instead of isolated thylakoids (see [88] for a detailed discussion). There-
fore, recent data indicates that the lumen expands in light. A controlled swelling 
and shrinkage of the lumen introduces interesting types of regulation of electron 
transport reactions as well as photoprotective and protein degradation processes that 
are localized in the lumen.

What are the functional implications of a swelling or shrinkage of the thylakoid 
lumen? Before addressing this question it is essential to appreciate the high protein 
density in this narrow reaction space. In dark-adapted samples, a luminal width 
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of only ~ 4.6 nm excludes the possibility that the protruding luminal parts of PSII 
complexes localized in adjacent grana thylakoid membranes adopt a face-to-face 
arrangement and therefore must be staggered (Fig. 5.3). This is because the height 
of the luminal protrusion of 4–5 nm [91] is too large to allow a face-to-face organi-
zation. From a staggered arrangement, it follows that the area occupied by luminal 
PSII protrusions in the middle of the lumen is doubled compared to a face-to-face 
arrangement. Taking measured PSII densities and mid-resolution models of PSII, 
we generated molecular landscapes of the lumen of dark-adapted Arabidopsis plants 
[68]. These models reveal that the lumen in grana is an extremely crowded space. 
About 70 % of the area is occupied by OECs. Estimation of the available diffusion 
space of the electron carrier plastocyanin (PC) shows that it is trapped in small dif-
fusion microdomains. PC can escape from these microdomains only by rearrange-
ments of the overall protein network in grana, which is a very slow process [62]. 
Consequently, long-range diffusion of PC in dark-adapted thylakoids is expected to 
be slow; this was supported by functional electron transport measurements [68]. In 
contrast, the significant swelling of the lumen in light-adapted thylakoids leads to 
a switch from highly localized diffusion (in microdomains) to long-range diffusion 
[68]. Thus, light-induced dynamic swelling and shrinkage of the thylakoid lumen 
can control photosynthetic electron transport by controlling the diffusion radius of 
plastocyanin.

The highly restricted diffusion in dark-adapted plants observed for PC is likely to 
hold also for other lumenal proteins. Steric restrictions for other proteins can even 
be more pronounced because they are often larger than PC. For example, the violax-
anthin deepoxidase (VDE) is about 40 kDa [102]. It is assumed that the functional 
VDE-form is a dimer. Thus, the physical size (diameter) of functional dimeric VDE 
is ~twice that of PC ((80/10.5 kDa)1/3) assuming a spherical shape of both molecules. 
It follows that there is hardly any space in the lumen of stacked grana to accommo-
date VDE or that the enzyme is trapped in a few places in stacked grana only. VDE 
catalyzes the conversion of the xanthophyll violoxanthin to zeaxanthin [50]. The lat-
ter is an important activator of photoprotective high-energy quenching (qE). Size ex-
clusion of VDE from stacked grana or a highly localized VDE within grana implies 
that the xanthophylls in grana have to migrate through the lipid membrane phase to 
and from the enzyme. Since the membrane is also a highly crowded environment, 
it is expected that this diffusion is slow, as was shown as well for plastoquinone 
[60, 74]. Taken together, it could be that activation of qE by zeaxanthin formation 
is kinetically limited by slow diffusion of xanthophylls through crowded grana to 
a tethered VDE in dark-adapted samples. This restriction could be reversed in the 
light by luminal swelling that could lead to acceleration of qE due to higher VDE 
mobility. Similar conclusions as for VDE can be drawn for luminal Deg proteases 
(molecular weight ~ 35 kDa [102], ~ 1.5 times larger than PC) that are involved in 
degradation of photodamaged PSII (see also FtsH proteases in Sect. 5.2.2.4). Fur-
ther experiments have to prove these possibilities of dynamic restricted accesses to 
stacked grana and/or trapping in microdomains of lumen hosted VDE and proteases.

Another process that could be influenced by changes in the luminal width is the 
assembly/disassembly of the oxygen-evolving complex (OEC) of PSII. It has been 
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postulated that changes in the luminal width can control the proper assembly of the 
four subunits that constitute the OEC for catalyzing water splitting [13]. Although 
the authors assumed shrinkage of the lumen in the light (based on the work of 
Murakami and Packer, 84], the concept of a dynamic switch in OEC activity con-
trolled by swelling/shrinkage processes is an interesting possibility to regulate PSII 
activity and in consequence linear electron transport from water to PSI. A related 
mechanism is the disassembly of photodamaged PSII. It is known that the damaged 
LHCII-PSII holocomplex in grana dismantles, including the removal of the luminal 
OEC subunits. This removal may be required to mobilize PSII in stacked grana to 
make it accessible for its repair machinery in stroma lamellae (see Sect. 5.2.2.2 
above). It is likely that this disassembly is facilitated by the expansion of the lumen. 
So far, this expansion was seen only for moderate light intensities (500 µmol quanta 
m−2 s−1). It has yet to be determined whether this also takes place in high-light 
stressed plants.

At this point, we can only speculate about the factors that determine changes 
of the luminal width. A plausible scenario is that light-induced protonmotive force 
( pmf) drives an influx of chloride anions that in turn leads to osmotic swelling of the 
lumen. Thylakoid membranes contain at least two chloride channels [107]. At least 
one of these channels is voltage-gated [101]. Thus, the electrical potential gradient 
(Δφ) generated in the light could activate voltage-gated chloride channels leading 
to a pmf-driven influx of chloride anions into the lumen and to osmotic swelling. 
The important consequence of this chloride-channel regulated swelling is that the 
luminal width is not directly light-dependent but rather controlled by ∆φ. Any fac-
tors that either manipulate the magnitude of the total pmf or that alter the partition 
between the chemical and electrical pmf parts would also control the luminal width. 
For example, metabolic control of the ATPase activity by thiol-modulation of the 
γ-subunit [69] would not only regulate the magnitude of the trans-thylakoid pmf but 
also structural attributes of the thylakoid system, i.e. the width of the lumen. Thus, 
there could be an indirect link between regulation of ATPase activity and control of 
PC-mediated electron transport and VDE-dependent photoprotection.

5.2.2.4  Vertical Destacking of Grana (Fig. 5.1d)

Vertical destacking (i.e. increase in the partition gap) was recently discussed in the 
context of the PSII repair cycle. It was postulated that widening of the stromal gap 
allows FtsH proteases to enter the grana region enabling degradation of damaged 
PSII [43, 123]. The height of the stromal protrusion of the hexameric FtsH prote-
ases is ~ 6.5 nm [113]. This large protrusion may exclude the FtsH proteases from 
stacked regions in dark-adapted samples by steric hindrances (Fig. 5.3). Therefore, 
a significant widening of the stromal gap in light-stressed plants could allow FtsH 
proteases to access stacked grana regions for swift degradation of damaged PSII 
[123, 124]. It was also suggested that transversal destacking could be a factor to 
mobilize damaged PSII in stacked grana to reach its repair machinery in distant 
stroma lamellae [43]. The effect of vertical destacking on PSII mobility in grana 
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could be two-fold. First, an increase in the stromal partition gap lowers attractive 
van-der-Waals forces between PSII in adjacent membrane discs that holds PSII in 
grana [20]. Second, transversal separation also diminishes steric hindrances since 
the stromal part of PSII sticks out ~ 1 nm from the membrane surface. The “effec-
tive” protrusion could be even larger due to structured water layers. Thus, steric 
hindrances on the stroma side could restrict PSII mobility in dark-adapted samples 
where the partition gap is only 3–4 nm (Fig. 5.3). These considerations make plau-
sible that transversal destacking could facilitate the degradation of damaged PSII 
localized in stacked grana. According to the “surface charge model” of grana stack-
ing (see Sect. 5.2.1.1) the driving force for separation of grana membranes is an 
increase in electrostatic repulsion by introduction of negative charges by protein 
phosphorylation of PSII (and/or LHCII) subunits. Although these ideas describing 
how widening of the stromal gap can facilitate accessibilities of FtsH proteases 
and the mobility of PSII are sound, the experimental evidence for a high light in-
duced widening of the stromal gap in stacked grana is weak. There is evidence that 
grana partially destack under photoinhibitory conditions [43, 58]. But as mentioned 
above, grana destacking can mean different things and direct evidence for an in-
crease in partition gap under light stress is missing. For example, no cryo-EM data 
exists on thylakoids from high-light stressed plants.

Another aspect of dynamic changes in grana partition gap concerns the excitonic 
energy transfer between protein-bound pigments. It was hypothesized that grana 
stacking allows for transversal energy transfer between LHCII-pigments localized 
in opposite grana membranes [7]. The significance of this vertical energy trans-
fer from one grana disc across the stromal partition gap to the adjacent membrane 
disc for light harvesting by PSII is unclear. Experimental evidence supports [118] 
or contradicts [63] a significant contribution for vertical exciton transfer in grana. 
Theoretically, it is expected that lateral energy transfer between pigments in the 
same grana membrane is faster (and consequently more efficient) than the trans-
versal transfer, because the pigment-pigment distances are shorter [63]. Within the 
membrane, the mean chlorophyll-chlorophyll distance is expected to be 2 nm or 
shorter as was estimated for adjacent trimeric LHCII in thylakoid membranes [21]. 
By contrast, the closest transversal chlorophyll-chlorophyll distance in dark-adapt-
ed plants is ~ 4 nm [estimated from [21, 32]. Assuming that inter-protein energy 
transfer can be described by Förster theory and assuming that pigment-pigment 
orientation factors and refractive indexes are the same for transversal and lateral ex-
citon transfer pathways, the difference between 2 and 4 nm would reduce the energy 
transfer rate more than 60 fold. However, we do not have reliable information for 
the pigment orientation factors and for the refractive index (in particular for energy 
transfer across the aqueous partition gap) that can change this number considerably. 
Our recent cryo-EM studies show a tendency for a reduction in the partition gap in 
plants illuminated under non-photoinhibitory conditions [68]. Thus, there is a pos-
sibility for a light induced switch in transversal energy transfer, i.e. that is activated 
in illuminated samples by narrowing of the adjacent grana discs. This interesting 
possibility has to be proved by e.g. analyzing the partition gap under different light 
intensities.
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Finally, the vertical stromal distance in grana thylakoids could control the su-
blocalization of the cyt b6f complex. The stromal protrusion of this complex is 
1.5–2.0 nm (Dr. William Cramer, personal information). This is an interesting value 
because it is between the protrusion of PSII (~ 1 nm) and PSI (~ 3.5 nm). It could 
be that small changes in the partition gap have significant impact on the sublocal-
ization of the cyt b6f complex in thylakoid membranes, i.e. a widening of the gap 
would give access to stacked grana whereas a narrowing would exclude the cyt 
b6f from this region. This in turn could determine whether the cyt b6f complex is 
involved in linear electron transport (localization in stacked grana) or in cyclic flow 
around PSI (localization in unstacked thylakoid regions).

5.3  The Supramolecular Level

Structural flexibility is not only apparent for the whole thylakoid membrane system 
but also realized on the supramolecular level, i.e. for the arrangement of many pro-
teins in membranes. It is interesting that photosynthetic membranes in more ancient 
autotrophic organisms are less dynamic. For example, LHCs and reaction centers in 
purple bacteria form relative rigid highly ordered supramolecular assemblies [17]. 
It is likely that supramolecular flexibility in photosynthetic membranes was an im-
portant evolutionary selection criterion to adapt land plants to highly-dynamic ter-
restrial habitats [82]. For example, sunlight can be an elusive energy source for land 
plants because its intensity can change by orders of magnitude on time scales rang-
ing from seconds to months. Photosynthetic energy conversion must compensate 
for these fluctuations. In low light, the absorption of light quanta and its conversion 
into chemical energy must be optimized to energetically fuel the cellular metabo-
lism of the plant. In contrast, in high light, it could be necessary to switch the system 
to an energy dissipating state that minimizes severe damage by toxic side reactions 
of the primary photochemical reactions. The situation in nature is even more com-
plex because plants are integrated in a highly dynamic network of different biotic 
and abiotic factors that determine different requirements on photosynthetic energy 
conversion. Thus, flexibility of photosynthetic functionality is central for plants. 
Recent finding suggest that a main part of the capability for adjustment of photosyn-
thetic performance is realized by dynamic rearrangements of the protein network in 
grana thylakoids. Before describing the current knowledge on the supramolecular 
flexibility, it is essential to understand that photosynthetic membranes are densely 
packed by protein complexes.

5.3.1  Macromolecular Crowding

An important and long known tool to study supramolecular protein arrangements 
in photosynthetic membranes is EM with freeze-fractured or freeze-etched mem-
branes [111]. In freeze-fracture EM, the lipid bilayer is split into the two monolayers. 
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Transmembrane protein complexes visibly stick out of the lipid monolayer as small 
knobs. In early freeze-fracture and freeze-etched EM studies, it was recognized that 
thylakoid membranes must be densely packed with photosynthetic protein com-
plexes, especially in grana membranes (reviewed in [109]). Recently, the protein 
packing density was quantified for grana thylakoids [61, 62]. The study showed that 
~ 70 % of the membrane area in grana belongs to proteins and only ~ 30 % to the 
lipid bilayer. Visualization of 70 % protein packing density show that there is hardly 
any lipid space left. Indeed, both theoretical [61] as well as EPR studies with spin-
labeled lipid probes [76, 77] indicate that a high fraction of thylakoid lipids (> 50 %) 
have direct protein contact (so-called boundary lipids). Thus, photosynthetic energy 
conversion takes places in an extremely crowded environment. The consequences 
of macromolecular crowing on the functionality of photosynthetic membranes are 
less considered so far, although it is known from theoretical considerations (such 
as percolation theory) that physicochemical membrane properties can be signifi-
cantly affected by high protein packing densities [98–100]. Some aspects of high 
protein densities on photosynthetic energy conversion are discussed below. Again, 
it is interesting to look on related biomembrane systems. The protein/lipid ratio (as 
a measure of protein crowding) is 0.34 (w/w) in respiratory membranes [15, 29] that 
is almost identical to thylakoid membranes [61, 77, 85]. Furthermore, EM studies 
on photosynthetic membranes in cyanobacteria, red algae, purple bacteria, or green 
algae indicate a similar high protein packing density as in thylakoid membranes 
of higher plants. It appears that macromolecular crowding is a common structural 
feature of bioenergetic membranes.

Why are thylakoid membranes so densely packed with proteins? An obvious 
advantage is that it allows a tight packing of light-harvesting pigments bound to the 
proteins. On the molecular scale, even full sunlight is a dilute energy source [23]. 
Therefore, a high concentration of light-absorbing chromophores is a prerequisite 
for efficient photosynthetic energy conversion. This is realized by macromolecu-
lar crowding. However, the situation is more complex since the high chlorophyll 
concentration in thylakoid membranes (0.3 M) can lead to detrimental excimer for-
mation that leads to an almost complete conversion of collected sunlight energy 
into heat if the pigments are randomly organized [22]. Energy quenching by high 
pigment concentrations is avoided by exact chlorophyll positioning in rigid pro-
tein scaffolds in LHCs and PSs. The evolutionary optimization of pigment-pigment 
distances, angles, and dielectric constants within the hydrophobic regions of light-
harvesting proteins prevents unwanted energy losses and ensures ultrafast and thus 
very efficient energy transfer.

Recently, we could identify a further advantage of macromolecular crowding 
in grana thylakoid membranes [49]. The organization of the PS-II light-harvesting 
system in grana is modular. That means that multiple layers of LHCII complexes 
with different binding strengths surround the PSII core [35, 70]. In detail, the PSII 
core contains two core antenna complexes (CP43 and CP47) that are complemented 
by minor LHC (CP26, CP29) and one trimeric major LHCII forming the dimer-
ic LHCII-PSII supercomplex. This supercomplex is named C2S2 (C = PSII core, 
S = strongly bound trimeric LHCII). Further LHCII-trimers with the minor LHCII 



H. Kirchhoff144

CP24 can be attached to the C2S2 supercomplex forming a C2S2M2 supercomplex 
(M = medium bound trimeric LHCII) that can further bind up to eight additional 
weakly attached major LHCII complexes. The consequence of this modular antenna 
organization is that it critically depends on efficient intermolecular energy transfer 
between LHCIIs. In our study [49], we diluted the natural high protein packing 
density by fusing isolated grana membranes with protein-free lipid-liposomes with 
the natural lipid composition. The data shows that dilution leads to uncoupling of 
peripheral LHCII trimers not tightly bound to the C2S2 supercomplex and conse-
quently to a reduction in the functional antenna size of PSII. This result indicates 
that high protein packing densities in stacked grana are required to bring weakly 
interacting LHCII and PSII in close contact to enable efficient intermolecular exci-
ton energy transfer. Thus, protein crowding is advantageous for light-harvesting by 
PSII surrounded by its multi-layer light-harvesting system. In contrast to advantag-
es of protein crowding, there can be serious problems associated with high protein 
packing densities addressed in the next chapters.

5.3.2  Disordered Versus Ordered

Early EM studies in the 1960s on thylakoid membranes revealed that proteins in 
stacked grana can arrange themselves in highly ordered semicrystalline arrays [94, 
95]. In the following decades, numerous publications described this remarkable 
self-ordering by using electron microscopy (reviewed in [35, 109]). Very recently, 
semicrystalline PSII arrays were visualized also by atomic force microscopy ([114] 
and Fig. 5.4). A deeper structural analysis of the protein arrays in grana reveals that 
they are composed of C2S2 supercomplex [32, 35]. Furthermore, it was recognized 
that there is variability in the crystal structure. The crystals can have different lattice 
constants and can also be composed of C2S2M or C2S2M2 supercomplexes [35].

Semicrystaline protein arrays are often seen under non-optimal growth condi-
tions. This includes low temperatures, low light, high sugar concentrations, or spe-
cial buffers [45, 64, 78, 80, 104, 106, 120]. Under these conditions, the arrays can 
cover a whole grana disc. The observation that different abiotic factors induce a 
similar switch from disordered to ordered is significant because it indicates that 
changes in the protein ordering level in grana could be a universal response to non-
optimal growth condition that highlights its physiological relevance. Recently, EM 
tomography on ruptured chloroplast shows that PSII arrays are also formed under 
non-stressed conditions but with low abundance [32]. It correlates with the observa-
tion that in grana with disordered protein organization, a tendency for a parallel PSII 
alignment is already apparent [59, 66]. These findings are indicative for a dynamic 
equilibrium between disordered and semicrystalline states controlled by the envi-
ronment. This equilibrium could represent a metastable state as suggested recently 
[70], i.e. small changes can trigger large-scale reorganizations from disordered to 
ordered and vice versa.

The factors that determine the equilibrium between disordered and ordered 
protein organizations in grana are unknown. One possibility is that properties 
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of the lipid bilayer (hydrophobicity, hydrophobic matching, curvature forces) 
could govern the supramolecular protein organization. A lipid-controlled switch 
between disordered and ordered shines new light on the xanthophyll cycle (see 
Sect. 5.2.2.3) because the catalytic formation of zeaxanthin from violoxanthin 
changes physicochemical properties of the lipid bilayer phase (reviewed in [50]). 
This would enable control of the xanthophyll-cycle on the supramolecular protein 
arrangement in grana. Another possibility is that proteins could alter membrane 
properties. For example, it was suggested that the amount of the psbS protein con-
trols the abundance of semicrystalline protein arrays in grana, i.e. the more psbS 
present in thylakoid membranes the more the proteins in grana adopt a disordered 
configuration [48, 57]. Although this ‘inhibitory’ effect of psbS on semicrystalline 
array formation is apparent, no mechanistic suggestions how psbS controls the su-
pramolecular protein arrangement are around. Interestingly, both zeaxanthin and 
the psbS protein play key roles in photoprotective qE. It was also shown that qE is 
accompanied by large-scale protein reorganizations in grana [51]. Thus, changes 
in xanthophylls or psbS could trigger supramolecular switches required for photo-
protection.

a

c

b

d

e

f

Fig. 5.4  Atomic force microscopic (AFM) micrograph of isolated grana membranes (unpublished 
results). The micrographs show the topography ( a, c) and the phase image ( b, d) of grana iso-
lated from Arabidopsis. The numerous ( whitish) particles represent the lumenal protrusion of PSII 
(mainly the water-splitting complex). Particles are better identifiable in the phase images. PSII 
rarely organizes into semicrystalline arrays ( c, d, e). E is a zoom into the arrayed region. The lat-
tice constants for the semicrystalline arrays can be derived from the Fourier transform (f). Scale 
bar 200 nm
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5.3.3  Functional Significance of Protein Ordering

Although macromolecular crowding seems to be required for efficient light-har-
vesting by the modular organized PSII complex (see Sect. 5.3.1), it can have severe 
impacts on all processes that require lateral diffusion in the thylakoid membrane 
system. The mobility of components of the photosynthetic machinery in thylakoid 
membranes is of vital importance. Not only the small electron carrier PQ has to dif-
fuse through crowded grana to functionally connect PSII and the cyt b6f complex 
(for PC see Sect. 5.2.2.3), but state transition and the PSII repair cycle also require 
lateral traffic of proteins. Finally, thylakoids membranes remodel their protein com-
position in response to environmental changes. The site of new protein insertion is 
the stroma lamellae (ribosomes are size-excluded from stacked grana see Fig. 5.3). 
Therefore, changing the protein composition in grana requires migration over sev-
eral 100 nm. Although it is intuitively evident that it is easier to laterally transport 
a molecule in a pure lipid bilayer compared to a bilayer fully packed with diffu-
sion obstacles (proteins), the details of the correlation between obstacle density, 
size or shape, and diffusion can be very complex. Percolation theory describes this 
interdependency [98–100] and a main outcome of this theory is that at obstacle 
area occupations of ~ 70 %, small enclosed microdomains are formed that restrict 
long-range diffusion processes. Monte Carlo computer simulations on PQ diffusion 
[117] and PSII diffusion [62] reveal severe retardation of long-range diffusion for 
both molecules in accordance with percolation theory. This highlights the potential 
problem of macromolecular crowding.

An interesting discrepancy is that measurements of protein diffusion in grana 
by fluorescence recovery after photobleaching (FRAP) is heterogeneous [47, 67] 
whereas the Monte Carlo simulation show a homogenous very slow diffusion. In 
FRAP measurements, 15–25 % of granal proteins are moving relatively fast (e.g. 
they can cross the whole grana diameter in a few seconds). A main difference be-
tween simulation and experiment is that the simulation assumes a pure random pro-
tein distribution. Thus, it is likely that ordering of the proteins in grana can explain 
why a certain fraction is diffusing faster than others. It is important to recognize 
that even in disordered grana, proteins are not purely randomly arranged as dem-
onstrated by mathematical analysis of freeze-fractured EM micrographs [62]. Very 
recently, we could show that lipid diffusion is faster in a mutant which constitu-
tively forms semicrystalline arrays in grana (unpublished results). These observa-
tions point to a role of protein ordering for diffusion processes in grana thylakoids. 
Protein ordering could be a strategy to ensure high protein packing required for light 
harvesting by PSII and at the same time allows efficient protein/metabolite (PQ, 
xanthophylls) traffic required for ET function and regulation processes.

5.3.4  Stroma Lamellae

In contrast to grana thylakoids, stroma lamellae are less crowded by proteins as 
indicated by a higher lipid to protein ratio (0.64 for stroma lamellae, 0.16 for grana, 
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[85]). Furthermore, as discussed above, the protein composition is quite different, 
i.e. stroma lamellae are enriched in PSI-LHCI supercomplexes and ATPase and in 
addition contain cyt b6f complexes and a low amount PSII [2, 111]. In contrast to 
the pronounced protein heterogeneity between grana thylakoids and stroma lamel-
lae, the four main acyl lipids (monogalactosyl-diacylglycerol, digalactosyl-diacyl-
glycerol, sulfoquinovosyl-diacylglycerol, phosphatidyl-diacylglycerol) are evenly 
distributed between the two subcomparments [36]. So far, no ordered protein ar-
rays were reported to exist in stroma lamellae indicating that physiochemical and/
or structural properties of proteins in stroma lamellae (i.e. the PSI-LHCI supercom-
plex) do not facilitate organization in higher supramolecular assemblies. It seems 
that PSI-LHCI functions as an isolated entity in contrast to PSII-LHCII in grana 
thylakoids that form extended networks that exchange exciton energy (named con-
nectivity, [52, 71]). Furthermore, compared to PSII in grana the antenna system of 
PSI is less modular, i.e. most of the 167 chlorophylls of the PSI-LHCI supercom-
plex are bound to the central psaa/psab subunits [10]. Thus, it could be that the 
missing (evolutionary) pressure to pack PSI and LHCI tightly (as realized for PSII/
LHCII) to ensure efficient light harvesting (see Sect. 5.3.1) leads to lower protein 
packing densities that is advantageous for diffusion processes.

A striking difference exists for the organization of the ATPase in unstacked thyla-
koid regions compared to its mitochondrial counterpart. In respiratory membranes, 
the ATPase is organized as a dimer that in turn can form extended rows of dimers 
[33, 39, 112]. It has been discussed that this supramolecular ATPase arrangement 
is important for shaping the overall structure of the inner mitochondrial membrane 
(cristae formation) and for conversion of the protonmotive force to ATP [33]. No 
such structural or functional role is reported for the ATPase in stroma lamellae. The 
comparison between respiratory and photosynthetic membranes shows that very 
different structural principles are realized that govern the overall membrane archi-
tecture. In plants, grana are formed by electrostatic/van-der-Waals interactions be-
tween flat surfaces of LHCII (PSII). In respiratory membranes, ATPase dimer for-
mation could exert a bending force to the lipid bilayer that causes cristae formation.

5.4  Outlook

After the first publication of the crystal structure of a photosynthetic protein com-
plex in 1985 [34], the following two decades were dominated by unraveling the 
atomic structures of all photosynthetic complexes. We are now in the unique posi-
tion to have an almost complete set of high-resolution structures. There are still es-
sential tasks to do, i.e. no high-resolution structure of the PSII-LHCII supercomplex 
exists. Until appropriate PSII supercomplex crystals are available that allows gen-
eration of near atomic-resolution models, medium-resolution EM in combination 
with single-particle analysis has proved to be an excellent alternative. However, 
one challenge for the future is to study how many proteins interact in the intact 
membrane to form functional networks and to analyze the dynamics of these net-
works in response to environmental cues. The first glimpse of information we have 
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on the supramolecular level reveals that thylakoid membranes, although they are 
densely packed with proteins, are very dynamic and can switch their protein orga-
nization from disordered to crystalline. What are the molecular mechanisms that 
determine these rearrangements? As suggested by Kouřil and co-workers [70], it 
could be small perturbations of structural or physicochemical parameters that trig-
ger large-scale rearrangements. Since these reorganizations determine photoprotec-
tion, electron flow (by PQ and PC), adaption mechanisms ( state transition), and 
repair processes (PSII repair cycle), it is a prime task to unravel the determinants 
for these protein rearrangements.

A further important research field for the future is the development of dynamic 
supramolecular models for photosynthetic membranes that ideally allow the track-
ing of individual molecules. Available methods related to this challenge have spe-
cific advantages and drawbacks. EM produces high-resolution molecular images 
but they are static, i.e., they give only a snapshot in time. It is expected that EM 
tomography will develop in the near future to allow drawing protein landscapes 
within whole thylakoid membranes. However, EM tomography will not give ac-
cess to the dynamics of the protein assemblies. Conventional and high-speed AFM 
can visualize molecular mobility with a certain time resolution. However, AFM 
probes only surfaces and does not allow to track proteins in stacked grana of intact 
thylakoids. Methods that measure protein dynamics (diffusion) like FRAP do not 
have the resolution to visualize single molecules. A further drawback with FRAP 
is that it is established only for measuring bulk chlorophylls that does not allow 
to distinguish different protein types, i.e. between LHCII and PSII. Therefore one 
future task will be the design of specific labels for individual protein complexes 
that can be applied to high-resolution light microscopy, e.g. single particle tracking. 
However, although establishing this advanced light microscopic methods for pho-
tosynthetic membranes would be a technological breakthrough, they do not allow 
tracking of a whole protein assemble. A possible way to solve these limitations is to 
combine ultrastructural data (EM, AFM) and diffusion data in a dynamic computer 
simulation program. If the output parameters of these simulations are chosen care-
fully, i.e. that they can be tested by measurements, the combination between simula-
tion and experiment could be extremely powerful.

The enormous progress made in the last few years with EM tomography are 
very encouraging and promise to study the thylakoid membrane architecture in in-
tact chloroplasts. This tool would be very valuable to address the multiple ques-
tions raised in this review on the overall changes in grana architecture triggered by 
environmental challenges. The combination of ultrastructural data with functional 
measurement will allow unraveling dynamic structural attributes of the thylakoid 
system and how it affects photosynthetic performance. This will be the basis for 
designing strategies to improve plants for producing food and energy.
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Abstract Plastids evolved from free-living cyanobacteria that were engulfed by a 
host cell. One critical element for the stable establishment of endosymbiosis was the 
acquisition of the ability of the endosymbiont to multiply inside the host cell. In all 
plants, plastids divide by binary fission via the assembly and subsequent constric-
tion of a multiproteic scaffold called the plastid division ring. This highly complex 
structure associates proteins that have been retained from the bacterial ancestor, 
such as FtsZ that forms a ring inside the plastid, with proteins brought by the host 
cell, that form a ring outside the plastid. Over the past 20 years, dramatic progress 
has been made in our understanding of the mechanisms underlying plastid divi-
sion, thanks to the combination of various approaches including direct and reverse 
genetics, electron microscopy and biochemistry. In this review we describe in detail 
the different steps of plastid division, from the choice of the division site to the 
sequential assembly of all constituents of the plastid division ring. We also discuss 
the current knowledge of the regulation of this process, which is still in its infancy 
but raises fascinating questions for future research.

Keywords Plastid division ring · FtsZ · Min

Abbreviations

CGA1 Cytokinin-responsive GATA1
CJD1 Chloroplast J-like domain 1
CLMP1 Clumped chloroplast 1
CLS-8 Crinkled leaves 8
CpDNA Chloroplast DNA
Cpn60 Chaperonin 60
CRL Crumpled leaf
DGDG Digalactosyldiacylglycerol
DRP5B Dynamin-related protein 5B
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FP Fluorescent protein
FRP FtsZ regulatory proteins
FtsZ Filamenting temperature-sensitive mutant Z
GED GTPase effector domain
HP1 High pigment 1
IMS Inter membrane space
MCD1 Multiple chloroplast division site 1
MD Middle domain
MGDG Monogalactosyldiacylglycerol
Min Mini-cell
MORN  Membrane Occupation and Recognition Nexus
MSC Mechano-sensitive channel
nDNA Nuclear DNA
PARC6 Paralog of ARC6
PD Plastid dividing
PDR1 Plastid dividing ring 1
PH Pleckstrin homology
RNR Ribonucleotide reductase
TEM Transmission electron microscopy

6.1  Introduction

Although the hypothesis that plastid and mitochondria derived from a free living 
prokaryote was first formulated at the end of the nineteenth century, the question 
of the biogenesis of plastids in plant cells was still debated in the 1960s: some au-
thors postulated that plastids could arise from small submicroscopic vesicles called 
proplastid precursors, even though a wealth of microscopic observations provided 
evidence for plastid division by binary fission [118]. It is now clear that plant cells 
cannot generate plastids de novo, and that binary fission is the main process allow-
ing the multiplication of these organelles, although budding has been reported in 
ripening tomato fruits [30]. When observed under the microscope, the chloroplast 
division process can be described as follows: initially spherical chloroplasts become 
more ovoid, and constriction becomes visible at chloroplast midpoint. As constric-
tion proceeds chloroplasts become dumbbell shaped and finally deeply constricted 
with a narrow neck between the two future organelles. At the final stage of division 
the two chloroplasts can twist around this neck and finally become completely sepa-
rated. Observation of dividing chloroplasts was reported in the nineteenth century, 
but only in the last 20 years have we come to understand how plastid division actu-
ally takes place.

The study of plastid division has highly benefited from three types of approach: 
transmission electron microscopy (TEM), forward genetics and reverse genetics. 
TEM images of dividing Cyanidium caldarium cells revealed the existence of an 
electron dense structure at the division site of chloroplasts [90]. This observation 
was subsequently generalized to all plants, demonstrating that a complex structure 
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is responsible for plastid division. Genetic studies were then required to identify 
the constituents of this structure. In the early 1990s, K. Pyke and R. Leech isolated 
several mutants specifically affected for plastid division which were called arc for 
Accumulation and Replication of Chloroplasts [122, 123]. A total of 12 arc mutants 
have been described, most of which show a reduction of chloroplast number com-
pensated by an increase in chloroplast size (Fig. 6.1). Because positional cloning is 
a long-term approach, especially when dealing with mutants whose phenotype must 
be studied under the microscope, more than 10 years passed before the first ARC 
gene ( ARC5) was identified [40]. In the meantime, complete sequencing of the Ara-
bidopsis genome allowed K. Osteryoung and E. Vierling to discover homologues of 
the FtsZ gene [113]; the bacterial FtsZ protein is distantly related to tubulin and can 
polymerize in a GTP-dependent manner. Its ability to form contractile rings allows 
cell division by binary fission. Since then, several studies have demonstrated that 
plastid division does require homologues of FtsZ and involves several other proteins 
of prokaryotic origin, but also proteins that were encoded by the genome of the host 
cell. The resulting machinery is extremely complex, and how this multi-proteic scaf-
fold functions at the molecular level is only beginning to be elucidated.

In this chapter, we will focus mainly on chloroplast division in higher plants, 
because it is the best described model in many respects, but it is generally assumed 
that the division mechanisms are common to all plastid types. Over the past 15 years, 
our knowledge of the mechanisms allowing plastid division has made considerable 
progress. By contrast, very little is known at present regarding the regulation of plas-
tid division. However, a few recent studies provide insights into this regulation and 
can now allow new interpretation of older reports regarding the factors that influence 
plastid division. In the last paragraph of this chapter we will therefore try to summa-
rize these reports, illustrating how the recent discoveries about plastid division can 
allow a new understanding of early microscopic analyses.

6.2  Placement of the Plastid Division Site

Our knowledge of bacterial cell division has greatly contributed to the under-
standing of all aspects of chloroplast division, including division ring placement. 
To date, the best characterized model is Escherichia coli in which two distinct 

Fig. 6.1  Leaf mesophyll cells from fully expanded leaves of wild-type Arabidopsis (WT) and arc 
mutants arc3, arc5, arc6 and arc12. Chlorophyll autofluorescence was detected, and extended 
focus images were generated. Scale bar = 10 μm
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mechanisms allow the division machinery to assemble at midcell: the nucleoid 
occlusion system prevents FtsZ ring formation in the close vicinity of chromo-
somes (i.e. all sites except midcell and cell poles) and the Min system avoids 
FtsZ polymerization at cell poles [24]. In the absence of Min proteins, division 
frequently takes place at cell poles, giving rise to minicells. MinC is the inhibi-
tor of FtsZ polymerization, while MinD and MinE regulate its location in the cell 
and thereby its activity. To affect FtsZ polymerization, MinC needs to be attached 
to the membrane, and this association requires MinD, an ATPase which forms 
dimers and engages its C-terminus into the membrane upon ATP binding. After 
ATP hydrolysis and release of ADP, MinD dissociates from the membrane. MinCD 
complexes oscillate from pole to pole, owing to the topological factor MinE. MinE 
forms a ring that appears to cap the Min polar zone and prevent it from extending 
past midcell: MinE stimulates the ATPase activity of MinD, thus promoting its dis-
sociation from the membrane. The MinE ring then moves towards the pole, until 
most proteins are released from the membrane and assemble again at the opposite 
pole [11]. In other rod-shaped bacteria such as Bacillus substilis, the Min system is 
conserved, but MinCD proteins and their topology factors DivIVA and MinJ do not 
appear to oscillate from pole to pole. They rather seem to accumulate at the poles 
at early steps of division and to be dynamically localized to the mature division 
apparatus, thereby labeling the new cell poles after division is complete [11]. The 
Min system is also conserved in cyanobacteria, which are the closest relatives of 
chloroplasts, but their dynamic behavior during the division process has not been 
elucidated [85].

6.2.1  Many Proteins are Involved in the Choice  
of the Division Site

Homologues of MinD and MinE have been identified in Arabidopsis and appear to 
have antagonistic functions towards FtsZ polymerization. Mesophyll cells of At-
MinE over-expressers and atminD/arc11 mutants contain chloroplasts of heteroge-
neous size, showing aberrant Z-ring positioning and multiple Z-rings in one chloro-
plast [20, 34, 55, 77]. By contrast, AtMinD overexpressers and atmine/arc12 show 
inhibition of plastid division [45]. These opposite effects of AtMinD and AtMinE 
on chloroplast division are due to their impact on FtsZ polymerization: FtsZ pro-
teins form multiple rings in atminD mutants and AtMinE overexpressers whereas 
they form short filaments in atminE mutants and AtMinD overexpressers, indicat-
ing that AtMinD inhibits FtsZ polymerization whereas AtMinE promotes it [37, 45, 
147]. Proper balance between AtMinD and AtMinE activities is therefore required 
for Z-ring formation at midplastid [35]. Molecular data further supports the notion 
that the Min system operates in chloroplasts in a similar way as in bacterial cells. 
As observed for their bacterial homologues, AtMinD and AtMinE can form homo 
or heterodimers [79]. Furthermore, the ATPase activity of AtMinD seems to be im-
portant for its proper localization in chloroplasts, and AtMinE, like its bacterial 
counterpart, stimulates this activity [4]. Finally, neither AtMinD nor AtMinE seem 
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to interact with FtsZ proteins, suggesting that as observed in bacteria, a third com-
ponent is required to regulate Z-ring positioning.

Although MinC is conserved in cyanobacteria [85] and the chloroplast division 
machinery is sensitive to overexpression of the E. coli MinC protein [143], plant 
genomes lack MinC homologues. ARC3 has been suggested to replace MinC func-
tionally. The phenotype of arc3 mutants and over-expressers is similar to arc11 and 
AtMinD over-expressers respectively [80, 134], providing evidence for an inhibi-
tory function of ARC3 on Z-ring assembly away from the mid-plastid point. ARC3 
interacts with AtMinE and AtMinD via its central domain and with AtFtsZ1 via its 
N-terminal FtsZ-like domain, although this domain lacks the tubulin signature and 
amino acids crucial for GTP hydrolysis [80]. Taken together with the division site 
misplacement in the arc3 mutant, the presence of ARC3 in an FtsZ/Min complex 
suggests that ARC3 plays a central role in division site placement.

Two more Arabidopsis proteins participate in division site placement, bringing 
further complexity to the system compared with bacterial cell division: MCD1 
[100] and PARC6/CDP1 [46, 155]. PARC6 is a paralogue of the ARC6 protein 
which destabilizes FtsZ ring (see below). PARC6 is conserved from algae to land 
plants whereas MCD1 is specific to land plants. Both proteins appear to be nega-
tive regulators of Z-ring formation, but how they achieve this function is not com-
pletely clear. In mcd1 mutants, FtsZ proteins form long filaments, and overexpres-
sion of AtMinD has little effect on FtsZ polymerization. In this background the 
AtMinD protein accumulates at wild-type level, but shows diffuse localization in 
chloroplasts; taken together, these results suggest that MCD1 may enhance the 
inhibitory effect of AtMinD on FtsZ polymerization by modulating its intra-plas-
tidial localization [100]. PARC6/CDP1 negatively regulates FtsZ polymerization, 
possibly by interacting with ARC3 [46, 155]. Interestingly, this interaction ap-
pears to be mediated by the C-terminal MORN domain of ARC3 [46]. Mesophyll 
cells of parc6 mutants contain chloroplasts of heterogeneous sizes suggesting that 
PARC6 participates in the choice of the division site, but also constricted chloro-
plasts blocked at a later stage of division, pointing at additional roles of PARC6 
([46], see below).

Finally, mechano-sensitive channel (MSC) proteins appear to be involved in di-
vision site positioning [49]. A systematic functional analysis of MSC of the S family 
(Msc-S Like) led to the observation that MSL2 and MSL3 play redundant roles in 
chloroplast division: msl2 and msl3 mutants are identical to the wild-type whereas 
msl2msl3 double mutants are variegated and show abnormal chloroplast size and 
shape [49]. Further genetic analyses revealed that MSL2 and 3 proteins function 
as inhibitors of Z-ring formation in a Min/ARC3 dependent manner, although their 
molecular mechanism of action is not clear [149]. Strikingly, in B. subtilis, the 
MinE functional equivalent DivIVA can recognize curved membrane regions and 
has therefore been suggested to have the intrinsic capacity to bind and accumulate 
at negatively curved membranes [11]. MSL proteins, by regulating ion fluxes to or 
from the chloroplast may affect membrane curvature and in this way influence the 
polarity of the organelle.
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6.2.2  How Do Proteins Involved in the Choice  
of the Division Site Work Together?

Although many players of the Z-ring placement have been identified in the past 
10 years, our understanding of the underlying mechanism remains very incom-
plete and the molecular functions of all the identified players are not fully eluci-
dated yet. Based on interaction data (summarized in Fig. 6.2), and on the effect of 
these proteins on FtsZ polymerization, AtMinD, AtMinE and ARC3 may be the 
functional equivalent of the bacterial MinCDE complex. However, it is not clear 
whether AtMinD engages the chloroplast envelope upon ATP binding and dimer-
ization, like its bacterial counterpart. By contrast, MCD1 is a membrane spanning 
protein which seems to be required for proper AtMinD localization and function 
[100]. It is therefore tempting to speculate that MCD1 may be required to attach 
the MinDE/ARC3 complex to the chloroplast inner envelope. PARC6 may also 
play a similar role since it is a transmembrane protein and can interact with ARC3 
[46]. All these proteins may hence form a complex attached to the chloroplast in-
ner membrane as pictured on Fig. 6.2a, but it is not clear whether a single complex 
harboring all proteins or several sub-complexes differing by their composition ex-
ist in chloroplasts.

Even more elusive is how and where in the chloroplast all these proteins func-
tion. This gap in our knowledge can be attributed to the lack of live imaging of 
proteins regulating Z-ring assembly, and to conflicting results regarding their local-
ization in dividing chloroplasts. Depending on the technique used for localization 
experiments, two types of distributions have been reported for division site place-
ment machinery. According to fluorescent protein (FP) fusions and BiFC assays, 
AtMinD and AtMinE co-localize into large dots at chloroplast poles [77, 79]. The 
same localization was reported for MSL2 and MSL3 [49]. PARC6 [46] was also 
found in pole localized dots, but also at the division site, where it seems to function 
at later steps of the division process. The distribution of ARC3 seems more complex 
since it was found to co-localize with FtsZ1 in ring-like structures and to form dis-
crete dots containing MinD [80], or multiple dots in which it interacts with PARC6/
CDP1 [155]. By contrast, immuno-fluorescence experiments suggest that MCD1 
[100] and AtMinD [37] are localized in ring-like structures at the chloroplast mid-
point as well as punctuate structures dispersed throughout the envelope, whereas 
ARC3 is localized at the division ring during early and middle steps of chloroplast 
division [134]. Several hypotheses can explain these discrepancies. In some of these 
studies, localization of FP-fusion proteins was performed in transient expression as-
says using tobacco leaves in which chloroplast division may have stopped, and the 
localization of these proteins might therefore be altered. Furthermore, Fujiwara et al 
reported that the AtMinD-YFP fusion cannot complement the arc11/minD mutant 
[36], suggesting that the reported localization of the fusion protein may not reflect 
the proper distribution of AtMinD. Reciprocally, some of the observed immuno-
fluorescence signals are very faint, and the inferred distribution of the target protein 
may not be accurate.
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Fig. 6.2  Regulation of Z-ring positioning during chloroplast division. a The Z-ring regulatory 
complex. This picture summarizes the reported interactions between proteins and their membrane 
association. It is not clear however whether such a complex exists in chloroplasts, or several sub-
complexes differing by their composition co-exist. b–d Three alternative models for Z-ring posi-
tioning based on localization data. Dark green and light green boxes represent complexes of FtsZ 
regulatory proteins. Dark green boxes are for a combination of proteins that completely inhibit 
FtsZ polymerization, whereas light green boxes represent a complex capable to modulate FtsZ 
dynamics at the division site. b FtsZ regulatory proteins (FRP) operate predominantly at chloro-
plast poles to inhibit ectopic Z-ring formation. After Z-ring assembly ( red ring), a different set 
of FRP may be recruited at the division site and regulate FtsZ dynamics at the division site. FRP 
could also be required to label the newly formed poles, thereby maintaining chloroplast polar-
ity. c Alternatively, the polar localization of FRP may mark the site of the future division site. d 
FRP inhibit Z-ring formation at all sites except midpoint. At the division site, another regulatory 
complex differing from the previous one by its composition regulates the dynamics of the Z-ring
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Based on these localization experiments, several models can be proposed for the 
choice of chloroplast division site (Fig. 6.2b–d). All these models assume that the Z-
ring regulatory complex is present at least transiently at the division site, implying 
that a minimum of two complexes differing by their proteic composition must exist 
in chloroplasts, one of them being an inhibitor of Z-ring formation (Fig. 6.2b–d; 
dark green boxes), and the other a regulator of FtsZ dynamics (Fig. 6.2b–d; light 
green boxes). One possibility would be that inhibitors of FtsZ polymerization act 
predominantly at the poles, as suggested by FP-fusion experiments (Fig. 6.2b, c). 
Recognition of the poles by this inhibitory complex may involve membrane curva-
ture and require MSL proteins. In addition, accumulation of proteins involved in 
the choice of the division site at the poles may reflect their role in the regulation of 
chloroplast polarity [44]. Indeed, in B. subtilis, Min proteins are associated to the 
cell poles, and are recruited at the division site to mark the newly formed poles after 
division (Fig. 6.2b). Another possibility would be that Min-containing dots mark 
the site of the future division (Fig. 6.2c). Indeed, the cyanobacteria Synechocystis 
sp divides in alternating perpendicular planes [85]. Finally, as suggested by im-
muno-fluorescence analysis, inhibitors of FtsZ polymerisation may be distributed 
both in discrete dots dispersed throughout the inner membrane and at the division 
site (Fig. 6.2d). If this were the case, the discrete dots would represent inhibitory 
complexes preventing ectopic Z-ring formation, whereas the inhibitory action of 
AtMinD, ARC3, MCD1 and PARC6 would somehow be alleviated by AtMinE or 
another yet unidentified factor at the division site (Fig. 6.2d). Furthermore, the pres-
ence of ARC3 and PARC6 at the division site may be required to modulate the 
dynamics of AtFtsZ polymerization.

Models illustrated by Fig. 6.2c, d have the advantage that they may better ac-
count for the choice of the division site. Indeed, unlike bacteria in which the nucle-
oid occlusion system prevents the formation of the division apparatus everywhere 
except at midcell and at the poles, chloroplasts contain numerous small nucleoids 
that are distributed throughout the stroma [67]. Therefore, preventing Z-ring as-
sembly at the poles may not be sufficient to ensure symmetric division of plastids. 
To clarify the model for Z-ring positioning, time-course analysis of the localization 
of all the above mentioned proteins during chloroplast division is absolutely indis-
pensable.

6.3  Assembly and Dynamics of the FtsZ Ring

FtsZ is a stable protein and in bacteria the intracellular concentration changes little 
during cell division, therefore, rapid responses required for regulation of the Z-ring 
occur through control over FtsZ assembly. Recent evidence indicates that regulation 
of Z-ring assembly/maintenance in plastids may be achieved through the oppos-
ing effects of ARC6 and PARC6 and also through the action of the plastid chap-
erone system. Further complexity is added to the potential regulatory mechanisms 
in plants because at variance with prokaryotes, plant genomes encode several FtsZ 
isoforms.
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6.3.1  Z-ring Assembly Requires Two Isoforms of FtsZ

In prokaryotes, FtsZ is usually encoded by a single gene even though exceptions 
have been reported [82]. By contrast, three homologues of FtsZ distributed in two 
families are present in Arabidopsis (AtFtsZ1, AtFtsZ2-1 and AtFtsZ2-2). Divergence 
between the two FtsZ families occurred early during evolution, probably before the 
divergence between Chlorophycean and Charophycean [138], and the number of iso-
forms in each family seems to vary from one plant to another. For example, only one 
FtsZ1 isoform can be found in Arabidopsis thaliana versus four in Nicotiana taba-
cum. AtFtsZ1 and AtFtsZ2 are assumed to play distinct role in chloroplast division 
because mutants cannot be complemented by overexpression of a member of the oth-
er family [132] and AtFtsZ1 and AtFtsZ2 differ by their ability to interact with other 
plastid division proteins: ARC3 interacts specifically with AtFtsZ1 [80] whereas 
ARC6 binds only to AtFtsZ2 ([147] see below). In Arabidopsis, ftsz2-2 null mutants 
show only mild plastid division defects, and this phenotype can be complemented by 
expression of AtFtsZ2-1. Reciprocally, the more severe phenotype of ftsz2-1 mutants 
can be rescued by AtFtsZ2-2 expression, suggesting that the two proteins are func-
tionally redundant but differ by their expression level [132]. However, the two FtsZ2 
isoforms may differ in their role in thylakoid development [59], see below).

AtFtsZ1 and AtFtsZ2-1 proteins co-localize and form rings at chloroplast mid-
point (Fig. 6.3) [79, 86]. FtsZ proteins are structural homologues of tubulins, and 
can form both longitudinal and lateral interactions. Longitudinal interactions are 
stimulated by GTP binding and allow the formation of proto-filaments that consist 
of a head-to-tail linear polymer of FtsZ. However, unlike tubulin, FtsZ proto-fila-
ments do not associate into microtubules but instead form bundles or sheets. Wheth-
er FtsZ1 and FtsZ2 proteins form distinct proto-filaments or hetero-multimeric ones 
is not clear. In chloroplasts, AtFtsZ1 and AtFtsZ2-1 can form curved filaments in 
the absence of the other protein, even if these structures are often disordered and 
more numerous than in the wild-type [146]. Purification of FtsZ complexes from 
Arabidopsis suggests that Z-rings contain both AtFtsZ1 and AtFtsZ2 at a 1:2 ratio 
[87], and the stoichiometry between the two proteins is probably important to their 
function because overexpression of either isoform severely inhibits chloroplast 
division [114]. Interestingly, AtFtsZ1 and AtFtsZ2-1 can form hetero-polymers in 
vitro and FtsZ1 promotes co-assembly, suggesting it can favor lateral interactions 
between proto-filaments [109]. Finally, phosphorylation of AtFtsZ2 proteins has 
recently been reported to somewhat affect their ability to interact with AtFtsZ1 and 
ARC6 and to form rings in vivo, providing evidence for an additional layer of com-
plexity in the mechanisms governing Z-ring assembly [41].

6.3.2  Opposing Roles of ARC6 and PARC6 on Z-Ring Formation

One major difference between AtFtsZ1 and AtFtsZ2 is that only AtFtsZ2 possesses 
a C-terminal extension harboring a CORE domain allowing its interaction with 
ARC6 (Fig. 6.3) [79]. arc6 mutants are the most severely affected of all arc mutants, 
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containing only 2 chloroplasts per mesophyll cell on average [129]. ARC6 is an in-
tegral membrane protein homologous to the Cyanobacterial protein Ftn2 [64, 147], 
which appears to affect FtsZ polymerization positively: FtsZ2 forms short filaments 
in arc6 mutants whereas it forms long polymers in ARC6 over-expressing lines 
[147]. In this respect, ARC6 seems to function similarly to AtMinE. Nevertheless, 
chloroplast division is almost completely abolished by ARC6 overexpression or loss 
of function, and asymmetric division was never observed: ARC6 is therefore a com-
ponent of the chloroplast division machinery and not involved in the choice of the 
division site. ARC6 has been reported to form a discontinuous ring at the chloroplast 
division site [79], and is likely to function as a Z-ring anchor, stabilizing FtsZ poly-
mers and associating them with the inner envelope of the chloroplast, This is similar 
to the role played by Zip and FtsA in E. coli which interact with FtsZ through the 
CORE domain and play a role in maintaining/stabilizing the Z-ring [117].

Unlike ARC6, PARC6 lacks a functional J-domain and subsequent associated 
co-chaperone activity [46]. This observation has led to the suggestion that PARC6 
arose in vascular plants as a new functional class of plastid division proteins and 
evidence suggests that PARC6 carries out at least two, potentially overlapping func-
tions, both playing a role in Z-ring placement (see above) and influencing Z-ring 
assembly and/or maintenance. PARC6 appears to act antagonistically to ARC6 in its 
role in Z-ring stability; in arc6 chloroplasts FtsZ filaments are short, indicating that 
ARC6 acts to stabilize the Z-ring, but in contrast to this in parc6 chloroplasts FtsZ 
filaments are relatively long and appear as multiple rings or spirals, indicating that 

Fig. 6.3  The stromal and cytoplasmic division machineries of chloroplasts are assembled in a 
step-wise manner. a In Arabidopsis plastid division is initiated by the assembly of AtFtsZ1-1 (F1), 
AtFtsZ2-1 and AtFtsZ2-2 (F2) at the centre of chloroplasts to form the Z-ring. Z-ring assembly/
maintenance may be achieved through the opposing effects of ARC6 (6) and PARC6 (P6). b After 
completion of the Z-ring the inner PD ring (iPD) assembles on the inside of the Z-ring. This is fol-
lowed by the middle PD ring in the inter membrane space, if present (not shown). c Subsequently 
the outer PD ring (oPD) forms on the cytosolic face of the chloroplast. In C. merolae the oPD is 
composed of PRD1 and polyglucan filaments but the composition in higher plants is unknown. d 
Finally dynamin is recruited to the division site. In Arabidopsis this is achieved by the combined 
action of PDV1 and PDV2. DRP5B is faintly detected on un-constricted but only forms ring-like 
structures after constriction has begun. The timings of the assembly of the rings are inferred from 
microscopy studies in both Arabidopsis and C. merolae
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PARC6 inhibits Z-ring assembly [46, 147]. These data point to ARC6 and PARC6 
having opposing effects on the formation/stability of the Z-ring, despite the high 
levels of homology between them.

ARC6 is proposed to mediate its effects on the Z-ring by anchoring the ring to 
the membrane through a direct interaction of the N-terminal conserved domain of 
ARC6 with AtFtsZ2-1 and AtFtsZ2-2 [79, 132]. Given the high levels of similar-
ity between the N-terminal conserved domains of ARC6 and PARC6, the possi-
bility that PARC6 directly interacted with AtFtsZ1 or AtFtsZ2-1 was investigated 
by yeast two-hybrid assays, but no interactions were detected [46]. Unlike ARC6, 
PARC6 is predicted to contain two trans-membrane domains, which would also 
orientate the C-terminal domain of PARC6 in the stroma and it will be important 
to test if the C-terminal domain can interact with any of the plastid FtsZ proteins to 
determine if PARC6 can directly influence the Z-ring.

The N-terminal stromal domain of PARC6 has been found to interact with 
ARC3. This interaction is dependent on the C-terminal MORN domain of ARC3, 
which is the same domain of ARC3 which inhibits the interaction of ARC3 with 
AtFtsZ1 in yeast two-hybrid studies [46, 80]. If PARC6 exerts the destabilizing 
effects on the Z-ring through ARC3, the availability of the MORN domains could 
play a vital regulatory role. The interaction of PARC6 with ARC3 could sequester 
the MORN domain, thus enabling ARC3 to interact with the Z-ring and render the 
Z-ring unstable. In the absence of the PARC6-ARC3 interaction, the MORN do-
main could inhibit the interaction of ARC3 with AtFtsZ1, thus rendering the Z-ring 
more stable, as seen in the parc6 mutant [46]. In an additional level of complexity 
the availability of ARC3 to interact with PARC6 could also be influenced by the 
other interacting partners of ARC3, including MinD, MinE, and MCD1 [80, 100], 
and much work will be required to unravel the role of PARC6 on the placement and 
assembly of the Z-ring.

6.3.3  Chaperone-Regulation of Z-Ring Assembly/Maintenance

Recent evidence has shed light on the possible role of molecular chaperones in the 
assembly and/or maintenance of the Z-ring. Chaperones assist in the folding or 
unfolding of proteins and the assembly or disassembly of protein complexes. The 
first chaperones shown to play a direct role in the process of plastid division were 
members of the chaperonin 60 (cpn60, hsp60) family in Arabidopsis [142]. The 
Cpn60 family of chaperonins is highly conserved and found in bacteria, mitochon-
dria and plastids [51]. The best characterized members include the GroEL complex 
in E. coli, which together with the cochaperonin GroES forms a large (~ 1 MDa) 
chaperone complex termed GroE. In E. coli GroE function is required for the for-
mation of the cell division machinery and cells with impaired GroE activity exhibit 
filamentous cell morphology, characteristic of cell division inhibition [33, 104]. The 
filamentous phenotypes are also observed in GroE-depleted Streptococcus mutans 
and Caulobacter crescentus, suggesting that GroE plays a universal role in cell divi-
sion in bacteria [72, 141].
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In Arabidopsis at least two members of the Cpn60 family, ptCpn60α1 and 
ptCpn60β1, are required for chloroplast division [142]. A null mutation in 
ptCpn60α1 or the double ptcpn60β1-1 ptcpn60β2 mutant results in albino and 
dwarf seedlings harboring small, colorless plastids, indicating Cpn60 function is 
vital for plant development [5, 142]. However a moderate reduction in the levels 
of activity of ptCpn60βB (caused by a premature stop codon in the ptCpn60β1) or 
of ptCpn60α1 (caused by a missense mutation, Ala-342-Val), results in the mod-
est impairment of plastid division and mesophyll cells that harbor fewer but larger 
chloroplasts than those in wild type cells [142]. In E. coli, treatment of cells with 
penicillin has been shown to trigger the localization of GroE to possible division 
sites in an FtsZ dependent manner [104], although insults with other stresses did not 
replicate these results [16]. ptCpn60β is localized as speckles throughout the chlo-
roplasts in Arabidopsis [142] and there is no evidence to date of localization to the 
division machinery. However In both the ptCpn60α1 and ptCpn60β1 mutants FtsZ 
forms long, disorganized filaments, similar to those observed in Arabidopsis plants 
in which ARC6 is over-expressed, suggesting that reduced ptCpn60 levels result in 
excessively stable FtsZ filaments.

How changes in the levels of Cpn60 function might alter FtsZ filament stability 
in plastids is not yet clear. In bacteria proteome-wide analysis of GroE substrates 
have revealed several cell division proteins as putative targets of GroE [15, 52, 
62]. To date GroE has been shown to assist in the folding of the FtsE [33]. FtsE 
interacts with FtsZ and works together with FtsX to support septal ring assembly 
and most likely ring constriction [6, 21]. FtsE is absent in plant and algal genomes 
and in Arabidopsis FtsZ is properly imported and processed in the ptCpn60β1-1 
mutant, suggesting that the plastid Cpn60 system targets a different plastid divi-
sion substrate(s) [142]. However, it is attractive to speculate that akin to bacterial 
system, the impaired chloroplast division phenotype and excessively stable FtsZ 
filament phenotype observed in the cpn60 mutants are as a result of changes in the 
stability of a regulator of Z-ring formation and identification of possible targets of 
Cpn60 chaperonin activity will be important.

Given the striking similarity in the structure of the long, disorganized FtsZ fila-
ments observed the cpn60 mutants and in Arabidopsis plants overexpressing ARC6, 
it is interesting to observe that ARC6 might also play a role in the chloroplast chap-
erone systems. ARC6 harbors a J domain characteristic of co-chaperones that in-
teract with the Hsp70 family of chaperone proteins [17, 147, 148]. J domains can 
associate with unfolded polypeptide chains and deliver them to Hsp70 chaperones 
for processing and also regulate the activity of the Hsp70 chaperones [148]. Most J 
domains harbor a central His-Pro-Asp motif, but in ARC6 and its orthologues only 
the central Pro is conserved uniformly. The His-Pro-Asp motif is commonly crucial 
for interaction with the Hsp70 chaperone partners, although exceptions exist [50]. 
Z-ring formation in E. coli is known to be influenced by Hsp70 [145] and it is pos-
sible that in addition to the proposed role in anchoring the Z-ring, ARC6 may have 
additional functions.

Whilst it remains to be shown whether ARC6 can interact with a chaperone 
through its atypical J-domain, recently it was shown that ARC6 can interact with 
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a second chloroplast protein harboring a J domain, Chloroplast J-like Domain 1 
(CJD1) [3]. Like ARC6, CJD1 is an inner envelope protein and harbors an N-termi-
nal J-like domain that resides in the stroma. The J-domain of CJD1 interacts with 
the ARC6 J-like domain and the adjacent conserved region. Interestingly, during 
mitochondrial protein import in yeast the dynamic interaction of two J-domain con-
taining proteins (the J co-chaperone Tim14 and the J-like protein Tim16) has been 
shown to regulate the co-chaperone activity of Tim14 on mtHsp70, which plays an 
important regulatory role [98] and it is possible that the ARC6-CJD1 interaction has 
a similar regulatory role.

CJD1 plants were identified as containing altered levels of the leaf galactolipids 
monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG) 
[3]. These two galactolipids commonly constitute up to 80 % of the total chloroplast 
lipids and play an essential role in chloroplast membrane biogenesis and are indis-
pensable for correct protein import into chloroplasts [31]. Mutant analysis failed 
to reveal evidence for a direct link between the function of CJD1 and ARC6, how-
ever in the tgd-1-1, fad6-1 and tgd-4-3, fad6-1 double mutants, a strong reduction 
in the levels of MGDG and DGDG is coupled with a reduction in the number of 
chloroplasts per cell [29]. The authors suggest that an inadequate lipid supply for 
membrane proliferation during chloroplast division is responsible. This hypothesis 
is supported by the recent finding that impairment of very-long-chain fatty acids 
biosynthesis via genetic of pharmacologic approaches affects plastid division [103]. 
Whilst the picture is complicated by the lack of strong linkage between lipid mu-
tants and chloroplast division mutants phenotypes, it will be interesting to deter-
mine the functional significance of interaction between CJD1 and ARC6.

6.4  Assembly of the Plastid Division Machinery

In bacteria the Z-ring is known to act as a scaffold protein, playing an essential role 
in the sequential and coordinated recruitment of up to nine additional cell division 
proteins to the division site (FtsX, FtsE, FtsK, FtsQ, FtsL, FtsB, FtsI, FtsW and 
FtsN) to form the divisome or septal ring (reviewed in [24]). Studies in Arabidopsis 
and algae have also shown that assembly of the chloroplast division machinery ap-
pears to occur in a linear order. After the formation of the Z-ring the timed addition 
of division machinery components results in assembly of up to four additional ring-
like structures at the division site (Fig. 6.3).

6.4.1  The Plastid Dividing Rings

Many algae have just one chloroplast per cell and have been used extensively for the 
study of the coordinated assembly of the chloroplast division machinery because, 
unlike in Arabidopsis in which each cell can contain as many as 100 chloroplasts 
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that divide asynchronously, algal cell and organelle division can be highly synchro-
nized by light/dark cycles. The completion of Z-ring formation is followed by the 
appearance of ring like structures known as plastid dividing (PD) rings. PD rings 
were first identified as fuzzy plaques in electron microscopy images in young wheat 
leaves [71]. This fuzzy plaque was subsequently shown to be an electron-dense 
ring-like structure in the alga C. caldarium [90]. Studies in both Avena sativa and 
Cyanidioschyzon merolae further resolved this ring to be composed of two or three 
electron-dense rings: an inner ring on the stromal face of the inner envelope, an 
outer ring on the cytosolic face of the outer envelope, and occasionally a middle 
ring in the intermembrane space. PD rings have subsequently been detected in many 
plant and algae species and are thought to be a universal feature of plastid division 
machineries [47, 68, 90–92, 94].

The first PD ring to assemble after the completion of the Z-ring is the inner PD 
ring, which forms between the inner envelope membrane and the Z-ring [93, 94]. 
This is followed by the middle PD ring in the inter membrane space (IMS), if pres-
ent [91]. The components of the inner and middle PD ring are as yet unidentified. 
Finally the outer PD ring, which is composed of a bundle of 5–7 nm filaments, 
forms on the outer chloroplast envelope (Fig. 6.3) [95].

The identity of the components of the PD rings remained elusive for many years. 
It was found that isolated PD machineries from C. merolae could not be fully de-
composed with proteases, indicating a non-proteic component, and electron dense 
deposits appeared on the PD rings after staining with periodic acid–horseradish 
peroxidase, indicating that it is saccharic in nature [153]. Proteomic analysis of the 
isolated PD machinery identified more than 20 putative components, one of which 
was a glycogenin-like protein and was designated Plastid Dividing Ring 1 (PDR1) 
[153]. PDR1 forms a ring that is recruited to the division site after the formation of 
the Z-ring and down-regulation of C. merolae PRD1 by antisense suppression pre-
vents the formation of the PDR1 ring, but does not affect the assembly of the Z-ring. 
PDR1 harbors a glycosyltransferase domain in the C-terminal region, putatively 
associated with the transfer of a sugar moiety from an activated donor sugar onto an 
acceptor molecule. Immunoblot analysis of synchronized cell cultures revealed that 
during chloroplast division the band corresponding to PDR1 shifted downwards 
before decreasing in intensity. The authors propose that PDR1 synthesizes the sug-
ars that constitute the outer PD ring and is glycosylated during chloroplast division 
before decomposing [153].

The precise role of PRD1 and the polyglucan filaments is unclear, but down-
regulation of PRD1 leads to a decrease in the frequency of chloroplast division in 
C. merolae compared with control cells [153], indicating that the correct formation 
of the PD ring is essential for chloroplast division. PDR1 is widely conserved from 
red alga to land plants, and in Arabidopsis there is a family of 6 PDR1 proteins 
(PGSIP1-6). PGSIP1 and PGSIP3 are located in the Golgi [105], but the remaining 
proteins are yet to be investigated. It will be interesting to determine if any members 
of the family are involved in chloroplast division and if the outer PD ring is also a 
bundle of PDR1-mediated polyglucan filaments in higher plants.
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6.4.2  PDV1, PDV2 and Dynamin Recruitment  
to the Division Site

Although the outer PD ring is not well characterized in higher plants, microscopy 
studies have revealed that the formation of the Z-ring is followed by the recruitment 
of two novel proteins, Plastid Division 1 and Plastid Division 2 (PDV1 and PDV2) 
to the division site on the outer envelope [97]. PDV1 and PDV2 are integral outer 
envelope proteins that show no significant sequence similarity to known proteins. 
PDV1 and PDV2 have similar domain structure and are composed of a large N-
terminal domain residing in the cytosol, a single transmembrane domain and a small 
C-terminal domain residing in the in the IMS [44, 97]. The cytosolic domains har-
bor two short conserved regions and a coiled-coil domain, whilst the IMS domains 
both terminate in a conserved C-terminal glycine. The PDV1 family of proteins is 
found in only higher plants, whilst the PDV2 family is found in higher plants and in 
moss [97]. The primary defining feature between the two PDV families is the pres-
ence of a 28 amino acid extension in the C-terminal domain of the PDV2 proteins, 
that is absent in all PDV1 proteins [44].

Both PDV1 and PDV2 localize to patches on the outer membrane of the chlo-
roplasts and are recruited to ring-like structures at the division site after Z-ring 
formation. The analysis of the localization of PDV1 and PDV2 in the pdv2 and 
pdv1 mutants, respectively, reveals that both proteins are recruited to the division 
site independently of each other [46]. PDV2 is recruited to the division site by a 
direct interaction of the IMS domain of PDV2 with the IMS domain of ARC6 [44]. 
Disruption of this interaction, by deletion of the conserved C-terminal glycine of 
PDV2 (PDV2G307D) destroys PDV function in vivo, as demonstrated by the inability 
of PDV2G307D to complement the pdv2 mutant [44]. The IMS of PDV1 does not in-
teract with ARC6 and it is possible that the unique 28 amino acid extension present 
in the PDV2 family of proteins mediates this interaction [44]. The recruitment of 
PDV1 to the division site is dependent on PARC6, although no direct interaction has 
been detected between the IMS domains of PDV1 and PARC6 [46]. Consequently 
the mechanism by which PDV1 is recruited to the division site is not clear.

A mutation of the C-terminal conserved glycine residue of PDV1 (PDV1G272D) 
does not disrupt the insertion of PDV1 into the outer chloroplast membrane but, 
PDV1G272D is localized dispersed throughout the membrane and is unable to be 
recruited to the division site [97]. It will be important to determine the protein in-
teracting partner that mediates the ability of PDV1 to identify and/or localize to 
the division site through the C-terminal Gly. Interestingly, analysis of a truncated 
form of ARC6 lacking the IMS domain (ARC6ΔIMS) found that ARC6ΔIMS is able 
to insert into the inner chloroplast envelope and to correctly localize to the division 
site [44]. Furthermore, whilst the ARC6 ring is detected in both the pdv1 and pdv2 
mutant background, neither PDV1 nor PDV2 are recruited to the division site in 
arc6 mutant [44]. These data indicate that ARC6 acts upstream of PDV1 and PDV2 
and is necessary for the membrane recruitment of both proteins. The link between 
the PDV proteins and ARC6 (and potentially PARC6) is the first clue as to how 



J. Maple-Grødem and C. Raynaud170

the cytosolic and stromal division machineries can be coordinated across the inner 
and outer chloroplast envelope. In addition to conveying topological information 
regarding the location of the division site, it may also act to convey signals concern-
ing the status of the stromal to the cytosolic division machineries.

Disruption or deletion of either PDV1 or PDV2 results in mesophyll cells con-
taining chloroplasts that are fewer in number and larger than those in the wild type, 
and which frequently show prevalent constrictions [97]. This phenotype suggests 
that plants lacking functional PDV proteins are able to initiate constriction of the 
division sites but are unable to complete division. A strikingly similar phenotype is 
observed in Arabidopsis plants expressing a truncated form of DRP5B (Dynamin-
related protein 5B; ARC5) [40], the last chloroplast division protein known to be 
recruited to the division site, and recent work has shown these three proteins work 
together as part of the cytosolic chloroplast division machinery.

DRP5B was first identified through cloning of the arc5 mutant and around the 
same time a dynamin-like protein in C. merolae (CmDnm2) was also identified as 
a late stage chloroplast division protein [40, 96]. The dynamin and dynamin-like 
protein superfamily of self-assembling GTPases are multidomain proteins and are 
well documented to participate in fission and fusion events of intracellular mem-
brane structures (such as endocytosis, intracellular vesicle trafficking, cytokinesis, 
mitochondrial fusion and fission and peroxisome division) reviewed in [22]. How 
dynamin proteins function to bring about such a diverse range of events has been 
the focus of much study.

There are 16 dynamin-like proteins in Arabidopsis and only two in C. merolae. 
CmDnm2 and AtDRP5B, along with AtDRP5A which is involved in cytokinesis, 
represent a novel plant-specific group of dynamin-related proteins. This group har-
bor the three domains central to dynamin proteins: N-terminal GTPase domain, a 
middle domain (MD) and a C-terminal GTPase effector domain (GED), thought to 
interact directly with the GTPase domain and to mediate self-assembly [22]. Both 
AtDRP5B and CmDnm2 also have a pleckstrin homology (PH) domain, which 
have been shown to mediate lipid binding of other dynamin-like proteins. DRP5B 
is expressed as two alternatively spliced forms in Arabidopsis, with the shorter pro-
tein (714 amino acids) harboring a shorter PH domain than the longer variant (777 
amino acids), although the functional significance of this is not yet apparent [40].

Both CmDnm2 and DRP5B relocate from the cytosol, where they localize as 
patches, to the division site where they form a ring like structure on the surface 
of the chloroplast [40, 96]. In Arabidopsis this dynamin ring is faintly detected 
in un-constricted chloroplasts but in C. merolae immunoblot analysis has shown 
that the dynamin ring only associates with chloroplasts during the division phase 
[96]. DRP5B is recruited to the division site by the combined action of PDV1 and 
PDV2. DRP5B is observed to localize to the division site in both the single pdv1 
and pdv2 mutants, but not in the double pdv1,pdv2 mutant, indicating that PDV1 
and PDV2 function independently to recruit DRP5B to the division site [97]. The 
precise mechanism of recruitment is unclear and no interaction has been detected 
between DRP5B and PDV1 or PDV2 [97, 107]. However, both PDV proteins har-
bor cytoplasmic coiled-coil domains and there are several examples of proteins that 
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recruit dynamin proteins to the mitochondrial division site via a direct interaction 
with their coiled-coil domain, for example Mdv1p recruits Dnm1p during mito-
chondrial division [144].

In C. merolae the PDV families of proteins have not been identified, indicating 
that a novel mechanism may exist to recruit CmDnm2 to the chloroplasts division 
site in algae. Immunofluorescence microscopy demonstrated that PDR1 appears 
earlier than CmDnm2 in the cytoplasm and forms a ring from the beginning to the 
end of chloroplast division. CmDnm2 forms a ring between the outer most rings of 
the PD1/polyglucan filaments, leading to the hypothesis that PD ring plays a role in 
organizing the dynamin ring [153].

Recently it was found that DRP5B is also required for peroxisome division in 
Arabidopsis [154]. Akin to the phenotype observed in the chloroplasts of the arc5 
mutant, these plants exhibit enlarged peroxisomes and peroxisomes that have un-
dergone membrane constriction but failed to complete fission and therefore are un-
able to separate from each other [154]. Two other dynamin-like proteins, two dyna-
min-related proteins (DRP3A and DRP3B) are also implicated in peroxisome divi-
sion [32] and it will be interesting to see both how these they are coordinated with 
DRP5B and also how peroxisome division is coordinated with chloroplast division.

To date the dynamin-like proteins are the final component known to be recruited 
to the chloroplast division machinery, however it is doubtful that we have identi-
fied all of the components of the stromal and cytosolic division machineries. In the 
future the collection of arc mutants may provide novel insights into chloroplast 
division, as the mutations in at least four of the original arc mutants are yet to be 
identified. Furthermore, disruptions of several Arabidopsis genes have been dem-
onstrated to lead to defects in chloroplast division, for example GC1/AtSulA, CRL 
(crumpled leaf) and ARTEMIS, although a direct link to the division machinery 
has yet to be demonstrated [8, 39, 78, 126, 140]. Likewise, the negative regulator 
of chloroplast division ARC1 has recently been identified as FtsHi, but does not af-
fect accumulation of chloroplast division proteins or Z-ring formation [58]. Further 
characterization of these proteins will be important to identify the full complement 
of chloroplast division machinery proteins.

6.5  Constriction and Separation of Chloroplasts

After formation of the division machinery on the inner and outer envelope, micro-
scopic observations reveal that constriction of the plastid is initiated and the septum 
progressively tightens to eventually separate the two new daughter plastids. Whilst 
events mediating the placement and the temporal assembly of the machinery are 
beginning to be elucidated, less clear is how the chloroplast division machinery is 
initiated to begin constriction, how the force for constriction is generated and which 
molecules/mechanisms mediate the final scission event.

The analysis of plants in which the mechanism of chloroplast division is disrupt-
ed, either through the absence of a functional form of a division protein or through 
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overexpression of a division protein, has revealed distinct classes of chloroplast di-
vision phenotypes. Most striking are the presence of either (i) enlarged chloroplasts 
which are globular/round in shape or (ii) enlarged chloroplasts which are frequently 
constricted and have a dumbbell-shaped appearance. The first category are com-
monly caused by diminution of functional stromal ring division components, such 
as ARC6 or FtsZ [86, 125, 139], whilst the second class are only caused by dimi-
nution of the cytosolic division components [40, 97] (Fig. 6.1). These phenotypic 
differences suggest that the early and late stages of plastid constriction are governed 
by different forces, generated by either the stromal or the cytosolic division machin-
eries.

6.5.1  Force Generation by the Stromal Plastid  
Division Machinery

It is thought that FtsZ is necessary and sufficient to generate the force for constric-
tion of the septum during bacterial cell division [9, 76]. In support of this in some 
bacteria the sole cell division protein is FtsZ, suggesting that FtsZ alone is suf-
ficient to bring about cell division, furthermore FtsZ protofilaments are observed 
to undergo a conformational change from straight to curved that would be capable 
of generating a force [75, 81]. This hypothesis was strengthened when membrane 
tethered FtsZ successfully assembled into Z-rings on the inside of liposomes [110, 
111]. The Z-rings formed were dynamic and capable of constricting the liposomes 
in a GTP dependent manner, proving that FtsZ alone is capable of self-assembly 
and force generation. How FtsZ might generate the force for constriction in bacteria 
is still controversial but years of genetic, biochemical and structural studies have 
revealed many properties of the protein.

FtsZ has the ability to bind GTP and FtsZ proteins from at least seven bacteria, 
as well as both AtFtsZ1 and AtFtsZ2-1 from Arabidopsis, have been shown to be 
functional GTPase enzymes, although both AtFtsZ1 and AtFtsZ2-1 hydrolyze GTP 
at a slower rate than their bacterial counterparts [25, 74, 109, 137]. Monomeric FtsZ 
hydrolyses GTP very slowly but can self-assemble into filaments. When assembled 
into a protofilaments the bottom interface of one FtsZ makes contact with the GTP 
pocket of the subunit below [131].

FtsZ filaments have three preferred conformations; straight, intermediate curved 
and highly curved [28]. Whilst the structure of the Z-ring in cell or chloroplast divi-
sion is not yet clear, it is thought to be formed from small, overlapping subunits of 
curved FtsZ filaments that are tethered to the membrane via interaction with FtsA, 
ZipA or ARC6 [79, 117]. GTP hydrolysis is not necessary for FtsZ self-assembly 
and FtsZ polymers from bacteria have been shown to contain a substantial amount 
of GTP, suggesting that hydrolysis takes place with some lag after polymer forma-
tion [28, 108]. Despite many years of research it is not known what happens follow-
ing GTP hydrolysis in a protofilament. It is known that GDP substantially destabi-
lizes the protofilaments and one suggestion is that after hydrolysis the protofilament 
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fragments, however it has been possible to detect FtsZ protofilaments that contain 
a 1:1 ratio of GTP:GDP and many believe that the polymers fragment only at the 
ends [18, 130].

Several mathematical and physical models have been proposed to explain how 
the physical properties of FtsZ can generate the force necessary to constrict a mem-
brane. It is proposed that the membrane tethered Z-ring generates force by the pro-
tofilaments exerting a bending force on the membrane as they are induced into 
a curved conformation. In support of this elegant experiments were performed in 
which Z-rings were reconstituted in liposomes by either targeting the C-terminal 
end of FtsZ (FtsZ-c) to the membrane (to mimic the in vivo orientation of FtsZ 
tethered to the membrane) or by targeting the N-terminal end of FtsZ (FtsZ-n) to 
the membrane (to reverse the orientation). As described above, the Z-rings reconsti-
tuted from FtsZ-c were capable in inducing concave constrictions of the liposomes. 
In stark contrast, the Z-rings formed from FtsZ-n caused convex bulges to form on 
the liposomes, indicating that the bending force was generated in the opposing di-
rection [111, 112]. It will be extremely interesting to determine if each of the three 
Arabidopsis FtsZ proteins is capable of generating such bending forces alone and 
whether they act cooperatively.

If FtsZ is not (solely) responsible for generating the force necessary to initiate 
constriction of the chloroplast division site, what other proteins could play a role? 
To date the best candidates are the components of the PD rings. During constriction 
the inner PD ring has been observed to remain a constant thickness and loses com-
ponents as constriction proceeds, disassembling late in constriction, indicating that 
any role played in force generation is not related to final constriction/scission [93]. 
Identification of the components of these rings and analysis of the phenotype of 
mutants lacking functional components will be vital in determining possible roles.

6.5.2  Force Generation by the Cytosolic Plastid  
Division Machinery

The principal candidates to generate force for constriction on the outer envelope 
are the chloroplast division dynamin-like proteins. Dynamin-like proteins are well 
established to be essential for constriction during the division of organelles in many 
species. For example mitochondrial division is known to employ dynamin-like pro-
teins in mammals (Drp1/Dlp1), yeast (Dnm1), higher plants (ADL1 and ADL2) and 
C. merolae (CmDnm1) (reviewed in [69]), and the involvement of dynamin-related 
proteins in peroxisome division has been demonstrated in Arabidopsis (DRP5B, 
DRP3A, DRP3B), humans (DLP1,Fis1) and yeast (Vps1, Dnm1) (reviewed in 
[61]). Best characterized is the role of Dnm1p/Drp1 in mitochondrial division and 
current models leave no doubt that dynamin is the key player mediating membrane 
scission.

The study of how the dynamin chloroplast division proteins function during 
division is in its relative infancy but many parallels can be drawn between the 
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mechanisms of chloroplast division and mitochondrial division. Like the chloro-
plast dynamin division proteins, Dnm1p/Drp1 interacts with other proteins to form 
the mitochondrial division machinery (reviewed in [116]). Furthermore, Dnm1p/
Drp1 are believed to be involved in late stages of division: C. elegans with mutant 
drp-1 have constrictions in the outer mitochondrial membranes but fail to complete 
division, a phenotype reminiscent of the chloroplasts in the arc5 mutant, which are 
frequently constricted and dumbbell shaped [70]. Also, the majority of Dnm1p/
Drp1 is present in the cytosol and is recruited to the mitochondrial outer membrane 
during the late stage of division [136]. Similarly, CmDnm2 and DRP5B also relo-
cate from cytosolic patches to associate with the chloroplast division site [40, 101].

Drp1 exists as small oligomers (dimers/tetramers) that can assemble into larger 
multimeric structures at the mitochondrial outer membrane [38, 135]. DRP5B can 
interact with itself in vivo [154], suggesting DRP5B can form higher order struc-
tures on chloroplasts. Drp1 can polymerize in vivo into spirals with a diameter of 
approximately 100 nm, which is considerably smaller than the diameter of mito-
chondria (400 nm) [54] and it is thought that as higher order structures of dynamin 
are only observed at later stages of mitochondrial division, they may only form 
once the membrane has undergone some constriction. In C. merolae small dynamin 
patches are discontinuously localized at the division site at the onset of constriction 
and only form a continuous ring at later stages, suggesting that the same mechanism 
may be in place in chloroplast division [96].

Once assembled, dynamin can undergo GTPase activity, which is stimulated by 
interactions between the GTPase domain, the MD and the GED [14, 54]. The GT-
Pase activity is stimulated once a ‘critical mass’ is reached and the resulting activity 
resembles a chain reaction. When dynamin hydrolyses GTP there is a conformation 
change in the protein which results in considerable bending of the filament, suf-
ficient to bring about constriction of the membrane [88]. Although the identified 
dynamin-like proteins from Arabidopsis and C. merolae are yet to be proven to be 
GTPases, given the high levels of conservation in the domain architecture it is likely 
that they are functional enzymes. Additionally the membrane-free PD machiner-
ies isolated from C. merolae formed super-twisted rings, circular rings and spirals 
which is attributed to the motive force generated for contraction by CmDnm2 [152].

What is the role of the outer PD ring? PDR1 is only glycosylated during divi-
sion and after constriction has been initiated the outer PD ring is observed to widen 
and thicken, and remains attached until division has been completed [94, 153]. It 
is possible that the PDR1 and sugar ring is required to organize the dynamin ring 
throughout the division process, but it could also play a role in force generation.

The mechanism behind the final scission of chloroplasts remains unknown. It is 
possible that dynamin is necessary and sufficient to bring about this stage, but other 
factors may also be required. After constriction is completed, plastids are separated 
and can move inside the cell via the actin cytoskeleton [66, 133]. Very recently, the 
CLUMPED CHLOROPLAST 1 protein (CLMP1) has been identified as an impor-
tant factor for chloroplast separation [151]. In clmp1 mutants, chloroplasts remain 
interconnected and form clumps instead of being distributed throughout the cells, 
resulting in the formation of some aplastidic cells. This phenotype is transient and 
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almost completely disappears as leaves age. Interestingly, both early and late steps 
of chloroplast division appear to occur normally since FtsZ and DRP5B localiza-
tion is normal in this mutant. Ultrastructure analysis revealed that some chloroplasts 
within the clumps are held together by thin membranous-connections, similar in 
structure to the isthmus, suggesting that only the final scission of chloroplasts is 
impaired in this mutant [151]. CLMP1 does not localize at the division site, and 
further analysis will be required to fully understand possible roles in scission and 
how its activity affects chloroplast separation.

6.6  Regulation of Plastid Division

It is now clear that all plastids originate from the division of a pre-existing organ-
elle, and fusion between plastids appears to occur very rarely if at all [7]. Because 
plastid number is maintained constant depending on the species and the cell type, 
plastid division must be tightly regulated to achieve the correct number of organ-
elles in a given cell. Exogenous cues such as light, temperature or nutrition have 
also been reported to affect chloroplast division (reviewed in [118]), but the under-
lying mechanisms remain largely unknown.

6.6.1  Regulation During Cell Proliferation

Regulation of chloroplast division during the cell cycle has been extensively stud-
ied in unicellular algae. In such model organisms cells contain one or a few chlo-
roplasts, and the requirement for a strict regulation of chloroplast division during 
the cell cycle is obvious: if chloroplast division did not occur prior to cell division, 
aplastidic daughter cells would be generated. This can be observed in the case of 
Hatena sp, a protist that hosts an endosymbiotic green algal partner but inherits it 
unevenly because the algae does not divide inside the host cell [106]. The ability 
of the host cell to promote and control the division of the endosymbiont has hence 
clearly been a major step during the evolution of chloroplasts. In the red algae C. 
merolae, accumulation of chloroplast division proteins CmFtsZ1 and CmFtsZ2 pre-
cedes accumulation of tubulin during mitosis [102]. In the brown algae Seminavis 
robusta, chloroplast division has been shown to occur during the S/G2 phase of the 
cell cycle, and this regulation may involve transcriptional regulation of FtsZ genes 
expression [43]. In Chlamydomonas reinhardtii, expression of FtsZ and Min genes 
is also cell cycle regulated [2, 53].

In higher plants, the relationship between cell and plastid division is far more 
complex because (i) cells contain numerous plastids, and a strict coordination be-
tween cell cycle and plastid division is therefore no longer required to avoid the 
formation of aplastidic cells, and (ii) plastid division can occur in two contrasting 
cellular contexts: in proliferating cells or in differentiating cells. Indeed, mature 
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Arabidopsis mesophyll cells contain on average 120 chloroplasts in the L-er back-
ground, whereas meristematic cells contain about 10 proplastids [83]. Hence, pro-
plastid division is required to keep pace with cell division, and in developing leaves, 
differentiated chloroplasts can divide both in dividing and in expanding cells.

The existence of mechanisms regulating plastid division during the cell cycle 
in higher plants is debated. Early observations of dividing chloroplasts in various 
plant species do not provide evidence for synchrony of chloroplast division in a 
given cell. Furthermore, chloroplast division can occur independently of the cell 
cycle in wheat leaves where the maximum rate of chloroplast division is observed 
in a region of the leaf where cell division has ceased [10]. However, plastid divi-
sion might be regulated depending on nuclear DNA (nDNA) content (or synthesis) 
because there is a correlation between chloroplast number and cell ploidy: chloro-
plast number is increased in a polyploid plant compared to a diploid plant of the 
same species, and chloroplast number in a given cell type has also been proposed 
to vary according to endoreduplication (a particular type of cell cycle during which 
the cell undergoes subsequent phases of DNA replication without mitosis) [12]. In 
agreement with this hypothesis, in tomato fruit, in which endoreduplication is par-
ticularly high, chromoplast number can be up to 1000 per cell [121].

To date, data is lacking to firmly establish that chloroplast division is cell cycle 
regulated in higher plants, or to provide a molecular mechanism underlying this 
regulation, but some studies have provided insights into this process. In algae, cell 
cycle-dependent regulation of FtsZ seems to be the rule, but is not so clear in higher 
plants: it was observed in BY-2 cells [27], but not in micro-arrays on synchro-
nized Arabidopsis cells [89]. Furthermore, expression of genes encoding proteins 
involved at early steps of plastid division such as FtsZ or ARC6 does not seem to 
vary much in developing leaves [107]. In Arabidopsis, silencing of the AtCDT1a 
gene, encoding a protein involved in nuclear DNA replication licensing, resulted in 
an inhibition of cell cycle progression and chloroplast division. AtCDT1a was also 
found to interact with ARC6, suggesting that this factor may not only be a key factor 
for nuclear DNA replication but also play a direct role in plastid division, and pro-
viding evidence for a common regulatory pathway to both processes at the onset of 
S-phase [127]. In tomato, Caspi et al (2008) reported that the high pigment 1 ( hp1) 
mutation, affecting the DDB1 protein, results in increased chloroplast number per 
cell [13]. Interestingly, DDB1 is a sub-unit of an ubiquitin-E3 ligase complex and 
CDT1 is one of its targets; this result may hence support the view of a CDT1-
mediated coordination of cell cycle and chloroplast division at the onset of S-phase.

6.6.2  Plastid Division and Plastid DNA Replication

To date, it is not clear whether plastid DNA replication and plastid division are 
strictly coupled processes. Plastids contain multiple copies of their genome, and 
replication of plastid DNA is therefore not a pre-requisite to plastid division. In 
some instances, chloroplast division can occur independently of cpDNA replication 
since in the latest stages of leaf development DNA copy number per chloroplast 
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decreases [48]. However, in dividing chloroplasts, nucleoid replication usually oc-
curs before chloroplast division [121]. The phenotype of the crinkled leaves 8 mu-
tant ( cls-8) may provide further evidence for a link between cpDNA replication and 
chloroplast division. These plants are deficient for the large sub-unit of ribonucleo-
tide reductase (RNR), but display severe inhibition of chloroplast division. Despite 
a clear reduction in dTTP and dATP pools, little effect was observed on nDNA rep-
lication whereas chloroplast DNA (CpDNA) copy number was drastically reduced 
[42]. Finally, the YlmG protein was recently identified in cyanobacteria and the red 
alga C. merolae for its putative role in nucleoid partitioning [57]. Its overexpression 
inhibits chloroplast division whereas loss of function only affects nucleoid localiza-
tion, suggesting that partitioning of chloroplast DNA may somehow be related to 
the chloroplast division process.

As illustrated by the above paragraphs, several lines of evidence suggest that 
plastid division may be influenced by nuclear and plastidial DNA replication, al-
though further work is needed to further support this hypothesis and to decipher the 
molecular mechanisms involved.

6.6.3  Plastid Division Is Regulated by Cell Differentiation,  
and Cell Expansion

Plastid number strikingly differs depending on the cell type: for example in Arabi-
dopsis, meristematic cells contain about 10 proplastids [83] whereas stomata guard 
cells contain only 4 [129], petal cells 15–20 [124], and mesophyll cells more than 
100 [83]. How plastid division is regulated according to cell type remains largely 
unknown, but cytokinins are probably responsible for the stimulation of chloroplast 
division in young developing leaves. Early reports supporting this hypothesis came 
from the isolation of the PC22 mutant in the moss Physcomitrella patens. In this 
mutant, chloroplast division is severely impaired, but can be partially restored by 
exogenously applied cytokinins [1, 60]. A positive effect of cytokinins on chloro-
plast division was also reported in bean leaves [99] and Brassica rapa leaf disks 
[150], but not in spinach leaf disk [119]. The molecular basis for this regulation is 
beginning to be elucidated and is mediated at least partly by PDV proteins. Indeed, 
unlike FtsZ or ARC6, accumulation of PDV1 and PDV2 is higher in young leaves, 
where chloroplast division is most active, than in older leaves, and their overexpres-
sion is sufficient to stimulate chloroplast division, like exogenous cytokinin appli-
cation. Furthermore, the cytokinin response factor CRF2 was shown to stimulate 
PDV genes expression and chloroplast division [107]. More recently, two cytoki-
nin responsive transcription factors, GATA Nitrate-inducible Carbon metabolism 
involved (GNC) and Cytokinin-Responsive GATA1 (CGA1) have also been in-
volved in the cytokinin-dependent stimulation of chloroplast division downstream 
of B-type ARRs [19]. Whether these factors regulate chloroplast division via PDV 
proteins or via an independent mechanism remains unclear, but PDV proteins nev-
ertheless appear to be key regulators of chloroplast division in developing leaves. 
The mechanisms regulating plastid division in other organs such as roots, flowers, 
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tuber or seeds have not been investigated, but it is tempting to speculate that other 
phytohormones such as gibberellins in the case of flowers [23] may play a role in 
regulating plastid division in non-green tissues.

Additional regulatory factors probably affect chloroplast division in leaves. In-
deed in mesophyll cells, chloroplast number clearly depends on cell area: in Arabi-
dopsis, a very nice correlation is observed between cell size and chloroplast content 
in the mesophyll cells [123]. This correlation is retained between different species: 
for example cocoa mesophyll cells contain on average 3 chloroplasts but are very 
small [121]. Isolation of arc mutants led to the conclusion that total chloroplast 
area, rather than chloroplast number is under tight control in mesophyll cells. Dimi-
nution of chloroplast number due to impaired chloroplast division is compensated 
by an increase in chloroplast size, so that the total chloroplast plan area remains 
almost constant [123]. Reciprocally, in the few arc mutants characterized by an in-
creased chloroplast number, chloroplast size is reduced [120]. Finally, comparison 
of mesophyll cell size, chloroplast number and chloroplast size in different species 
demonstrated that total chloroplast area in cells is strictly related to cell size over a 
tenfold range of cell sizes [121]. Because cell size is generally related to cell ploidy 
[65], some authors postulate that chloroplast division is regulated directly by cell 
size and independently of DNA replication. In agreement with this hypothesis, chlo-
roplast number still correlates with cell size in transgenic plants over-expressing an 
inhibitor of cell cycle regulation, resulting in increased cell size and reduced cell 
ploidy [56].

As shown by the above summary, several studies have tackled the issue of the 
regulation of plastid division during development, but little is known yet regarding 
the exogenous control of this cellular process. Due to their sessile nature, external 
conditions affect many aspects of plant growth and development, and in this respect 
are also likely to affect chloroplast division, but evidence for such regulatory path-
ways is scarce.

6.6.4  Chloroplast Division Is Regulated by Exogenous Cues

The most obvious external signal that could affect chloroplast division is probably 
light. Evidence for light regulation of chloroplast division has been provided long 
ago by Hashimoto and Possingham [48], in spinach leaf disks they found chlo-
roplast generation time to be more than 2 times longer in the dark. Interestingly, 
the late phases of chloroplast division are most affected: chloroplasts remain con-
stricted (at the dumbbell stage) for 22 h instead of 3.5 h [48]. Recently DRP5B 
expression has been shown to be regulated by FHY3, a transcription factor involved 
in phytochrome A signaling [115]. This result fits nicely with early microscopic 
observations since chloroplasts in arc5 mutants are arrested at the dumbbell stage 
of division [83]. FHY3 is specifically involved in far-red signaling and appears to 
stimulate DRP5B expression in far-red light. In agreement with this observation, 
mutants deficient for FHY3 or its homolog are affected in chloroplast division, and 
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accumulation of DRP5B at the division site is no longer detected in fhy3. Chloro-
plast division is even more severely impaired in fhy3 far1 double mutants, dem-
onstrating that FHY3 and FAR1 act partially redundantly to promote chloroplast 
division in response to far-red light. Nevertheless, other light dependent signaling 
pathways regulating chloroplast division may exist. Indeed, the chloroplast division 
phenotype of the PC22 mutant in P. patens can be reverted by blue light treatment 
[128], suggesting that other photoreceptors such as cryptochromes may play a role 
in regulating chloroplast division.

Capture of light energy by chloroplasts and active photosynthesis can modify the 
redox status of the plastoquinone pool in the chloroplast, and the redox state of PQ 
is likely to regulate nuclear gene expression [63]. In addition, chloroplasts generate 
high amounts of reactive oxygen species, especially when submitted to excess light, 
which can result in severe photo-oxidative stress. Because the chloroplast redox 
balance is most important for the survival and function of plant cells, redox regula-
tion of chloroplast division may well occur. In agreement with such a hypothesis, 
ntrc mutants deficient for the chloroplast NADPH-thioredoxin reductase appear to 
accumulate fewer chloroplasts than the wild-type during their first month of growth 
[73], but further work is needed to confirm this observation and determine how this 
regulation may function.

Finally, many other factors have been reported to affect chloroplast division in-
cluding temperature [119] or mineral nutrition [118], but it is not clear whether 
these effects are direct or indirect, and the underlying molecular mechanisms have 
yet to be investigated.

Now that the mechanism for chloroplast division is better understood, an increas-
ing number of studies have investigated its regulation, and are providing molecular 
basis accounting for early cytological observations. Regulation of plastid division 
by external cues is only beginning to be unraveled but the role of internal cues is 
more thoroughly described. Two contrasting situations can be distinguished: in uni-
cellular algae containing one or a few chloroplasts, cell cycle regulation of chloro-
plast division appears to be the rule, and seems to involve transcriptional regulation 
of genes involved at early steps of the process such as FtsZ or Min. By contrast in 
higher plants, cell cycle regulation of plastid division is still debated, an although 
several lines of evidence suggest that plastid division may be modulated by nuclear 
DNA replication, the only consensus is that total chloroplast area is modulated ac-
cording to cell area, but the molecular mechanisms for this regulation have yet to 
be described. One striking feature of plastid division in higher plants is that expres-
sion of FtsZ proteins or ARC6 does not seem to vary a lot and proteins involved 
at later stages of division such as ARC5 or PDV seem to be targets for regulatory 
pathways. This may point to additional functions for FtsZ proteins unrelated to 
plastid division. Indeed, in Arabidopsis, FtsZ proteins are associated with thylakoid 
membranes [26, 59], and fsZ2-2 mutants show defects in chloroplast shape and thy-
lakoid development [59]. Likewise, in P. patens, the five FtsZ isoforms appear to 
play distinctive roles in cell patterning, chloroplast shaping, plant development and 
gravity sensing [84] suggesting that in multi-cellular plants, the functions of FtsZ 
proteins may have diversified.
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Abstract Stomules are dynamic tubular structures that extend from plastid’s outer 
surface. Although stromule-like structures were reported in the 1930s, only recently 
the dynamic nature of stromules is beginning to emerge with the advent of live cell 
imaging using fluorescent proteins. In this chapter we describe historical observa-
tions on stromule-like structures and modern cell biological approaches that are 
being used to visualize stromules. We summarize current knowledge about stromule 
formation, regulation, and their interaction with other cellular organelles. Finally, 
we discuss potential role for stromules during biotic and abiotic stress responses in 
plants.
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Abbreviations

FP Fluorescent protein
TEM Transmission electron microscopy
DIC Differential interference contrast
GFP Green fluorescent protein
CT-GFP Chloroplast targeted GFP
OEP14 Outer envelope protein
FtsZ Filamenting temperature sensitive Z
NRIP1 N-receptor interacting protein 1
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cpHSC70-1:YFP  The C-terminal part of the nuclear encoded plastid targeted 
Heat Shock protein Cognate 70-1 fused with the Yellow Fluo-
rescent Protein

BiFC Bimolecular fluorescence complementation
MP Movement protein
AM Arbuscular mychorrhizal
ER Endoplasmic reticulum
FRAP Fluorescence recovery after photobleaching

7.1  Introduction

Stromules are stroma-filled tubular projections that extend from plastids outer sur-
face. Although stromule-like structures were described over a hundred years ago, 
recent use of fluorescent protein (FP) markers and live cell imaging has contributed 
towards better understanding of their morphology and dynamic movement. Stro-
mules have received increased attention recently owing to their rapid extension and 
retraction rates within the cell. In this chapter, we provide a comprehensive sum-
mary of the characteristics and functions of stromules in plants.

7.2  Initial Observations of Stromule-Like Structures  
in Plants

The description of stromule-like structures dates back to [24], when the Austri-
an botanist Haberlandt, while working with the alga Selaginella found chains 
of chloroplasts linked together by thin connections that measured about 30 µm. 
These structures were believed to be the interconnections due to incomplete sepa-
ration of the plastids. Later, Senn [73] in his monograph illustrated the presence 
of a mobile jacket called the peristromium surrounding the chlorophyll- contain-
ing chloroplasts of the mosses Funaria and Mnium, the alga Bryopsis and in the 
liverwort Marchantia. Several connecting filaments measuring 0.4–1.0 µm in di-
ameter were found to arise from the peristromium which connected chloroplasts. 
Following these observations there have been a number of reports where the pres-
ence of thin connecting filaments between chloroplasts has been catalogued. In 
the 1930s many groups reported the existence of these connecting structures in 
the amyloplasts of the castor bean roots, french bean, squash and onion epider-
mal cells [12, 21, 28]. Rapid extension and the retraction of the “pseudopodium” 
in the chloroplasts of Colchicum bornmulleri and Allium angularis and also the 
amoeboid movement of the chloroplasts in the alga Selaginella has been docu-
mented [28]. Similar structures were observed in the chloroplasts of sugar beet 
with dynamic changes in the shape over a time period of 15 min [12]. Wildman 
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et al. [83] showed that the chlorophyll lacking outer jacket constantly changed 
shape wherein long protuberances extended into the cytoplasm which further seg-
mented into particles resembling a mitochondrion. Most of these initial observa-
tions coincided with the development of compound lens microscopes in the early 
1900s. The structures described in these earlier studies correspond to what are 
now known as “stromules” [47].

7.2.1  Stromules in Different Cells and Tissues

Stromules have been observed in various cell types such as the guard cells, epi-
dermal cells, spongy parenchyma, trichomes, roots, flower petals and mesophyll 
cells [41]. They are tubular extensions from the plastids that range from 0.5–
10 µm in length and exist in both monocots and dicots [41]. Compared to chlo-
rophyll containing plastids, the non-chlorophyll containing plastids, amyloplasts 
and chromoplasts, show a wide variation in the shape, length and the abundance 
of stromules [6, 51, 63, 77]. The existence of stromules in the non-chlorophyll 
cells indicates putative functions other than photosynthesis. In roots, the size and 
number of the stromules differ in various cell types present at the different zones 
[41]. In meristematic zones, stromules are more densely packed, shorter and ar-
ranged around the nucleus more frequently, whereas in the elongation zone, the 
stromules are elongated. In the mature region of the roots, stromules are more 
widely spaced but shorter in length with occasional arrangement around the nu-
cleus. Stromules are short in non-dividing callus tissue; however, in actively di-
viding cells, they are fairly long, reaching 40 µm and are highly dynamic, with 
most of them positioned around the nucleus and extending long distances ramify-
ing the cytoplasm [41].

7.2.2  Initial Observations of Stromules in Virus Infected Tissue

Virus infection results in the production of stromules and was first described by 
Esau [12]. Stromules were abundant in the yellowish chlorotic regions of beet ( Beta 
vulgaris) leaves when infected with the beet mosaic virus, but were absent in the 
green areas. Later, Shalla [74] reported that when tomato leaves were infected with 
the tobacco mosaic virus, “formation of projections which rapidly extended and 
contracted” from plastids were observed. However the studies by Shalla [74] failed 
to provide concrete evidence to support stromule induction during virus infection. 
After 8–10 days of infection, numerous plastids appeared distorted with long fila-
mentous structures which were occasionally associated with the mitochondria as 
visualized using phase contrast light microscopy and transmission electron micros-
copy (TEM). The formation of vacuoles in the mesophyll chloroplasts during TMV 
infection was observed as a general phenomenon; however, the rapid extension and 
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engulfment of cytosol by stromules was considered as the mode of formation of 
vacuoles. Due to this engulfment, plastids also contained the virus particles.

7.2.3  Stromules are Dynamic

Stromules with varying diameter from 0.35–1.5 µm have been documented for a 
number of plant species [1, 42, 51, 75, 80]. Stromules vary considerably because 
they retract and extend constantly. Lengths measuring 15 µm have been observed 
in tobacco and petunia [42, 75], 9 µm in Arabidopsis [80] and 20 µm in wheat [51]. 
The longest stromule measuring 200 µm in length was observed in the mesocarp of 
the tomato fruit [19, 82].

7.2.4  Extension and Retraction Rates

Extension and retraction rates of the stromules have been best observed in the 
leucoplasts of sub-epidermal peels of the midribs in Iris unguicularis [13, 23]. 
The retraction rates ranged from 0.23 µm/s to as low as 0.05 µm/s. Usually the 
retraction rates were faster than the outgrowth and the outgrowth of stromules 
was frequented with stops and starts accompanied with temporary retractions. 
Looping was commonly observed with the retraction of the stromules and these 
loops produced new stromules besides those arising from the other regions of the 
chloroplasts [23]. Stromules form almost 35 % of the surface area of chloroplasts, 
suggesting a high rate of membrane formation and disposal. Frequently, the un-
anchored regions of the stromules show intense cytoplasmic streaming activity 
with continuous change in directions. Besides retraction and extension, stromules 
show transient positioning and anchoring which in turn is coordinated with the 
line of moving organelles. Depending on the movement of the organelles, the 
free end of the stromules position themselves transiently within the cell. Live 
virtual cytoplasmic streaming, retention and extension were captured using the 
differential interference contrast (DIC) microscopy in the tomato trichome [23]. 
Together with retraction and extension, stromules also orchestrate a wide variety 
of branching and anchoring within the cells. The branch points also moved along 
the cytoplasmic stream or along the length of the stromules. Besides shedding of 
the stromule tip, bridging of stromules was also observed as stromules connected 
two plastids. This bridge was reported to be thicker than the typical stromule 
thickness, however, the bridge moved out of the field of view in a tandem fashion 
after maintaining connection with the stromules.

Primarily, stromule movement is dependent upon the actin cytoskeleton [19, 
30, 44]. The power for the movement is derived from the ATPase activity of myo-
sin XI [59, 69]. Recently it was shown that the plastid filamentation is reversible 
using chemicals such as antimycin. The root cortical cells of A. thaliana showed 
reversible plastid filamentation when treated with the respiratory inhibitor com-
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pound antimycin A. Instead of imparting changes in the mitochondria, the in-
hibitor caused extreme filamentation of the plastids in the mature cortical cells of 
the roots. Filamentation was rapid and was observed as early as 5 min and was 
completed within an hour. However, the filaments were different from the stro-
mules. The plastid body actually changed to a filamentous structure rather than 
as a separate filament emerging from the plastid’s main body. The filamentation 
reverted back to the original condition when the chemical compound was washed 
away [35].

7.3  Visualization of Stromules

7.3.1  Differential Interference Contrast (DIC) Imaging of 
Stromules

Conventional light microscopy in the early nineteenth century paved the way for 
the visualization of stromules. Filamentous structures measuring ≥ 9 µm in length 
and less than 0.5 µm in diameter were observed with compound light micro-
scopes. Though light microscopy provided ample evidence supporting the ex-
istence of stromules, electron microscopic images banished several of the light 
microscopic observations of stromules as artifacts [3]. Though evidence for the 
existence of stromules accumulated, until the early 1990s, many questioned the 
mere existence of stromules as a physiological entity of plastids. However, the ad-
vent of the confocal microscopy together with fluorescent protein markers revolu-
tionized the visualization and observation of the dynamics of stromules in living 
plant cells [42, 58].

Prior to the advent of green fluorescent protein (GFP), phase contrast light mi-
croscopy was the most wide spread way of imaging plastid protuberances and the 
dynamic nature of stromules. Major breakthroughs in the observation of the mobil-
ity of the stromal contents between chloroplasts were made by phase contrast imag-
ing in the trichomes of tobacco and tomato [83] and in spinach [32, 76]. Live cap-
ture of the breakage of small organelles from the chloroplast protuberances, and the 
association of mitochondria-like structures fusing with the plastid filaments raised 
widespread speculation regarding the authenticity of the findings due to limitation 
on the resolving power. However, to date there is no definite support to authenticate 
the findings of the mitochondria like structures with the stromules as recorded by 
Wildman et al. [83]. Time-lapsed microscopy was used by Hongladarom et al. [32] 
to show real time dynamism of the stromal contents, the shape changes and the 
extension of the chloroplast protuberances in the mesophyll cells of spinach. These 
protuberances were long (15 µm), branched and extended all over the cytosol. Fol-
lowing which Suzuki et al. [79] observed plastids with “elongated and string like” 
structures using phase contrast microscopy in suspension cultured Nicotiana taba-
cum BY-2 cells.
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7.3.2  Fluorescent Protein Markers and Confocal Microscopy

Stromules and their existence have been widely accepted only after the advent of 
the use of GFP as a marker to track stromules [19]. Stromule identification and 
observation has been difficult due to the very low frequency of stromules in mature 
leaves. However, labeling of the stromules found in all cell types using the GFP or 
other types of FPs has made it possible to easily observe stromules under in vivo 
conditions. Kohler et al. [42] were the first to show the presence of the stromules 
more abundantly in the epidermal cells and the roots of the plants using the trans-
genic tobacco plants expressing GFP in the plastids. The fusion of the GFP with the 
RecA–transit peptide (CT-GFP, Chloroplast targeted GFP) under the control of 35S 
CaMV promoter helped visualize the stromules as the CT-GFP specifically associ-
ated with the soluble stroma fraction [42]. These findings were replicated in other 
labs and Kohler and Hanson [41] coined the term “stromules” to describe stroma 
filled tubules projecting from plastid surface. Since then other labs have provided 
proof of existence of stromules and they are now considered an integral part of the 
plastids [1, 18, 42, 57, 75, 80]. By developing transgenic plants expressing GFP, it 
was possible to observe stromules in different tissue types as the GFP was local-
ized in the plastids. The important advantage of transgenic plants expressing GFP 
is that the presence of GFP does not alter the physiology of the plastids. Thus GFP 
made it possible to determine developmental variations in size, shape, structure and 
position of the stromules in cell types otherwise not amenable to conventional light 
microscopy.

GFP has been used to study the connections that occur between plastids and 
other organelles, such as the nucleus. Using photobleaching techniques in root cells, 
it has been shown that proteins could transfer between plastids through stromule 
connections [42]. However, such transfer was not observed in suspension cells 
[42] nor in the leucoplasts of roots [70]. Though shedding of the stromule tips has 
been previously shown through phase contrast or DIC microscopy [22, 23, 32, 83], 
none of the studies using GFP could provide evidence for the release of these free-
streaming organelles except where GFP-containing vesicles have been observed in 
the epidermal cells of tobacco [1] and in the mesocarp cells of the tomato fruit [66, 
82]. However, in these studies proof that these vesicles originated from the GFP 
expressing chloroplasts is lacking.

7.3.3  Transmission Electron Microscopy (TEM)  
and Cryo-fixation of Stromules

Before the advent of confocal microscopy, electron microscopy was the preferred 
method to observe stromules. Though conventional fixation and electron micros-
copy provides high resolution micrographs of stromules, artifacts and the inability 
to protect the sensitive structures caused a decline in their use. To better preserve 
stromules, high pressure freezing and freeze substitution was used as an alterna-
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tive method by [3] in mesophyll cells of rice leaves. Rapid freezing is considered a 
robust method to maintain the original structure without the formation of structure-
disrupting crystals of ice [37, 39]. The cells are fixed close to their native state. Stro-
mules were well preserved using the high pressure freezing technique; however, 
breakages in the cell wall and the plasma membrane were common and the cell 
membranes were poorly stained. Nonetheless, these techniques allowed stromules 
to be more accurately measured as thin filaments measuring 0.475 µm in mean di-
ameter and maximum length of 4.1 µm.

7.4  Origin, Formation and Regulation  
of Stromule Formation

7.4.1  Chloroplast Envelope

Stromules consist of both the outer and the inner envelope of the chloroplasts. 
Though attempts were made to separate the inner and the outer envelope of the 
stromules by isotonic shock [8], Scott and Theg [72] showed that both the mem-
branes were separate and suggested that occasionally the membranes might to be 
fused during protein translocation with the help of translocases. By marking the 
inner and the outer membrane envelopes of the stromules with different colored 
FPs, stromules were confirmed to be extensions of the double membrane of the 
plastids present in higher plants thus corroborating the previous studies [19, 26]. 
The presence of the double layer in the stromules was confirmed by the fusion of 
the GFP with the OEP14 (Outer Envelope Protein) [52] and the GFP fused with the 
phosphate translocator which targets the protein to the inner envelope [40]. Intact 
existence of both the membranes through electron micrographs were described by 
Holzinger et al. [29, 30]. This was later confirmed by the distinctive labeling of 
the inner and the outer membranes of the stromules with the fluorescent proteins 
[19, 26]. However, the functional and biological significance behind the formation 
of these dynamic structures are yet to be unraveled. Hanson and Sattarzadeh [27] 
speculated that the stromules emerge due to the pressure from within the plastid. 
Recently, a unique class of the Filamenting temperature sensitive Z (FtsZ) proteins 
were proposed to play a role in the initiation and formation of stromules. Two fami-
lies, FtsZ-1 and FtsZ-2 participate in plastid division and are capable of forming the 
compacted protofilaments under in vitro conditions [62]. These FtsZ proteins are 
considered to be the volunteers in the cytoskeletal structures involved in stromule 
formation [68]. However, Itoh [35] have reported that FtsZ1 proteins are not in-
volved in the antimycin-induced plastidic filamentation. Apart from these proteins, 
arc (accumulation and replication of chloroplast) genes involved in the chloroplast 
division are also considered to play a role in the formation of the stromules. The 
stromule lengths in the arc3 and arc6 mutants were longer than those observed in 
wild type plants [31].
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7.4.2  Actin and Microtubule Requirements

Plant cells are known for their ability to undergo rapid cytoplasmic streaming and 
plastids have been shown to be involved in this highly dynamic process [84]. Mi-
crofilaments play a pivotal role in the orientation and the positioning of the chloro-
plasts in plants [11, 38, 56, 85]. Several lines of evidence suggest a close association 
between the plastids (both green and non-green) and the microfilaments [9, 36, 38]. 
Stromules have been found in close association with the microfilaments, as con-
firmed through DIC imaging [22, 23, 45] and through CLSM in the epidermal cells 
of the hypocotyls in Arabidopsis [45].

Plastid movement was affected in treatments involving the actin microfilament 
inhibitors. Using latrunculin B that depolymerizes microfilaments and 2,3-bu-
tanedione 2-monoxime, which inhibits myosin ATPase activity, it was shown that 
stromules move along the actin microfilaments using the myosin motors [19]. Us-
ing a microfilament inhibitor cytochalasin, but not by the microtubule inhibitors 
aminoprophosmethyl or chloroisopropyl-N-phenylcarbamate, it was shown that the 
movement could be stopped [19, 44]. In contrast, microtubule inhibitors, oryzalin 
and amiprophosmethyl in onion epidermal cells or tobacco hypocotyl epidermal 
cells had no effect on stromule movement and in fact decreased stromule length 
by 75 % [19, 44]. Recently Natesan et al. [59] noticed a decrease in the length and 
the number of stromules after treating the cells with the myosin ATPase inhibitor 
2,3-butanedion 2-monoxime. The treatment not only abolished cytoplasmic stream-
ing but also the movement of stromules supporting the fact that myosin motors play 
a significant role in the mobility of stromules. In agreement with these findings, 
silencing of myosin XI in Nicotiana benthamiana using tobacco rattle virus based 
silencing vector [53] altered the positioning of the plastids and affected stromule 
formation [69]. In an independent study, the inverted repeat-mediated silencing of 
myosin XI in transgenic N. benthamiana plants reduced stromule number in the 
tobacco leaf epidermal cells [59].

GFP was used as the primary marker to study the active interaction of plastids 
and microfilaments without the need for the microinjection and immunolocaliza-
tion [45]. The GFP protein was fused with hTalin to study the interactions between 
the stromules and microfilaments. Both confocal microscopy as well as DIC was 
used to study the plastids, stromules and their interaction with the microfilaments, 
especially in the dark grown plants. Predominantly the plastids were engulfed in 
a network of microfilaments. Simultaneously the authors also found that the ex-
pression of the GFP-hTalin in the plastids did not disrupt the normal activity of 
the stromules or the plastids. Time lapse studies revealed that lower regions of the 
stromules are bound by the microfilaments that run in parallel, while the top por-
tion remains swaying in the cytoplasmic matrix and is constantly bombarded by 
the vesicles whose movement are themselves guided by microfilaments. While the 
microfilaments help in the anchoring, they also aid in the movement of the stro-
mules. Though bound on either side by the intersecting thick microfilaments, while 
the plastids move, the intersection point of the microfilaments also moved. The 



1977 Stromules

in vivo studies of Kwok and Hanson [45] also revealed that the mitochondria and 
the plastids colocalized and both were found in close association with the same 
microfilaments. Collectively, these findings illustrate that stromules utilize the 
available cell motility system within the plant cells.

7.5  Induction and Regulation of Stromules

7.5.1  Abiotic Stress Responses

Stromules were initially considered to be structures associated with stress respons-
es in plants. Drought and salt stress in wheat and barley were shown to result in 
plastids with protrusions [16, 33, 86]. In angiosperms, stromules were detected in 
desiccated mosses after hydration [64]. The extensions in the moss Polytrichum 
formosum [65] were even more prominent in the leaf lamella after hydration of the 
desiccated tissues. Most of these observations were recorded using electron micros-
copy, which raises serious concerns about the original structure of the stromules as 
most of them are visible only after serial sectioning through the tissues. Recently, 
Gray et al. [20] used confocal microscopy to show that stromules are significantly 
induced upon abiotic stress treatments in N. tabacum seedlings, and the monocot, 
wheat. The increase was proportional to the concentration of PEG or mannitol used 
to induce abiotic stress. Furthermore, addition of the salts NaCl and KCl increased 
stromule number. Light also plays a major role in the number of stromules in hypo-
cotyl epidermal cells. Light grown seedlings had fewer stromules compared to the 
dark grown seedlings [44]. Stromule formation was also shown to be sensitive to 
blue light rather than red or far-red light [20].

Holzinger et al. [29] have conducted detailed studies on the effect of tempera-
ture on the induction of stromules in A. thaliana. Using a temperature controlled 
chamber fitted to the light microscope, they showed that stromule formation in the 
plastids of the A. thaliana mesophyll cells was temperature dependent. At lower 
temperatures (5–15 °C), there was no stromule induction whereas as the tempera-
ture increased, the authors observed stromule induction. Previously “chloroplast 
proliferations” were observed in arctic-alpine plant Ranunculus glacialis [54, 55]. 
At increasing temperatures more protrusions from the plastids were shown to occur. 
At 35 °C, long thylakoid free stroma-filled tubules extended from the plastid result-
ing in an irregular shape of the chloroplasts. Between 35–45 °C, numerous plastids 
were shown to possess the protrusions also referred to as the “mobile jackets” of 
the chloroplasts. Though numerous protrusions were observed, not all protrusions 
extended as stromules [76]. Buchner et al. [4] initiated an in depth understanding 
of the temperature-mediated effects on the formation of the stroma-filled protru-
sions in the leaf mesophyll cells of nine different alpine plants. Effects of stepwise 
increase in temperatures on the protrusions were analyzed. In seven out of the nine 
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plants tested, temperatures over 20 °C increased chloroplast protrusions with light 
intensities having no effect on stromule induction.

7.5.2  Biotic Stress Defense Response

Stromules were also observed in plants during biotic stress. Stromule formation 
during defense responses in plants was reported by Caplan et al. [7]. The authors 
observed stromule induction in the presence of the Tobacco Mosaic Virus effector 
protein p50. Through fluorescent proteins, they also showed that the in the presence 
of the p50 viral effector, the N-receptor interacting protein 1 (NRIP1) which local-
izes in the chloroplasts was distributed in the cytoplasm and the nucleus, suggesting 
a possible role of stromules in this process.

During the infection of the A. thaliana plants by the abutilon mosaic virus, 
“strings of pearls” were found attached to the plastids [50]. The cpHSC70-1:YFP 
(the C-terminal part of the nuclear encoded plastid targeted Heat Shock protein 
Cognate 70-1 fused with the Yellow Fluorescent Protein) was found in these strings 
of pearls as identified using the bimolecular fluorescence complementation (BiFC). 
A movement protein (MP) from the Abutilon Mosaic Virus and the nuclear/plastid-
targeted heat shock cognate protein were shown to co-localize in the chloroplasts 
and in the periphery of the thin filaments extending from the chloroplasts. In some 
cells these structures extended from the plastid to the cell periphery, especially in 
the virus infected cells, while some plastids had short-length filaments (in uninfect-
ed cells). These structures were referred to as “stromules”. Though the study did not 
target the elucidation of the functions of the stromules, the presence of the stromules 
with the labeled target protein during virus infection suggests the functional signifi-
cance of the stromules in the distribution of the labeled protein and the involvement 
of the stromules in the distribution of the cpHSC70-1 oligomers throughout the cell 
during a virus infection [49].

Infection with root arbuscular mycorrhizae led to an increase in stromule prolif-
eration in the root cortical cells [14, 15, 78]. Stromule-like structures were observed 
to protrude from the plastids in the root cells of Alnus glutinosa after infection by 
the actinomycete Frankia [17]. Numerous “elongate” plastids were observed in root 
cortical cells colonized by the arbuscular mychorrhizal (AM) fungi. Upon coloniza-
tion, there occurred a massive increase in the number of plastids as shown by GFP 
expression in the plastids of transgenic N. tabacum cortical cells with AM fungi. 
Surprisingly, the authors found that the plastids were interconnected by numerous 
thin structures, which were referred to as “stromules”. The nuclei of the cortical 
cells showed numerous plastids around them resembling an “octopus-like” structure 
as observed by Kohler and Hanson [41] and Kwok and Hanson [48]. The authors 
speculated that the cortical cell nuclei depended on the plastid derived nucleotides, 
and suggested that the plastid extensions might play a major role in transport [14, 
15]. These observations were similar to those observed by Dexheimer et al. [10] in 
which long curved plastids were seen after AM colonization of the roots of Prunus 
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avium and Pirus malus. The close association of the tubular network in the cells 
with the arbuscules also led to speculation that there might be terpenoid secretion 
due to the plant defense response.

7.5.3  ABA and H2O2-Mediated Induction of Stromules

By using ABA biosynthesis inhibitors, it was shown that ABA is directly linked to 
stromule formation in the presence of mannitol [67]. Since ABA was primarily in-
volved in stromule formation, the authors further supported their findings by includ-
ing methyl jasmonic acid, salicylic acid, ethylene and H2O2, suggesting that stro-
mule formation responds to herbivore and pathogen attack. Among these, salicylic 
acid treatment had a negative effect on stromule induction. The treatment of the 
light-grown wheat seedlings with 0.1 mM H2O2 resulted in stromule induction in 
root hair cells, and the induction was sensitive to abamine, an ABA biosynthesis in-
hibitor. The presence of sugars such as glucose and sucrose in the apoplast increased 
the formation of the stromules in epidermal cells and the palisade parenchyma chlo-
roplasts [71]. The authors concluded that epidermal cells are an excellent choice for 
the study of the physiological conditions influencing the stromule induction.

7.6  Putative Functions of Stromules

7.6.1  Increased Chloroplast Surface Area

Given that stromules can account for up to 50 % of the plastid surface area it is 
logical to contemplate the importance of the large surface area in exchanging the 
materials with the cytosol. Extensions from the plastids increase the surface area of 
the envelope membrane and may facilitate transport of substances in and out of the 
plastids. Besides, there exists an inverse relationship between the total number of 
the plastids present and the number of stromules. Cells with fewer numbers of plas-
tids (epidermal and the root) possess more stromules than do mesophyll cells [41, 
82]. With approximately 15 % of the volume of the plastid material, it is apparent 
that stromules could maximize the area for vital signal transduction and movement 
of the substrates [19]. More research into the morphometric analysis of membrane 
surface area would provide more definitive answers regarding the presence of in-
creased stromule numbers in certain cell types. Though there is an increase in the 
surface area, minimal changes occur with respect to the volume. Thus one of the 
prominent functions of stromules may be to extend as much as possible into the 
cytosol to facilitate metabolite exchange as plastid metabolic functions are con-
nected with other cellular organelles such as mitochondria, peroxisome and the en-
doplasmic reticulum (ER). It has been documented that, GFP moves more slowly 
in the stroma due to its viscous nature than in the cytosol [27]. Taken together, (i) 
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the encircling of the cytosol along with the ER, ribosomes, and mitochondria by the 
plastids in the root tips cells [60], (ii) the more organized arrangement of the stro-
mules and the plastids around the nuclei in the cell suspensions of tobacco [42, 48], 
and (iii) the large network of the stromules within the cells after AM infection all 
suggest that the stromules not only aid in metabolite exchange but may also contain 
transporters [14, 25]. The extensive framework of the stromules from the plastids 
of the AM infected cells also suggests that several metabolites might move from the 
plastids to the arbuscules during this symbiotic interaction. Mycorrhiza induces the 
accumulation of carotenoids, and stromules might be involved in the transport and 
exchange of the plastid-derived terpenoids, amino acids and nucleosides necessary 
for the AM fungi development. In all the above cases, stromules were not observed 
as a general phenomenon but only under infection regimes and unique culture con-
ditions.

7.6.2  Intra- and Inter-organelle Trafficking

Despite size exclusion limits, it is possible that macromolecules and higher order 
structures such as chloroplast polysomal complexes, RNA, ribosomes, and pro-
tein complexes might make it through the stromules. Bourett et al. [3] showed the 
movement of 550 kDa Rubisco (Ribulose bis-phosphate carboxylase) through the 
protuberances of the chloroplasts in the rice mesophyll cells. During transfer, thyla-
koid components are excluded from the stromules which suggests that only stromal 
components can move through the stromules. Though plastid DNA is restricted to 
nucleoids, recombination facilitates transfer of DNA between the plastids during 
protoplast fusion. However, these initial observations still await confirmation by 
other labs.

The first insights into the inter-organelle trafficking by the stromules was put 
forth by Kohler et al. [42] via photo bleaching experiments (FRAP, Fluorescence 
Recovery after Photobleaching). The interconnected plastids were targeted for the 
experiments wherein one of the connected plastid was photo-bleached and after 
a 7 s recovery time period, the other plastid fluoresced confirming that stromules 
allow the movement of a 27 kDa globular protein between plastids through the 
stromules. Simultaneously these findings were also corroborated by Tirlapur et al. 
[80] and Kohler et al. [43]. Kohler et al. [43] used two-photon excitation fluores-
cence correlation spectroscopy; the concentration and movement of the small num-
bers of fluorescent molecules were tracked and were reported to occur as batches 
with 10–100 fold increase in brightness than the background. These findings were 
supported by using the active transport inhibitors and uncouplers of the oxidative 
phosphorylation. However, the mere presence of the GFP protein did result in the 
movement across the stromules as GFP proteins are not plastid specific. The typical 
illustration by Kohler et al. [43] suggests that there occurs no movement of GFP 
even after photo bleaching of the selected plastids in case of the tobacco suspension 
cells where the plastids encircle the nucleus with interconnections. Recent findings 
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of Schattat et al. [70] refuted the idea that exchange of ions, molecules or any other 
metabolite takes place via the stromules connecting two plastids. Using differential 
coloring of the individual plastids through expression of photoswitchable fluores-
cent proteins, it was shown that the plastids maintained their identity even when the 
stromules from the plastids formed networks. This showed that the transfer did not 
take place even if the stromules were present. Besides, there are several reports that 
indicate that presence of stromules does not guarantee transport of macromolecules 
across stromules. However, other studies suggest that transfer of contents between 
plastids do occur.

Recently, Schattat and Klosgen [71] have highlighted the importance of stro-
mules in cellular transport in the upper epidermal cells of A. thaliana leaves. Stro-
mule numbers were shown to significantly increase in the apoplast of the leaves 
in the presence of glucose or sucrose, but not of fructose, sorbitol or mannitol. 
Plastids present in the epidermal cells are photosynthetically less active and they 
import large amounts of the glucose-6-phosphate for their energy and basic me-
tabolism. In return, the triose phosphates produced are transported back to the cy-
tosol. Thus there exists a constant transport of the metabolites and this correlates 
with the increased abundance of stromules in the presence of the apoplastic sugars. 
Though normally the chloroplasts of the green tissues do not produce stromules, 
in the presence of sugars the source activity is suppressed and the sink activity is 
initiated. Consequently, stromules are more abundant in ripening tomato fruits than 
non-green tomatoes [82]. Thus stromules are also seen to play an important role in 
carbohydrate metabolism.

Newell et al. [61] used GFP-labeled plastid DNA and ribosomes to study their 
movement through the stromules in tobacco and Arabidopsis. Though GFP fluores-
cence could be detected in the plastids, the stromules did not show the presence of 
the GFP, suggesting that the transfer of genetic information through the stromules 
does not take place.

7.6.3  Signaling

The close association of the stromules with the nuclear [46, 48] and the plasma 
membranes [80] suggests that signaling and exchange of biophysical signals takes 
place at the interface. However, it is yet to be experimentally demonstrated what 
types of signals could move across the point of contact between stromules and the 
target organelles. Caplan et al. [7] suggested that stromules may be actively involved 
in chloroplast-cytoplasm or chloroplast-nucleus signaling when the plant mounts a 
defense response. The tobacco N immune receptor that detects and activates de-
fense against TMV does so by interacting with the chloroplastic protein, NRIP1. 
NRIP1 normally resides in the chloroplast and is recruited to the cytoplasm and the 
nucleus by TMV. The N immune receptor recognizes the TMV-NRIP1 pre-immune 
complex to activate successful defense response. Caplan et al. [7] speculated that 
NRIP1 could be released from chloroplast through stromules into the cytoplasm and 
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nucleus. Recently, some proteins present in the stroma were shown to be involved 
in the sensing of the pathogens and the presence of sugars, but whether this occurs 
via stromules need to be addressed [34, 49, 81].

7.6.4  Starch Granule Formation

Apart from signaling and macromolecular transport, stromules are suggested to 
play a role in the formation of the B-type starch granule in wheat endosperm [51]. 
Using TEM, Buttrose [5, 6] and Parker [63] observed stromule like protrusions dur-
ing the B-type starch granule formation. Langevald et al. [51] used CLSM to show 
that these protrusions arise from the amyloplasts. CLSM showed the presence of the 
connections between the amyloplasts and B-type granules in the protrusions, and 
time-lapse movies showed the movement of these protrusions. Betchel and Wilson 
[2] later studied the development and maturation of wheat starch post-flowering 
using TEM. The sequential observations of wheat starch show that A-type amy-
loplasts form protrusions within which the B-type granules develop. The degree 
of occurrence of these protrusions and their duration could not be determined. 
However, these studies concluded that the protrusions occurred at a specific time 
during the endosperm development. The TEM sections of wheat endosperm tissue 
provided strong evidence that the division of the amyloplasts occurred in the area 
where plastid protrusions were found. The division of the protrusions into individ-
ual amyloplasts is considered to be a unique form of plastid division in wheat. Due 
to the presence of the large starch granule within the plastid, these protrusions are 
the only viable areas for amyloplast division. The occurrence of the protrusions was 
also synchronized with time during which the B and C-type starch granule formed 
in wheat starch. The protrusions were prevalent during the entire 10–12 days of 
development of the wheat starch granule after flowering, and they were observed 
before the onset of the C-type starch granule formation i.e., 17 days after flowering.

7.7  Future Insights

Stromules are dynamic structures that are predicted to have multifarious functions 
in different cell types and under physiological conditions. An extensive literature 
indicates that they share an intimate relationship with several vital cellular organ-
elles involved in the transport, signaling and diffusion of metabolites. However 
experimental evidence is lacking regarding functional significance of stromules in 
specific biological processes. In addition, several important questions remain to be 
answered: What triggers the formation of the stromules? What components or sig-
nals could move across the membranes and through the stromules? Are stromules 
formed in response to increased pressure within the plastids as projections or do the 
projections form as a result of extensive pulling forces from outside? Are there spe-
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cific types of stromules for specific functions? It is challenging to capture the com-
plex interplay and movement of the proteins and other defense related compounds 
via stromules as these structures are highly sensitive to the conventional fixation 
techniques and laser exposure. With the wealth of information on the existence of 
stromules as a physical entity of the chloroplasts, it would be interesting to probe 
into their origin and functions using genetic and molecular approaches. To date 
genes that control the formation of stromules have not been identified. The spon-
taneous existence of these thin tubular structures in different plant cell types and 
their highly sensitive nature complicates simple methods used for stromule studies. 
Available advanced techniques such as fixation by high pressure freezing, TEM 
tomography and combining light and EM via correlative microscopy, will make it 
possible to unravel the various intricate mechanisms involved in stromule formation 
and their connection with other intra-cellular organelles.
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Abstract The endosymbiotic capture of a red alga brought photosynthesis to a 
previously heterotrophic protist, and marked the birth of a now very diverse new 
branch of the eukaryotic tree of life. Among the many plastid-bearing descendants 
of this event are the Apicomplexa, a phylum of obligate animal parasites. These 
include the causative agents of important diseases like malaria and toxoplasmosis. 
The apicomplexan plastid, or apicoplast, has experienced dramatic changes in func-
tion, organization and protein content as Apicomplexa adapted from photosynthesis 
to parasitism. In this chapter we outline the broad strokes of the organelle’s remark-
able evolutionary history and follow how these changes shaped its biology and 
metabolism.

Keywords Apicoplast · Plastid · Toxoplasma · Malaria · Chromalveolates · 
Endosymbiosis · Heme · Isoprenoid precursors · FASI · Import

Abbreviations

ACP Acyl carrier protein
ALA Aminolevulinate
ALAD Aminolevulinate dehydratase
ALAS Aminolevulinate synthase
CMK 4-diphosphocytidyl-2-C-methyl-d-erythritol kinase
CMS 4-diphosphocytidyl-2-C-methyl-d-erythritol synthase
Cox2 Cytochrome oxidase subunit 2
CPO Coproporphyrinogen III oxidase
DMAPP Dimethylallyl pyrophosphate
DOXP 1-deoxy-d-xylulose-5-phosphate
DOXPRI DOXP-reductoisomerase
ER Endoplasmic reticulum
ERAD Endoplasmatic reticulum associated degradation
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FC Ferrochelatase
GPTs Glucose 6-phosphate/phosphate transporter
IPP Isopentenyl pyrophosphate
LipA Lipoic acid synthase
MECS 2-C-methyl-d-erythritol 2,4-cyclodiphosphate synthase
PB Porphobilinogen
PI3P Phosphatidylinositol 3-monophosphate
PPO Protoporphyrinogen IX oxidase
PPT Phosphoenolpyruvate phosphate/phosphate transporters
PPTs Plastid phosphate translocators
Tic Translocon of the inner chloroplast membrane
Toc Translocon of the outer chloroplast membrane
TP Transit peptide
TPT Triose phosphate/phosphate transporters
UROD Uroporphyrinogen decarboxylase
UROS Uroporphyrinogen-III synthase
XPTs Xylulose 5-phosphate/phosphate transporter
3PGA 3-phosphoglyceraldehyde

8.1  Introduction

8.1.1  What are Apicomplexans?

Apicomplexa are a protozoan phylum encompassing some 5000 described species, 
whose members are parasites. The name is based on the presence of an apical com-
plex of cytoskeletal and secretory organelles found in the infectious stages of all 
phylum members. This complex typically consists of a conoid, a polar ring, subpel-
licular microtubules and the secretory organelles known as micronemes, rhoptries 
and dense granules [33], not all elements are present in all species. Most Apicom-
plexa are obligate intracellular parasites, namely they can only replicate and survive 
inside a host cell, and the apical organelles play a role in the indispensable process 
of host cell invasion. Over their long evolutionary history Apicomplexa have adapt-
ed to infecting a wide range of animals and to thrive in a variety of cell types that 
provide different metabolic opportunities and challenges.

Members of the phylum are the etiological agents of diseases of medical and 
veterinary importance. The phylum includes several human pathogens such as Plas-
modium, which cause malaria; Toxoplasma gondii, the causative agent of toxoplas-
mosis, which threatens immunocompromised individuals and may cause blindness 
or encephalitis, and Cryptosporidium, a waterborne pathogen responsible for severe 
early childhood diarrhea. Other members cause diseases across a range of livestock 
and include Eimeria, Neospora, Sarcocystis, and Theileria. The best studied api-
complexans are Plasmodium and Toxoplasma and this chapter is based largely on 
data established in those systems.
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8.1.2  Obligate Intracellular Parasites with a Plastid

Until the early 1990s most Apicomplexa researchers might have never considered a 
photosynthetic ancestry to their favorite phylum. However molecular evidence ac-
cumulated, specifically between 1991 and 1996, describing an extrachromosomal 
DNA element whose sequence suggested a “plant connection” for apicomplexans 
[6, 25, 38, 50–54, 97, 115, 165–167]. In fact, reports of an unusual organelle of 
complex structure where emerging as early as the 60s as part of the era of electron 
microscopy studies and ultrastructuaral characterization of phylum members. The 
main characteristic observed for these organelles were their numerous delimiting 
membranes and their localization within the cell, which resulted in various names 
highlighting these morphological characteristics (reviewed in [129]). It was only in 
1996 that these mysterious multi-membrane organelles and the plastid-like extra-
chromosomal DNA were linked by experimental evidence, and it became unam-
biguously clear that these parasites possess a non-photosynthetic chloroplast-like 
organelle [81, 97], the apicoplast. Since then numerous studies have aimed to iden-
tify the origin of this plastid, to map its metabolic capabilities and to understand 
its biogenesis. In this chapter we briefly describe the evolutionary history of the 
apicoplast, and then we outline the current insights into apicoplast metabolism and 
cell biology, highlighting some of the research strategies used to approach these 
problems. We conclude with remarks on the challenges and opportunities we are 
now facing to deepen our understanding of this fascinating organelle.

8.2  Apicoplast Origin and Evolution

8.2.1  Metamorphosis of an Alga

It has been proposed that the apicomplexans plastid resulted from two consecutive 
endosymbiotic events (Fig. 8.1a), in a similar manner to the evolution of the plastids 
of chromista algae [18]. The first event was the endosymbiosis between a cyanobac-
terium and a eukaryote that gave rise to the primary plastids found in glaucophytes, 
red algae and green algae (as reviewed in [60, 99]). The second event was a love 
affair between an auxotrophic single celled protist and a single celled alga. Both 
partners progressively came to depend on each other. Specifically, the host came to 
rely on metabolites provided by the symbiont’s pathways (in particular its photo-
synthetic carbon fixation). On the other hand genetic material was transferred from 
the symbiont to the host nucleus turning inheritance and protein synthesis over to 
the host. Based on this hypothetical scenario, the apicomplexan ancestor was likely 
a photosynthetic organism with a secondary plastid, an alga that abandoned its pho-
tosynthetic machinery and turned to parasitism. Numerous studies have gradually 
built substantial support for this hypothesis: the evidence is based on morphology, 
the phylogenetic analyses of apicoplast genomes and their genes, and the many as-
pects of organelle function and biogenesis shared between the apicoplast and algal 
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Fig. 8.1  Secondary endosymbiosis and the origin of the phylum Apicomplexa. a Schematic repre-
sentation of the two consecutive events of endosymbiosis that gave rise to primary and secondary 
plastids. A cyanobacterium was engulfed by a heterotrophic eukaryote giving rise to the plastids 
of red and green algae and glaucophytes. In a second event, an alga was taken up by another 
eukaryote
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plastids. We review two prominent debates: the affiliation of the apicoplast with the 
red or the green lineage of plastids, and the evolution of organisms with secondary 
plastids of red origin.

8.2.2  The Origin of the Apicoplast: The Red Versus 
Green Debate

An important consideration in understanding the evolutionary root of the apicoplast 
is to establish whether it is part of the green or red lineage of chloroplasts. These 
lineages are typically distinguished by the differences among their photosynthetic 
pigments. However, apicoplasts have completely lost photosynthesis and neither 
the associated pigments, nor any of the genes encoding the proteins required for the 
light reaction or pigment synthesis has remained in the genome. As a consequence, 
apicoplasts lack some of the features most frequently used to resolve plastid phy-
logeny. Initially the Toxoplasma apicoplast was described as a plastid of green algal 
origin [81]. This was based on phylogenetic analysis using the sequence of TufA, a 
gene present on the organellar genome, encoding the protein synthesis elongation 
factor Tu. TufA, was used previously for construction of molecular phylogenies, and 
served well to solidify the placement of the apicoplast genome within the plastids (as 
opposed to the mitochondria lineages) [81]. Phylogenetic analysis of the sequences 
of a nuclear-encoded gene, cytochrome oxidase subunit 2 (cox2), also supported 
green ancestry. Specifically, in chlorophytes, legumes and apicomplexans, this gene 
split into two (Cox2 a and b), whereas in other organisms it remained a single gene 
[48, 49]. However, the conclusion of green algal ancestry was quickly challenged. 
The school supporting a red algal origin pointed to evidence suggesting that the 
cox2 split happened repeatedly in evolution and is not suitable to track the apico-
plast origin [162]. A recent phylogentic analysis performed with a larger set of TufA 
homologs questioned its suitability to address the ancestry of the apicoplast [110].

Currently, evidence favors for a red lineage for the apicoplast. The arrangement 
and phylogeny of the apicoplast genome ribosomal RNA genes resembles that 
found in red algae [11, 100, 136, 175]. Phylogenetic analysis of several nuclear-
encoded plastid-targeted proteins lent further support to this conclusion [7, 37, 64, 
113]. Lastly, much of what was learned about apicoplast cell biology and metabo-
lism, detailed later in this chapter, shows strong resemblance with organisms that 
carry secondary plastids of red algal origin.

(note that this occurred multiple independent times). The resulting complex plastids are surrounded 
by three or four membranes. Narrow arrows indicate gene transfer from symbiont to host genome. 
b Schematic tree of eukaryotes drawn after phylogenetic analyses summarized by Keeling and 
colleagues [79]. The chromalveolate theory is shown by the uptake of a red alga in their ances-
tor branch. Diversification and adaptation to different ecological niches led to subsequent loss of 
photosynthesis (as in Apicomplexa) or of entire plastids (as in ciliates or oomycetes). Reproduced 
with slight modification from [1]
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8.2.3  Was the Red Algal Acquisition a Unique Event in 
the History of Evolution?

Many algal taxa appear to have acquired their plastids through secondary endo-
symbiosis, but how many times in evolution has such secondary acquisition taken 
place? In the case of the green plastids, phylogenetic analysis indicated that the two 
main lineages, euglenids and chlorarachniophytes, originated independently, name-
ly from two separate events of secondary endosymbiosis [122]. On the other hand, 
the origin of red plastids found in a larger range of eukaryotic organisms is less well 
resolved. The chromalveolate hypothesis suggests that the acquisition of a red alga 
and its enslavement into a secondary plastid occurred only once in evolution [18]. 
This implies a common ancestor of cryptophytes, alveolates (including dinoflagel-
lates, cilliates and apicomplexans), stramenopiles (heterokonts), and haptophytes 
[18, 19] (Fig. 8.1b). Its parsimony makes this hypothesis conceptually appealing: 
a complex new protein import system, widely considered the biggest hurdle on the 
way to stable endosymbiosis, had to evolve only once. Numerous molecular and 
phylogenetic studies have tested this hypothesis over the last decade and in general 
support remains strong (reviewed in [78]).

Plastid gene phylogenies produced robust support for a common origin of stra-
menopiles, cryptophytes and haptophytes [80, 122, 172]. Including the apicoplast 
and the plastids of dinoflagellates in these analyzes was difficult, due to their di-
vergent plastid genomes. However, this could be overcome by analyzing nuclear-
encoded plastid proteins. In this context, an important breakthrough was the finding 
that apicomplexans and other chromalveolates have substituted their cyanobacterial- 
type plastid glyceraldehyde-3-phosphate dehydrogenase (GAPDH) with a duplica-
tion of a eukaryotic GAPDH [37], supporting a single origin for chromalveolates.

It should be noted, however, that this hypothesis is yet to become a consensus, 
and recent studies continue to challenge the chromalveolate monophyly. Specifi-
cally, studies claim to detect evidence for potential polyphyly among the hosts in 
the chromalveolates sub-groups [39, 62, 65]. This might be attributed to the recruit-
ment of rhodophyte translocation machinery, that it may have occurred more than 
once, which led some to a potentially more complex model of the origin of chro-
malveolates [39].

8.2.4  Chromera velia, a (No Longer) Missing Link

A breakthrough in the understanding of apicoplast evolution came from the recent 
discovery of a closely related photosynthetic sister of Apicomplexa, Chromera velia 
[101]. The sequence of Chromera’s plastid genome provided a compelling link be-
tween the plastids of apicomplexans, dinoflagellates, and stramenopiles and further 
solidified the red origin of the apicoplast [71]. Chromera is a photosynthetic sym-
biont of corals [101]. This tight association with a marine animal provides interest-
ing food for speculation on the potential route that Apicomplexa might have taken 
from free-living autotrophy, via symbiosis towards parasitism [110]. Apicomplexan 
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animal parasitism is likely ancient starting with simple invertebrates predating the 
main radiation and diversification of animals. In other words: when the first Devo-
nian fish crawled to land in all likelihood they were already infected with an api-
complexan. This scenario is supported by the notion that the acquisition of red sec-
ondary plastids and the branching of stramenopiles and alveolates occurred between 
767 and 1072 million years ago [32], long before the appearance of land vertebrates.

8.3  Apicoplast Biogenesis

8.3.1  Import of Nuclear-encoded Proteins to various 
Apicoplast Destinations

Due to the massive gene transfer from the endosymbiont genome to the host, the 
vast majority of the organelle’s proteins are now encoded in the nucleus. These 
proteins are hence translated in the cytosol from where they travel to the apicoplast 
lumen, one of its four membranes, or to the various intermembrane spaces. Some of 
the signals and machineries involved in this import process have been characterized 
and we review them below.

8.3.2  Targeting Signals

Similar to nuclear-encoded components of secondary chloroplasts in algae [1, 12], 
most stromal apicoplast proteins studied to date possess an N-terminal bipartite 
targeting signal. The first part of this sequence shares characteristics with the sig-
nal peptide present in secretory proteins [160], while the second part, the transit 
peptide (TP), shows features similar to the transit peptides of primary chloroplast 
proteins. Studies in Plasmodium falciparum ( P. falciparum) and Toxoplasma gondii 
( T. gondii) confirmed that the N-termini of several luminal apicoplast proteins are 
necessary and sufficient to target a GFP reporter to the lumen of the organelle [46, 
160, 161]. It was also experimentally demonstrated that the TP part of a T. gondii 
apicoplast ribosomal protein can direct import into pea chloroplasts [28]. In addi-
tion it was found that deletion of the TP results in the targeting of a GFP reporter to 
the parasitophorous vacuole, the default secretory route in T. gondii, while deletion 
of the signal peptide results in cytosolic or mitochondrial localization of the reporter 
[28, 63, 161]. The amino acid composition of these bipartite signals was studied 
in detail showing that an overall positive charge at the N-terminus is essential for 
targeting to the apicoplast stroma, however that their exact position can vary [46, 
63, 146].

The two parts of the bipartite leader are thought to guide a two-step sequential lo-
calization, where the signal peptide dictates cotranslational insertion of the nascent 
peptide into the endoplasmic reticulum (ER). The SP seems to be rapidly removed 
[160] and this cleavage results in exposing the TP. The TP directs targeting from 
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the ER to the apicoplast stroma where it is cleaved to release the mature protein. 
The presence of TP-containing pre-protein and the TP-processed mature form are 
detectable by western blot, and were observed both in T. gondii and P. falciparum 
[158, 160, 161, 174]. Furthermore the kinetics of this processing in P. falciparum 
was measured by pulse-chase labeling experiments and was demonstrated to take 
45 minutes to an hour from the moment of translation [151]. A homolog of the 
plant chloroplast transit peptide peptidase was identified in the nuclear genome of 
T. gondii and P. falciparum [66, 151], however its role in cleaving the TP is yet to 
be experimentally demonstrated.

While most apicoplast proteins adhere to the rule just described, some seem to 
possess a non-canonical targeting signal. Several proteins do not have a signal pep-
tide at the immediate N- terminus but rather show a recessed hydrophobic patch [3, 
109, 128]. Others have no obvious signal peptide but contain multi-membrane span-
ning domains [30, 44, 75–77]. How the different N-terminal structures affect the 
mode of targeting or the final destination among the apicoplast sub-compartment 
remains to be established.

8.3.3  Crossing the Borders

8.3.3.1  The Two Innermost Membranes

Different hypotheses were initially considered as to how proteins may cross the 
four apicoplast membranes [147]. One of the models suggests that distinct trans-
locons are found in the different membranes, and that their ancestry corresponds 
to the evolutionary origin of each respective membrane. According to this model 
the two inner membranes were predicted to have import machineries derived from 
those found in the red algal chloroplast. In ultrastructural support for this idea, the 
two inner membrane of the apicoplast show tight physical apposition, as described 
for primary chloroplast, and present large intramembranous structures that were 
hypothesized to represent translocons [143]. The similarity of the transit peptide 
part of the bipartite signal to plant chloroplast transit peptides is consistent with 
this idea.

In primary chloroplasts protein import is mediated by two protein complexes, 
the translocon of the outer chloroplast membrane (Toc) and the translocon of the 
inner chloroplast membrane (Tic). These were studied in detail in green chloro-
plast of land plants, and were shown to be composed of numerous proteins, some 
of which are inherited from the cyanobacterial ancestor (see [132] and Chap. 9 in 
this volume for a thorough review). Bioinformatics searches for homologs of these 
components in the genomes of red algae and of Plasmodium identified only a small 
subset of these proteins [1, 99, 159]. Those that have been found show significant 
sequence divergence, which may implicate modest sequence conservation as the 
reason for the relatively small number of identified factors. A homolog of Tic20 is 
the most extensively characterized among those. In the chloroplast, Tic20 is an inte-
gral membrane protein shown to function as a part of the protein pore that facilitates 
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protein transport through the inner membrane [21, 82]. Van Dooren and coworkers, 
confirmed that in T. gondii, Tic20 is an integral membrane protein of the apicoplast 
[152]. Using split-GFP reporters they could also demonstrate its localization in the 
inner most membrane [152]. A conditional knock-out of TgTic20 showed that this 
gene is essential for T. gondii survival. While the Toxoplasma plastid could not be 
isolated in significant quantity at the time, several pulse-chase assays were devel-
oped to measure protein import in vivo by following posttranslational modifications 
of reporter proteins. These analyses performed with the TgTic20 mutant showed a 
profound loss of protein import followed by organelle loss and cell death. These 
experiment supported that TgTic20 acts in import [152]. A second putative compo-
nent of the Tic complex, the soluble protein Tic22, was identified in the apicoplast 
of P. falciparum and of T. gondii [73]. Loss of this protein in a conditional mutant 
produces a phenotype comparable to that observed for TgTic20 [56]. Interestingly, 
a homolog of ClpC (Hsp93), a stromal chaperone component of the Tic complex, is 
encoded on the apicoplast genome both in P. falciparum and T. gondii [81, 167]. At 
this time genetic manipulation of the organellar genome is not established and the 
role of ClpC in import awaits confirmation.

Some homologs of the Toc components were also identified in the red lineage. 
One of the critical components of this complex in plants is the receptor protein 
Toc34 that recognizes the transit peptide and directs proteins in transit to the pore 
in the outer chloroplast membrane, Toc75. A Toc34 homolog was identified in the 
genomes of green, red and secondary plastid-containing algae and is thought to 
have been acquired after the cyanobacterial uptake and before the split to red and 
green [99]. A putative Toc34 homolog was reported for the genome of P. falciparum 
[159], but was not confirmed. A Toc75 homolog was not immediately identifiable 
in the genomes of organisms containing secondary plastid of red origin. Recently 
however, Bullmann and coworkers have identified a homolog of the cyanobacterial 
Omp85 in the genome of the diatom Phaeodactylum tricornutum (P. tricornutum) 
[14]. This gene encodes a protein with a bipartite signal and affinity to the Toc75 
group in phylogenetic studies [14]. Electrophysiological experiments using recom-
binant PtOmp85 confirmed that it can act as a pore and that it shares biochemical 
characteristics with plant Toc75 [14].

Homologs of the PtOpm85 are found in the genome of Plasmodium and Toxo-
plasma [1, 14] and our preliminary studies indicate that loss of this protein in Toxo-
plasma results in a pronounced apicoplast protein import defect (Sheiner, Agrawal, 
Brooks and Striepen unpublished). Taken together these observations make a com-
pelling case for Tic and Toc derived translocons as mechanisms to cross the two 
innermost membranes of the apicoplast.

8.3.3.2  The Second Outermost Membrane

The second outermost membrane is thought to be derived from the plasma mem-
brane of the red algal endosymbiont. Initially this membrane represented the most 
stringent barrier between symbiont and host and the establishment of exchange of 
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metabolites and proteins across this barrier represent pivotal early events in the 
evolution of the organelle. Key to the discovery of the machinery that breaches 
this barrier was the sequencing of the nucleomorph genome of the cryptomonad 
G. theta. The nucleomorph is a highly reduced remnant of the algal symbiont’s 
nucleus. This cellular “fossil” is found between the second and third membrane 
of some secondary plastids of the red lineage, in a compartment derived from the 
symbiont’s cytoplasm now referred to as the periplastid compartment [31] (note 
that a nucleomorph is also present in some secondary plastids of the green lineage, 
e.g. in Chlorarachnion, where it is found between the first and second of three 
membranes). Analysis of the G. theta nucleomorph revealed that it encoded core 
elements of the endoplasmatic reticulum associated degradation (ERAD) system 
[133]. In the ER, ERAD is responsible for retro-translocation of miss-folded pro-
teins across the ER membrane into the cytoplasm, to be degraded by the protea-
some. In light of the apparent absence of an ER in the G. theta plastid, this finding 
inspired Sommer and colleagues to formulate a hypothesis according to which the 
ERAD translocon had been retooled to import proteins into complex plastids [133] 
(see also Chap. 11 of this volume). This hypothesis gained broader support by the 
identification of duplicate sets of genes encoding ERAD components in additional 
organisms with complex red plastids such as diatoms and Apicomplexa [3, 73, 133, 
134]. These organisms lack a nucleomorph, but the nucleus encodes both ER and 
plastid targeted ERAD components [73, 133, 134]. Electron microscopy in T. gondii 
and split-GFP experiments performed with the diatom P. tricornutum showed that 
these proteins localize to the periphery of the complex plastid and more specifically 
to the second outermost membrane and the periplastid compartments [2, 68].

The elements of the plastid ERAD machinery that have been characterized so far 
are the membrane protein Der-1, the AAA-ATPase, Cdc48, and its cofactor, Ufd-1. 
ER-Der-1 is essential for retro-translocation of miss-folded luminal ER proteins in 
yeast and human cells. It is hypothesized by some that Der-1 forms the translocation 
channel [170], while others suggest that its role is that of a receptor aiding interac-
tion with the ubiquitin ligase HRD1 (see [131] for a recent review of the ERAD 
translocon). In this system, proteins are marked for degradation by conjugation of 
ubiquitin resulting in poly-ubiquitin chains. This appears to occur during transloca-
tion on the cytoplasmic side of the membrane. Cdc48 then extracts these substrate 
proteins from the pore with the help of its cofactors, the Ufd-1–Npl4 complex [170]. 
After confirming the localization of these three core components to the periphery of 
the apicoplast of T. gondii, Agrawal and colleagues generated a conditional mutant 
of the apicoplast Der1. Ablation of Der1 results in ablation of apicoplast protein 
import, as measured using a variety of biochemical assays demonstrating a direct 
role of the ERAD system in import [3], validating the initial hypothesis by Som-
mer and colleagues. Importantly, the apicoplast ERAD machinery is derived from 
the ERAD system of the symbiont and does not represent a duplication of the host 
system [3, 39]. This is consistent with a model under which the symbiont grants ac-
cess to host derived proteins by modifying its membranes. Overall, this may suggest 
that the symbiont played an active role in establishing a stable relationship with the 
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host rather than being subjugated to do the bidding of the host, as implied by the 
endosymbiosis as enslavement narrative.

ERAD associated ubiquitination is required not only for the subsequent degrada-
tion of the protein but also appears critical to the translocation step across the ER 
itself [131]. For example, deletion of the Ufd-1 amino terminus, known to bind 
polyubiquitin, results in disruption of protein translocation across the ER mem-
brane in yeast [112, 163]. Moreover, overexpression of the yeast ubiquitin E3 ligase 
(Hard1p) bypasses the need of other ER components such as Der1, and result in 
ER-luminal protein degradation that depends only on its own active ubiquitin ligase 
activity and on Cdc48 [17]. This model appears also to apply to secondary plastids 
of the red lineage including the apicoplast: a series of putative E1, E2 and E3 ubiq-
uitination enzymes has been described to either target to the apicoplast or to contain 
suitable leaders for apicoplast targeting, and functional data linking their enzymatic 
activity to protein import is emerging ([68, 114, 134]; Fellows et al. unpublished).

Recently we have identified two new T. gondii periplastid proteins that are con-
served among the red algal lineage and are also encoded in the nucleomorphs of 
cryptomonads. A conditional mutant of one of the two, PPP1, results in a drastic 
apicoplast import defect leading to apicoplast demise and ultimately to cell death 
[128]. Exactly how PPP1 integrates into the ERAD model of crossing the periplas-
tid compartment awaits further clarification.

8.3.3.3  The Outermost Membrane

Three translocons have been identified that collectively provide transport across 
the three inner membranes of the apicoplast, but how do apicoplast proteins find 
and cross the outermost apicoplast membrane to begin this journey? Since these 
proteins enter the ER courtesy of their N-terminal signal peptide, it seemed intuitive 
that like other secretory proteins they may travel from the ER to the Golgi and then 
on to the apicoplast. However, the transport of apicoplast targeted GFP reporters 
was shown to be resistant to the action of the fungal toxin Brefeldin A, a potent 
disruptor of the Golgi apparatus [29, 148]. This points to the possibility of direct 
ER to apicoplast transport. Note that in several algal systems the outer membrane 
of the complex plastid is continuous with the nuclear envelope and the ER [55]. 
Such constant direct connection is not evident in Apicomplexa, yet recent electron 
microscopy and tomographic studies suggested that the two organelles come into 
close contact, which may reflect functional interaction [143, 144]. Alternative to the 
direct contact model, vesicles could ferry proteins from the ER to the apicoplast, 
side-stepping the Golgi. Several groups have described such vesicles using light 
and electron microscopy [30, 76, 152, 153]. These vesicles become more apparent 
in apicoplast import mutants [153]. Two new studies report the presence of the lipid 
phosphatidylinositol 3-monophosphate (PI3P) in the apicoplast of P. falciparum 
and T. gondii [140, 141]. Interference with PI3P in T. gondii through drug treatment 
or the overexpression of a heterologous PI3P binding protein leads to profound 
and complex plastid biogenesis defects [141]. Interestingly, in these mutant para-
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sites apicoplast proteins again accumulate in a vesicular compartment outside of 
the apicoplast. The role of PI3P in the regulation of endosomal trafficking is well 
established [89], and the observation of PI3P in the apicoplast suggests a potential 
connection between the apicoplast and the endosome. The precise mechanistic role 
of PI3P in this process remains to be defined.

In summary, the mechanism used to traffic nuclear-encoded proteins to the stro-
ma appears conserved among organisms with secondary red algal plastids. Initial 
synthesis appears to be ER-associated, followed by a likely vesicle-mediated trans-
fer to the outermost compartment of the plastid. Modified ERAD, Tic and Toc com-
plexes then transport proteins across the remaining membranes. Numerous mecha-
nistic questions remain open, including how the targeting machinery distinguishes 
stromal proteins from those that remain in the outer compartments of the apicoplast 
and how the trafficking of membrane proteins differs from that of soluble proteins.

8.3.4  Organelle Replication and Division—Drug Targets 
Beyond Metabolism

Like other plastids, the apicoplast possess its own genome. Genome replication and 
partitioning are a prerequisite to organelle inheritance. As noted for protein import, 
the origin of the proteins that govern organelle replication is dictated by the origin 
of the compartment that they are found in. The apicoplast genome is found in the 
stroma and is replicated and maintained by a prokaryote-type machinery derived 
from cyanobacteria, while components involved in organelle fission and segrega-
tion have evolved from factors originally localized to the cytoplasm of the host.

8.3.4.1  Apicoplast Genome Replication and Gene Translation

The highly reduced apicoplast genome (35 kb) is dedicated almost entirely to en-
coding RNAs and proteins for its own transcription and translation, in addition to 
two known and seven hypothetical genes that may serve other functions [167]. In 
some cases, like for the apicoplast RNA-polymerase, further nuclear-encoded com-
ponents are imported to join forces with apicoplast encoded proteins [8]. Phyloge-
netic analysis suggests that regardless of the current location of the gene (nucleus 
or plastid), this machinery is largely of bacterial origin, and this is consistent with 
the sensitivity of Apicomplexa to antibiotics that typically interfere with bacterial 
transcription and translation. Rifampin, an inhibitor of eubacterial RNA polymer-
ases is one example [10, 26, 96]. A number of additional antibiotics that show some 
efficacy against apicomplexans typically target the prokaryotic ribosome. These in-
clude clindamycin [16, 42], doxycycline [26], thiostrepton, and azithromycin [23, 
130]. Analysis of the apicoplast ribosomal RNA sequence predicts the apicoplast 
as their target and mutants selected for antibiotic resistance show mutation of the 
apicoplast ribosomal RNA genes [98].
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The apicoplast genome does not, however, appear to encode components in-
volved in its replication, and those are presumably imported. Indeed, several nu-
clear-encoded homologs of such components were identified and localized to the 
apicoplast. Those include Prex (plastid-DNA replication enzyme complex) [127], 
gyrase subunits A and B, homologs of the bacterial strand relaxation topoisomerase 
subunits [5, 27, 116], and a group of hypothetical proteins with domains involved in 
DNA repair such as gamma integrase and helicases [128]. Interestingly, the apico-
plast genome is associated with a bacterial histone-like HU protein [117, 120]. The 
bacterial nature of the apicoplast genome replication machinery is also support by 
the sensitivity of the apicoplast to antibiotics such as ciprofloxacin [42, 164].

8.3.4.2  Division of the Apicoplast Organelle

The apicoplast shows a unique mode of division when compared to other plastids. 
Early microscopy-based studies reported a surprisingly tight association of apico-
plast and nuclear division. The cell and division cycle shows significant diversity 
in Apicomplexa (see details in [138]) and nuclear division occurs in different ste-
reotypic forms, importantly, the apicoplast follows the nucleus precisely through 
these complex processes. Studies in Toxoplasma and Sarcocystis confirmed that 
apicoplast division coincides with nuclear division and further demonstrated its co-
ordination by physical association between the apicoplast and the centrosome of 
the spindle [137, 150]. In Toxoplasma the apicoplast associates with the recently 
divided centrosomes early in M-phase and is subsequently suspended between the 
two poles of the spindle. As mitosis and budding proceeds both the nucleus and the 
apicoplast appear U-shaped, and this U elongates until fission occurs concurrently 
with budding of the new daughter cells [137, 153]. Hitching a ride on the host cen-
trosomes ensures faithful segregation of the organelle and may potentially also be 
involved in equal segregation of its genome. Note that in those apicomplexans that 
replicate nuclear DNA multiple times before cytokinetic partitioning into new in-
vasive stages, the apicoplast develops into an impressive tubular network [41, 135, 
150]. Segregation and partitioning again appears to be controlled by centrosome 
tethering as initially shown for Toxoplasma.

How is apicoplast fission accomplished? Essentially all plastids studied so far, 
including secondary plastids, divide using a mechanism that at its core uses bacte-
rial elements, in particular the tubulin homolog FtsZ which drives constriction, and 
minD and minE which regulate FtsZ (Reviewed in [57]; cf. Chap. 6 in this volume). 
From the cytoplasmic site, constriction is aided by eukaryotic components, including 
the dynamin-related protein ARC5. Importantly, the process appears to be orches-
trated from the inside out and a protein complex relays the position of the FtsZ ring 
to the outside recruiting ARC5 [58]. The apicoplast represents a unique exception, 
Apicomplexa lack FtsZ and any of its associated factors [149]. Nevertheless, the 
presence of a division ring was implied by a plastid constrictions observed in ultra-
structural studies [40, 93]. The molecular components involved in this process were 
recently described in Toxoplasma. The first player emerged with the description  
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of a constrictive cytokinetic ring identified by the repeat protein MORN1 [61]. 
The position of the MORN1 rings during budding coincides with constrictions in 
the apicoplast and nucleus. This lent support to a pull and cut model in which the 
centrosomes and budding ring cooperate in apicoplast division [149, 152]. Con-
sistent with this model, MORN1 deficient T. gondii parasites display apicoplast 
segregation defect [67, 92]. While MORN1 is required for fission it is not sufficient. 
At least one more component is required to complete fission, the dynamin-related 
protein DrpA [153]. Genetic and cell biological studies using a dominant negative 
mutant demonstrated that DrpA is essential for apicoplast fission. In mutant para-
sites large elongated apicoplasts connect recently divided daughter cells [153]. The 
assembly of dynamin-related proteins into active rings is typically induced by an 
initial constriction of the target area [85]. We recently suggested a model combin-
ing these elements, according to which the centrosome and MORN1 rings generate 
opposing forces that result in constrictions. Those then become the site of DrpA 
activity [4, 153]. Interestingly, TgDrpA is phylogenetically distinct from the ARC5 
dynamin involved in chloroplast division [85]. This suggests that dynamins have 
been recruited independently more than once to act in the fission of endosymbiont 
organelles.

8.4  Metabolic Functions of the Apicoplast

8.4.1  The Apicoplast’s Function is Anabolic Metabolism

Among their secondary red plastid containing kin, Apicomplexa are unique in that 
they have maintained the plastid despite loss of photosynthesis. Which evolutionary 
forces drove apicomplexans to keep this seemingly pointless organelle? The key to 
understand this process is to understand the current cellular needs fulfilled by the 
apicoplast. Below we review the current understanding of apicoplast metabolism. 
Note that not all of the pathways described are found in all species (Fig. 8.2). Api-
complexa occupy different niches within their hosts and, as a result, their metabolic 
needs and capabilities vary dramatically (reviewed in [45]). T. gondii, who can in-
fect a broad range of cells and tissues, has maintained the most elaborated metabolic 
network in its plastid. This includes pathways for the synthesis of fatty acid, heme, 
isoprenoid precursors and iron-sulfur cluster. Cryptosporidium, marks the other end 
of the spectrum, this parasite has lost the apicoplast and essentially all of its meta-
bolic capabilities [45].

8.4.2  Type II Fatty Acid Synthesis (FASII)

Fatty acids are indispensable for cell growth and many pathogens have developed 
specialized strategies to salvage host fatty acids and fatty acid derived lipids. They 
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are the main building blocks of cellular membranes and numerous proteins undergo 
post-translational modifications by acylation and lipidation. Apicomplexa have a 
high turnover of membrane lipids as they rely on an elaborate secretory system 
that includes numerous apical organelles that are essential for host cell invasion. 
Moreover, fatty acid acylation of some components of the invasion and motility 
machinery, e.g. GAP45, is essential for its assembly and correct targeting [47]. 
In most organisms de novo synthesis of fatty acids occurs mainly via one of two 
pathways. FASI is found typically in animals and fungi and is executed by a large 
multi-domain polypeptide. The FASII pathway, on the other hand, depends on in-
dividually expressed enzymes and is more commonly found in prokaryotes and in 
the chloroplasts of plants.

Prior to the identification of the apicoplast, Apicomplexa, and more specifi-
cally Plasmodium, was presumed incapable of de novo fatty acid synthesis and 
thought to entirely rely on scavenging from the host [69, 121]. However, among 
the first identified nuclear-encoded apicoplast proteins were three fatty acid bio-
synthetic proteins: acyl carrier protein (ACP), β-ketoacyl-ACP synthase III (FabH), 
and β-hydroxyacyl-ACP dehydratase (FabZ) [160]. Homologs of these proteins are 
known to act in FASII in the chloroplasts of plants and algae. The FASII pathway 
consists of six enzymes, FabD, FabH, FabZ, FabI, FabB/F and FabG and the core 
component ACP. FabD first synthesizes a precursor from malonyl co-A on an ACP 

Fig. 8.2  The metabolic functions of the apicoplast. a Schematic tree representing the evolution-
ary relationships among different members of the Apicomplexa. Apicoplast metabolic functions 
are indicated and based on comparative genomic analyses. *Note that the functions indicated for 
Chromera at this time are speculative. b A simplified schematic overview of the metabolic path-
ways of the apicoplast of Toxoplasma. Three major pathways (FASII, DOXP, and heme) have been 
identified, and two of them depend on the activity of the apicoplast phosphate translocator (APT). 
Note that many steps were omitted for simplicity here, but are described in more detail in the text. 
Glc glucose, PEP phosphoenolpyruvate, 3PGA 3-phosphoglyceraldehyde, IPP isopentenyl pyro-
phosphate, ALA aminolevulinic acid, UROIII uroporphyrinogen-III
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starter. In successive rounds the decarboxylative condensation of malonyl-CoA 
with the acyl chain by FabH yields a two carbon extensions. Upon each addition the 
new unit is then reduced, dehydrated and reduced again by FabG, FabZ and FabI. 
Ultimately, a fatty acid of 14 or 16 carbon chain length is released by FabB/F.

All FASII enzymes are encoded in the genomes of Plasmodium and Toxoplasma 
and there is now a wealth of kinetic, structural and pharmacological support based 
on the analysis of recombinant proteins (reviewed in [59, 94, 139]. However, not 
all Apicomplexa have maintained the FASII pathway, aside from Cryptosporidium 
who has lost the apicoplast and may instead rely on a cytosolic FASI [177, 178], 
Theilaria and Babesia, still possessing an apicoplast, have also lost FASII. Interest-
ingly, this is to the exception of ACP, which is still encoded and was recently shown 
to be apicoplast localized in Babesia [15]. This may represent a molecular fossil as 
discussed by the authors, however, in bacteria ACP has multiple cellular roles, and 
it is therefore conceivable that its maintenance may be driven by its importance 
beyond FASII.

The FASII pathway is not only differentially maintained in different species, 
there are also interesting differences in its importance for parasite survival. In T. 
gondii for example, genetic interference with apicoplast FASII blocks the growth of 
the parasite in tissue culture and in animals [95], indicating that FASII is essential. 
In Plasmodium, similar genetic studies have shown that FASII is essential to the 
development of liver stages but not for the bloodstream and mosquito phase of its 
complex parasite lifecycle [156, 173]. This suggests that in parasites that infect red 
blood cells, FASII is dispensable, while it is required in those that live in nucleated 
cells, namely the importance of FASII may depend on the host cell or tissue envi-
ronment.

What is then the role of FASII in the parasite metabolism? In plants, the chloro-
plast and its FASII are the sole sources of fatty acids. Surprisingly however, incor-
poration of radiolabelled acetate into fatty acids remained unchanged in the T. gon-
dii FASII mutant. This initial observation seemed to suggest that in Apicomplexan 
FASII’s role is more modest then in plants and solely focused on the synthesis of 
certain specialized lipids like the enzyme cofactor lipoic acid [142, 168]. Indeed, 
pharmacological [24] and genetic [95] disruption of T. gondii FASII results in the 
loss of lipoylation of plastid pyruvate dehydrogenase. To further test these pos-
sibilities we recently used a combination of metabolomic and genetic analysis. By 
labeling with 13C-U-glucose followed by GC-MS analysis we showed that T. gondii 
engages in vigorous de novo fatty acid synthesis and that this activity is entirely 
dependent on FASII [118] (note that we found acetate not to be a suitable substrate 
for apicoplast FASII). Most (60–80 %) of the parasite’s myristic and palmitic acids 
(C:14 and 16) originate from FASII activity. There is also good evidence that apico-
plast-synthesized fatty acids are exported from the organelle and further modified 
by an elongation system in the ER. Overall it appears that, as with the chloroplast, 
the apicoplast is a significant source of fatty acids – however, the host niche gov-
erns whether this production is essential or can be replaced by lipid salvage from 
the host cell.
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8.4.3  Heme Biosynthesis

Heme is a large and complex molecule in which a cyclic tetrapyrrole backbone co-
ordinates a central iron. Heme functions as the prosthetic group of proteins that act 
in redox reactions. These include enzymes like catalase and most importantly, steps 
of the mitochondrial electron transfer chain, a key element of oxidative phosphory-
lation and aerobic metabolism. They also function in the transport and storage of 
gases. Given its many important roles of securing a steady supply either by synthesis 
or salvage, heme is essential for parasite growth. Curiously, in some apicomplexan 
that parasitize red blood cells and feast on their hemoglobin, heme can become too 
much of a good thing. Plasmodium parasites detoxify the overabundance of heme 
by polymerization into hemozoin, the malaria pigment, and interference with heme 
detoxification is the mode of action of several important antimalarials. Nonetheless, 
Plasmodium [104–107, 124, 155] and Toxoplasma [169] encode a complete heme 
biosynthesis pathway. Some researchers believe this pathway to be critical for the 
growth of the erythrocyte stage of P. falciparum [119, 139], but as discussed below, 
other studies point to isoprenoid precursor synthesis as the sole truly essential api-
coplast pathway in that stage [109, 171]. Furthermore, several apicomplexans have 
apparently lost heme biosynthesis; these include Theileria, Babesia, and Crypto-
sporidium [126].

A comprehensive and elegant model for the evolution of the heme synthesis 
pathway was recently described in a review by van Dooren and colleagues [154]. 
Initially host and endsymbiont maintained independent pathways: one in the mito-
chondrion and the cytoplasm, one in the plastid. Establishment of transport for key 
substrates and products likely allowed the subsequent merger of both and the heavy 
reliance on plastid enzymes (a situation still evident in the photosynthetic apicom-
plexan Chromera). Upon loss of photosynthesis the balance shifted again and Plas-
modium and Toxoplasma now rely on a pathway that begins and ends in the mito-
chondrion and represents a complex evolutionary patchwork (Fig. 8.2). The first 
step occurs in the mitochondrion where δ-aminolevulinate synthase (ALAS, also 
named HemA) utilizes glycine and succinyl-CoA to generate 5-aminolevulinate 
(ALA). The next three steps occur in the apicoplast and are executed by enzymes 
that cluster phylogenetically with plastid enzymes [169]. ALA is converted to por-
phobilinogen (PB) by δ-aminolevulinate dehydratase (ALAD or HemB). Typically 
the next steps are catalyzed by two enzymes, PB deaminase (PBGD or HemC) and 
uroporphyrinogen-III synthase (UROS or HemD), yielding hydroximethyl bilane 
and then uroporphynogenIII. However, in Plasmodium, HemC was shown to cata-
lyze both steps [103]. Next the hydrophilic uroporphynogen III is converted to the 
hydrophobic coproporphinogen III by uroporphyrinogen decarboxylase (UROD or 
HemE). While in Plasmodium this is a plastid localized step [124], in Toxoplasma 
HemE appears to localize to the cytoplasm [126]. The next two enzymes, copropor-
phyrinogen III oxidase (CPO or HemF) and protoporphyrinogen IX oxidase (PPO 
or HemG), lack obvious targeting signals. Studies in P. falciparum confirmed that 
HemF is cytosolic, where it generates protoporphyrinogen III [107], whereas HemG 
is a mitochondrial enzyme that anaerobically catalyzes protoporphyrin IX [106]. 



L. Sheiner and B. Striepen226

The last step, the synthesis of heme from protoporphyrin IX by ferrochelatase (FC 
or HemH), also occurs in the mitochondrion [105].

There are a number of important remaining questions. How does ALA get from 
the mitochondrion to the apicoplast? Suitable transporters will have to breach nu-
merous membranes in different organelles. Similarly how do products shuttle back 
out from the apicoplast and how are later intermediates imported into the mito-
chondrion? Finally, how important is heme synthesis in different parasite and host 
settings?

8.4.4  Iron–sulfur Clusters and Isoprenoids

Iron–sulfur clusters/ISCs [Fe–S] consist of iron and sulfur ions that are coordinated 
by cysteine or histidine residues in a variety of configurations. ISCs are important 
metal cofactors for redox reactions and are involved in electron transfer in metabo-
lism, cellular regulation and homeostasis, and in stress response.

[Fe–S]-proteins appear to require assembly in situ and eukaryotes possess sev-
eral synthesis pathways for different compartments. The major players in plastids 
are homologs of the bacterial Suf system. In bacteria this system is largely used to 
assemble [Fe–S] clusters under environmental conditions such as oxidative stress 
or iron starvation [111]. Plant chloroplasts rely on this pathway likely because of its 
lower sensitivity to oxygen.

Sulfide is generated from l-cysteine by the desulfurase SufS, in complex with 
sulfide transferase SufE [84]. The source for iron ions and their donor in the organ-
elle remain elusive. The sulfide is then passed to the scaffold protein(s) for assembly 
of a transient [Fe–S]. Several scenarios have been proposed to occur downstream of 
this step. The latest model proposed for E. coli suggests that SufA, the SUF member 
of the A-type carriers class [157], acts as a shuttle and transfers the [Fe–S] from a 
scaffold complex (that consists of SufB, C, and D) to the apo-proteins [20, 84].

Importantly, a SufB homolog is encoded by the apicoplast genome [70]. Ho-
mologs of Suf members are also found in the genome of several apicomplexans 
and their products are predicted to target to the apicoplast [36, 125], however, their 
localization and function have little experimental support. Kumar and coworkers 
have established that the nuclear-encoded SufC is an active ATPase that resides in 
the apicoplast, and demonstrated its interaction with the plastome encoded PfSufB 
[83]. We have shown that the nuclear homolog of NFU in T. gondii encodes an api-
coplast resident, however we found that it is dispensable for tachyzoites grown in 
culture [128]. This data suggests that scaffold proteins may play a redundant role, 
or that the apo-protein subjected to transfer from NFU is not essential under these 
growth conditions.

The apicoplast is home for several proteins whose homologs typically require 
ISCs for function. These include Ferredoxin (Fd), LipA (lipoic acid synthase) and 
MiaB (tRNA methylthiotransferase) and two enzymes involved in isoprenoid syn-
thesis in the apicoplast, LytB and HDS. The genes encoding these proteins are 
conserved in all plastid containing Apicomplexa studied to date. It is tempting to 
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hypothesize that the two pathways were conserved together, one to generate an es-
sential metabolite, and the other for supporting that function. However, the genomes 
of Theileria and Babesia seem to encode only two components of the ISC pathway, 
a SufS-like desulfurase gene and an NFU-like [126]. This suggests that, if active, 
their pathways act very differently from that of Plasmodium and Toxoplasma.

Isoprenoids are a diverse group of biological compounds that are derived from 
isopentenyl pyrophosphate (IPP) or from its isomeric form dimethylallyl pyro-
phosphate (DMAPP). There are two major routes of IPP synthesis, the mevalonate 
pathway is common in animal and fungi, and the 1-deoxy-d-xylulose-5-phosphate 
(DOXP, or nonmevalonate pathway), is found mainly in eubacteria. Plants are home 
to both a mevalonate pathway in the cytoplasm and a DOXP pathway in their plas-
tids. Apicomplexa lack the mevalonate pathway but have maintained the DOXP 
pathway in the apicoplast [22, 72].

DOXP-synthase catalyzes the condensation of pyruvate and glyceraldehyde-
3-phosphate to initiate isoprenoid synthesis. This yields DOXP which is subse-
quently rearranged and reduced to 2-C-methyl-d-erythritol-4-phosphate (MEP) by 
the enzyme DOXP-reductoisomerase (DOXPRI). The activity of three additional 
enzymes, 4-diphosphocytidyl-2-C-methyl-d-erythritol synthase (CMS), 4-diphos-
phocytidyl-2-C-methyl-d-erythritol kinase (CMK), and 2-C-methyl-d-erythritol 
2,4-cyclodiphosphate synthase (MECS), results in the formation of a cyclic diphos-
phate. The latter is transformed to yield either IPP or DMAPP in two additional 
steps mediated by ( E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMB-PP) 
synthase (HDS) and HMD-PP reductase (HDR) (reviewed in [35]). In the apico-
plast, the last steps of producing IPP and DMAPP are performed by a single en-
zyme, LytB [123].

One reason that apicoplast isoprenoid synthesis has garnered particular attention 
is the fact that the antibiotic, fosmidomycin, an inhibitor of DOXPRI, shows robust 
activity against Plasmodium and Babesia in vitro and in animal models [72]. Recent 
analysis has suggested that the drug may have a second target in the same pathway 
potentially delivering a double blow [176]. In combination with other drug, fosmi-
domycin has also been shown to cure uncomplicated malaria in people [86]. Yeh 
and DeRisi showed that the toxicity of fosmidomycin for P. falciparum blood stage 
parasites can be overcome by chemical complementation with IPP, supporting the 
specificity of the drug’s activity [171]. In this remarkable study, they further dem-
onstrated that supplementation of growth media with IPP allows to derive, and more 
importantly, continuously culture plastid-less parasites [171]. This is very strong 
support for the notion that IPP is the most critical apicoplast-derived metabolite (at 
least under these growth conditions). Genetic studies in T. gondii come to the same 
conclusion. Mutants in the DOXP pathway have severe growth defects that mir-
ror complete ablation of apicoplast metabolism and that are more immediate than 
those that ablate apicoplast fatty acid synthesis [13, 109]. This is consistent with the 
model that dependency on plastid synthesized IPP may drive maintenance of the 
apicoplast [108].

Keeping the IPP dependence model in mind, it was very surprising that fos-
midomycin showed little or no effect on the growth of numerous apicomplexans, 
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including Eimeria, Theileria or Toxoplasma [22, 90, 91, 109]. Two studies recently 
resolved this mystery by demonstrating that the DOXP pathway in T. gondii is sus-
ceptible to fosmidomycin but that the drug cannot reach its target in these parasites 
[9, 109]. Parasites engineered to express a bacterial transporter protein capable of 
fosmidomycin import are rendered fully susceptible, pointing to important differ-
ences in the transport of metabolites in different parasites [109].

While it is now clear that IPP production is essential, it is less clear why. There 
is ample evidence for the salvage of various isoprenoids from the host cell, yet it 
appears that IPP has to be supplied in situ. May this be, again, the consequence of 
lack of a suitable transport system?

There are several downstream metabolites and metabolite-dependent functions 
that may require IPP. Some are localized to the apicoplast itself (i.e. ispoprenylation 
of tRNAs). Other likely candidates are found outside of the apicoplast e.g. pro-
viding dolichol to the ER glycosylation machinery, or ubiquinone to maintain the 
mitochondrial electron transport chain. Apicomplexa also appear to produce carot-
enoids [145] and their derivatives [102]. Carotenoids where proposed to be used, as 
in plants, as antioxidants or as the starting compounds to generate plant hormones 
[145]. Enzymes involved in the synthesis of plant hormones have been proposed to 
be encoded in the genome of T. gondii, and the presence of one such hormone, ab-
scisic acid, was demonstrated in this parasite [102]. While the precise role of these 
molecules is still elusive, it has been speculated that they play a signaling role in 
host cell egress [102, 145].

8.4.5  Transport of Metabolites

Photosynthesis and carbon fixation are the prime function of chloroplasts. Chloro-
plasts heavily export anabolic metabolites in addition to a number of sugar phos-
phate compounds that funnel into and fuel the central carbon metabolism of the 
plant cell. The numerous anabolic activities of the apicoplast require robust sources 
of carbon, reduction power and energy – but it has lost photosynthesis as a provider 
and now has to be fueled from the parasite cytoplasm. Chloroplast are known to 
use an arsenal of plastid phosphate translocators (PPTs) to balance the carbon and 
energy needs between organelle and cytoplasm: triose phosphate/phosphate trans-
porters (TPT), phosphoenolpyruvate phosphate/phosphate transporters (PPT; [43]), 
glucose 6-phosphate/phosphate transporter (GPTs; [74]) and xylulose 5-phosphate/
phosphate transporter (XPTs; [34]). Comparatively little is known about transport in 
Apicomplexa [87]. Theileria and Toxoplasma encode a single PPT homolog while 
two genes are found in Plasmodium [44, 75, 102]. This difference appears to reflect 
localization rather than function. The two Plasmodium proteins are differentially 
targeted to outer and inner membranes while the Toxoplasma protein is found in 
both compartments. Heterologous expression and reconstitution of transport in vitro 
showed the apicoplast transporters to be unique among phosphate translocators in 
exchanging phosphate against phosphoenolpyruvate, glyceraldehyde-3-phosphate 
and triose phosphate [13, 88] (chloroplast use at least two independent transporters 
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to achieve this). A single transporter thus provides the substrates for at least two 
apicoplast pathways (FASII and DOXP) and establishes a reverse triose shuttle to 
supply the apicoplast with energy and reduction power (Fig. 8.2).

In agreement with this central role, genetic ablation of the APT gene in Toxo-
plasma has a dramatic impact on apicoplast metabolism and results in swift parasite 
demise [13]. Additional transporters likely operate to feed other metabolic needs of 
the apicoplast (i.e. heme intermediates, nucleotides for RNA and DNA synthesis, 
iron for assembly of ISC), and the continuous efforts to complete the apicoplast 
proteome will hopefully unravel those components.

8.5  Conclusion

Apicoplast functions similar to other plastids in the dark, it acts as an anabolic hub 
and does not engage in photosynthesis. The importance of apicoplast-made me-
tabolites varies and depends on the host environments faced by the various parasite 
species, and their life stages. Understanding these niches will be key to exploiting 
the apicoplast as a drug target.

The function of the organelle has changed dramatically over time and was ac-
companied by significant gain and loss of genes. Some of these changes rendered 
pathways redundant or dispensable, or most interestingly, resulted in chimerical 
pathways whose components are of various origins. Many of the players in apico-
plast metabolism and biogenesis have been identified based on sequence similarity 
with their chloroplast counterparts, however this strategy may be exhausted. Recent 
efforts have developed tools to discover new proteins independent of similarity. 
These include organelle purification schemes followed by proteomics, forward ge-
netic screens, and functional genomic analyses. These methods will lead to novel 
insights into the biology of this fascinating symbiont organelle.
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Abstract Most chloroplast proteins are encoded as preproteins by the nuclear 
genome. Their import into chloroplasts occurs post-translationally. An N-terminal 
pre-sequence, the transit peptide, contains the organellar targeting information. It 
is specifically recognized by receptor components at the chloroplast surface. These 
receptors are components of the TOC ( translocon at the outer envelope membrane 
of chloroplasts) complex. Together with the TIC ( translocon at the inner envelope 
membrane of chloroplasts) machinery, this mediates the import of proteins into chlo-
roplasts. In addition to the receptors, these complexes incorporate channel, motor 
and regulatory functions. Many putative or actual components have been identified. 
Multiple isoforms of the TOC receptors (and possibly of some other components) 
constitute the molecular basis of separate import pathways with distinct client pref-
erences. This perhaps reduces competition effects between highly abundant and less 
abundant preproteins. Client preferences of different import pathways might also 
facilitate the differentiation of various plastid types. In addition to the canonical 
TOC/TIC-mediated import routes, alternative, mechanistically distinct pathways of 
protein transport to chloroplasts have been identified; one of these passes through 
the endoplasmic reticulum and Golgi apparatus. Other work has revealed several 
protein targeting pathways leading to the envelope membranes.

Keywords Chloroplast envelope · Chloroplast protein import · Plastid biogenesis · 
Protein targeting · Protein transport · TOC/TIC machinery · Translocon

Abbreviations

CAH1 Carbonic anhydrase 1
ceQORH Chloroplast envelope quinone oxidoreductase homolog
cpHsc70 Chloroplast stromal Hsp70
MGD1 Monogalactosyldiacylglycerol synthase 1
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OEP7/14 Outer envelope protein, 7/14 kD
PPI1 Plastid protein import 1
SPP Stromal processing peptidase
SSU Small subunit of Rubisco
TIC Translocon at the inner envelope membrane of chloroplasts
TOC Translocon at the outer envelope membrane of chloroplasts
TROL Thylakoid rhodanese-like protein
UPS Ubiquitin-proteasome system

9.1  Introductory Topics

9.1.1  Background

Plastids are the prototypical plant organelles. The chloroplast is the most promi-
nent representative of the family. Chloroplasts derived from cyanobacteria by an 
endosymbiotic process during which a primordial photosynthetic bacterium was 
engulfed by a eukaryotic host cell. Over time, most of the cyanobacterial genetic 
material was transferred to host nucleus, both transforming the host genome and 
progressively reducing the chloroplast genome. The cyanobacterial model Syn-
echocystis sp. PCC6803 [99] has 3168 predicted protein coding genes, whereas 
the chloroplast genome of Arabidopsis thaliana, the eudicot model system, retains 
87 protein coding genes [178]. However, the number of chloroplast proteins has 
been estimated at around 1500 in recent proteomics studies [59, 113, 198]. The 
large difference is explained by the nuclear-encoded origin of the vast majority of 
chloroplast proteins. Therefore, a mechanism for importing proteins synthesized 
in the cytosol into chloroplasts is required [94, 105, 136, 187]. In this chapter, we 
will address how these nuclear-encoded chloroplast constituents are targeted to the 
organelle and translocated across the outer and inner envelope membranes.

9.1.2  Transit Peptides

Some of the first studies on chloroplast protein import in the late 70s and early 80s 
of the past century focused on one of the most abundant and best known chloroplast 
proteins, the small subunit of Rubisco (SSU), establishing it as a model chloroplast 
import substrate [52, 67]. In cell-free translation experiments of isolated Chlamydo-
monas mRNA, Dobberstein and colleagues in 1977 observed that SSU was synthe-
sized as a protein larger than that present in chloroplasts. They hypothesized that 
this was an extrachloroplastic form and that the additional amino acid sequence 
may be required for its transfer into the chloroplast. Since then many chloroplast 
proteins have been identified and studied, and as it turned out the majority of these 
are synthesized with N-terminal extensions as “preproteins”, abbreviated as pSSU 
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in the case of SSU. Furthermore, it has been demonstrated that the N-terminal ex-
tensions (known as transit peptides) are required for the targeting and translocation 
of preproteins into the chloroplast. Interestingly, transit peptides are not conserved 
in primary structure, and their length is also quite variable from approximately 30 
to 70 amino acids [33, 34]. Certain physicochemical characteristics, however, such 
as a preponderance of hydroxylated and basic amino acids together with the under-
representation of acidic amino acids are typical of transit peptides. It has also been 
found that transit peptides have a tendency to take on a natively unfolded structure 
[223]. Such an unfolded structure may facilitate the engagement of components of 
the chloroplast protein import machinery.

9.1.3  Energetics and Stages of Import

Before any of the components of the chloroplast protein import machinery were 
identified, the in vitro import system using isolated pea chloroplasts was exten-
sively studied in terms of energetics and differentiable import stages. Early on it 
was recognized that preprotein import requires energy: light could be used as it 
leads to the production of ATP via the electron transport chain and the ATP syn-
thase. Exogenous ATP is required when chloroplasts are depleted of energy in the 
dark and by the dissolution of the proton gradient using nigericin. Depending on the 
ATP concentration, at least three different stages of import were distinguished. In 
the absence of added ATP (“energy-independent stage”), the preprotein interacted 
with components at the chloroplast surface in a reversible, unstable way that could 
be trapped using covalent chemical crosslinking [115, 143, 163]. At low concentra-
tions of ATP (100 micromolar), and GTP, the preprotein inserted across the outer 
envelope membrane in a stable way and was isolated as the so-called “early translo-
cation intermediate” [106, 159, 228]. Later it was demonstrated that at this stage the 
preprotein is exposed to the cytoplasm but has also already engaged components at 
the inner envelope membrane. Complete translocation of the preprotein across both 
envelope membranes required “high” concentrations of ATP (1-5 millimolar) [160, 
202]. At this stage the preprotein arrives in the chloroplast stroma where the transit 
peptide is cleaved by the stromal processing peptidase (SPP) (see Sect. 9.3.4). The 
preprotein can be arrested at this stage by chilling the chloroplasts on ice resulting 
in the “late translocation intermediate” [85, 133].

9.1.4  Identification of Translocon Components

The identification of translocon components long proved challenging: Eventual-
ly, three separate approaches turned out to be successful. A study using chemical 
crosslinking of pSSU in an in vitro import assay in the absence of added ATP at 
the “energy-independent stage” resulted in the cross-linking of an 86 kD protein 
[163]. At a later stage of import, in the presence of ATP, an additional 75 kD protein 
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Fig. 9.1  The TOC and TIC complexes of the chloroplast protein import machinery. The TOC and 
TIC translocons in the outer and inner envelope membranes ( OM and IM, respectively) are shown, 
as is a translocating preprotein ( black line). Individual translocon components are identified by 
their molecular weights ( black text), while some key functional domains are indicated ( white text). 
Toc159, Toc34 and Toc75 together form the core TOC complex in the outer membrane (Toc159 
is represented here by the Arabidopsis isoforms atToc159, atToc132 and atToc120; and Toc34 
is represented by atToc33 and atToc34). While Toc159 and Toc34 are responsible for preprotein 
recognition, Toc75 (atToc75-III in Arabidopsis) forms the outer envelope channel. Different recep-
tor isoforms enable the formation of different TOC complexes, and thus the operation of different 
import pathways with distinct client preferences. The RING finger ( RNF) ubiquitin E3 ligase SP1 
mediates the ubiquitination of TOC components, leading to their turnover by the 26S proteasome 
( 26SP); this enables the dynamic reorganization of the protein import machinery. Various cyto-
solic chaperones and their cofactors (Hsp70 and 14-3-3; Hsp90, Hop and FKBP73) are proposed 
to interact with unfolded preproteins (forming so-called “guidance complexes”), to maintain their 
import competence and direct them to the Toc34 or Toc64 (OEP64) receptors. Tic22 is thought to 
provide a link between the TOC and TIC complexes, facilitating preprotein passage through the 
intermembrane space. Tic20 (atTic20-I) may participate in inner membrane channel formation, as 
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was crosslinked. These results indicated that preprotein import proceeds through a 
sequence of interactions from the cytosol to the chloroplast stroma. However, this 
study did not molecularly identify either the 86 or the 75 kD components [163]. 
In a separate study, IgG directed against the 86 kD protein at the outer membrane 
was shown to inhibit preprotein import into the chloroplast [73]. This finding sug-
gested that the 86 kD protein functioned as a preprotein import receptor. In a third 
study, recombinant purified pSSU fused to IgG-binding of ProteinA (pSSU-ProtA) 
was incubated on a large scale with isolated chloroplasts either in the presence of 
“low” concentrations of ATP to produce the early intermediate or with “high” con-
centrations of ATP to produce the late intermediate [106, 182]. Subsequently, the 
reactions were stopped on ice. The envelope membranes were isolated, solubilized 
and subjected to IgG-affinity chromatography. In the case of the early intermedi-
ate, this resulted in the co-isolation of three chloroplast envelope proteins (86, 75 
and 34 kD) together with un-processed pSSU-ProtA. For the late intermediate, the 
corresponding experiment resulted in the co-isolation of five envelope membrane 
proteins (the same 86, 75, 34 kD bands and additional bands at 110 and 36 kD) 
together with the mature SSU-ProtA.

In hindsight, these three seminal studies together yielded the first evidence for 
components of the chloroplast protein import machinery. The components at the 
outer membrane were termed Toc ( translocon at the outer membrane of the chlo-
roplast) [183]. The core of the TOC translocon consists of an apparently stable 
complex of Toc159 (of which the 86 kD protein is a fragment, see below), Toc75 
and Toc34 that correspond to the proteins that were identified in the initial studies 
(Fig. 9.1) [107, 181]. One of the additional components that co-isolated with the late 
intermediate was later identified as Tic110 ( translocon at the inner membrane of the 
chloroplast) and was the first known component at the inner membrane [103, 140]. 
The 36 kD component remained unidentified.

At the early intermediate stage of translocation the preprotein is inserted across 
the outer membrane and already makes contact with components of the inner mem-
brane. The components at the inner membrane are Tic20 and Tic22, which were 
both identified by covalent crosslinking to the trapped intermediate [115, 116]. 
Tic20 is an integral protein of the inner membrane, while Tic22 is one of a few 
known intermembrane space proteins and is only peripherally associated with the 
outer face of the inner envelope membrane (see Sect. 9.3).

part of a large TIC complex which also incorporates Tic214, Tic100, Tic56 and Tic21, the latter 
being only loosely associated with the complex. Thereafter, Tic110 functions together with Tic40 
in the recruitment and regulation of stromal chaperones, such as Hsp93, Hsp90, Hsp70 and Cpn60, 
which may form motor complexes for protein import propulsion, facilitate protein folding, or aid 
intraorganellar routing. SPP removes the transit peptide ( grey line) upon its arrival in the stroma. A 
redox-regulator, comprising Tic62, Tic55 and Tic32, might be involved in fine-tuning the import 
process, working in conjunction with FNR and calmodulin ( CaM)
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9.2  Translocation Across the Outer Membrane

9.2.1  Components of the TOC Complex

The three main components of TOC core complex have highly intriguing primary 
structures: Toc159 and Toc34 turned out to be homologous GTP-binding proteins 
of the septin class [106, 134]. While Toc34 consists of the conserved GTP-binding 
domain followed by a C-terminal transmembrane segment, Toc159 has an extensive 
N-terminal acidic (A-) domain and a large C-terminal membrane-anchoring (M-) 
domain [31, 40]. Toc75 is a beta-barrel type membrane protein of the Omp85 fam-
ily, members of which are involved in the insertion of outer membrane proteins in 
bacteria [57, 63, 209]. Both Toc159 and Toc34 are located at the chloroplast sur-
face and are accessible to exogenous protease. Crosslinking at the earliest stages of 
protein import as well as antibody inhibition suggested that Toc159 constitutes the 
primary import receptor at the chloroplast surface [73, 163]. But there is now ample 
evidence that Toc159 and Toc34 co-operate in the recognition of preproteins at the 
chloroplast surface although the exact sequence of events occurring at the chloro-
plast surface is not known [22, 104, 138]. Toc75 is resistant to exogenously added 
protease indicating that it is deeply buried in the outer membrane. Based on its to-
pology and primary structure Toc75 was proposed to function as the preprotein-con-
ducting channel in the outer membrane [182, 209]. Indeed, Toc75 has channel prop-
erties in electrophysiological setups [70]. In most graphic models, Toc159 and -34 
are represented as GTP-regulated, preprotein-specific receptors providing access 
to Toc75 channel. This view is supported biochemically by the finding that non- or 
slowly-hydrolyzable GTP analogs block preprotein import into isolated chloroplasts 
[106, 228]. However, more recent reverse genetic studies in the Arabidopsis thali-
ana model system point to a very complex mechanism of GTP-regulation that we 
do not completely understand (see below) [1, 9, 129, 226]. A reconstitution study 
also suggested that the three components are sufficient to accomplish translocation 
in vitro [180]. Because of their central role in import and stable association, Toc159, 
-34 and -75 together were termed the TOC core complex (Fig. 9.1) [182].

9.2.2  TOC Components in Arabidopsis thaliana

The research described so far was carried out using the pea ( Pisum sativum) chlo-
roplast in vitro system. This system allows large-scale chloroplast isolation, which 
in turn is useful for all sorts of biochemical experimentation. But up to now pea has 
not been amenable to genetic techniques. Here, Arabidopsis thaliana has proven 
incredibly powerful. A first mutant was identified in a forward screen of T-DNA 
insertion lines to find pale-green chloroplast biogenesis mutants—this was the 
plastid protein import 1 ( ppi1) mutant [95]. The PPI1 protein (atToc33) turned out 
to be highly homologous to pea Toc34, thereby providing the first insight into its 
role in chloroplast biogenesis. Moreover, the Arabidopsis genome contained a close 
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homolog of atToc33, atToc34, that was able to functionally complement the ppi1 
mutant. Indeed, the atToc33 and -34 proteins share considerable redundancy, with 
the double knock-out being embryo lethal [50]. This finding indicates that the two 
proteins together fulfil an essential role in plastid development, presumably by their 
participation in protein import. Since then, many more details of a complex TOC 
system in Arabidopsis have emerged: For instance, a total of four Toc159 homologs 
exist (atToc159, -132, -120 and -90). This GTPase subfamily shares the A-, G- and 
M-domain features of pea Toc159, with the exception of atToc90 that lacks the A-
domain [19, 68].

Inevitably, questions regarding the possibility of distinct functions of these ho-
mologs emerged. Evidence for such a scenario stems from the analysis of the ppi2 
mutant in which the atTOC159 gene is disrupted by a T-DNA insertion [19]. The 
ppi2 mutant has a tell-tale seedling-lethal, albino phenotype pointing to a defect in 
chloroplast biogenesis. Moreover, a strong reduction in the levels of many, but not 
all photosynthesis-associated proteins was observed. This suggested that atToc159 
is a major receptor required for the massive accumulation of photosynthesis-as-
sociated proteins. While this may hold true, the ppi2 mutation also affects the ac-
cumulation of proteins that are not associated with photosynthesis [29]. Therefore, 
the functional boundaries of atToc159 are not as clear cut as originally believed. 
The single T-DNA insertion mutants of the other Toc159 homologs have milder 
(Toc132) or no phenotypes (Toc120/-90) [69, 91, 124]. However, the toc132 toc120 
double mutant resulted in a very severe phenotype, indicating redundancy. Because 
these two genes are expressed predominantly in non-photosynthetic tissues such as 
roots, this suggested that the two homologs together may have a central role in the 
import of non-photosynthesis-associated, “house-keeping” proteins [89, 91, 124]. 
Preferential assignment of the Toc34 isoforms to different import pathways has also 
been proposed (Fig. 9.1) [50, 91, 123]. While along rather general lines, the respec-
tive functional assignments of Toc159 and Toc132/-120 to specific groups of pre-
proteins are probably more or less correct; nonetheless, a much more differentiated 
view must be developed.

Just recently, it has been demonstrated that chloroplast preproteins fall into 
three age-dependent classes, with the optimal import efficiency of each correlating 
with different chloroplast ages [204]. Intriguingly, the molecular determinants of 
age-dependent import lie within the transit peptide. In light of these findings, the 
question arises as to what extent age-dependent import pathways correspond to the 
separate import pathways that have been identified in the context of TOC receptor-
dependent client-specificity.

9.2.3  TOC Complexes

In the absence of genome sequence information, the situation in pea appears simple 
as a sole TOC core complex consisting of three components is known; however, in-
spection of the available sequenced plant genomes indicates that Arabidopsis is not 
an unusual case, and that the aforementioned TOC receptor diversity is common. 
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Regardless, exactly how many of each one of these proteins is present in the indi-
vidual complexes is still a matter of debate. A megadalton complex containing the 
components has been identified, which suggests that some of them must be present 
in more than just one copy [39, 107, 180].

In Arabidopsis, only Toc75 is encoded by a unique gene (it has homologs but 
these are either inactive or are not directly implicated in the translocation of transit 
peptide containing preproteins) [14, 55, 80]. Given the existence of small fami-
lies of Toc GTPases, a variety of TOC core complexes may exist. Experimental 
evidence suggests that complexes consisting of atToc159, atToc33 and atToc75 are 
predominantly present in green, chloroplast-containing tissues and transport mostly 
photosynthesis-associated genes. Complexes consisting of atToc132/-120, atToc34 
and atToc75 are predominantly present in non-green tissues and transport mostly 
the “house-keeping” proteins [91]. The evidence, however, is not as clear cut as it 
may appear: atToc34 can complement the absence of atToc33 in Arabidopsis sug-
gesting that at least in this case the function of one component can be taken over by 
another and also replace it in the TOC core complex [50, 95].

Earlier results had shown that non- or slowly-hydrolyzable analogs of GTP in-
hibit chloroplast protein import in vitro [106, 228]. Therefore, the GTP-binding mo-
tifs in the Toc receptor family appeared to be interesting targets for further analysis. 
Initial experiments analyzed the effects of the GTPase mutants. A triple mutant in 
the GTP-binding site of atToc159 was non-functional and did not assemble into the 
TOC complex in planta [20]. But other single mutants that functionally disrupted 
GTP binding and/or hydrolysis apparently fully complemented the albino ppi2 mu-
tant, although import activity in some of the mutants was reduced [1, 226]. Similar 
results were obtained in the case of atToc33 [9, 129]. A particularly interesting re-
sult was obtained with the atToc159 A864R mutant that binds GTP strongly but is 
unable to hydrolyze GTP: this mutant not only rescued the albino phenotype of ppi2 
but increased the preprotein import efficiency in vitro [226]. These results suggest 
that, unexpectedly, GTP-binding to the TOC receptors is not essential but important 
for regulation of import activity levels.

9.2.4  Cytosolic Factors and Regulators of Chloroplast 
Protein Import

Before preproteins destined for the chloroplast reach the TOC complex they have 
to interact with cytosolic targeting factors (Fig. 9.1) [61, 132]. These include the 
chaperones Hsp70 and -90 that serve to prevent the newly synthesized preproteins 
from aggregating, maintaining their import-competent state. It has been shown that 
Hsp70 interacts with many preproteins immediately after their synthesis. Some pre-
proteins may be phosphorylated at their transit peptide which promotes the binding 
of a 14-3-3 dimer [58, 148, 153]. Together, with Hsp70, the 14-3-3 dimer forms a 
so-called guidance complex that accompanies the preprotein to the receptors of the 
TOC complex and hands over the preprotein to Toc34. A set of cytosolic kinases 
(STY8-, 14 and -46) have been identified that are implicated in the  phosphorylation 
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of the transit peptide [126, 147]. Yet other preproteins have been shown to form 
complexes with Hsp90 [58, 166]. Preprotein/Hsp90 complexes interact with Toc64, 
a tetratricopeptide repeat (TPR)-containing protein, loosely associating with the 
TOC complex. In addition to Hsp90, Hsp70/Hsp90-organizing protein (Hop) and 
the immunophilin FKBP73 may be players in the HSP90 pathway [58]. Surpris-
ingly, however, Toc64 is essential neither in Physcomitrella nor Arabidopsis sug-
gesting that this component of the pathway can be bypassed [8, 76].

Phosphorylation does not only play a role at the level of the transit peptide. It has 
been shown that Toc34 is a target of phosphorylation, and that in its phosphorylated 
state it is unable to bind preproteins or GTP and needs to be activated by a phos-
phatase [7, 96, 200]. Toc159 is highly phosphorylated at its A-domain, and this is 
most likely due to cytosolic casein kinase II [2]. The role of the phosphorylation is 
likely of regulatory nature, but exactly how it works still needs to be clarified. The 
A-domain also exists as a separate, soluble protein. This finding may explain why 
Toc159 was originally identified as an 86 kD protein lacking the A-domain [31, 
40]. Again, the cleavage of the A-domain may have a regulatory purpose, such as 
activating the protein. More research in this area is required to clarify the role of 
phosphorylation and other mechanisms in chloroplast protein import.

Interestingly, cytosolic preproteins are rarely observed in living plants. This sug-
gests that preprotein synthesis is tightly coupled to translocation so that very few 
preproteins remain in the cytosol. In this context, an interesting regulatory mecha-
nism was discovered by which “un-imported” preproteins are degraded by the 
ubiquitin-proteasome system (UPS) [130]. Thus, both tight coupling of preprotein 
synthesis and import and the UPS may contribute to efficient accumulation inside 
the chloroplast and removal of preproteins from the cytosol.

Recently, a second exciting role for the UPS was discovered. A screen for sec-
ond-site suppressors of the Arabidopsis ppi1 mutant identified SP1 ( suppressor of 
ppi1 locus 1) [139]. SP1 is a chloroplast outer membrane E3 ubiquitin ligase that 
directly interacts with components of the TOC core complex. Furthermore, SP1 
was shown to ubiquitinate the TOC components in vivo as well as in vitro. The sp1 
mutant showed defects in plastid differentiation; i.e., the etioplast-to-chloroplast 
and chloroplast-to-gerontoplast (old chloroplasts in aging leaves) transitions. These 
results suggest that the UPS controls changes in the composition of TOC complexes 
to accommodate different sets of preproteins according to the needs of the develop-
ing plastid type (Fig. 9.1) [139]. Two homologs of SP1 were also identified, and it 
will be of great interest to see what their respective roles in the chloroplast may be.

9.3  Translocation Across the Inner Membrane

9.3.1  Arrival and Conductance

The Tic22 protein resides in the intermembrane space, and is peripherally associ-
ated with the inner membrane [115, 116]. It is perhaps the first TIC component to 
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be encountered by translocating preproteins, and it may facilitate their passage from 
TOC to TIC, possibly functioning in association with other intermembrane space 
components [21, 167]. It might also play a role in the formation of so-called TOC-
TIC supercomplexes [3, 116, 158], enabling simultaneous transport across the two 
membranes. Tic22 homologs exist in cyanobacteria, and so this component was 
likely acquired with the endosymbiont. Its function is essential in cyanobacteria 
and apicomplexan parasites (where it is localized in the apicoplast), and structural 
analyses suggest that it may act as a chaperone [64, 211]. However, Tic22 is not 
essential in plants, as Arabidopsis mutants lacking both canonical Tic22 isoforms 
exhibit only moderate defects in greening and preprotein import [102, 176].

Tic110 is one of the most abundant TIC components [220]. It is encoded by a 
single-copy gene in Arabidopsis, and is essential [84, 118]. Based on electrophysi-
ological analyses, it was proposed to form a cation-selective, β-barrel channel with 
a pore diameter of 15-31 Å [66]. However, another study showed that it is com-
posed mainly of α-helices, and that it is anchored in the inner membrane by two 
N-terminal transmembrane spans [83]. In the latter topology, a large hydrophilic 
domain is oriented towards the stroma and is thought to recruit stromal chaperones 
for import propulsion [83, 92, 103]. A later study aimed to resolve these discrepan-
cies, and concluded that the hydrophilic part contains four amphipathic helices that 
contribute to the channel [15].

Another component that has been proposed to form the TIC channel is Tic20 
[116]. This protein possesses four α-helical transmembrane domains, similar to the 
mitochondrial inner membrane channel components Tim17, Tim22 and Tim23 [98, 
101, 116], and interacts with preproteins at a slightly later stage than Tic22 [115, 
143]. In Arabidopsis, deficiency of the main Tic20 isoform (atTic20-I) causes de-
fects in chloroplast biogenesis and protein import [41], while complete loss causes 
severe albinism and seedling lethality [71, 101, 108, 203]. In fact, there are four 
Tic20 genes in Arabidopsis that fall into two distinct, evolutionarily-conserved 
groups: the Group 1 proteins (atTic20-I and atTic20-IV) are demonstrably impor-
tant for chloroplast biogenesis, whereas the Group 2 proteins are dispensable [101, 
206]. The atTic20-I protein seems to be important for the import of photosynthesis-
associated preproteins in shoots, while atTic20-IV may deliver mainly non-photo-
synthetic, “house-keeping” preproteins in roots [71, 108]. Embryos lacking both 
Group 1 proteins are not viable [71, 101]. It has been suggested that the localization 
of Tic20 proteins is not restricted to the chloroplast inner envelope membrane [144].

Blue native PAGE analysis indicated that Tic20 exists in a large, 1 MD complex 
together with Tic21 (see below) and translocating preprotein [108]; Tic21 is only 
loosely associated with the complex, while Tic20 appears to be a core component. 
Very recently, the purified complex was found to contain two additional nucleus-
encoded proteins (Tic56 and -100) and, surprisingly, the elusive YCF1 protein 
(Tic214) encoded by the chloroplast genome (Fig. 9.1) [109]. The 1 MD complex 
reconstituted in a planar lipid bilayer had channel activity, and was therefore pro-
posed to form a general TIC translocon. Electrophysiological analysis also revealed 
that Tic20 alone is able to form a channel, with cation selectivity and a pore size of 
8–14 Å [121]. Notably, Tic110 was absent from the 1 MD complex, and instead was 
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present in a smaller 200–300 kD complex. Thus, Tic20 may form a large channel 
complex (including Tic21 and the other components), whereas Tic110 may act later 
in the import mechanism as part of a distinct motor complex, or in other stromal 
events such as protein folding (see Sect. 9.3.2) [108, 109]. However, Tic20 protein 
was reported to be considerably less abundant than other translocon components, 
and so its candidacy as the main TIC channel has been questioned [121, 220].

While Tic110, Tic22 and Tic20 were all identified through biochemical analyses 
of isolated pea chloroplasts, Tic21 (or CIA5, for chloroplast import apparatus 5) 
was found genetically in Arabidopsis, by screening for plants defective in the chlo-
roplast import of a selectable marker [203]. Arabidopsis Tic21 knockout mutants 
are albino, and display similar defects in the import of photosynthetic preproteins 
to tic20-I mutants [108]. Interestingly, tic21 tic20-I double mutants do not exhibit 
phenotypic additivity, supporting the notion that the two proteins function together 
[203]. It was suggested that Tic20 might act early in plant development, with Tic21 
taking over later on [203], but this seems inconsistent with the fact that the two 
proteins have been found together in the same complex [108].

Tic21 was also reported to act in iron transport, and thus given the alternative 
name of PIC1 (for permease in chloroplasts 1) [54]. Arabidopsis PIC1/Tic21 mu-
tants accumulated ferritin (a protein which binds iron to prevent iron loss or oxi-
dative stress caused by free iron ions) in chloroplasts, and displayed up-regulated 
expression of ferritin and other factors related to iron stress and metabolism, while 
plants overexpressing PIC1 accumulated free iron ions in the stroma. Moreover, a 
yeast iron uptake mutation could be complemented using PIC1 [54]. It is conceiv-
able that a block in iron uptake could affect protein import indirectly, accounting 
for some of the results linking the protein to import. However, genes related to iron 
homeostasis are also up-regulated in other pale mutants with defects in chloroplast 
biogenesis [108], and so further work is needed to determine the causal relationship 
between the iron homeostasis and protein import defects in pic1/tic21 mutants. An 
alternative possibility is that PIC1/Tic21 has a dual role, acting in both processes 
[65].

9.3.2  Import Propulsion

The Tic110 C-terminus projects, at least partly, into the stroma and can bind transit 
peptides upon their emergence from the TIC channel [15, 83, 92]. It also recruits 
molecular chaperones, and these are believed to consume the ATP that is needed 
to drive preprotein import, and to assist the folding of newly-imported proteins 
[3, 61, 103, 158]. In mitochondria, a matrix Hsp70 (mtHsp70) delivers the energy 
for preprotein import [156], but until recently it has generally been thought that an 
Hsp100 protein, ClpC/Hsp93, is the principal component of the TIC motor [3, 158]. 
However, an important role for chloroplast stromal Hsp70 (cpHsc70) in the import 
mechanism has now been established [186, 197], while a stromal Hsp90 was also 
recently found to play a role (Fig. 9.1) [90].
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Hsp93 (or ClpC) is an Hsp100-type AAA + ATPase. In addition to its function 
in preprotein import, it also forms part of the Clp protease complex in chloroplasts 
[61, 184]. It is believed to assemble into hexamers, and to act by threading clients 
(either importing preproteins or proteins to be degraded) through the resulting axial 
pore, towards either the stroma or the Clp proteolytic core [93, 179]. Reflecting 
its different roles, Hsp93 partitions between the envelope and stroma, and recent 
work identified its N-terminus as an important determinant of envelope association 
[48]. There are two Hsp93 isoforms in Arabidopsis, called atHsp93-V (ClpC1) and 
atHsp93-III (ClpC2). The former is expressed at much higher levels than the latter, 
while hsp93-V knockouts are pale and exhibit reduced preprotein import efficiency; 
hsp93-III knockout mutants are indistinguishable from wild type [49, 118, 119, 
191]. Because double mutants are embryo lethal, and because the mature domains 
share ~ 91 % identity [119], the two isoforms are believed to have largely redundant 
functions.

Tic40 (previously named Com44/Cim44) can be crosslinked to Tic110 via a di-
sulfide bridge under oxidizing conditions [194], and its loss causes a pale phenotype 
and inefficient chloroplast protein import in Arabidopsis [46, 118]. It is anchored 
in the inner membrane by a single, N-terminal transmembrane span, and it projects 
a large C-terminal domain into the stroma, much like Tic110 [46, 194]. This stro-
mal region contains a putative TPR domain (whether it is truly a TPR was recently 
questioned [16]), and a tightly-folded Sti1 domain of the type found in eukaryotic 
Hip/Hop co-chaperones [24, 46, 47, 100]. Tic40 associates with Tic110 and Hsp93, 
and these three proteins appear to function at similar times in the import mechanism 
[46]. It is proposed that Tic40 binds to Tic110 (via its putative TPR domain) when 
the transit peptide binding site of the latter is occupied [47, 83]. Upon binding of 
Tic40, the transit peptide is released from Tic110 and passed to Hsp93. The chap-
erone then draws the preprotein into the stroma at the expense of ATP hydrolysis, 
which is stimulated by the Tic40 Sti1 domain. Curiously, the Sti1 domain of Tic40 
can be functionally replaced with that of mammalian Hip ( Hsp70-interacting pro-
tein), for which an ATPase-stimulating function was not previously proposed [24].

Early attempts to identify stromal Hsp70 in import complexes failed, seemingly 
due to the lack of a suitable antibody [3, 158, 197]. However, this issue was recently 
overcome, while new genetic evidence also supports a role for this chaperone in 
preprotein import. Two stromal Hsp70 isoforms exist in Arabidopsis (cpHsc70-1 
and cpHsc70-2), and plants lacking either one exhibit defective preprotein import 
[196, 197]; double mutants lacking both isoforms are embryo lethal, implying that 
the proteins share redundant functions [197]. Interestingly, the cphsc70-1 hsp93-
V and cphsc70-1 tic40 double mutants are phenotypically more severe than the 
corresponding single mutants [197], suggesting that cpHsc70’s import function 
acts in parallel to the Tic40/Hsp93 system. The cphsc70-1 tic40 genotype is lethal, 
whereas hsp93-V tic40 causes only a pale phenotype, suggesting that cpHsc70, but 
not Hsp93, becomes essential and limiting in the tic40 background [118, 197]. In 
the moss Physcomitrella patens, cpHsc70-deficient mutants similarly display inef-
ficient chloroplast protein import, as do other mutants with a deficiency in the stro-
mal co-chaperone CGE ( chloroplast GrpE homolog) [186]. Related GrpE proteins 
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promote nucleotide exchange at Hsp70 in prokaryotic systems, and play a well-es-
tablished role in mitochondrial protein import in conjunction with mtHsp70 [156]. 
Finally, immunoprecipitation studies in both moss and pea showed that cpHsc70 
associates with preproteins and translocon components such as Tic110, Hsp93 and 
Tic40 [186, 197].

Most recently, a chloroplast Hsp90 protein (Hsp90C) was implicated in import 
[90]. This chaperone was identified in import intermediates, and was co-purified 
with translocon components including Tic110, Tic40, Toc75 and Tic22, as well as 
Hsp93 and cpHsp70. Moreover, an inhibitor of Hsp90 ATPase activity, radicicol, 
reversibly inhibited the import of several preproteins during inner envelope trans-
location. Insertion mutations affecting the single Hsp90C gene in Arabidopsis are 
embryo lethal, indicating an essential role for this chaperone, presumably as part of 
a stromal chaperone complex that facilitates membrane translocation during protein 
import [90].

Conceivably, the different stromal chaperones implicated in import may act se-
quentially in the process, or exhibit selectivity towards different preprotein clients. 
The unusual complexity of the import-associated chaperone network in chloroplasts 
suggests that the chaperones do not simply function as components of a translocation 
motor, but perhaps participate in a series of events necessary for efficient import.

9.3.3  Redox Regulation

Chloroplast redox signals inform many important regulatory mechanisms [13], and 
so it is not surprising that chloroplast protein import is also a proposed target of 
redox control. The TIC translocon in particular is a proposed target for regulation 
by chloroplast redox status (Fig. 9.1) [17, 120]. In maize chloroplasts, precursors 
of different isoforms of ferredoxin and ferredoxin-NADP + reductase (FNR) are im-
ported differentially under light and dark conditions [72]: photosynthetic isoforms 
are similarly imported by light- and dark-exposed chloroplasts, but non-photosyn-
thetic isoforms are missorted to the intermembrane space in the light. Conceivably, 
the non-photosynthetic isoforms might interfere with photosynthesis, and so per-
haps systems evolved to prevent their import under light conditions.

Two TIC proteins, Tic32 and Tic62, are proposed to modulate preprotein import 
in response to changing stromal NADP + /NADPH ratios [17, 77, 78, 125]. In fact, 
their association with the TIC apparatus is dependent on such ratios, with binding 
and dissociation occurring under oxidizing and reducing conditions, respectively 
[44, 120, 195]. Both proteins have an N-terminal NADP(H)-binding site and are 
members of the short-chain dehydrogenase/reductase family, and they associate with 
Tic110 and other translocon components at the stromal side of the inner membrane 
[77, 125, 195]. Tic32 also has a binding site for calmodulin, and the inhibition of pre-
protein import by ophiobolin A and ionomycin, which both disrupt calcium signal-
ling, has been linked to Tic32 [43, 44]. Calmodulin and NADPH binding to Tic32 are 
mutually exclusive, suggesting that calcium signals are relayed via calmodulin only 
under oxidizing conditions when Tic32 is associated with the TIC machinery [44].
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Like TROL ( thylakoid rhodanese-like protein), which tethers FNR to thylakoids 
for the reduction of NADP + in photosynthetic electron transport, Tic62 has a C-
terminal FNR-binding site [4, 97, 125]. Under reducing conditions, Tic62 breaks its 
peripheral association with the envelope and moves into the stroma (unlike Tic32, 
which behaves as an integral membrane protein), thereby increasing its affinity for 
FNR and enabling its association with the thylakoids [26, 195]. However, the Tic62-
bound FNR appears not to be involved in photosynthetic electron transport, even 
when attached to the thylakoids [26]. Whether Tic62 has different functions depen-
dent on its location (in the envelope, stroma or thylakoids), or the capacity to relay 
thylakoid signals to the TIC machinery, remains to be seen.

A third component implicated in the redox-regulation of preprotein import is 
Tic55, which was identified in a complex with Tic110, translocating preproteins, 
and other translocon components [36]. Tic55 is anchored in the inner membrane 
by two C-terminal transmembrane spans, has a Rieske-type iron-sulfur centre and 
a mononuclear iron-binding site, and is proposed to act via an electron transfer pro-
cess or as a sensor of oxidative stress [36, 120]. Tic55 can also bind to thioredoxins 
and contains conserved cysteine residues that have the potential to form disulfide 
bridges [18]. However, an Arabidopsis Tic55 knockout mutant displays neither vis-
ible abnormalities nor defects in chloroplast protein import [30]. Doubts over the 
participation of Tic55 in preprotein import were also raised when two groups failed 
to detect the protein in import complexes [116, 170].

9.3.4  Transit Peptide Cleavage

Upon emergence from the TIC machinery, the transit peptide of a translocating 
preprotein is quickly removed by the stromal processing peptidase (SPP) (Fig. 9.1) 
[174, 201]. SPP is a zinc-binding metalloendopeptidase of the M16 family, which 
also includes the mitochondrial processing peptidase MPP, the presequence prote-
ase PreP (see below), and Escherichia coli pitrilysin [171, 217]. A stretch of 10–15 
residues near the C-terminus of the transit peptide, where basic residues tend to be 
concentrated, is recognized by SPP, and cleavage occurs at a loosely-conserved site 
dependent upon physicochemical properties of the sequence [56, 172, 175, 230]. 
Interestingly, SPP is encoded by a single gene in Arabidopsis, and so the protein 
must accommodate a wide range of transit peptides with highly variable sequences 
[34, 171]. Following release of the newly-processed protein, SPP terminates its in-
teraction with the transit peptide by a second cleavage event [172]. The peptide 
fragments are then degraded by the presequence protease, PreP [151, 172, 173]. 
The SPP protein is evolutionarily well conserved, as related sequences are found in 
various algae, apicomplexan parasites, and even cyanobacteria, suggesting that an 
ancestral activity was probably inherited with the endosymbiont [174].

Suppression of SPP expression in Arabidopsis or tobacco plants causes various 
abnormal phenotypes, ranging from albinism to seedling lethality, and is associ-
ated with ultrastructural defects and reduced numbers of chloroplasts [225, 232]. 
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Similarly, a point mutation affecting a conserved glutamate residue of SPP causes 
chlorosis and small, abnormal chloroplasts in rice [229]. Interestingly, SPP-defi-
ciency leads to reduced chloroplast protein import efficiency [225, 232]; this may 
reflect the fact that most TIC components, and Toc75, have a transit peptide and so 
depend on SPP for proper maturation, or indicate that transit peptide cleavage is an 
integrated step in the import mechanism. Arabidopsis SPP knockout mutations are 
embryo lethal, further emphasizing the importance of this protein for organelle and 
plant development [212].

9.4  Targeting to the Envelope Membranes

9.4.1  Sorting to the Outer Membrane

Outer envelope membrane proteins typically do not have transit peptides, but in-
stead are targeted by intrinsic, non-cleavable signals. There are several different 
pathways for outer membrane protein insertion [74], and perhaps the best under-
stood of these is that used by signal-anchored proteins such as OEP7/14 ( outer 
envelope protein, 7/14 kD) and Toc64/OEP64 [132]. In these proteins, targeting 
information is linked to the amino-terminal transmembrane domain, which is super-
ficially similar to signal peptides that direct proteins to the ER [74, 127]. Flanking 
the transmembrane domain there is a positively-charged region that, together with 
the hydrophobicity of the transmembrane region itself, plays a critical role in ensur-
ing that such proteins are targeted to chloroplasts rather than the ER [127, 131].

Despite early suggestions that signal-anchored proteins insert spontaneously, it is 
now clear that their targeting involves proteinaceous cofactors and the consumption 
of nucleoside triphosphates [75, 214]. In fact, competition, cross-linking and recon-
stitution results indicate that Toc75 is involved, and that in this role it may function 
without assistance from the TOC receptors, Toc34 and Toc159 [215]. Involvement 
of Toc75 parallels the situation in mitochondria, where the equivalent import chan-
nel, Tom40, is similarly employed [169]. More recently, AKR2A ( ankyrin repeat-
containing protein 2A) was identified as a cytosolic sorting factor in this pathway 
[11, 23]. In conjunction with its cofactor, Hsp17.8, a member of the small heat 
shock protein family, AKR2A is proposed to act as a chaperone, preventing the 
aggregation of its clients and guiding them to the envelope [110]. Interestingly, 
AKR2A also mediates protein insertion into the peroxisomal membrane [185], sug-
gesting that it acts in the targeting of a broad class of membrane proteins [231].

Similar intrinsic information directs the targeting of Toc34, but in this case the 
relevant transmembrane domain lies at the C-terminus (i.e., it is a tail-anchored 
protein). As with signal-anchored proteins, insertion requires both envelope pro-
teins and an energy source [213]. Indeed, competition results suggest that Toc34, 
OEP7/14 and Toc64/OEP64 may all follow the same pathway [74, 75, 214]. How-
ever, Toc34 insertion was also reported to depend on previously-inserted Toc34, as 
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well as on membrane lipids, and to follow a different pathway from that used by 
another tail-anchored protein [51, 165]. Further complexity arises from the fact that 
some outer membrane proteins are dual-targeted to mitochondria and chloroplasts 
[199].

Toc159 employs a different targeting mechanism, perhaps due to its large, atypi-
cal M-domain. Its insertion is thought to involve a homotypic G-domain interaction 
with resident Toc34, controlled by guanine nucleotide status, as well as Toc75 [20, 
193, 224]. Nonetheless, the M-domain itself seems to possess targeting information 
[128, 142]. The M-domain has no typical transmembrane spans, and so its insertion 
most likely depends on the TOC complex. That said, a short hydrophobic segment 
near the C-terminus may interface with the lipid bilayer [82].

Unusually, Toc75 has a cleavable, bipartite targeting signal at its N-terminus: the 
N-terminal part is a standard transit peptide, while the second part directs intraorgan-
ellar sorting [208, 209]. The latter contains a poly-glycine stretch that enables disen-
gagement from the translocon and membrane integration [86]. The transit peptide 
is cleaved by SPP, whereas the second domain is removed by an envelope-localized 
type I signal peptidase (which additionally resides in thylakoids for the maturation 
of thylakoidal proteins) [79, 88, 188, 189]. How Toc75 becomes integrated into the 
outer membrane is unclear. In bacteria and mitochondria, the biogenesis of similar 
β-barrels is assisted by proteins of the Omp85 superfamily [205], and a related 
protein in chloroplasts, OEP80, was proposed to play a similar role [55, 87]. Sup-
porting this idea, OEP80 is an essential protein in Arabidopsis (like Toc75), while 
its depletion affects Toc75 accumulation in vivo [80, 161]. Phylogenetic data are 
also consistent with the notion that OEP80 has retained an ancestral function [207].

9.4.2  Sorting to the Intermembrane Space and Inner Membrane

Unlike most outer membrane proteins, those destined for the intermembrane space 
or inner membrane typically have cleavable, N-terminal targeting information. Sort-
ing to the intermembrane space has been studied for two proteins that follow differ-
ent pathways: Tic22 and MGD1 ( monogalactosyldiacylglycerol synthase 1) [117, 
221]. Both proteins have a targeting sequence, but only that of MGD1 is cleaved by 
SPP. Along with the energetic requirements for its import, this indicates that MGD1 
partially enters the stroma. In contrast, Tic22 is processed by an unknown protease 
in the intermembrane space, suggesting that it does not enter the TIC channel. There 
is also uncertainty over the participation of the TOC apparatus in Tic22 sorting.

Inner membrane proteins typically follow one of two routes: the stop-transfer 
and post-import pathways. The requirement for a transit peptide in both cases im-
plies involvement of the TOC/TIC apparatus [114, 141, 194]. In the stop transfer 
pathway, a hydrophobic transmembrane domain arrests preprotein transport in the 
channel, enabling lateral exit into the membrane [32, 60, 114, 210]. This pathway 
may be particularly important for hydrophobic or polytopic proteins that are prone 
to aggregation. Recent work on the APG1 ( albino or pale green mutant 1) pro-
tein, a stop-transfer client, revealed that membrane targeting information lies in the 
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transmembrane domain, which is sufficient to direct stop-transfer insertion even in 
the context of heterologous passenger proteins [218].

In the post-import pathway, proteins undergo complete translocation into the 
stroma, where they form soluble intermediates, prior to membrane insertion [137, 
141, 210]. Tic40 and Tic110 are clients of this pathway, and both are anchored in 
the inner membrane by N-terminal helices and have large stromal domains. Interfer-
ence with their membrane integration leads to the accumulation of SPP-processed 
forms in the stroma [24, 84]. Tic40 possesses a bipartite targeting sequence, but 
the role of the second domain is unclear as a serine/proline-rich region of the ma-
ture sequence and the adjacent transmembrane domain control insertion [137, 210]. 
The latter two may cooperate to form a membrane insertion loop, while in Tic110 
the two transmembrane domains may create an equivalent structure. Efficacy of 
Tic40’s targeting information is influenced by context within the protein sequence, 
implying that post-import signals are complex, which might be necessary to avoid 
stop-transfer insertion and an incorrect topology [218]. Stromal events in the post-
import pathway may involve Hsp93 [222], while integration depends on protein-
aceous membrane components [137].

In mitochondria, sorting to the inner membrane employs stop-transfer and con-
servative sorting pathways [157]. The latter is similar to the post-import pathway 
of chloroplasts and, as its name suggests, it is at least partly of prokaryotic origin. 
Bearing this in mind, it is intriguing that a second Sec translocase (in addition to the 
well-known thylakoidal system) was recently identified in chloroplast envelopes 
[192]. There is also evidence that resident Tic40 (and possibly Tic110) acts in the 
integration of other proteins into the membrane [45, 84].

9.5  Alternative Protein Import Pathways

9.5.1  Dual-Targeting

Although most chloroplast proteins are targeted specifically to plastids, a signifi-
cant number (> 100) are transported to more than one location [37, 145, 190]. Trans-
port to chloroplasts and mitochondria is the most common form of dual-targeting, 
but there are also proteins that exist in the nucleus, ER or peroxisomes as well as 
in chloroplasts [122, 135, 177]. Such multi-destination transport implies that pro-
tein targeting is rather flexible, and is supportive of a model for the relocation of 
organellar genes to the nucleus that depends on the “minor mistargeting” of many 
proteins to multiple locations [146]. Dual-targeted proteins tend to have highly-con-
served functions that are easily shared, including nucleic acid and protein synthesis 
or processing, and cellular stress response [37, 145]. A particularly striking example 
occurs amongst the aminoacyl-tRNA synthetases, where 17 of the 24 organellar 
proteins in Arabidopsis are targeted to both chloroplasts and mitochondria [53]; 
some are even targeted to all three of the compartments that possess translational 
machinery.
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Dual-targeting to chloroplasts and mitochondria typically involves one of two 
mechanisms [162]. In the first of these, alternative splicing and/or differential tran-
scriptional or translational initiation leads to the production of protein variants with 
different N-terminal leader sequences and distinct targeting properties. In the sec-
ond mechanism, a single protein is produced that possesses an ambiguous leader, 
competent for sorting to both chloroplasts and mitochondria. Alternatively, dual-
targeting information may be, either wholly or partly, an intrinsic feature of the 
mature protein [12, 216].

Ambiguous transit peptides for dual-targeting to endosymbiotic organelles have 
been scrutinized, and in general they have properties intermediate between those 
that target either organelle specifically [27, 28, 162, 164]. In the N-terminal region, 
serine content is more similar to that of chloroplast transit peptides, while arginine 
content is more similar to that of mitochondrial presequences. They show enrich-
ment of phenylalanine and leucine residues and, while certain segments are more 
important for transport to one or the other organelle in some cases, they do not 
share a common functional-domain architecture [27, 28]. Dual-targeting is also in-
fluenced by the mature domain of the preprotein, and by developmental factors [38, 
145]. Software for the predication of ambiguous targeting peptides suggests that as 
many as ~ 400–500 proteins may be dual-targeted to chloroplasts and mitochondria 
[150]. Competition data indicate that dual-targeted proteins utilize the same import 
machineries as organelle-specific proteins [28].

9.5.2  Non-canonical Protein Transport

In recent years it has become apparent that transit peptide-dependent import is 
not the only sorting pathway to the chloroplast interior [94, 112, 168]. One study 
estimated that more than 10 % of plastid proteins lack a typical transit peptide 
[6]. The ceQORH ( chloroplast envelope quinone oxidoreductase homolog) protein 
was identified through proteomics, and found to associate with the inner enve-
lope membrane even though it lacks a transit peptide. An internal sequence of ~ 40 
residues controls its localization, and while its import does require proteinaceous 
machinery and ATP, the TOC/TIC apparatus is not involved [149]. Another inner 
membrane protein, Tic32/IEP32 ( inner envelope protein, 32 kD), similarly lacks 
a transit peptide, and it too localizes independently of the TOC translocon [152]. 
Competition results imply that ceQORH and Tic32 utilize different import path-
ways [149].

Proteomic analysis also led to the identification of a large number of chloroplast 
proteins with predicted signal peptides for ER translocation [112]. Chloroplast pro-
tein traffic through the endomembrane system is well documented in organisms 
that have complex plastids with more than two bounding membranes, such as algae 
and apicomplexan parasites [155], but was not thought to occur in plants. That said, 
physical and functional links between the ER and the outer envelope membrane 
have long been known [5, 25, 227], while glycoproteins and proteins with apparent 
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signal peptides were detected in plastids [10, 42, 62]. The breakthrough came from 
analyses of Arabidopsis CAH1 ( carbonic anhydrase 1) [219]. This stromal pro-
tein has a signal peptide and is imported and processed by ER microsomes, but 
not by chloroplasts. Glycosylated forms of CAH1 and other proteins are present in 
chloroplasts, while brefeldin A (a chemical that disrupts traffic through the Golgi) 
interferes with their localization, indicating passage through the Golgi en route to 
chloroplasts [154, 219]. Other data suggest that this sorting pathway, and the glyco-
sylation it enables, are functionally important [35, 81].

Exactly how proteins are directed through the endomembrane system to chlo-
roplasts remains unclear. Some data suggest that the signal peptide provides the 
necessary sorting information [42], while others argue that surface characteristics 
of the mature protein are important [111]. The proteins may be released into the 
intermembrane space upon vesicle fusion with the outer membrane, before entering 
an unknown translocon, the TIC apparatus, or vesicles that pinch off from the inner 
membrane [168].

9.6  Concluding Remarks

Our understanding of chloroplast protein import, and of the molecular events that 
underlie the process, has improved significantly in recent years. Nonetheless, im-
portant unanswered questions remain, while several inconsistencies in the literature 
need to be resolved. Even though our knowledge concerning TOC receptor GTPase 
function has expanded, the precise mode-of-action of these receptors is hotly de-
bated, and a consensus model is lacking. It is generally accepted that client-specific 
protein import pathways operate in chloroplasts, but the molecular basis for TOC 
receptor (and possibly also TIC channel) selectivity requires further work. Chlo-
roplast protein import must be tightly regulated, and indeed recent research has 
unveiled direct control of the TOC machinery by the ubiquitin-proteasome system, 
while other work suggests redox-regulation at the TIC apparatus. Nonetheless, the 
mechanistic details behind such regulatory systems are largely unknown. We have 
learnt much about the functions of putative inner envelope channel components, but 
there is now a need to reconcile the different hypotheses that have been proposed. 
Identification of a large TIC complex containing Tic20, but excluding Tic110 and 
Tic40, indicates that a more comprehensive framework is required that integrates 
the roles of these proteins. Furthermore, the confounding complexity of stromal 
chaperone complexes involved in chloroplast protein import needs to be unravelled. 
We expect that future research focusing on these fascinating questions will bring us 
closer to a full understanding of this essential process.
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Abstract Thylakoids are complex sub-organellar membrane systems whose role in 
photosynthesis makes them critical to life. To function properly, thylakoids require 
the coordinated incorporation of both nuclear- and plastid-encoded proteins allow-
ing rapid response to changing environmental conditions. Protein trafficking to thy-
lakoids is complex; the processes occurring in thylakoids result in an exceptionally 
protein-dense membrane in which some proteins experience rapid turn-over. Protein 
transport in thylakoids is accomplished via an intriguing mix of conserved ances-
tral translocases with novel adaptations to a sub-organellar location. This chapter 
describes the four known transport pathways into the thylakoid membrane and the 
thylakoid lumen, namely the chloroplast general secretory system (cpSec), signal 
recognition particle (cpSRP), twin arginine transport (cpTat), and spontaneous 
insertion pathways as well as a potential secondary Sec system proposed to be in 
the inner chloroplast envelope. An overview is provided of known aspects of trans-
locase components, energy requirements, and mechanisms with a focus on recent 
discoveries. Some of the most exciting new studies have been in determining the 
structure and binding features of the translocase components and substrate proteins. 
This chapter highlights the connection between structural and biochemical data and 
how these complementary avenues of study allow for a more detailed understand-
ing and confirmation of mechanistic models and a means to imagine new areas of 
pursuit. The cpTat system is of particular interest because it transports folded pro-
tein domains using only the proton motive force for energy. Recent structural data 
has contributed to rapid progress in studying the individual cpTat components by 
translating their structural features into mechanistic functions.

Keywords Chloroplast sec · Chloroplast tat · Chloroplast SRP · Thylakoid protein 
translocation · Protein routing in chloroplasts

Abbreviations
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CD Chromodomain
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cpSRP Chloroplast signal recognition particle
cpTat Chloroplast twin arginine transport
LHCPs Light-harvesting chlorophyll-binding proteins
PMF Protonmotive force
SRP Signal recognition particle
TAT Twin arginine transport
TMD Transmembrane domains

10.1  Overview of Conservative Protein Sorting  
to the Thylakoid Membrane and Lumen

Chloroplasts contain three membranes and three aqueous compartments, giving rise 
to six possible destinations for proteins: the chloroplast envelope outer membrane, 
the intermembrane space, chloroplast envelope inner membrane, the stroma, the 
thylakoid, and the thylakoid lumen. Chloroplasts also contain up to 3000 unique 
proteins, of which ~ 90 % are nuclear-encoded and most of those are stromal local-
ized [79, 104]. The thylakoid contains ~ 100 proteins of which 50 % are encoded 
by plastid genes and the thylakoid lumen contains ~ 150 proteins, all of which are 
nuclear-encoded [58]. This chapter will focus on routing to interior locations of 
the chloroplast, namely the thylakoid and thylakoid lumen. The reader is referred 
to other chapters in this volume for import into the chloroplast with localization to 
the outer or inner membranes and stroma. Many proteins destined for the thylakoid 
and all of the proteins destined for the thylakoid lumen are encoded by nuclear 
genes and are synthesized in the cytoplasm as higher molecular weight precursors 
containing bipartite N-terminal amino acid extensions, transit peptides, which target 
the precursor to the chloroplast. Once import into the chloroplast has occurred, the 
stromal targeting domain of the bipartite transit peptide is cleaved to reveal a second 
targeting sequence, which subsequently targets the protein to the thylakoid or the 
thylakoid lumen. The mechanisms for transport of a protein across the thylakoid or 
to insert it into the thylakoid are evolutionarily ancient and can be found still in the 
plasma membranes of many prokaryotes. Two chloroplast (cp) pathways are found 
to transport proteins into the thylakoid lumen, the cpSec and the cpTat; while the 
cpSec, cpSRP,and the spontaneous insertion pathways are capable of integrating 
proteins into the thylakoid. This chapter will look at what is known about these 
pathways and the roles they play in thylakoid biogenesis.

10.2  The Sec and SRP Transport Pathways  
in Chloroplasts

10.2.1  cpSec Transport

Sec pathways are evolutionarily conserved protein translocation machines found 
in the eukaryotic endoplasmic reticulum [77], the archaeal plasma membrane [84], 
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bacterial plasma membrane [81] and the thylakoid of plant and algal chloroplasts. 
For more information the reader is referred to several excellent reviews on bacterial 
and eukaryotic endoplasmic reticulum Sec transport [77, 81, 111].

A common feature of all Sec transport systems is the translocation of precur-
sor proteins in an unfolded conformation through a permanent protein-conducting 
channel of defined size. Most of the work to describe the Sec pathway has been 
done in bacteria and eukaryotes and most models of the cpSec system are derived 
from those. In thylakoid the cpSec system is composed of three components: cpSe-
cA [110] and a membrane complex of cpSecY/E [40, 89]. The cpSecA-cpSecY/E 
system appears to be a minimal Sec system and operates much like the bacterial 
system in which the SecY/E forms a channel through which unfolded protein sub-
strates pass, while the cpSecA ATPase serves as a translocation motor (Fig. 10.1, left 
panel). While cpSecA is homologous to E. coli SecA, its ATPase activity is specific 
for thylakoid signal peptides as the activity is not stimulated by binding E. coli 
signal peptides [97]. In addition, the ATPase activity of cpSecA is also affected by 
the lipid composition of the membrane, having maximal activity in the presence of 
thylakoid specific lipids [97]. cpSecA is required for development of photosynthetic 
complexes in Arabidopsis because its absence led to severe defects in thylakoid 
structure and function [61]. Sec systems are used in other organisms for integra-
tion of protein via a cotranslation translocation mechanism whereby the ribosome 
nascent polypeptide complex bind the Sec translocon throught interactions with 
a signal recognition particle (SRP, see below). Integration of membrane proteins 

Fig. 10.1  cpSec and cpSRP protein translocation machineries. Left, a fixed channel composed of 
cpSecY/E ( purple barrel) allows passage across the thylakoid of an unfolded precursor containing 
a signal peptide ( gray box). cpSecA ( purple sphere) is an ATPase that serves as a translocation 
motor to drive the translocation event. Right, the only known protein substrates of the cpSRP 
system are members of the light harvesting chlorophyll binding proteins, LHCP, which contain 
three transmembrane spanning domains ( orange). cpSRP54 and cpSRP43 bind LHCP and guide 
it to the membrane localized cpSRP receptor, cpFtsY. Interaction with cpFtsY allows engaging the 
insertase, Alb3, which serves to insert LHCP into the membrane. See text for more information
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 encoded by the plastid genome may use a similar mechanism, although involvement 
of the chloroplast SRP system has not been shown. Integration of the photosystem II 
reaction center D1 protein seems to be dependent upon cpSecY/E, but not cpSecA 
[103]. However, understanding the role that cpSec has in the cotranslational translo-
cation of plastid encoded genes has been difficult to study and very little is known.

10.2.2  cpSRP Transport

Though all domains of life have some form of signal recognition particle (SRP) 
transport pathway, the chloroplast SRP (cpSRP) is fundamentally distinct from the 
prokaryotic and cytosolic eukaryotic systems. Prokaryotic systems are composed 
minimally of a conserved 54 kDa subunit (SRP54) and a RNA component (SRP-
RNA). These form the SRP complex, and with additional subunits in eukaryotic 
systems recognize and bind to the signal sequence of substrates as the nascent pro-
teins are just exiting the ribosome. The SRP-ribosome-nascent protein transit com-
plex is targeted to the specified membrane where it further interacts with the SRP 
receptor (SR) and engages the Sec translocase. An integral protein in bacterial sys-
tems, YidC, that often acts in conjunction with the Sec system to aid in transmem-
brane protein insertion also appears to be able to engage the transit complex and 
independently act as an insertase [36, 56, 102]. Transfer of the ribosome-nascent 
protein to the translocase requires the coordinated hydrolysis of GTP by SRP54 
and the SR, which also releases the SRP components for future transport cycles. 
For a more detailed review of SRP that focuses on the more canonical pathways the 
reader is referred to Akopian et al. [1] and a thorough review of the cpSRP system 
can be found in Richter et al. [82].

The chloroplast SRP has adapted to perform a specific role in thylakoid trans-
port resulting in a number of major mechanistic changes. First, even though the 
cpSRP54 subunit is well conserved from the bacterial systems, it is unable to bind 
to the SRP-RNA component [10, 93]. Whereas SRP-RNA is otherwise strictly con-
served and required for accelerating interaction between SRP54 with the SR, it has 
been replaced in the cpSRP system with a completely novel protein cpSRP43. The 
unique features of cpSRP43 that allow it to replace SRP-RNA as the central com-
ponent of the SRP complex have been the subject of much recent work as discussed 
below. Although the SRP-RNA is not found in the genome of higher land plants, it 
has been detected in the plastome of some red and basal green algae [74, 88]. Of ad-
ditional interest is that cpSRP-RNA and cpSRP43 were recently determined to oc-
cur simultaneously in many green algae and nonspermatophyte land plants, strongly 
suggesting a co-evolution of the cpSRP43 and SRP-RNA as opposed to cpSRP43 
replacing the SRP-RNA [99].

Another major difference is that the cpSRP system functions primarily post-
translationally as opposed to co-translationally in coordination with the ribosome as 
in the other systems. There is evidence that cpSRP54 is involved in co-translational 
integration of some plastid-encoded proteins but very little is known about this 
area of function [73, 82]. Current knowledge of the system restricts the cpSRP sys-
tem to a single class of substrates, the light-harvesting chlorophyll-binding  proteins 



27510 Protein Routing Processes in the Thylakoid

 (LHCPs), which are responsible for binding photosynthetic pigments. LHCPs are 
three-span integral thylakoid proteins that are translated in the cytosol with a stromal 
signal peptide, which is removed following import through the Toc/Tic translocase 
so that recognition by SRP components occurs via integral recognition sequences, 
including a requisite 18 residue motif, L18, located adjacent to TM3 [31, 101].

After recognition and binding of the substrate by cpSRP43 and cpSRP54, the 
cpSRP transit complex engages the membrane anchored cpSRP receptor, cpFtsY, 
at the thylakoid membrane, likely through interactions of the GTPase domains of 
cpSRP54 and cpFtsY in their nucleotide bound state (Fig. 10.1, right panel) [35]. 
Binding between cpSRP54 and cpFtsY serves to reciprocally activate their respec-
tive GTPase ability as well as tether the complex to the thylakoid membrane [82]. 
The cpSRP-cpSR-substrate complex is then targeted to the chloroplast insertase, 
Alb3, a homolog of the bacterial YidC and mitochondrial Oxa1p proteins. Docking 
with Alb3 is believed to be mediated primarily by cpSRP43 due to its known inter-
action with Alb3 C-tail domain, though the details of docking interactions and how 
substrate is transferred to the insertase in vivo remains uncertain [34, 38, 59, 65].

Understanding the novel chloroplast post-transport SRP mechanism largely de-
pends on deciphering the role of the cpSRP exclusive component cpSRP43. This 
protein is composed entirely of known protein-protein interaction domains, con-
taining an N-terminal chromodomain (CD) followed by four ankyrin repeats (Ank) 
and two C-terminal CDs. CpSRP43 appears to directly contact all SRP pathway 
participants except FtsY and functions in both recognition and regulation of SRP 
interactions [45, 53]. Given its centrality it is not surprising that a number of recent 
publications have focused on obtaining both structural and biochemical data on 
cpSRP43 interactions. These studies have provided new insights into how cpSRP43 
specifically engages the LHCP substrate, cpSRP54, and Alb3. For example, the 
available structures have indicated the substrate binding domain of cpSRP [96], 
which was then further detailed through crosslinking studies between substrate and 
cpSRP43 [15]. In addition, structural studies have provided a wealth of informa-
tion about the interaction between cpSRP54 and cpSRP43 (PDB 3UI2) [47] and 
have confirmed biochemical studies demonstrating interactions between the CD2 
domain of cpSRP43 and the chloroplast-specific C-tail extension of cpSRP54 [41, 
46]. This interaction involves a unique twinned cage architecture that permits spe-
cific reading of the twin arginines in the RRKR C-tail motif [47]. Chromodomains 
are almost exclusively found in nuclear proteins involved in chromatin remodel-
ing where CD domains selectively recognize methylated Lys residues by means of 
aromatic cages. The cpSRP43 CD domain appears to have adapted to sensing the 
positively charged arginines by replacement of some of the aromatic residues in 
the cages with charged groups able to form salt bridges. The CD2 domain has two 
consecutive modified cages that enable it to selectively bind with the two initial 
arginines in the RRKR motif [47]. The CD2 domain, in concert with CD3, has also 
been implicated in binding the C-tail of Alb3. Two conserved motifs in Alb3 C-tail, 
AKRS, and SKRS, where found to be required for cpSRP43 binding and the simi-
larity with the cpSRP54 motif suggests the cage architectures in CD2 are likewise 
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able to read Alb3 motifs to promote selective targeting of the SRP complex to the 
Alb3 insertase [37].

Before a true picture of Alb3-cpSRP43 interaction can be established, however, 
more biochemical and structural date will be needed to resolve some differences 
between recent studies. Both the ankayrin repeat domains and CD2 have been pro-
posed as the primary binding site on cpSRP43 and, although two conserved motifs 
have been identified in Alb3 C-tail domain, another study using full-length Alb3 
found only one to be required for cpSRP43 binding and identified an additional 
binding site on the lumenal side of Alb3 TM5 [34, 37, 59]. The additional binding 
site was detected due to the use of full-length Alb3 integrated into proteoliposomes 
as opposed to earlier studies that screened binding of different cpSRP43 constructs 
with isolated Alb3 C-tail domain. The existence of an intramembrane binding site 
presents intriguing questions about the mechanism of cpSRP43-Alb3 interaction. 
A possible explanation that has been proposed is a model in which Alb3 dimerizes 
to form a pore, reminiscent of the SecYEG channel structure [34]. Binding of cp-
SRP43 could trigger pore formation and allow it to partially insert, making contact 
with the luminal portion of Abl3 TM5 and potentially leading to partial insertion of 
LHCP cargo. A similar model has been proposed for YidC and Oxa1p, which were 
shown to form dimers stabilized by interaction of the ribosome with their respective 
C-tail domains [55].

10.2.3  A Second Sec System

There are a number of integral proteins of the inner membrane of chloroplasts for 
which there is no known translocase [100]. These ‘orphan’ proteins, such as Tic21, 
Tic40, and Tic110, have been shown to have soluble stromal intermediates, indi-
cating that they are completely transported through the chloroplast envelope but 
then somehow become integrated back into the inner membrane [20, 60, 100, 106]. 
Chloroplasts are an intriguing mixture of both conservative and novel protein trans-
port systems. All translocases of the thylakoid into the lumen or membrane are 
homologous to bacterial export systems [17, 22]. Movement of proteins out of the 
stroma, into or across the inner membrane would also be analogous to export out 
of bacterial cytoplasm. If there is a conservative sorting pathway in the inner mem-
brane the Sec system is a likely candidate as it is the primary export translocase in 
the bacterial plasma membrane [72, 111].

The first evidence of dual Sec systems was recently discovered in plants. Ska-
litzky et al. [95] identified genes in Arabidopsis thaliana encoding a second set 
of SecY and SecA homologs that they classified as Scy2 and SecA2, respectively. 
Using phenotypic analysis of loss-of-function mutants, they were able to show that 
these two proteins perform essential functions distinct from the previously charac-
terized thylakoid-localized Scy1 and SecA1. Loss of either Scy2 or SecA2 results 
in early embryo lethality at the globular stage of development as compared to the 
slow-growing, sucrose-dependent, albino phenotype evidenced in plants lacking 
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one of the thylakoid Sec components, Scy1, SecA1, or SecE. Scy1 and Scy2 were 
unable to supplement for loss of the other homolog even when their respective 
promoter sequences were swapped, indicating that loss of a distinct protein not dif-
ferences in expression produced the observed phenotypes.

Both in vivo immunogold localization and in vitro chloroplast import and frac-
tionation assays pointed to Scy2 being preferentially envelope-localized, though a 
small fraction was also detected in thylakoid membrane fractions. In vitro import 
and fractionation also showed that SecA2 was competent for chloroplast import 
and was localized to the stroma. The third essential component of a Sec translocase 
system, SecE, remains unidentified for the Scy2 system. Arabidopsis only encodes 
a single plastid-localized SecE homolog and phenotypic analysis indicated that this 
protein functions solely with the thylakoid Sec system. However, Scy2 and SecA2 
are most closely related to bacterial Sec systems and some bacterial accessory Sec 
systems contain proteins with distant homology to SecE [83]. If there is a third 
component associated with Scy2 it is possible that there is insufficient sequence 
homology to known SecE proteins to be detected by BLAST searches [95].

Beyond the existence of ‘orphan’ precursors lacking a known targeted translo-
case, the cellular utility of an inner membrane translocase is echoed by the discovery 
of Sec systems in both the thylakoid and plasma membrane of cyanobacteria and 
in the envelope and thylakoid membrane of cyanelles, a primitive plastid that oc-
cupies a bridge position between cyanobacteria and chloroplast [71, 112], although 
it appears that both Sec systems in these organisms come from a single gene whose 
product is dual localized. Although it remains to be determined whether Scy2 and 
SecA2 compose a functional translocase, a body of evidence suggests this system as 
a strong candidate for the missing post-import transport pathway in chloroplast in-
ner membranes. The additional Sec system found in Arabidopsis, Scy2 and SecA2, 
is plastid-localized with Scy2 preferentially associating with the inner membrane. 
Both proteins obviously perform essential functions given the severe loss-of-func-
tion phenotypes. The fact that embryo abortion occurs at the globular stage, prior to 
biogenesis of the thylakoid membrane, further supports an envelope-localized func-
tionality. It is of additional interest that knocking out Tic110, one of the ‘orphan’ 
precursor proteins that would be a potential Scy2 substrate, produces the same phe-
notype as Scy2 or SecA2 mutants [51, 57]. Finally, participation of Scy2 and SecA2 
in protein transport is supported by their conservation of key sequence elements 
identified as essential for functionality in the E. coli Sec translocase [95].

It will be especially exciting to follow the future discoveries concerning this 
putative new translocase as it may be a key to unraveling the chicken-or-egg di-
lemma posed by the integration of multi-spanning membrane components of thyla-
koid translocases. For example, previous work in chloroplasts eliminated all known 
thylakoid translocation pathways as being necessary or involved in the integration 
of the Tat component cpTatC [64]. The discovery of a new translocase, particularly 
one that may be involved in thylakoid membrane biogenesis, opens a new avenue 
of investigation.
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10.3  The Twin Arginine Transport (Tat) Pathway  
in Chloroplasts

10.3.1  Introduction

The presence of a Sec-independent transport system was first identified in plant 
thylakoid in the early 1990’s [26] due to its independence from NTP hydrolysis 
and dependence upon the pH gradient across the thylakoid for energy [26, 69]. This 
system was originally called the ∆pH-dependent transport system because of its 
dependence upon the H+ gradient. However, it has since been shown to rely upon 
the protonmotive force (PMF) of which the ∆pH is a component [14]. More recently 
the system has been referred to as the chloroplast Tat (cpTat) system to reflect the 
requirement for a twin arginine motif in the signal peptide. The first Tat component 
required for this system was identified in 1997 in a maize mutant with high chloro-
phyll f  luorescence (hcf106) [94]. This was quickly followed by the identification 
of an operon in E. coli containing homologs to Hcf106 [12, 90]. The presence of 
Hcf106 homologous genes and twin arginine signal peptides in sequenced organ-
isms indicates that the Tat system is widely represented among prokaryotes and 
prokaryote-derived organelles, but absent from fungi and animals, an exception be-
ing in the mitochondrial genome of certain sponges [33, 42, 76]. All  plants and 
algae genomes sequenced so far indicate the presence of Tat systems localized to 
their chloroplasts. Interestingly, one Tat component, TatC, is often encoded in plant 
and algal mitochondrial genomes, although a functional Tat system in mitochondria 
has not been characterized or demonstrated. In eubacteria, Tat substrates represent 
a small subset of the total secretome (less than 10 % in E. coli) and are frequently 
metal cofactor-containing proteins that use cytosolic machinery for cofactor inser-
tion. Of the ~ 50 predicted substrates of the thylakoid Tat system, only a few pos-
sess cofactors. One likely reason for maintaining this system in chloroplasts is that 
imported Tat substrates are folded rapidly in the stroma making them difficult to 
unfold by the thylakoid Sec system.

Currently both chloroplasts and prokaryotes, especially E. coli, provide insight 
into mechanistic capabilities of the system, exposing the similarities and nuanced 
differences as adapted to their individual environments. Work in E. coli has been 
especially useful for investigating structural and physical aspects of the Tat system 
components, as well as in vivo function and genetic dissection of the system. Plant 
thylakoids, however, provide a robust way to characterize the energetic require-
ments and individual component contributions. Recently however, a blurring be-
tween the systems has occurred such that either system can provide valuable insight 
into function of the Tat system. The following discussion will summarize results 
directed toward a mechanistic understanding of the thylakoid system, with refer-
ence to similarities and differences between thylakoids and bacterial Tat systems.
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10.3.2  Capabilities and Requirements of the Chloroplast Tat 
system

10.3.2.1  Transport of Folded and Unfolded Proteins

The thylakoid Tat system is capable of transporting both tightly folded and unfolded 
proteins. Transport of folded proteins was directly demonstrated by following the 
efficient transport of an internally cross-linked bovine pancreatic trypsin inhibitor 
(BPTI) fused to the C-terminus of precursor to OE17 (pOE17) [21], and efficient 
transport of DHFR, locked in a folded conformation by methotrexate binding, fused 
to the C-terminus of precursor to OE23 (pOE23) [50]. Further confirmation was 
shown by localization of functional GFP to thylakoid lumen only when transport by 
the Tat system [63]. cpTat substrates are predicted range in mass from ~ 2 kDa to 
over 60 kDa, correlating to a potential spherical size of 1 nm to over 5 nm in diam-
eter, however the folded state of most of these substrates is unknown [78]. The E. 
coli Tat, however, can transport folded substrates up to about 7 nm particle [8, 32, 
85], suggesting the chloroplast system may have similar capabilities.

Unlike the E. coli Tat system, which rejects unfolded proteins [32], cpTat ap-
pears capable of transporting unfolded or unstructured proteins. On the one hand, a 
C-terminally truncated pOE23-DHFR or a pOE23-DHFR that was translated with 
amino acid analogues to destabilize its conformation was efficiently transported 
[50]. Alternatively use of a (Gly4Ser) polylinker, which lacks structure, was used to 
show that cpTat could transport unstructured domains [23].

10.3.2.2  Biochemical Requirements: Soluble Factors and Energetics

While it is likely that Tat pathway precursors interact with stromal chaperones af-
ter import into the chloroplast, these interactions appear unnecessary for protein 
translocation per se. This is supported by many observations of efficient transport 
of thylakoid lumen proteins using isolated, washed thylakoids in either the presence 
or absence of stromal extract [2, 4, 27, 70, 98]. In addition, efficient cpTat transport 
occurs without added NTPs or even in the presence of non-hydrolyzable NTP ana-
logs [26]. Further indirect evidence supporting the lack of NTPs for cpTat transport 
is that the identified Tat components lack nucleotide-binding motifs [26]. In this 
respect, Tat systems differ from virtually all other protein translocation systems.

Initial experiments demonstrated the dependence upon light for cpTat transport. 
Detailed work on the energetics of the Tat system demonstrated that there is a thresh-
old ∆pH for transport that is likely different for each precursor [2]. Additionally, 
transport of the precursor causes counter proton flow at a rate of roughly 80,000 H + 
per protein translocated [2]. Interestingly, the authors also demonstrated that over 
90 % of the H + counter flow was tied to protein transport process [2]. These findings 
imply that the cpTat system contains a proton well, a membrane-imbedded species 
that carries protons as part of the reaction mechanism (see [25] for discussion).



280 C. Dabney-Smith and A. Storm

Further studies have also demonstrated that the electric potential, ∆ψ, could also 
support translocation of precursor [14] and that ion-sensitive cpTat transport oc-
curred even after a ∆pH was no longer detectable [13]. Therefore thylakoid Tat 
transport requires energy in the form of the thylakoidal PMF, which is usually gen-
erated by light and photosynthetic electron transfer, and can also be generated by 
the reverse action of the chloroplast ATP synthase [26] but in vitro is mostly parsed 
as the ∆pH.

What is not completely understood is how the PMF is used for cpTat transport. 
Various experiments have demonstrated the requirement of the PMF for the assem-
bly of Tha4 to the precursor bound receptor complex (see Section 10.4). Indeed, 
physiologically, precursors bind the receptor only weakly in de-energized thyla-
koids, but become more deeply inserted and bound to the receptor upon energiza-
tion of the thylakoid [44]. Bacterial Tat transport has been shown to require the ∆ψ 
at two distinct steps of the translocation process: a large ∆ψ early in the process 
presumably for assembly of components, and a smaller ∆ψ during the translocation 
event [5]. The contribution to the translocation event by the PMF in thylakoids has 
not directly been demonstrated and leaves open the question of whether the PMF 
is required for the translocation event or rather required to set up the translocation 
through assembly of components in a priming step.

10.3.2.3  Biochemical Requirements: Components of the Tat machinery

The cpTat system or its α-proteobacterial homolog Tat system is composed of three 
transmembrane proteins that work together to form the active translocase capable 
of converting electrochemical energy into the mechanical energy [98] needed to 
translocate folded proteins, likely of varying diameters, as well as unstructured or 
unfolded proteins (Fig. 10.2). In thylakoid, these proteins are cpTatC, Hcf106, and 
Tha4, and in E. coli the corresponding orthologues are TatC, TatB, and TatA. In 
pea chloroplasts, Tat components have a ratio of ~ 21:4:1 (Tha4:Hcf106:cpTatC) 
[16], which is different from that found in E. coli 75:2.5:1 (TatA:TatB:TatC) [9, 52, 
91]. Most studies of the chloroplast Tat system are in pea chloroplasts or isolated 
thylakoids.

cpTatC

cpTatC is encoded by a nuclear gene as a precursor containing a transit peptide. 
The pea isoform of mature cpTatC is a 303 residue, 33.3 kD protein. The protein is 
a multispanning membrane protein containin six transmembrane domains (TMD) 
with both the N and C termini facing the stroma [68]. cpTatC is found almost ex-
clusively as a heterodimer with Hcf106. cpTatC serves as the primary receptor for 
signal sequence binding.

Recently the crystal structure of the cpTatC homologue from Aquifex aeolicus 
was solved by two groups [80, 87]. Both groups present similar structures, which 
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are suggestive of a glove with a concave pocket on one side. Based on those struc-
tures, cpTatC has four stroma facing regions (N terminus, stromal loop 1 between 
TMD 2 and 3, stromal loop 2 between TMD 4 and 5, and very short C terminus) 
when placed in the membrane. Mutational analysis of cpTatC demonstrates that 
substrate preferentially binds to amino acids in the stromal proximal portions of 
TMD 1 and 2 [62]. Further analysis indicated that mutations in TMD 5 cpTatC 
affected complex assembly [62]. Understanding the assembly of the receptor com-
plex and interactions with substrate precursors is an active area of investigation and 
should yield a greater understanding of not only how the complexes are organized 
in the membrane but potentially how Tha4 assembles to promote translocation.

Tha4 and Hcf106

Hcf106 (TatB) and Tha4 (TatA) are similar proteins that likely arose from a gene 
duplication event [109]. Both are nuclear-encoded and are synthesized as higher 
molecular weight precursors containing transit peptides. Mature Tha4 from pea is 
an 82-residue, 8.9 kD protein, whereas mature Hcf106 is an 176-residue, 19 kD 
protein. They each contain N-terminal transmembrane domains with an obligate 
glutamate in the transmembrane region followed by a hinge region containing a 
consensus sequence of FGPK and a stromal-facing amphipathic helix and a loosely 
structured C-tail. The amino acid compositions of the transmembrane regions are 
very similar and can substitute for each other [29]. The sequence identity is approxi-
mately 43 % overall with the transmembrane and amphiphathic regions greater than 
50 % identity. However, Hcf106 contains extended amphipathic helix and C-tail 

 

Fig. 10.2  cpTat pathway translocation machinery. Three membrane components, Tha4 ( pink), 
Hcf106 ( green), and cpTatC ( blue) work together to promote transport of precursors ( orange) 
containing signal peptides with obligate twin arginines. Precursors bind a cpTatC/Hcf106 receptor 
and in the presence of a pmf triggers assembly of Tha4 with the precursor-bound receptor complex 
( upper panel). Once assembly occurs transport of precursor occurs. How the precursor navigates 
across the membrane is an area of active research, but likely employs a transient channel or pore 
composed largely of Tha4
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regions than those in Tha4. Cysteine substitution of amino acid residues in Tha4 
has at most minor effects on function of Tha4 with one exception.  Substitution of 
the transmembrane obligate glutamate E10 resulted in nonfunctional protein [29, 
39]. Further E10 was shown to be essential for Tha4 assembly into the transclocase.

Recently, the structure was solved for TatAd from Bacillus subtilis, the homolo-
gous protein to Tha4 using solution NMR [49] and solid state NMR [107]. Both 
structures demonstrate a short transmembrane region of ~ 14 amino acids and ex-
tensive inter-helical contacts, which may have implications on how Tha4 is found 
in the membrane as discussed below (Section 10.4). Further, the TatA structure from 
E. coli shows similar structural features [86], although none of the structures solved 
contain the carboxy-tail region. While Hcf106 and Tha4 are structurally quite simi-
lar, they have distinct function [29]. Hcf106 is found in pea thylakoids in two sepa-
rate complexes when the membranes are subject to detergent solubilization and blue 
native polyacrylamide gel electrophoresis (BN-PAGE). One complex migrating as 
a 700 kD complex also contains cpTatC and the other is a smaller complex contain-
ing only Hcf106.

However, some gram-positive organisms, such as Bacillus subtilis, or cyano-
bacteria, such as Synechocystis PCC6803, have minimal Tat pathways lacking a 
TatB component [33, 54]. The TatA in these systems is bifunctional and capable 
of fulfilling both roles. Indeed in studies of E. coli Tat transport, bifunctionality of 
TatA could be restored by specific point mutations in the N terminus of the protein 
[7, 11], providing further evidence of a gene duplication event leading to distinct 
function of the thylakoid Tha4 and Hcf106 proteins.

10.4  Operation of the Tat System

Tat transport can be biochemically divided into discrete steps such as precursor 
binding, Tha4 assembly, precursor translocation, and Tha4 disassembly [24, 66]. 
Through studies of component and precursor interactions during these stages, re-
searchers have tried to define the roles of the different components.

10.4.1  Precursor Binding

Recent studies suggest that the precursor engages the thylakoid membrane initially 
through direct interaction with lipids and can then encounter the protein receptor 
complex, cpTatC/Hcf106. For example, a chimera of two oxygen evolving subunits, 
OE16 and OE23, containing the signal peptide from OE16 and the mature domain 
of OE23 demonstrated an initial interaction with the thylakoid membrane prior to 
transport [48]. Further, in E. coli the precursor has been shown to be able engage the 
membrane in the absence of Tat components and that interaction is predominantly 
through the signal sequence [6]. In both of these examples, the interactions were 
predominantly, if not exclusively, through the targeting sequence, which is known 
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to contain a hydrophobic sequence fully capable of engaging lipids [105]. In addi-
tion, the signal peptide/lipid interaction may be due to supersaturating amounts of 
the precursor present [6, 48]. However, more recent studies failed to detect transport 
of lipid-bound precursors [16]. The true relevance of precursors interacting with the 
lipids prior to engaging the receptor complex remains to be demonstrated in vivo, 
although physiologically for the plant, this could allow synthesis of the precursor 
in the cytoplasm and localization at the thylakoid membrane at anytime, while the 
actual transport process would occur during the daytime or whenever the PMF was 
sufficient.

Regardless of whether the precursor engages lipids prior to the cpTat transport 
components, in order for translocation to occur the precursor must engage the re-
ceptor complex comprising cpTatC and Hcf106 [24]. The precursor through its sig-
nal peptide primarily engages the cpTatC N terminus and first stromal loop [43, 62]. 
The receptor complex in thylakoid, which when isolated from detergent solubilized 
membranes and separated by BN-PAGE migrates at ~ 700 kD, appears to contain 
only cpTatC and Hcf106 in a 1:1 molar ratio, suggesting that each complex con-
tains ~ 8 dimers of cpTatC and Hcf106 [24]. Interestingly, recent binding studies 
indicate that each cpTatC in the complex is capable of binding precursor in a non-
cooperative manner [16], thus allowing for staging of up to eight precursors at each 
receptor complex.

10.4.2  Tha4 Assembly and Interaction with Precursor

Studies have shown that translocation does not occur without the participation of 
Tha4 [29, 39, 66]. Furthermore, inactivation of endogenous Tha4 can be overcome 
by integration of recombinant Tha4 [29, 39], thus allowing a mutagenic approach to 
investigate the role of Tha4 in cpTat transport. Data from mutagenic studies suggest 
a major role for Tha4 in the translocation event. First, Tha4 is found in molar excess 
over the other cpTat components. An earlier report placed Tha4 at a roughly 8-fold 
excess over cpTatC [67], but more recently it was shown that a roughly 25-fold 
excess is more likely [16]. Second, Tha4 demonstrates reversible assembly with the 
precursor-bound receptor complex [66], and that assembly is only triggered in the 
presence of the protonmotive force (PMF). Third, Tha4 is found in the thylakoid 
in homotetramers through interactions between the TMD of the monomer Tha4 
[28]. These homotetramers then assemble in the presence of the precursor bound 
to the receptor complex and the PMF to form large complexes through the C tail 
region [28, 30]. Fourth, Tha4 undergoes localized conformational changes during 
the transport process [4], but does not undergo major topology change such as flip-
ping into the membrane, as was suggest for E. coli TatA [18, 19]. Lastly, Tha4 was 
shown to directly interact with the mature domain of the precursor, only after it was 
bound to the receptor [75]. This interaction with precursor is significant because the 
interactions were detected between the mature domain of the precursor and Tha4, 
but if the signal peptide was cleaved the interactions did not occur [75], suggesting 
that the interaction occurs when precursor is bound to the receptor complex, pos-
sibly before transport, clearly before cleavage of the signal peptide.
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10.4.3  Models for Tat Translocation and Future Prospects

So how do these data fit into a model for protein transport by the cpTat pathway? 
The transport process seems to occur in a cyclical and transient fashion, all the 
while maintaining the impermeability of the membrane to ions. Precursors in the 
stroma find their way to the thylakoid and either surf along the thylakoid surface 
until they reach a receptor complex (cpTatC/Hcf106) or bind directly to the receptor 
complex (Fig. 10.2). After precursor binding and in the presence of a PMF, Tha4 
assembles with the complex. At this point transport of the precursor occurs. After 
translocation or concomitant with it, Tha4 disassembles from the complex, thus 
resetting the system for subsequent rounds of translocation. These aspects of the 
model are based upon biochemical analysis using a robust in vitro isolated thyla-
koid assay and provide the general scheme for translocation of a precursor. Major 
questions such as how translocation occurs (e.g., through a pore composed of Tha4 
homooligomer or a heteroligomer composed of mostly Tha4 with Hcf106 and cp-
TatC, or not through a pore at) still remain unanswered although they are extremely 
active areas of research.

10.5  Spontaneous Insertion of Thylakoid Proteins

There are a few thylakoid proteins for which insertion into the thylakoid appears 
to occur unassisted or in a spontaneous manner, not requiring the presence of other 
proteins or energy. Some of these proteins are single transmembrane spanning pro-
teins, such as CFOII of the ATP synthase and the photosystem II proteins, PsbX 
and PsbW [108], while others, such as PsaG and PsaK contain two transmembrane 
spans with a short loop in between (reviewed in [3, 92]). Two of the thylakoid Tat 
components, Tha4 and Hcf106, also insert spontaneously [39]. In each of these in-
stances, the thylakoids in the reactions had been treated to be free of energy sources 
or to inactivate known thylakoids translocases or insertases.
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Abstract Secondary or complex plastids arose by the engulfment of photosyn-
thetically active eukaryotes by eukaryotic host cells. Co-evolution of the host cell 
and the endosymbiont led to the establishment of complex plastids, which are sur-
rounded by additional membranes in comparison to chloroplasts from land plants. 
Plastid proteins, encoded by the genome of the host cell have to be imported from 
the host cytoplasm into the complex plastid thereby crossing up to four plastid sur-
rounding membranes. This resulted in an increased complexity of targeting signals 
as well as transport- and sorting machineries. Here we summarize current knowl-
edge about protein transport into different types of complex plastids, indicating that 
pre-existing mechanisms were often reused and altered to fulfill new requirements.

Keywords Complex plastids · Protein translocation · Secondary endosymbiosis · 
Targeting sequences

Abbreviations

BTS Bipartite targeting signal
CASH Cryptophytes, alveolates, stramenopiles, and haptophytes
EGT Endosymbiotic gene transfer
ER Endoplasmatic reticulum
ERAD ER-associated degradation
PPC Periplastidal compartment
SELMA Symbiont-specific ERAD-like machinery
SP Signal peptide
TAT Twin arginine targeting
TIC Translocon of the inner chloroplast membrane
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TOC Translocon of the outer chloroplast membrane
TP Transit peptide
TTDs Thylakoid targeting domains

11.1  Evolution of Complex Plastids

During cellular evolution, major transitions were catalyzed by endosymbiotic 
events leading to new cellular entities. Here, either a prokaryote or a eukaryote was 
integrated into a eukaryotic host cell and reduced to an organelle, thereby creating 
a cellular chimera with new capacities. Beside the generally known organelles of 
prokaryotic origin—the chloroplasts, the mitochondrion as well as mitochondrion-
related organelles (such as hydrogenosomes and mitosomes) [51]—eukaryotic en-
dosymbionts are known from many algae and some intracellular parasites. These 
organisms arose in a process called secondary endosymbiosis, when either green or 
red algae were integrated into unicellular eukaryotes [22]. Here, the co-evolution of 
the two eukaryotic cells led to the conversion of the intracellular symbiont into an 
organelle. This co-evolution includes endosymbiotic gene transfer (EGT) as well as 
gene loss and the reduction of redundant endosymbiotic cellular structures [36, 37, 
61]. The established new organelle, a secondary or complex plastid, provides for 
the cellular merger—at least initially—a new light driven machinery which is, in 
contrast to primary plastids, surrounded by additional membranes.

In the case of organisms with a red algal endosymbiont, the secondary plastids 
are surrounded by four membranes in cryptophytes, heterokontophytes and hapto-
phytes (Figs. 11.1a, b and 11.2). This is also true for the apicoplast, the plastid of 
apicomplexa, which is photosynthetically inactive in the parasitic lines (Fig. 11.1c). 
However, in peridinin-containing dinoflagellates, major contributors to marine bio-
mass, the plastids are surrounded by only three membranes (Fig. 11.1e).

In the case of organisms with a complex plastid of green algal origin two lines 
can be distinguished due to their plastid architecture. Whereas plastids of chlor-
arachniophytes are surrounded by four membranes, the plastids of euglenophytes 
possess only three surrounding membranes (Fig. 11.1d, e).

Phylogenetic relationships of organisms with complex plastids are currently 
highly debated [12, 39, 67]. In any case, organisms harboring a secondary or com-
plex plastid evolved at least three times independently, but probably additional se-
rial and potentially tertiary endosymbiotic events took place [3, 15, 22, 46, 48]. 
One of the key steps in the transition of an intracellular symbiont into an organelle 
is the evolution and development of protein transport systems, which allow correct 
import of nucleus-encoded proteins into the organelle by crossing all surrounding 
membranes. Here we summarize the current knowledge of the protein transport 
systems embedded within the membranes of complex plastids and show parallel 
evolution of transporters, which are re-cycled from pre-existing cellular transport 
mechanisms.
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11.2  Protein Transport into Complex Plastids 
Surrounded by Four Membranes

Although of different phylogenetic origin, targeting mechanisms for nucleus-en-
coded plastid proteins share basic principles in organisms with complex plastids. 
Nucleus-encoded pre-proteins carry a bipartite targeting signal (BTS) at the N-ter-
minus consisting of a signal peptide followed by a transit peptide-like sequence [5, 
20, 24, 57]. The signal peptide mediates co-translational transport via the Sec61 
complex into the ER, which is in case of cryptophytes, heterokontophytes and hap-
tophytes equivalent to the translocation across the outermost plastid membrane 
as in these organisms the outermost plastid membrane is continuous with the ER 
membrane of the host cell [9, 17] (Fig. 11.1a, b). In apicomplexa and chlorarach-
niophytes the outermost membrane is located close to the endomembrane system 
although a fusion of the membranes does not exist [9] (Fig. 11.1c, d). Consequently, 
pre-protein transport from the endomembrane system to the outermost plastid mem-
brane is mediated by vesicles, which seem to traverse the cytoplasm directly from 
the ER (i.e. without passing the Golgi apparatus) to the complex plastid in case of 
apicomplexa [11, 62]. Deletion of the transit peptide-like sequences results in secre-
tion of the protein demonstrating the necessity of this part of the targeting signal 
for the targeting step [16, 63]. Further details regarding receptor proteins and other 
transport factors inside the ER-lumen are not known yet. A different model postu-
lating that the apicoplast, the complex plastid of apicomplexa, itself lies within the 
ER lumen is described in [64]. Unfortunately, data providing details on pre-protein 
transport from the ER to the outermost plastid membrane of chlorarachniophytes 
are not available yet; however a vesicle-based transport is postulated [28–30].

After pre-protein transport across the first outermost plastid membrane the sig-
nal peptide is presumably cleaved off, thereby exposing the transit peptide-like 
sequence, which is essential for targeting across the second, third and fourth plas-
tid membrane. The second outermost plastid membrane encloses the periplastidal 
compartment (PPC), the former symbiotic cytosol [38]. The complex plastids of 
cryptophytes and chlorarachniophytes still harbor a nucleomorph inside the PPC, 
representing the remnant nucleus of the red respectively green algal endosymbiont, 
which encodes a number of proteins that are expressed by a symbiont-specific ma-
chinery [13, 18, 34, 35, 60]. In all other groups the nucleus of the secondary endo-
symbiont was completely lost. The second outermost plastid membrane probably 
traces back to the former plasma membrane of the red or green algal endosymbiont 
respectively, which did not possess a protein translocation machinery by natural 
means. Hence, mechanisms for transporting pre-proteins across that membrane had 
to be evolved during secondary endosymbiosis. How nature solved that issue was 
cryptic for a long time. A first experimentally accessible hypothesis came from in 
silico analyses of the nucleomorph genome of the cryptophyte Guillardia theta re-
vealing that core components of the red algal ERAD (ER-associated degradation) 
translocation machinery are still encoded on this minimized genome [54]. ERAD 
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Fig. 11.1  Illustration of organisms harboring complex plastids with different membrane architec-
tures and pre-protein transport systems. In a process called secondary endosymbiosis either a red 
alga (cryptophytes (a), heterokonto- and haptophytes (b), apicomplexa (c), peridinin-containing 
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dinoflagellates (e)) or a green alga (chlorarachniophytes (d), euglenophytes (e)) was engulfed by a 
eukaryotic host cell. This led to organisms with complex plastids and numerous pre-protein import 
mechanisms due to a variety of membrane architectures. a–b For those plastids which are sur-
rounded by four membranes and the outermost membrane stays in continuum with the ER-mem-
brane of the host cell, pre-protein translocation across the first membrane is mediated by the Sec61 
complex. In apicomplexa (c) and chlorarachniophytes (d) transport to the four membrane-bound 
plastid is mediated by the endomembrane system which can additionally involve the Golgi appara-
tus as in both groups no connection of the first plastid membrane to the ER of the host cell could be 
observed. e Peridinin-containing dinoflagellates and euglenophytes possess plastids which are sur-
rounded by three membranes. Protein transport into these plastids also starts at the endomembrane 
system. Transport mechanisms across the remaining membranes are still unclear. cER chloroplast 
ER, ER endoplasmatic reticulum, Go Golgi apparatus, IMS intermembrane space, Nu Nucleus, 
PPC periplastidal compartment, SELMA symbiont-specific ERAD-like machinery, TIC translocon 
of the inner chloroplast membrane, TOC translocon of the outer chloroplast membrane

in general represents a quality control system transporting misfolded proteins from 
the ER back into the cytosol, where such proteins get degraded [4]. Interestingly, 
the ER within the periplastidal compartment was completely eliminated raising the 
question why parts of this machinery were still retained. Further analyses revealed 
that also other organisms harboring complex plastids, namely heterokontophytes, 
haptophytes and apicomplexa, retained such symbiont-specific ERAD components 
in addition to the ERAD machinery of the host [15, 32, 54–56]. The ERAD translo-
cation system fulfils all criteria postulated for a possible protein transporter within 
the second outermost membrane, leading to the hypothesis that the ERAD machin-
ery of the red algal endosymbiont might have been recycled during evolution and 
relocated from the symbiotic ER to the second outermost membrane to fulfill a new 
function in pre-protein translocation [54]. First experimental proof for that hypoth-
esis came from analyses in the diatom Phaeodactylum tricornutum demonstrating 
that core components of this symbiont-specific ERAD-like machinery (SELMA) 
are indeed localized within the postulated membrane and form an oligomeric com-
plex which might possibly be part of a translocation channel [25]. Further in vivo 
analyses revealed that these proteins (sDer-1-1 and sDer-1-2) specifically interact 
with the transit peptide-like sequences of pre-proteins destined for the PPC [25]. 
Interestingly, transit peptide-like sequences of stroma-specific proteins (which have 
to be further transported across membranes three and four) showed no interaction 
with these SELMA-factors, which might be a discrimination mechanism for both 
protein populations. Furthermore, conditional knock out mutants for a sDer1 pro-
tein in the apicomplexan parasite Toxoplasma gondii demonstrated that pre-protein 
transport into the apicoplast is strictly dependent on this SELMA factor [1]. Ad-
ditionally, it was shown very recently that ubiquitination of nucleus-encoded pro-
teins is essential for protein import into the apicoplast [2] as it is postulated for P. 
tricornutum as well [26, 56]. Phylogenetic analyses showed that SELMA indeed 
originates from the ERAD system of the red algal endosymbiont [15]. Hence, the 
endogenous ERAD translocation system of the red alga symbiont was recycled and 
modified during secondary endosymbiosis giving an elegant example of “making 
new out of old” [6].
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Fig. 11.2  Illustration of the membrane system surrounding the complex plastid of one member 
of the heterokontophytes, Phaeodactylum tricornutum. a Electron micrograph of a high-pressure 
frozen and ultrathin sectioned cell of P. tricornutum. Freeze-substitution, embedding and ultrathin 

 



29711 Protein Transport into Plastids of Secondarily Evolved Organisms

In chlorarachniophytes, which evolved by the engulfment of a green alga, little 
is known about pre-protein transport across the second outermost membrane, even 
though recent studies revealed novel targeting signals for discriminating PPC and 
stromal protein populations [28, 29]. As no protein transport machinery similar to 
SELMA could be identified so far [30], it is of huge interest how pre-protein trans-
port across that membrane is managed.

Proteins destined for the plastids stroma and the thylakoids have to cross two 
further membranes, the third outermost and the innermost membrane of four mem-
brane-bound plastids. These two membranes are generally accepted to be homol-
ogous to the plastid envelope of primary plastids. Again the transit peptide-like 
sequence, the second part of the BTS, is essential for this targeting step, mediating 
transport across membrane three and four (Fig. 11.2c). In contrast to periplastidal 
proteins, which are processed within the PPC, transit peptide-like sequences of stro-
mal specific proteins carry an aromatic amino acid or a leucin at the + 1 position 
at least in cryptophytes and heterokontophytes, which mostly occur in an AXA-F 
context [19, 23, 33]. Up to now, the + 1 position of the transit peptide-like sequence 
is the only factor known for discriminating PPC-resistant proteins from stromal 
proteins and mutations at this position (from a non-aromatic amino acid into an 
aromatic one or vice versa) result in targeting the protein to the stroma or retaining 
the protein within the PPC, respectively [20].

Import of proteins into primary plastids is well studied in land plants, leading 
to a detailed knowledge on the mechanistical and structural characteristics of pre-
protein translocation [50]. Traversing these two membranes requires two different 
translocons, TOC (Translocon of the outer chloroplast membrane) and TIC (trans-
locon of the inner chloroplast membrane), which are embedded into the respective 
chloroplast membranes of primary plastids [31, 53].

Scanning the genomes of organisms with complex plastids for protein translo-
cons which might be embedded into the two innermost membranes resulted in the 
identification of homologs of several components of the TIC translocon [13, 18, 30, 

sectioning was performed according to [27]. When examining the indicated area in (a) at higher 
magnification, the four plastid membranes can be easily distinguished (b). In dependence on this 
electron micrograph, the protein transport in the complex plastid is depicted schematically (c). 
The outermost plastid membrane is connected with the ER membrane of the host cell. Nucleus-
encoded plastid proteins possess a bipartite targeting signal ( BTS) composed of a signal peptide 
( SP) followed by a transit peptide-like sequence ( TP). Proteins destined for the plastid stroma 
usually contain a phenylalanine ( F) at the + 1 position of the transit peptide-like sequence, whereas 
targeting into the periplastidal compartment ( PPC), requires a non-aromatic amino acid ( X) at this 
position. The signal peptide mediates co-translational transport into the ER lumen, i.e. crossing 
the first outermost plastid membrane is mediated via the Sec61 complex. Further transport across 
the remaining membranes is directed by the transit peptide-like sequence. Transport across the 
second outermost membrane is facilitated by an ERAD-derived translocation system (SELMA). 
Finally, an Omp85/TIC-system is responsible for protein translocation across the third and fourth 
membrane. cER chloroplast ER, ER endoplasmatic reticulum, Go Golgi apparatus, IMS intermem-
brane space, Mt mitochondrium, Nu nucleus, Omp85 outer membrane protein, Pl plastid, PPC 
periplastidal compartment, SELMA symbiont-specific ERAD-like machinery, SP signal peptide, 
TIC translocon of the inner chloroplast membrane, TP transit peptide-like sequence. Scale bars 
indicate 2 µm (a) and 200 nm (b)



F. Hempel et al.298

32, 47, 65]. The significance of these results was shown by analyzing one TIC com-
ponent of the apicomplexa demonstrating the protein localization within the inner-
most membrane and its necessity for pre-protein translocation [65]. In chlorarach-
niophytes, a nucleomorph-encoded Toc75 homolog—the core component of the 
TOC-complex—was identified in addition to a recently discovered nucleus encoded 
version [18, 30]. Data bases from organisms of the red lineages, however, initially 
refused to highlight a protein translocon component for the third outermost plastid 
membrane. Not until 2007, Wunder and co-workers mentioned a putative Omp85 
homolog in diatoms [68]. This protein was subsequently characterized in detail in 
the diatom Phaeodactylum tricornutum [8]. In vivo localization studies demonstrat-
ed that the protein, forming a beta barrel like protein with two POTRA domains at 
the N-terminus, is indeed localized within the third outermost plastid membrane. 
Electrophysiological characteristics of ptOmp85 showed that core parameters like 
pore-size and cation selectivity are nearly equal to plant Toc75 proteins. Finally, 
it could be shown that the intracellular targeting mechanism of ptOmp85 into the 
third outermost membrane is as complicated as for Toc75 proteins in land plants 
i.e., the protein is transported first into the plastids stroma across all four plastid 
surrounding membranes and in a second step targeted to the respective membrane 
[8]. All together these data show overwhelming similarities to the Toc75 translocon 
of higher plants [8]. Scanning the genomes of further secondary evolved organisms 
revealed ptOmp85 homolog proteins in haptophytes and apicomplexa as well [8]. 
Altogether these studies suggest that protein transport across the two innermost 
membranes might be basically conserved in plastids surrounded by either two or 
four membranes.

After crossing the two innermost plastid surrounding membranes, the transit 
peptide-like sequence is cleaved off and stromal proteins are folded to their mature 
conformation. Although only initial work was done, especially in the identifica-
tion of plastid specific peptidases [10], one would expect that mechanisms of fold-
ing and processing of stromal proteins are mechanistically comparable in complex 
plastids and primary plastids. Proteins with a final destination in the thylakoid lu-
men have to cross one additional membrane and possess therefore an additional 
targeting signal [7, 21]. These proteins harbor an N-terminal tripartite targeting se-
quence with either a Sec targeting domain or a twin arginine targeting (TAT) motif 
located C-terminal to the BTS. Thus, in complex plastids protein transport across 
the thylakoid membrane is managed for unfolded and folded proteins, the latter in 
a proposed picky pack mechanism [7, 21]. In any case, these results show that pre-
existing mechanisms, here for thylakoid import, are still used in secondary plastids.

In 2005 it was shown for the first time that in plastids of higher plants proteins 
exist, which get glycosylated in the ER and are not imported via the classical TOC/
TIC pathway but use an alternative vesicle mediated route [66]. Recently, it was 
demonstrated that also in complex plastids glycoproteins exist. For the diatom P. 
tricornutum, it was shown that nucleus-encoded proteins get N-glycosylated after 
transport across the outermost plastid membrane and are subsequently transported 
across all three further membranes into the plastid stroma [45]. This observation 
revealed new questions on the operating mode of transport systems like the TOC/
TIC machinery, which is so far not believed to transport such bulky proteins, and 
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uncovered new pressure on the evolution of translocation machineries. Also in other 
organisms with four membrane bound plastids N-glycosylated plastid proteins are 
predicted and in future it will be very interesting to elucidate mechanistic details on 
glycoprotein transport into complex plastids [44, 45].

11.3  Protein Transport into Complex Plastids 
Surrounded by Three Membranes

In comparison to the above-mentioned groups, the complex plastids of peridinin-
containing dinoflagellates and photosynthetic active euglenophytes are surrounded 
by only three instead of four membranes [9]. Although both groups of organisms 
share a comparable membrane topology they are phylogenetically not related to 
each other. While peridinin-containing dinoflagellates harbor a plastid of red al-
gal origin, the euglenophytes contain one of green algal origin. As in apicomplexa 
and chlorarachniophytes the outermost plastid membrane is not fused to the ER 
of the host cell, consequently pre-protein transport from the secretory system to 
the plastid has to be carried out via vesicles. In both groups there is evidence sug-
gesting that those vesicles bud from the Golgi apparatus [41, 42, 52, 58, 59] and 
are thought to fuse with the outermost plastid membrane. The analogy between 
peridinin-containing dinoflagellates and euglenophytes in terms of three membrane 
topology and Golgi-mediated transport also led to comparable characteristics of the 
targeting signals of nuclear encoded plastid proteins. The pre-proteins are grouped 
in three classes in respect to their targeting information. All of them contain a bipar-
tite targeting signal connatural to that of the above described groups of organisms 
with four membrane bound plastids. Additional to that, class I pre-proteins possess 
a so called stop-transfer domain in direct proximity to the transit peptide like part 
of the BTS [14, 43]. This stop-transfer halts co-translational import into the ER lu-
men, therefore causing functional domains of mature proteins to have a cytosolic 
localization for the duration of transport to the plastid [40, 59]. In contrast, class II 
proteins contain no such hydrophobic stop-transfer sequences and are expected to 
be fully translated into the ER lumen and are therefore encapsulated by vesicles and 
the Golgi apparatus during transport to the outermost plastid membrane [14, 40]. To 
differentiate them from stromal proteins, proteins with thylakoid targeting domains 
(TTDs) have been termed class III proteins in dinoflagellates [43] or class IB in 
euglenophytes [14].

Although the transport across the second and third innermost membrane could 
also be accomplished in the same manner as in primary plastids there is still no 
evidence for this. The main reason for this is the lack of large scale genome infor-
mation which makes it difficult to identify subunits or candidates for a possible 
translocon of one of these membranes. In any case, further investigations are needed 
to close the gaps in knowledge on protein transport across the three membranes of 
the plastids of peridinin-containing dinoflagellates and euglenophytes. By doing 
so, it also could be possible to determine the origin of the two innermost plastid 
membranes, which might have originated either from a eukaryotic, a prokaryotic 
membrane or by fusions of membranes.
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11.4  Conclusions

In the last decade substantial progress was made in understanding protein import 
into complex plastids. One common theme certainly is that, although of different 
phylogenetic origin, organisms tend to recycle already established transport systems 
for new duties instead of inventing completely new mechanisms. Nevertheless, this 
still might be only the tip of the iceberg and further investigations will surely reveal 
mechanistic details and might highlight additional mechanisms that evolved during 
secondary endosymbiosis as seen by recent contributions [45, 49].

References

 1. Agrawal S, van Dooren GG, Beatty WL, Striepen B (2009) Genetic evidence that an en-
dosymbiont-derived endoplasmic reticulum-associated protein degradation (ERAD) system 
functions in import of apicoplast proteins. J Biol Chem 284:33683–33691

 2. Agrawal S et al (2013) An apicoplast localized ubiquitylation system is required for the im-
port of nuclear-encoded plastid proteins. PLoS Pathog 9:e1003426

 3. Archibald JM (2009) The puzzle of plastid evolution. Curr Biol 19:R81–R88
 4. Bagola K, Mehnert M, Jarosch E, Sommer T (2011) Protein dislocation from the ER. Bio-

chim Biophys Acta 1808:925–936
 5. Bolte K, Bullmann L, Hempel F, Bozarth A, Zauner S, Maier UG (2009) Protein targeting 

into secondary plastids. J Eukaryot Microbiol 56:9–15
 6. Bolte K, Gruenheit N, Felsner G, Sommer MS, Maier UG, Hempel F (2011) Making new out 

of old: recycling and modification of an ancient protein translocation system during eukary-
otic evolution. Mechanistic comparison and phylogenetic analysis of ERAD, SELMA and 
the peroxisomal importomer. Bioessays 33:368–376

 7. Broughton MJ, Howe CJ, Hiller RG (2006) Distinctive organization of genes for light-har-
vesting proteins in the cryptophyte alga Rhodomonas. Gene 369:72–79

 8. Bullmann L, Haarmann R, Mirus O, Bredemeier R, Hempel F, Maier UG, Schleiff E (2010) 
Filling the gap, evolutionarily conserved Omp85 in plastids of chromalveolates. J Biol Chem 
285:6848–6856

 9. Cavalier-Smith T (2003) Genomic reduction and evolution of novel genetic membranes and 
protein-targeting machinery in eukaryote-eukaryote chimaeras (meta-algae). Philos Trans R 
Soc Lond B Biol Sci 358:109–133 (discussion 133–144)

10. Chaal BK, Ishida K, Green BR (2003) A thylakoidal processing peptidase from the hetero-
kont alga Heterosigma akashiwo. Plant Mol Biol 52:463–472

11. DeRocher A, Gilbert B, Feagin JE, Parsons M (2005) Dissection of brefeldin A-sensitive and 
-insensitive steps in apicoplast protein targeting. J Cell Sci 118:565–574

12. Deschamps P, Moreira D (2012) Reevaluating the green contribution to diatom genomes. 
Genome Biol Evol 4:683–688

13. Douglas S et al (2001) The highly reduced genome of an enslaved algal nucleus. Nature 
410:1091–1096

14. Durnford DG, Gray MW (2006) Analysis of Euglena gracilis plastid-targeted proteins re-
veals different classes of transit sequences. Eukaryot Cell 5:2079–2091

15. Felsner G, Sommer MS, Gruenheit N, Hempel F, Moog D, Zauner S, Martin W, Maier UG 
(2010) ERAD components in organisms with complex red plastids suggest recruitment of 
a preexisting protein transport pathway for the periplastid membrane. Genome Biol Evol 
3:140–150



30111 Protein Transport into Plastids of Secondarily Evolved Organisms

16. Foth BJ, Ralph SA, Tonkin CJ, Struck NS, Fraunholz M, Roos DS, Cowman AF, McFadden 
GI (2003) Dissecting apicoplast targeting in the malaria parasite Plasmodium falciparum. 
Science 299:705–708

17. Gibbs SP (1979) The route of entry of cytoplasmically synthesized proteins into chloroplasts 
of algae possessing chloroplast ER. J Cell Sci 35:253–266

18. Gilson PR, Su V, Slamovits CH, Reith ME, Keeling PJ, McFadden GI (2006) Complete 
nucleotide sequence of the chlorarachniophyte nucleomorph: nature’s smallest nucleus. Proc 
Natl Acad Sci U S A 103:9566–9571

19. Gould SB, Sommer MS, Kroth PG, Gile GH, Keeling PJ, Maier UG (2006) Nucleus-to-
nucleus gene transfer and protein retargeting into a remnant cytoplasm of cryptophytes and 
diatoms. Mol Biol Evol 23:2413–2422

20. Gould SB, Sommer MS, Hadfi K, Zauner S, Kroth PG, Maier UG (2006) Protein targeting 
into the complex plastid of cryptophytes. J Mol Evol 62:674–681

21. Gould SB, Fan E, Hempel F, Maier UG, Klosgen RB (2007) Translocation of a phycoerythrin 
alpha subunit across five biological membranes. J Biol Chem 282:30295–30302

22. Gould SB, Waller RF, McFadden GI (2008) Plastid evolution. Annu Rev Plant Biol 59: 
491–517

23. Gruber A, Vugrinec S, Hempel F, Gould SB, Maier UG, Kroth PG (2007) Protein targeting 
into complex diatom plastids: functional characterisation of a specific targeting motif. Plant 
Mol Biol 64:519–530

24. Hempel F, Bozarth A, Sommer MS, Zauner S, Przyborski JM, Maier UG (2007) Transport of 
nuclear-encoded proteins into secondarily evolved plastids. Biol Chem 388:899–906

25. Hempel F, Bullmann L, Lau J, Zauner S, Maier UG (2009) ERAD-derived preprotein trans-
port across the second outermost plastid membrane of diatoms. Mol Biol Evol 26:1781–1790

26. Hempel F, Felsner G, Maier UG (2010) New mechanistic insights into pre-protein transport 
across the second outermost plastid membrane of diatoms. Mol Microbiol 76:793–801

27. Hempel F, Bozarth AS, Lindenkamp N, Klingl A, Zauner S, Linne U, Steinbuchel A, Maier 
UG (2011) Microalgae as bioreactors for bioplastic production. Microb Cell Fact 10:81

28. Hirakawa Y, Nagamune K, Ishida K (2009) Protein targeting into secondary plastids of chlor-
arachniophytes. Proc Natl Acad Sci U S A 106:12820–12825

29. Hirakawa Y, Gile GH, Ota S, Keeling PJ, Ishida K (2010) Characterization of periplastidal 
compartment-targeting signals in chlorarachniophytes. Mol Biol Evol 27:1538–1545

30. Hirakawa Y, Burki F, Keeling PJ (2012) Genome-based reconstruction of the protein import 
machinery in the secondary plastid of a chlorarachniophyte alga. Eukaryot Cell 11:324–333

31. Inaba T, Schnell DJ (2008) Protein trafficking to plastids: one theme, many variations. Bio-
chem J 413:15–28

32. Kalanon M, Tonkin CJ, McFadden GI (2009) Characterization of two putative protein translo-
cation components in the apicoplast of Plasmodium falciparum. Eukaryot Cell 8:1146–1154

33. Kilian O, Kroth PG (2005) Identification and characterization of a new conserved motif 
within the presequence of proteins targeted into complex diatom plastids. Plant J 41:175–183

34. Lane CE, van den Heuvel K, Kozera C, Curtis BA, Parsons BJ, Bowman S, Archibald 
JM (2007) Nucleomorph genome of Hemiselmis andersenii reveals complete intron loss 
and compaction as a driver of protein structure and function. Proc Natl Acad Sci U S A 
104:19908–19913

35. Maier UG, Zauner S, Woehle C, Bolte K, Hempel F, Allen JF, Martin WF (2013) Massively 
convergent evolution for ribosomal protein gene content in plastid and mitochondrial ge-
nomes. Genome Biol Evol 5:2318–2329

36. Martin W (2003) Gene transfer from organelles to the nucleus: frequent and in big chunks. 
Proc Natl Acad Sci U S A 100:8612–8624

37. Martin W, Stoebe B, Goremykin V, Hapsmann S, Hasegawa M, Kowallik KV (1998) Gene 
transfer to the nucleus and the evolution of chloroplasts. Nature 393:162–165

38. Moog D, Stork S, Zauner S, Maier UG (2011) In silico and in vivo investigations of proteins 
of a minimized eukaryotic cytoplasm. Genome Biol Evol 3:375–382



F. Hempel et al.302

39. Moustafa A, Beszteri B, Maier UG, Bowler C, Valentin K, Bhattacharya D (2009) Genomic 
footprints of a cryptic plastid endosymbiosis in diatoms. Science 324:1724–1726

40. Nassoury N, Cappadocia M, Morse D (2003) Plastid ultrastructure defines the protein import 
pathway in dinoflagellates. J Cell Sci 116:2867–2874

41. Nassoury N, Wang Y, Morse D (2005) Brefeldin a inhibits circadian remodeling of chloro-
plast structure in the dinoflagellate Gonyaulax. Traffic 6:548–561

42. Osafune T, Schiff JA, Hase E (1991) Stage-dependent localization of LHCP II apoprotein 
in the Golgi of synchronized cells of Euglena gracilis by immunogold electron microscopy. 
Exp Cell Res 193:320–330

43. Patron NJ, Waller RF, Archibald JM, Keeling PJ (2005) Complex protein targeting to dino-
flagellate plastids. J Mol Biol 348:1015–1024

44. Peschke M, Hempel F (2013) Glycoprotein import: a common feature of complex plastids? 
Plant Signal Behav 8:e26050

45. Peschke M, Moog D, Klingl A, Maier UG, Hempel F (2013) Evidence for glycoprotein trans-
port into complex plastids. Proc Natl Acad Sci U S A 110:10860–10865

46. Petersen J, Ludewig AK, Michael V, Bunk B, Jarek M, Baurain D, Brinkmann H (2014) 
Chromera velia, endosymbioses and the rhodoplex hypothesis-plastid evolution in crypto-
phytes, alveolates, stramenopiles, and haptophytes (CASH lineages). Genome Biol Evol 
6:666–684

47. Rogers MB, Gilson PR, Su V, McFadden GI, Keeling PJ (2007) The complete chloroplast 
genome of the chlorarachniophyte Bigelowiella natans: evidence for independent origins of 
chlorarachniophyte and euglenid secondary endosymbionts. Mol Biol Evol 24:54–62

48. Sanchez-Puerto MV, Delwiche CF (2008) A hypothesis for plastid evolution in chromalveo-
lates. J Phycol 44:1097–1107

49. Sheiner L, Demerly JL, Poulsen N, Beatty WL, Lucas O, Behnke MS, White MW, Striepen B 
(2011) A systematic screen to discover and analyze apicoplast proteins identifies a conserved 
and essential protein import factor. PLoS Pathog 7:e1002392

50. Shi LX, Theg SM (2013) The chloroplast protein import system: from algae to trees. Biochim 
Biophys Acta 1833:314–331

51. Shiflett AM, Johnson PJ (2010) Mitochondrion-related organelles in eukaryotic protists. 
Annu Rev Microbiol 64:409–429

52. Slavikova S, Vacula R, Fang Z, Ehara T, Osafune T, Schwartzbach SD (2005) Homologous 
and heterologous reconstitution of Golgi to chloroplast transport and protein import into the 
complex chloroplasts of Euglena. J Cell Sci 118:1651–1661

53. Soll J, Schleiff E (2004) Protein import into chloroplasts. Nat Rev Mol Cell Biol 5:198–208
54. Sommer MS, Gould SB, Lehmann P, Gruber A, Przyborski JM, Maier UG (2007) Der1-

mediated preprotein import into the periplastid compartment of chromalveolates? Mol Biol 
Evol 24:918–928

55. Spork S, Hiss JA, Mandel K, Sommer M, Kooij TW, Chu T, Schneider G, Maier UG, Przy-
borski JM (2009) An unusual ERAD-like complex is targeted to the apicoplast of Plasmo-
dium falciparum. Eukaryot Cell 8:1134–1145

56. Stork S, Moog D, Przyborski JM, Wilhelmi I, Zauner S, Maier UG (2012) Distribution of 
the SELMA translocon in secondary plastids of red algal origin and predicted uncoupling of 
ubiquitin-dependent translocation from degradation. Eukaryot Cell 11:1472–1481

57. Stork S, Lau J, Moog D, Maier UG (2013) Three old and one new: protein import into red 
algal-derived plastids surrounded by four membranes. Protoplasma 250:1013–1023

58. Sulli C, Schwartzbach SD (1995) The polyprotein precursor to the Euglena light-harvesting 
chlorophyll a/b-binding protein is transported to the Golgi apparatus prior to chloroplast im-
port and polyprotein processing. J Biol Chem 270:13084–13090

59. Sulli C, Fang Z, Muchhal U, Schwartzbach SD (1999) Topology of Euglena chloroplast pro-
tein precursors within endoplasmic reticulum to Golgi to chloroplast transport vesicles. J Biol 
Chem 274:457–463



30311 Protein Transport into Plastids of Secondarily Evolved Organisms

60. Tanifuji G, Onodera NT, Wheeler TJ, Dlutek M, Donaher N, Archibald JM (2011) Complete 
nucleomorph genome sequence of the nonphotosynthetic alga Cryptomonas paramecium re-
veals a core nucleomorph gene set. Genome Biol Evol 3:44–54

61. Timmis JN, Ayliffe MA, Huang CY, Martin W (2004) Endosymbiotic gene transfer: organelle 
genomes forge eukaryotic chromosomes. Nat Rev Genet 5:123–135

62. Tonkin CJ, Struck NS, Mullin KA, Stimmler LM, McFadden GI (2006) Evidence for Golgi-
independent transport from the early secretory pathway to the plastid in malaria parasites. 
Mol Microbiol 61:614–630

63. Tonkin CJ, Roos DS, McFadden GI (2006) N-terminal positively charged amino acids, but 
not their exact position, are important for apicoplast transit peptide fidelity in Toxoplasma 
gondii. Mol Biochem Parasitol 150:192–200

64. Tonkin CJ, Kalanon M, McFadden GI (2008) Protein targeting to the malaria parasite plastid. 
Traffic 9:166–175

65. van Dooren GG, Tomova C, Agrawal S, Humbel BM, Striepen B (2008) Toxoplasma gondii 
Tic20 is essential for apicoplast protein import. Proc Natl Acad Sci U S A 105:13574–13579

66. Villarejo A et al (2005) Evidence for a protein transported through the secretory pathway en 
route to the higher plant chloroplast. Nat Cell Biol 7:1224–1231

67. Woehle C, Dagan T, Martin WF, Gould SB (2011) Red and problematic green phylogenetic 
signals among thousands of nuclear genes from the photosynthetic and apicomplexa-related 
Chromera velia. Genome Biol Evol 3:1220–1230

68. Wunder T, Martin R, Loffelhardt W, Schleiff E, Steiner JM (2007) The invariant phenylala-
nine of precursor proteins discloses the importance of Omp85 for protein translocation into 
cyanelles. BMC Evol Biol 7:236



305

Chapter 12
Processing and Degradation of Chloroplast 
Extension Peptides

Kentaro Inoue and Elzbieta Glaser

S.M. Theg, F.-A. Wollman (eds.), Plastid Biology, Advances in Plant Biology 5, 
DOI 10.1007/978-1-4939-1136-3_12, © Springer Science+Business Media New York 2014

K. Inoue ()
Department of Plant Sciences, University of California, One Shields Avenue, Davis,  
CA 95616, USA
e-mail: kinoue@ucdavis.edu

E. Glaser
Department of Biochemistry and Biophysics, Stockholm University, SE-106 91  
Stockholm, Sweden

Abstract Most chloroplast proteins are synthesized as larger precursors with 
cleavable extension peptides. These extensions include import signals called tran-
sit peptides, export signals for thylakoid transfer, and the C-terminal extension of 
the chloroplast-encoded D1 subunit of the photosystem II. Transit peptides are 
necessary for transport of nuclear-encoded proteins from the cytoplasm across the 
double-membrane envelope, and are cleaved off by Stromal Processing Peptidase 
(SPP) in the stroma. Further degradation of transit peptides involves SPP and Pre-
sequence Protease (PreP). Thylakoid-transfer sequences are required for correct 
intraorganellar protein sorting and cleaved by Thylakoidal Processing Peptidase 
(TPP) in the thylakoid lumen. The C-terminal extension of the D1 protein is not 
required for precursor targeting and integration into the protein complex; however 
its removal by Carboxyl-terminal peptidase called CtpA in the thylakoid lumen is 
needed for proper formation of the photosystem II Mn4CaO5 cluster. Biochemical 
studies in the 1980s–1990s defined basic properties of SPP, TPP and CtpA, while 
PreP was discovered in the early 2000s. Recent molecular genetic studies demon-
strated physiological importance as well as some unprecedented functions of these 
enzymes. This chapter gives a comprehensive survey on processing and degrada-
tion of chloroplast extension peptides. The emphasis is on biochemical, molecular 
and evolutionary aspects of proteases. The significances of the presence and pro-
cessing of these extension peptides are also discussed.

Keywords C-terminal extension · Export signal · Import signal · Plastidic type I 
signal peptidase (Plsp) · Presequence protease (PreP) · Stromal processing peptidase 
(SPP) · The D1 carboxyl-terminal peptidase (CtpA) · Thylakoidal processing 
peptidase (TPP) · Thylakoid-transfer sequence · Transit peptide
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Abbreviations

Aβ Amyloid beta peptide
ACP Acyl Carrier Protein
AD Alzheimer’s disease
cpSEC Chloroplastic SEC
cpSRP Chloroplastic Signal Recognition Particle
cpTAT Chloroplastic Twine-Arginine-Transport
CtpA The D1 Carboxyl-terminal peptidase
GFP Green Fluorescent Protein
HSP21 Heat Shock Protein 21
MPP Mitochondrial Processing Peptidase
MS Mass Spectrometry
OEC Oxygen Evolving Complex
Plsp Plastidic type I signal peptidase
PreP Presequence Protease
RBCS Small subunit of Rubisco
ROS Reactive Oxygen Species
Rubisco Ribulose-1,5-bisphosphate carboxylase/oxygenase
S2P Site-2-Protease
SPase I Type I signal peptidase
SPP Stromal Processing Peptidase
SStpPs Transit peptide of the RBCS precursor
TIC Transocon at the Inner-envelope-membrane of Chloroplasts
TOC Translocon at the Outer-envelope-membrane of Chloroplasts
TPP Thylakoidal Processing Peptidase

12.1  Introduction

In nearly all cells, numerous proteins are synthesized as larger precursors with 
cleavable extension peptides. Most of these extensions are localized N-terminally 
and function as targeting signals, which are necessary for secretion, intracellular tar-
geting, or intraorganellar sorting in the case of eukaryotic proteins [68]. Some other 
extension peptides are not required for targeting but their removal is essential for the 
proteins to become active (e.g., [4]). Hence, the presence and removal of extension 
peptides are important processes for protein functions in general. Three types of 
extension peptides are known for chloroplast proteins: import signals, export signals 
and the C-terminal extension of the chloroplast-encoded D1 protein. Processing and 
degradation of these signals inside the organelle are the subject of this chapter.

The chloroplast import signals are called transit peptides and are present in the 
N termini of most nuclear-encoded precursor proteins (Fig. 12.1a). Transit peptides 
vary in length and no consensus motif can be identified among them. However, they 
share several common characteristics in that they are overall rich in hydroxylated 



30712 Processing and Degradation of Chloroplast Extension Peptides

residues, contain relatively large number of small residues and hydrophobic res-
idues near the N and C termini, respectively, and are largely deficient in acidic 
amino acids [11, 84]. Transit peptides are necessary and sufficient for TOC/TIC-
dependent protein transport across the double-membrane of the chloroplast enve-
lope (see Chap. 9), and are cleaved off the precursor proteins in the stroma by 
Stromal Processing Peptidase (SPP) (Fig. 12.1b). The released peptides are fur-
ther degraded by SPP and the organellar peptidasome called Presequence Protease 
(PreP) (Fig. 12.1b).

Protein transport from the chloroplast stroma to the thylakoid lumen is considered 
as export [68]. This is because the stroma and lumen are homologous to the cytosol 
and extracytosolic compartment, respectively, as indicated by the direction of pro-
ton transport during the electron transfer and by the presence of homologous protein 
transport systems in thylakoid and bacterial plasma membranes. Thylakoid-transfer 
sequences are necessary for proper intraorganeller sorting of precursor proteins via 
the chloroplastic SEC (cpSEC), chloroplastic Twine-Arginine-Transport (cpTAT) 
or non-assisted spontaneous pathways. These sequences are processed in the lumen 
by Thylakoidal Processing Peptidase (TPP) (Fig. 12.1c). All known proteins in the 
thylakoid lumen such as oxygen evolving complex (OEC) subunits, plastocyanin, 
DEG protease and the D1 Carboxyl-terminal peptidase (CtpA) are nuclear-encoded 
[41, 54, 70]. These and some but not all nuclear-encoded integral membrane pro-
teins in thylakoids, such as FtsH proteases and the CFoII subunit of ATP synthase, 
carry N-terminal cleavable transport signals, which consist of a stroma-targeting 
transit peptide followed by a thylakoid-transfer sequence [61]. Thylakoid-transfer 
sequences show typical characteristics of export signals, comprising three domains: 
the N-terminal positively charged domain (n), the central hydrophobic core (h), 
and more polar C domain (c) ending with the conserved cleavage site (Fig. 12.1a). 
Some but not all thylakoid-transfer sequences contain an additional acidic domain 
preceding the N domain [28]. A thylakoid-transfer sequence is also found in the 
chloroplast-encoded cytochrome f, which uses the cpSEC pathway for thylakoid 
transport and is anchored to the membrane by its C-terminal transmembrane do-
main [62]. Unlike nuclear-encoded thylakoid proteins, the cytochrome f precursor 
does not carry a transit peptide for an obvious reason: it is synthesized in the chlo-
roplast stroma and thus does not need to be imported via the TOC/TIC machinery.

The D1 protein forms the reaction center of the photosystem II, binding to the 
Mn4Ca cluster to catalyze water oxidation. In higher plants, this protein is en-
coded in the chloroplast genome with a C-terminal extension of 8–9 residues [67] 
(Fig. 12.1a), and appears to be inserted into the thylakoid membrane co-translation-
ally by the cpSRP pathway [50]. The C-terminal extension does not affect mem-
brane insertion and further incorporation of the D1 precursor into the photosystem 
II, but its removal in the lumen by CtpA (Fig. 12.1c) is required for proper forma-
tion of the Mn4Ca cluster, thus water oxidation [51].

This chapter surveys what we know about processing and degradation of the 
chloroplast extension peptides. We focus on properties of the four enzymes involved 
in these processes (SPP, PreP, TPP and CtpA) (Fig. 12.1) and discuss significances 
of the presence and cleavage of the extension sequences.
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12.2  Processing and Degradation of Import  
Signals by SPP

Newly imported chloroplast precursor proteins containing transit peptides, indepen-
dently whether they are destined to stroma, thylakoid membrane or thylakoid lu-
men, are proteolytically processed in the stroma by SPP (Fig. 12.1b). SPP was origi-
nally identified in the pea ( Pisum sativum) chloroplast which cleaved the precursor 
for the major light-harvesting chlorophyll binding protein [52]. The involvement of 
SPP in maturation of the small subunit of Rubisco (RBCS) and the acyl carrier pro-
tein (ACP) was also demonstrated by immunodepletion assays [52]. Further studies 
revealed that the enzyme processes various precursor proteins destined for plastids 

Fig. 12.1  Chloroplast extension peptides and their processing enzymes. a Major chloroplast 
precursor proteins with extension peptides. (a′) A typical nuclear-encoded chloroplast precursor 
protein. Its N-terminal import signal is called transit peptide ( white box), which is cleaved by 
Stromal Processing Peptidase (SPP). (b′) A nuclear-encoded precursor protein sorted to the thy-
lakoid lumen. Its N-terminal transport signal consists of a transit peptide ( white box) followed by 
a thylakoid-transfer sequence, which is cleaved by Thylakoidal Processing Peptidase ( TPP). The 
thylakoid-transfer sequence comprises the N-terminal positive domain ( n), the central hydropho-
bic core ( h, indicated as a black box), and more polar C-terminal domain ( c). (c′) The cytochrome f 
precursor. Its N terminus functions as a thylakoid-transfer sequence. (d′) The D1 protein precursor. 
Its C terminus is removed by a carboxyl-terminal peptidase called CtpA. b Processing and deg-
radation of the chloroplast extension peptides in the stroma. Nuclear-encoded precursor proteins 
that carry transit peptides are translocated across the double-membrane envelope by TOC and 
TIC complexes. In the stroma, the import signals are cleaved off the precursors by SPP. Further 
degradation of the cleaved signals involves SPP and PreP. c Processing of the chloroplast exten-
sion peptides in the thylakoid lumen.The export signals are cleaved off in the thylakoid lumen by 
TPP. Whether the TPP processing occurs during or after the completion of the protein translocation 
remains unknown. The C-terminal extension of the D1 subunit of the photosystem II is cleaved off 
in the lumen by CtpA. The fates of the released extension peptides remain unknown
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of both photosynthetic and non-photosynthetic tissues, suggesting that it is a key 
component of the import machinery [57, 83]. SPP from pea is a 124 kDa soluble 
protein and its activity is highly sensitive to metal chelators such as 1,10-phenan-
throline and EDTA. Indeed, the enzyme contains a zinc-binding motif (His-X-X-
Glu-His) in the catalytic site, classifying it to the pitrilysin metalloprotease family 
(MEROPS metallopeptidase family M16), which includes Escherichia coli prote-
ase III, insulin-degrading enzyme, MPP (Mitochondrial Processing Peptidase) and 
PreP (Presequence Protease; see below) [57–60, 83].

SPP has been shown to use a single endoproteolytic step to cleave transit peptides 
off a wide variety of precursor proteins such as those of RBCS, Rubisco activase, 
the CF1γ-subunit of ATP synthase, OE33 (the 33-kD subunit of OEC), plastocyanin, 
ACP1, 3-deoxy-d-arabino-heptulosonate 7-phosphate synthase, ferredoxin, HSP21 
(heat shock protein 21) [57]. After cleavage, the mature protein is released, but the 
transit peptide remains bound to SPP and is further trimmed to a subfragment form 
without its original C terminus. The trimming of the transit peptide by SPP triggers 
the release of the peptide from SPP and the subfragment has been proposed to be 
further degraded in the stroma by an ATP-dependent metallopeptidase [58, 59]. SPP 
itself is also synthesized as a large precursor with a transit peptide and cleaves off 
its transit peptide in trans [57].

Examination of binding and processing characteristics of several chloroplast pre-
cursor proteins was shown to be dependent on specific interactions of SPP with the 
region consisting of the C-terminal 10–15 residues of the transit peptides, indepen-
dent of the amino acid sequence or length of the transit peptide [59]. In silico analy-
sis of processing determinants identified a loosely conserved sequence consensus 
for the SPP cleavage, (Val/Ile)-X-(Ala/Cys)↓Ala, in which the Val at − 3 and the 
Ala at − 1 to the cleavage site (↓) seemed to be most conserved [23]. However, the 
prediction analysis was based on the N-terminal amino acid sequence of the endog-
enous mature chloroplast proteins. Hence it did not consider possible N-terminal 
modifications, including the N-terminal processing after transit peptide cleavage, 
important for stability of proteins and chloroplast viability. A neural network-based 
analysis called ChloroP that used a set of 62 chloroplast precursor proteins revealed 
a clear difference between the predicted and the SWISS-PROT annotated cleavage 
site, essentially shifted by one residue, and proposed a motif Val-Arg↓Ala-Ala-Ala-
Val-X-X, which gave 60 % correct predictions [18]. Large-scale mass spectrom-
etry (MS) analysis of the Arabidopsis ( Arabidopsis thaliana) chloroplast proteome 
identified some new features of the cleavage sites [93]. In this study, N-terminal 
acetylation was identified and taken as evidence for an authentic N terminus of 
the mature protein. The amino acid sequences from 47 N-acetylated proteins re-
vealed conservation of a motif [Val/Ile]-X-[Ala/Cys/Ser]↓[Ala/Val/Ser]-[Ala/Ser/
Val/Leu]-[Ser/Thr/Ala/Val] that likely represents a combination of a consensus mo-
tif for the SPP and the N-acetylase. This motif was essentially similar to a motif 
deciphered from N-terminal peptides of 62 unmodified proteins [93]. Creating a 
sequence logo of the predicted transit peptides from a dataset of 898 annotated 
Arabidopsis chloroplast proteins, a consensus with an enriched Arg at the position 
− 1 to the cleavage site was observed, although the experimental data do not support 
such a strong preference for Arg [93].
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There is also a group of proteins that are targeted to both mitochondria and chlo-
roplasts using an ambiguous targeting sequence recognized by both organelles. In-
vestigation of determinants for processing of such a dually targeted protein, pea 
glutathione reductase, revealed that the 60 amino acid-long N-terminal targeting 
peptide was recognized by separate information patterns by the MPP in mitochon-
dria and by SPP in chloroplasts [65]. Numerous single mutations of amino acid 
residues in proximity of the cleavage site did not affect processing by SPP, whereas 
processing by MPP was severely inhibited. This showed that processing by SPP has 
a low level of sensitivity to single mutations on the targeting peptide and led to the 
conclusion that recognition of precursors by SPP is likely to involve recognition of 
the physiochemical properties of the sequence in the vicinity of the cleavage site 
rather than a requirement for specific amino acid residues [65].

Studies of the role of SPP in vivo demonstrated that SPP is essential for chlo-
roplast biogenesis and plant survival [92]. When SPP cDNA antisense constructs 
were introduced into Arabidopsis, a large percentage of the transgenic plants were 
seedling lethal. Surviving plants exhibited slower growth, aberrant leaf morphol-
ogy, abnormal pigmentation and not fully developed chloroplasts with accumulated 
starch granules. Protein import into plastids was also affected in antisense plants; a 
transit peptide-GFP (Green Fluorescent Protein) fusion construct was not imported 
into chloroplasts, but remained in the cytosol. This could indicate that SPP cleav-
age is required for progression of the protein import or proper assembly of TOC/
TIC import machinery because all known TIC subunits are synthesized with transit 
peptides [92]. A rice mutant having a Glu deletion in the highly conserved C termi-
nus of SPP exhibited chlorosis associated with small, underdeveloped chloroplasts 
as well as defective root development [89]. A recent study on T-DNA mutagenized 
Arabidopsis further demonstrated that SPP plays an essential role in embryo devel-
opment: the spp-null Arabidopsis mutant embryos exhibited delayed development, 
with cell divisions not completing properly beyond the 16-cell stage [81].

12.3  Degradation of Import Signals by PreP

In 1999, Richter and Lamppa showed that the chloroplast extract rapidly degraded 
both the ferredoxin and HSP21 transit peptides and their respective subfragments 
created after trimming of the transit peptides by SPP [58]. The degradation was 
suggested to be catalyzed by a soluble ATP-dependent metallopeptidase. The pro-
teolytic activity did not show any sequence specificity, but had some preference for 
larger oligopeptides and it was effectively inhibited by both the N-and C-terminal 
regions of the transit peptide, as well as other unrelated oligopeptides [59]. How-
ever, molecular identity of the peptidase remains unknown.

In 2002, a novel organellar peptidasome called the Presequence Protease (PreP) 
was isolated from potato ( Solanum tuberosum) as a metalloprotease degrading 
presequences in the mitochondrial matrix [76]. Its molecular identification was 
achieved by electrospray ionization-MS/MS and database search. Its homolog in 
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Arabidopsis, AtPreP (At3g19170), was found to contain an inverted zinc-binding 
motif (His-X-X-Glu-His) and thus belongs to the pitrilysin protease family (subfam-
ily M16C) [76]. Interestingly, recombinant AtPreP was shown to degrade not only 
mitochondrial presequences, but also other unstructured peptides of 10–65 amino 
acid residues including the transit peptide of the RBCS precursor (SStpPs) in vitro. 
PreP had no substrate specificity, but showed a preference for positively charged 
amino acids at P1′ position (+ 1 to the cleavage site) and small, nonpolar residues 
or Ser at P1 position (− 1 to the cleavage site) [49, 77]. The presence of PreP in the 
spinach ( Spinacia oleracea) chloroplast stroma was demonstrated by immunoblot-
ting using the antibody against AtPreP and the assay for the SStpPs degradation 
activity, which was completely abolished by the AtPreP antibody [49]. Interestingly, 
however, in contrast to the result of Richter et al. [59], degradation of SStpPs was 
not dependent on ATP. There are two isoforms of PreP in Arabidopsis, AtPreP1 and 
AtPreP2, both of which contain 85 amino acid-long N-terminal cleavable targeting 
peptides. In vitro and in vivo import studies of GFP-fused AtPrePs demonstrated 
that both isoenzymes are dually targeted to mitochondria and chloroplasts using an 
ambiguous targeting signal [9, 10]. Furthermore, the N-terminal targeting peptide 
of the AtPreP1 precursor was shown to be organized in domains with an N-terminal 
domain required for the mitochondrial import and the C-terminal domain sufficient 
for the chloroplast import.

Both AtPreP1 and AtPreP2 genes are expressed in all tissues, but AtPreP1 is 
expressed to a much higher level than AtPreP2. The single atprep1-knockout and 
the double knockout mutations resulted in a chlorotic phenotype, especially during 
early plant development. The mutant plants exhibited a slower growth rate. The 
accumulated biomass was 40 % lower all through the development in the mutant 
plants in comparison to wild type. Both mitochondria and chloroplasts exhibited al-
tered morphology. Chloroplasts contained less grana stacking and less starch gran-
ules, and chlorophyll a and b content was diminished. Mitochondria were variable 
in size, partially uncoupled and the respiratory rates were lower [14]. These results 
demonstrated the importance of PreP for efficient organellar functions and normal 
plant growth and development.

Notably, the 3D crystal structure of AtPreP has been solved at 2.1 Å resolution 
in a closed conformation that enabled for the first time understanding of the proteo-
lytic mechanism of this type of a protease from the pitrilysin family [39]. AtPreP 
consists of bowl-shaped halves, connected by a hinge region that create a large 
internal chamber of about 10,000 Å3, where the active site resides. The active site is 
formed by the inverted zinc-binding motif (77-His-X-X-Glu-His) with a distal Glu-
177 located in the N-terminal half and also by Arg-848 and Tyr-854 located in the 
C-terminal half of the enzyme, that are essential for the catalysis. The proteolysis 
occurs only in the closed conformation and a mechanism involving hinge-bending 
motions causing opening and closing of the enzyme in response to substrate bind-
ing has been proposed [39]. The crystal structure also revealed two non-catalytic 
Mg2 + binding sites. Mutation studies demonstrated that one of these sites located 
inside the proteolytic chamber close to the active site was essential for the enzyme 
activity [5].
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Homologues of PreP are present in all species except Archaea. Deletion of the 
PreP homolog called Mop112/Cym1 in Saccharomyces cerevisiae results in a se-
vere phenotype that can be complemented by AtPreP, suggesting functional con-
servation of the yeast and plant homologues [1]. Interestingly, the human PreP ho-
mologue (hPreP) has been shown to degrade amyloid beta peptide (Aβ) associated 
with Alzheimer’s disease (AD). Immunological studies showed that hPreP is the 
protease responsible for degradation of Aβ in mitochondria [20]. Recent studies 
showed reduced hPreP activity in the mitochondrial matrix of AD brains and in AD 
transgenic mouse models compared with controls that correlated with increased 
reactive oxygen species (ROS) production [2]. The decreased PreP proteolytic ac-
tivity in concert with enhanced ROS production contributes to Aβ accumulation 
in mitochondria, leading to the mitochondrial toxicity and neuronal death that is 
exacerbated in AD. Clearance of mitochondrial Aβ by PreP may thus be not only 
essential for sustenance of mitochondrial and chloroplastic functions but also of 
importance in the pathology of AD [24].

12.4  Processing of Thylakoid-Transfer Sequences by TPP

Thylakoidal Processing Peptidase (TPP) activity was first demonstrated in the 
mid-1980s using a radiolabeled precursor of the lumenal protein plastocyanin from 
white campion ( Silene pratensis) as a substrate and the thylakoid preparation from 
pea seedlings [25]. Extensive biochemical studies since then, up until early 1990s, 
revealed properties of TPP, including its membrane topology and catalytic proper-
ties [26, 27, 38, 42, 43, 71, 75, 85]. TPP associates integrally to the stroma lamel-
lae, without tightly associating to major thylakoid protein complexes, and faces its 
catalytic site in the lumen (Fig. 12.1c) [43]. Detailed biochemical characterization 
revealed that TPP belongs to a group of membrane-bound serine proteases called 
the type I signal peptidase (SPase I) family [27]. SPases I are enzymes found in both 
prokaryotes and eukaryotes, using a Ser/Lys (or Ser/His) catalytic dyad to cleave 
export signals [53]. Prokaryotic SPases I, which are often called leader peptidases, 
are located in the plasma membrane and process the N-terminal export signals from 
a number of proteins in the periplasmic space. In eukaryotes, in addition to TPP, two 
distinct SPases I exist in the endoplasmic reticulum and mitochondria inner mem-
brane, respectively. SPase I homologs from different sources show similar catalytic 
activities. They recognize several short sequence motifs in the substrate proteins, 
especially small hydrophobic residues, mainly Ala, at the − 3 and − 1 positions to the 
processing site. Interestingly, TPP was shown to have more stringent requirements 
for this “Ala-X-Ala rule” than other types of SPases I in vitro [71]. Nonetheless, 
a prokaryotic SPase I could process a thylakoid-transfer sequence and TPP could 
cleave bacterial export signals in vitro [27], and both bacterial and thylakoidal en-
zymes were inhibited by the penem compounds [7]. These findings not only estab-
lished the prokaryotic origin of TPP, but also provided one of the first indications 
that the thylakoid protein transport is homologous to the bacterial protein export.
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By the time the biochemical properties were established in the early 1990s, how-
ever, the study on TPP appeared to peak and start simmering down. Nonetheless, 
TPP remained unforgotten. In 1998, Chaal et al. performed a homology search us-
ing the sequence of a cyanobacterial leader peptidase and obtained the first plant 
TPP cDNA from Arabidopsis [15]. This clone, At2g30440, encodes a protein of 340 
amino acid residues which consists of a potential transit peptide in the N terminus, 
a single putative transmembrane domain and catalytic residues conserved among 
SPases I. The C-terminal soluble portion of the At2g30440 protein was produced 
as a recombinant protein in E. coli, and the antibody against it reacted with a 30-
kD protein in the thylakoid membrane. The catalytic activity of the recombinant 
TPP was demonstrated against the 23-kD subunit of OEC (OE23) from wheat [15]. 
However, this activity was very low compared to that of the catalytic domain of the 
E. coli leader peptidase [29], which appeared to hamper further characterization of 
the enzyme. In the meantime, completion of the Arabidopsis genome sequencing al-
lowed identification of two additional TPP homologs (At1g06870 and At3g24590) 
in this model plant [29].

TPP was brought to light unexpectedly in 2005 by a study that was aimed to 
identify an enzyme that processes Toc75 [36]. Toc75 exists in all known plant spe-
cies and functions as the protein import channel in the chloroplast outer envelope 
membrane (see Chap 9). Toc75 orthologs are the only known outer membrane pro-
teins in chloroplasts or mitochondria which carry an N-terminal cleavable extension 
peptide [80]. This extension is necessary for proper targeting of Toc75 and consists 
of two parts. Its N-terminal portion acts as a canonical transit peptide [35, 79], and 
the C-terminal portion, which contains the unique polyglycine stretch, prevents fur-
ther protein transport across the inner envelope membrane [6, 34, 79]. Removal of 
the N-terminal portion of the Toc75 transit peptide was shown to be catalyzed by 
SPP [79], whereas the enzyme responsible for the second processing had remained 
unknown. In 2003, it was demonstrated that two Ala at − 3 and − 1 to the second 
processing site are conserved among Toc75 orthologs from different plant species, 
and mutating these two residues in pea Toc75 did not disrupt proper targeting but 
resulted in preventing the proper maturation during an in vitro import assay [34]. 
These results led to the hypothesis that SPase I is involved in the second process-
ing, which was further supported by the in vitro study showing that the E. coli 
leader peptidase cleaved Toc75 precursor at the second processing site [36]. Hence 
Inoue et al. identified At3g24590 as a candidate for the Toc75 processing enzyme 
and named it as Plsp1 (plastidic type I signal peptidase 1). Although its catalytic 
activity has not been demonstrated in vitro, results of a genetic study indicated that 
Plsp1 is involved in Toc75 maturation in vivo: disruption of the PLSP1 gene by T-
DNA insertion was found to cause accumulation of incompletely matured Toc75; 
localization of Plsp1 in the envelope and thylakoids was demonstrated first by in 
vitro import assay [36] and later by electron microscopy-immunolocalization study 
[73]. Interestingly, plsp1-null plants are seedling-lethal and accumulate not only 
Toc75 intermediates but also the intermediate of lumenal proteins OE33, OE23 and 
plastocyanin [36, 74]. These results indicate that Plsp1 may be the main TPP which 
cleaves both cpSEC and cpTAT substrates at thylakoids, and is also involved in 
Toc75 processing at the envelope membrane.
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Hsu et al. attempted to define the significance of the presence of the three TPP 
homologs in Arabidopsis [30]. In their work, At1g06870 and At2g30440 were 
named as Plsp2A and Plsp2B, respectively, because they are more similar to each 
other than to Plsp1. Interestingly, most cyanobacteria contain two distinct SPase I 
homologs, named lepB1 and lepB2, respectively. In Synechocystis PCC6803, lepB1 
is necessary for photoautotrophic growth, whereas lepB2 is essential for cell vi-
ability [91]. This and other results suggest that lepB2 is located in the plasma mem-
brane to cleave proteins to be transported to periplasmic and extracellular space, 
whereas lepB1 may process thylakoidal proteins. Hsu et al.’s phylogenetic analysis 
revealed that plant TPPs are more similar to lepB1 than to lepB2, indicating that 
TPP may have originated before the endosymbiotic event. It was also found that 
the duplication leading to the two groups of TPP, one including Plsp1 and another 
including Plsp2A and Plsp2B, occurred before the divergence of gymnosperms and 
angiosperms (Fig. 12.2). Furthermore, transcript analysis revealed distinct expres-
sion patterns of the TPP genes: two PLSP2 genes are co-expressed in both photo-
synthetic tissues and roots, whereas the PLSP1 transcript accumulates mainly in 
photosynthetic tissues. The expression level of the two PLSP2 genes in aerial parts 
of the plsp1-null plants was comparable to that in wild type plants. The phenotypic 
defects of plsp1-null plants could be rescued by expression of a cDNA encoding 
Plsp1 but not by that for other two TPP isoforms. These results indicate that Plsp1 
and Plsp2 evolved to take on different functions [30]. Although the importance of 
Plsp1 for proper assembly of photosynthetic membranes has been demonstrated, 
if and how Plsp2 plays a role in chloroplast development remains to be examined.

12.5  Significance of the Cleavage of Targeting Signals

A transport signal ensures the engagement of a protein to a specific transport path-
way. Hence such an extension is essential for proper localization and, thus, the func-
tion of the protein. Now a question arises: why does the signal need to be removed? 
Is the signal cleavage required for correct folding and/or assembly of the mature 
protein? Surprisingly, few studies have addressed these questions. Nonetheless, the 
SPP precursor, which contains a transit peptide, was shown to be proteolytically in-
active and its affinity to the substrate was significantly lower than that of the mature 
form in vitro [60]. A similar result has been obtained with the PreP precursor con-
taining its targeting peptide, which was also proteolytically inactive (Teixeira and 
Glaser, unpublished results). Furthermore, SPP was shown to be strongly inhibited 
by C-terminal portions of transit peptides, suggesting the need for complete degra-
dation of transit peptides [59]. The embryo-lethal phenotype of the spp-null plant 
may be due to the accumulation of unfolded, thus nonfunctional, proteins in the 
chloroplast stroma [81], although this possibility needs to be tested. Additionally, 
AtPreP double knockouts in Arabidopsis displayed chloroplastic and mitochondrial 
dysfunctions such as chlorosis due to lower levels of chlorophylls, less grana and 
starch in chloroplasts, lower respiratory rates, partially uncoupled mitochondria 
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and aberrant organelle morphology early in plant development [14]. Mitochondrial 
presequences possess membrane interacting capacity and were shown to uncouple 
mitochondrial membranes [31]. Similarly, the released chloroplast transit peptides 
might disrupt the H + gradient at the thylakoid membrane. All these effects indicate 
an important role of removal of import signals [45].

In the case of a lumenal protein, its thylakoid-transfer sequence may act as a 
membrane anchor via its H-domain (Fig. 12.1a). Hence, one may predict that re-
moval of the export signal by TPP is required for either proper protein folding or 
the release of the mature protein from the membrane. Interestingly, inhibition of the 
TPP processing by site-directed mutagenesis and chloroplast transformation did not 
disrupt assembly of the membrane-anchored cytochrome f into the cytochrome b6f 
complex in vivo, although the resultant unprocessed precursor and misprocessed 
forms appeared to decrease the redox potential of the hemes [8]. In addition, Popel-
kova et al. produced in bacteria the precursor of spinach OE33 which contained 
both the transit peptide and thylakoid-transfer sequence, and showed that it was as-
sembled into the functional PSII with wild type-level water oxidation activity [55]. 
Hence, the cleavage of the targeting signals is not essential for proper folding and 
assembly of OE33 in vitro, although its significance in vivo has not been addressed.

More recent studies provided another perspective on the significance of the pro-
cessing of thylakoid-transfer sequences. Unprocessed cpTAT substrates (OE23 and 
the 17-kD subunit of OEC, OE17), which were generated by introducing mutations 
around the TPP cleavage site, were found to associate with the thylakoid mem-
brane instead of localizing in the lumen in vivo [17] and in vitro [21]. The in vitro 
study also showed that the unprocessed cpTat substrates may be present free in 
lipid bilayers, suggesting that the cleavage of the thylakoid-transfer sequence may 
occur after translocation [21]. Similarly, it was shown that unprocessed OE33 ac-

Fig. 12.2  A schematic showing the evolution of TPP. Cyanobacteria have two leader peptidases 
(lepB1 and lepB2). Cyanobacterial lepB2 appears to function as a type I signal peptidase that 
cleaves off the export signals at the plasma membrane, similar to its homologs in gammapro-
teobacteria. lepB1 in cyanobacteria appears to share the common ancestor with TPP from pho-
tosynthetic eukaryotes. Green algae and moss contain a single TPP isoform, whereas vascular 
plants have two, namely Plsp1 and Plsp2. Duplication leading to Plsp1 and Plsp2 occurred before 
gymnosperm-angiosperm diversification [30]
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cumulates in the peripheral area of the “ballooned thylakoids” of the plsp1-null 
plastids by an electron microscopy-immunolocalization assay [74]. In the plsp1-
null plastids, maturation of proteins not only in thylakoids but also in the envelope 
is affected. Shipman-Roston et al. used a genetic complementation assay with the 
embryo-lethal toc75-null mutant to show that disrupting proper maturation of the 
envelope substrate Toc75 did not cause the severe phenotypic defect seen in the 
plsp1-null mutant [74]. Hence, it was hypothesized that complete maturation of lu-
menal proteins is necessary to maintain proper thylakoid assembly [19]. It remains 
to be elucidated whether or not processing of any specific proteins is important for 
proper flattening of thylakoids.

12.6  Maturation of the D1 Subunit of the Photosystem II 
by CtpA

The D1 protein exists in all known organisms that perform oxygenic photosynthe-
sis. Because of its central role in the oxygenic photosynthetic electron transport, 
the D1 protein has been studied extensively in its structural, biophysical and bio-
chemical properties. Consequently, we have a good understanding, although not 
complete yet, of its conformation, localization within the photosystem II complex, 
and targeting and assembly pathways [51]. With a few exceptions seen in Eugle-
nophyta, Chlorarachniophyta and Dinophyta, the D1 protein is synthesized as a 
larger precursor with a C-terminal extension [67]. This extension does not interfere 
with the membrane targeting and the initial integration of the D1 protein into the 
photosystem II complex. However, removal of the C-terminal extension is essential 
for proper assembly of the Mn4CaO5 cluster. There are some differences between 
cyanobacteria and higher plants in the extension peptides and their processing. In 
cyanobacteria, the extension is usually 12–16 amino acids long and is processed 
in two steps. By contrast, higher plant D1 precursors contain shorter extensions of 
8–9 amino acid residues and are processed in one step. Nonetheless, most of the D1 
precursors, regardless of their origin, contain a conserved Leu–Asp–Leu–Ala↓Ala/
Ser at − 4 to + 1 to the final cleavage site, supporting the idea that the bacterial and 
eukaryotic D1 protein carboxyl terminal peptidases (CtpAs) are homologous (for a 
detailed review on the D1 carboxyl-terminal processing, see [67]).

Biochemical characterization in late 1980s to 1990s [13, 22, 32, 78] facilitated 
molecular cloning of eukaryotic CtpAs [33, 82], while genetic studies led to identi-
fication of the ctpA gene from the cyanobacterium Synechocystis PCC6803 [3, 72]. 
Extensive studies in the early 2000s, including the X-ray crystal structure analysis 
at 1.8 Å resolution [47], demonstrated that CtpA contains a Ser-Lys catalytic dyad 
although it is not inhibited by known Ser protease inhibitors, including the penem 
compounds [87]. In higher plants, CtpA is encoded in the nuclear genome and syn-
thesized in the cytoplasm as a larger precursor with an N-terminal extension [33, 
82]. This extra sequence consists of a transit peptide and a thylakoid-transfer se-
quence. Hence the higher plant CtpA is processed by SPP in the stroma and TPP in 
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the thylakoid lumen before it gets matured. The cyanobacterial CtpA also carries an 
N-terminal extension, but it comprises only an export signal [72]. Interestingly, the 
prokaryotic CtpA is located in the periplasm, instead of the thylakoid lumen [90], 
although its export signal was shown to act as a thylakoid-transfer sequence in an in 
vitro assay using spinach chloroplasts [40].

Recent molecular genetic studies revealed the involvement of proteins other than 
CtpA in the maturation of the D1 protein. These include PratA [44, 69] and Psb27 
[48, 63, 64] from Synechocystis PCC6803, and a Psb27 homolog called LPA19 
from Arabidopsis [16, 86]. However, it remains unknown if they are directly in-
volved in the D1 processing. Indeed, available data suggest that it is likely that these 
proteins play roles in proper assembly of the D1 protein in the photosystem II.

In contrast to the case of transport signals as discussed in the previous section, 
the significance of the D1 carboxyl-terminal processing is evident. However, the 
function of this extension peptide is rather enigmatic. Nonetheless, results of mo-
lecular genetic studies using Synechocystis sp. PCC 6803 demonstrated that the 
C-terminal extension increases general fitness [37] and effectiveness of the photo-
system II repair under increased irradiance [46]. It would be interesting to compare 
assembly and repair of photosynthetic machineries under various light conditions in 
organisms that produce the D1 with the C-terminal extension and those that don’t.

12.7  Conclusion

The chloroplast depends for its biogenesis on posttranslational import of nucle-
ar-encoded proteins from the cytoplasm. Many of these proteins need N-terminal 
cleavable signals for the transport across the double-membrane envelope. Proteins 
sorted to the thylakoid lumen require another type of N-terminal extensions, which 
function as export signals. Removal of the C-terminal extension of the D1 subunit 
precursor is necessary for assembly of the catalytic site for water oxidation in the 
photosystem II. Biochemical properties of the enzymes that cleave these extension 
peptides were largely established in the 1980s–1990s. The discovery of PreP in 
early 2000s added a novel aspect of the metabolism of extension peptides. With the 
help of recent molecular studies, our understanding of the processing of the chloro-
plast extension peptides appears to be quite comprehensive now. Nonetheless, there 
are several intriguing questions that remain to be answered.

The first of such questions concerns the fates of the peptides after cleavage. In the 
stroma, transit peptides released from the imported precursors are further processed 
by SPP and PreP. Involvement of additional enzymes including yet unidentified 
ATP-dependent stromal metallopeptidase [58, 59] and a membrane-bound metal-
lopeptidase [14] for sequential degradation of these peptides is very likely, and the 
interaction of these peptidases would be an interesting problem. In the thylakoid, 
thylakoid-transfer sequences may be liberated into the membrane after cleavage by 
TPP because of their hydrophobic core (Fig. 12.1c). In bacterial plasma membranes, 
site-2 proteases (S2Ps), which contain zinc and act as intermembrane-cleaving en-
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zymes, directly process export signals after these sequences are released from the 
precursor proteins by the leader peptidase [66]. Two potential S2P homologs are 
encoded in the Arabidopsis genome, AT1G05140 and AT2G32480. It is tempting to 
speculate that either one of them, or both, is involved in degradation of thylakoid-
transfer sequences after they are cleaved by TPP. Interestingly, however, a previous 
genetic study showed that At2g32480, which was found to be essential for plant vi-
ability, exists only in the chloroplast envelope [12]. Whether At1g05140, or another 
unrelated protease, plays a role in processing of thylakoid-transfer sequences re-
mains to be examined. Finally, the C-terminal extension of the D1 protein should be 
released in the thylakoid lumen, where DegP proteases are known to play role in the 
degradation of the D1 protein (see Chap. 13). Whether the released D1 C-terminal 
extension is further processed by these or other enzymes, or whether it possesses 
some biological functions on its own remains to be examined.

Another intriguing unanswered question is evolution of the processing pepti-
dases. SPP appears to have evolved from proteins in non-photosynthetic bacteria 
although the details of the evolutionary process remain elusive [56]. By contrast, 
the cyanobacterial origin of TPP is evident [15, 29, 30]. Nonetheless, the signifi-
cance of its duplication in land plants leading to Plsp1 and Plsp2 remains unknown 
(Fig. 12.2). Interestingly, similar to the case of TPP, CtpA also forms a small gene 
family in Arabidopsis, namely AT3G57680, AT4G17740 and AT5G46390. Disrup-
tion of the AT3G57680 gene by a T-DNA insertion did not cause accumulation of 
the D1 precursor [88]. Whether this is due to functional redundancy among the three 
gene products or whether they have evolved to take on distinct functions, similar to 
the case of TPP, remains to be defined.

In summary, studies on the chloroplast enzymes that cleave and degrade exten-
sion peptides have established the mechanism and importance of peptide process-
ing. Addressing the emerging questions should not only advance our understanding 
of the biological significance of these extension peptides, but also contribute greatly 
to our knowledge of the general biological processes of protein trafficking, protein 
homeostasis, and molecular evolution.
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Abstract Molecular chaperones play essential roles in a wide variety of cellular 
processes, from de-novo protein folding to protein disaggregation under stress con-
ditions, unfolding and re-folding of misfolded proteins, protein degradation, protein 
transport and proteome remodeling during development. Almost all cell compart-
ments contain chaperone activity to some extent, hence it is not surprising that a 
large number of chaperones also play essential roles in the plastid compartment. 
Here, the focus of chaperone activity is on protein targeting (protein import and 
assembly of complexes in target membranes) as well as protection from specific 
chloroplast-derived stresses. Moreover, chaperones play important roles in de-
novo folding of plastid-encoded proteins, in the folding of soluble proteins after 
import and processing of the transit peptides, and in protein degradation. The four 
major groups of molecular chaperones, the chaperonin/Cpn60, Hsp70, Hsp90 and 
Hsp100 families of chaperones, are all present in plastids but many cofactors and 
co-chaperones have not yet been identified. Although chaperone function is gener-
ally conserved, it seems that plastid-localized chaperones have evolved some spe-
cific functions and mechanisms. Current research on plastid-localized chaperones 
focuses therefore on the specificities of chaperone function in the context of their 
plastid environment and requirements.

Keywords Molecular chaperone · Chaperonin · Heat shock protein · Co-chaperone ·  
Stress · Protein targeting · Folding · Disaggregation · Protein import · Degradation
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Abbreviations

ABRE Abscisic acid responsive element
APG Albino and pale green
CDJ Chloroplast DnaJ-like protein
CGE Chloroplast GrpE homolog
CPN Chaperonin
ER Endoplasmic reticulum
HEP Hsp70 escort protein
HSP Heat shock protein
PS Photosystem
TAC Transcriptionally active chromosome
VIPP1 Vesicle-inducing proteins in plastids 1
ZFHD1 Zinc-finger homeodomain 1

13.1  Introduction

Folding of newly synthesized polypeptides as well as protein maintenance and deg-
radation of misfolded proteins are essential processes in cells. Misfolded protein 
species are often found to accumulate in protein aggregates with drastic conse-
quences for cell viability [59, 192]. Over the last decades it became clear that both 
eukaryotic and prokaryotic organisms contain a whole set of conserved proteins 
dedicated to maintain a healthy cellular proteome. These factors are termed mo-
lecular chaperones and are defined as proteins that transiently bind other proteins 
to allow for their stabilization and acquisition of a functional conformation without 
being present in their final conformation [56, 58]. Cells harbor structurally and 
functionally distinct classes of chaperones that vary in size and complexity. The 
diversity ranges from chaperones that only bind to misfolded polypeptides and pre-
vent their aggregation to those that recognize specific substrate proteins and facili-
tate their folding to the native state. Further, chaperones are involved in the trans-
location of partially unfolded proteins across membranes, complex assembly and 
disassembly, and many other regulatory processes within the cell [44, 57]. Many 
chaperones show increased expression under cellular stress situations and were thus 
annotated as heat shock proteins (HSPs). A large group of chaperones hydrolyze 
ATP, which allows for the marked conformational changes required for substrate 
processing. For the folding of some substrates, multiple rounds of ATP hydrolysis 
are necessary to produce a stable “native” conformation of the substrate protein 
(reviewed in [17, 67]).

Chaperone functions are best studied in bacteria and the cytosol of eukaryotic or-
ganisms. However, most members of the major chaperone classes are also found in 
subcompartments and organelles of eukaryotic cells such as the endoplasmic reticu-
lum (ER), mitochondria and plastids. Multiple studies indicate an equally important 
function of these subcellular chaperone systems for protein biosynthesis and protein 
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homeostasis (reviewed in [14, 160]). Despite their homology, interesting distinc-
tions are observed among organellar chaperones and their cytosolic counterparts, 
indicating their specific adaptation to the need of the respective proteome.

This chapter summarizes current knowledge on molecular chaperones of the 
heat-shock protein family that are targeted to plastids. While many diverse factors 
are known to promote protein maturation and turnover in the chloroplast, we will 
focus here on the four major classes of ATP hydrolyzing molecular chaperones, i.e., 
Cpn60/Cpn10, Hsp70, Hsp90, and Hsp100.

13.2  Chaperonins/Hsp60s

13.2.1  Chaperonin Isoforms and Complex Compositions

Chaperonins/Hsp60s are remarkable chaperone machines of ~ 800–900 kDa sized 
complexes that enclose substrate proteins in their central cavities for folding. Group 
I chaperonins are found in eubacteria and organelles of bacterial origin such as 
mitochondria and chloroplasts. The most famous member of this chaperonin fam-
ily is GroEL found in bacteria; members of the mitochondria are the Hsp60s, and 
members of chloroplast chaperonins are termed Cpn60. Chaperonins are structur-
ally distinct from other chaperones, as the chaperonin folding machinery is com-
posed of two stacked rings, each ring containing seven subunits of about 60 kDa. 
The functional unit is complemented by a heptameric cofactor complex that forms 
the lid of the folding cage. This cofactor complex consists of members of the Hsp10 
family with GroES in bacteria and Hsp10 or Cpn10 in mitochondria and plastids, 
respectively (reviewed in [46, 59]). Group II chaperonins are found in archaea 
(Thermosome) and the eukaryotic cytosol (TRiC/CCT) and are structurally distinct 
from group I chaperonins as they consist of octomeric rings with built-in lids sub-
stituting the role of Hsp10 cofactors [178]. The individual subunits of Group I and 
II chaperonins share a similar structure with three distinct domains: an equatorial 
ATP-binding domain; an apical domain that is involved in substrate binding; and a 
central hinge domain that enables communication between the equatorial domain 
and the apical domain (reviewed in [59, 67]).

Most information about the mechanisms of the chaperonins was gained by stud-
ies on the group I GroEL/GroES system from E. coli. The folding of non-native pro-
teins is accomplished by nucleotide-dependent cycling of the chaperonin between 
a binding-active state and a folding-active state. In the cycle, the two rings act in 
an asymmetric and anti-cooperative behavior, also termed a “two-stroke engine”. 
Substrate binding takes place at the inner wall of the cavity and is mediated by 
exposed hydrophobic residues of the apical domains (in the cis ring). Folding is in-
duced by binding of GroES to ATP-bound GroEL inducing conformational changes 
of GroEL that eventually lead to the formation of a cage with a highly hydrophilic 
net-negatively-charged cavity wall. The transition from a hydrophilic to a polar 
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environment is thought to be an important factor promoting folding. The process of 
ATP-hydrolysis by GroEL provides about 10 seconds for substrate folding within 
the encapsulated cavity. Allosteric ATP binding in the opposite trans ring results in 
GroES dissociation and subsequent substrate and ADP release (reviewed in [67]).

In the chloroplast, chaperonins possess several intriguing features concerning 
complex composition and functional properties that are not shared by other group I 
chaperonin family members. From green algae to higher plants, both Cpn60 chap-
eronins and Cpn10 components comprise multiple isoforms instead of only one 
member in other phyla [64, 160]. Cpn60s are found in two major forms, alpha and 
beta, that share only about 50 % amino acid sequence identity. In the unicellular 
green alga Chlamydomonas reinhardtii three chloroplast-targeted Cpn60 members 
have been identified and are termed CPN60A, CPN60B1, and CPN60B2 [160]. Ge-
nomes of higher plants such as Arabidopsis thaliana encode six members, including 
three abundantly expressed Cpn60 subunits (Cpn60α1, Cpn60β1, and Cpn60β2) 
and three low abundant isoforms (Cpn60α2, Cpn60β3, and Cpn60β4) (reviewed in 
[207]).

Isolation of chaperonin oligomers from chloroplasts showed that complexes con-
tained equal amounts of both isoforms [13, 112, 120]. In E. coli lysates of heterolo-
gously expressed Cpn60 isoforms and in in vitro reconstitution studies, Cpn60β was 
capable of auto-assembly into functional homo-oligomers, while Cpn60α needs 
Cpn60β to assemble into hetero-oligomers with a suggested stoichiometry of α7β7 
[29, 33]. However, the structural organization of formed complexes has not been 
unequivocally determined yet [33].

The cofactors of the Hsp10 family from both, bacteria and mitochondria consist 
of heptameric rings of 10-kDa subunits [69, 197]. In contrast, plastidic cofactors are 
expressed as conventional Cpn10 isoforms and as proteins with two fused Cpn10 
domains. The latter are termed Cpn20, as sequence analysis indicated a head-to-
tail fusion of two Cpn10 domains, joined by a putative TDDVKD-linker sequence 
resulting in proteins with a molecular weight of ~ 21 kDa [8, 12]. Both Cpn10 and 
Cpn20 isoforms have been described in various plant species ranging from green al-
gae to higher plants [64, 80, 160]. In contrast to Cpn10s, no genes encoding Cpn20s 
are found in cyanobacteria, suggesting that the likely gene fusion event must have 
occurred in the common ancestor of unicellular algae and higher plants after the 
endosymbiotic event. The reason for multiple isoforms in the chloroplast remains 
unclear. Possible differences in suborganellar localization have been suggested in 
the past [153].

Of the four cofactor genes identified in C. reinhardtii, two genes appear to 
encode for plastidic Cpn20 homologs (CPN20 and CPN23) and one for a Cpn10 
isoform (termed CPN11). The fourth gene seems to code for the mitochondrial 
isoform [160]. The genome of A. thaliana most likely encodes only one  plastidic 
Cpn20  cofactor and four Cpn10 isoforms two each located to chloroplasts and 
 mitochondria [64, 80]. Interestingly, it has been reported recently that recombinant 
cofactors of C. reinhardtii do not form functional higher homo-oligomers by them-
selves but rather hetero-oligomeric forms of CPN111/CPN203 and CPN111/CPN233. 
Both assemblies constituted functional complexes with seven Cpn10 domains, thus 
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matching the seven-fold symmetry of the Cpn60 ring [190]. For the A. thaliana co-
factors, hetero-oligomeric Cpn10/Cpn20 complexes were also observed. However, 
also homo-tetrameric Cpn20 complexes were reported to serve as functional cofac-
tors of Cpn60 rings [80, 168, 207]. A study with heterologously expressed AtCpn20 
indicates that such AtCpn204 complexes (with 4 × 2 Cpn10 domains) achieve seven-
fold symmetry by partial proteolytic cleavage of one Cpn20 protein, resulting in 
seven Cpn10 domains of this complex [190]. It has been suggested that a varying 
number of Cpn10/20 components in the hetero-oligomeric cofactor complex might 
correlate with different binding affinities to the Cpn60 complex and thus provide 
different folding kinetics for the respective substrates [207].

It will be interesting to examine how the Cpn60-Cpn10/20 hetero-oligomers are 
distributed in the chloroplast. Further, it would be interesting to analyze how sub-
units are arranged within hetero-oligomeric Cpn60 complexes. The unique compo-
sition of the plastidic chaperonins might be an important contributor for substrate 
specificity of a chaperonin complex and might reveal novel mechanisms for this 
folding machinery.

13.2.2  Functions of Chloroplast Localized Chaperonins

Chloroplast Cpn60 was initially identified as oligomeric protein complex that inter-
acts with the large subunit of the ribulose-1,5-bisphosphate carboxylase (Rubisco) 
(reviewed in [14]). Besides this prominently studied chaperonin substrate, a few 
other chloroplast proteins were identified to associate with the complex [13, 75, 
100, 109, 191]. Notably, several of these substrates require both the plastidic chap-
eronin and Hsp70 to assume the native state. Such substrates include the coupling 
factor CF1 [19], ferredoxin-NADP + reductase [191], and the Rieske protein [101].

Multiple studies indicate that different compositions of alpha and beta subunit 
complexes together with their respective cofactors serve specific tasks and sub-
strates: The low abundance A. thaliana subunit Cpn60β4 specifically participates 
in a hetero-oligomeric Cpn60 complex for the folding of the chloroplast protein 
NdhH, a subunit of the NADH dehydrogenase-like complex [135]. The other abun-
dant Cpn60 subunits are thought to fulfill general housekeeping functions by facili-
tating the folding of other obligate substrates as indicated by the lethal phenotype 
upon disruption of the genes for Cpn60α1 and Cpn60β1-2 [5, 182]. An important 
housekeeping function of chloroplast chaperonins is also indicated by their up-reg-
ulation during heat shock, which was shown both at the mRNA and protein levels 
although with varying kinetics between organisms [41, 111, 157, 184, 186].

Further, Cpn60β was shown to protect Rubisco activase from thermal denatur-
ation during heat stress [147], and both A. thaliana Cpn60α and Cpn60β isoforms 
are required for the proper assembly of the plastid division apparatus [182]. A non-
protein-folding related function of CPN60α was observed in C. reinhardtii, where 
CPN60α was found to specifically interact with group II intron RNA, suggesting a 
specialized role as a general organellar mRNA splicing factor [7].
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While many of these studies revealed different aspects of the chaperonin func-
tion, the broad substrate spectrum of the different Cpn60 isoforms remains elusive. 
It will be interesting to analyze how different complex compositions serve in gen-
eral de novo protein folding of the chloroplast proteome. The fascinating differ-
ences among group I chaperonins highlight specific adaptations to its subcellular 
environment and underscore the importance of studying multiple model systems 
when attempting to formulate universal mechanisms for how a given chaperone 
conducts protein folding.

13.3  Hsp70

13.3.1  General Aspects of Hsp70 Chaperones and 
Cochaperones

Chaperones of the Hsp70 family are among the most highly conserved proteins 
known (reviewed in [105]). Their N-terminal ATPase domain regulates substrate 
binding and release at the C-terminal substrate-binding domain. Hsp70 substrate 
proteins expose hydrophobic amino acids flanked by basic residues [143], a char-
acteristic feature of non-native, but also of native Hsp70 substrates. Binding of 
Hsp70 to hydrophobic regions prevents the formation of aggregates. In addition, the 
ATP-driven unfolding activity of Hsp70s may introduce conformational changes 
to bound substrates that eventually allow non-native proteins to assume the native 
state [169]. Thus, Hsp70s play a major role in the folding of nascent chains and in 
the renaturation of non-native proteins that have accumulated during stress. How-
ever, they are also involved in many highly specialized functions like the regulation 
of the general stress response in bacteria [187], the uncoating of clathrin-coated 
vesicles [193], or the translocation of proteins across membranes [74].

Hsp70s can be divided into DnaK-type and Hsp110-type Hsp70s. DnaK-type 
Hsp70s again can be subdivided into those which are regulated by GrpE-type nucle-
otide exchange factors (the main bacterial and organellar Hsp70s), those regulated 
by BAG-1 (Hsp70s in the eukaryotic cytosol), and those that do not need any nucle-
otide exchange factor (specialized bacterial and organellar Hsp70s) [15]. All GrpE 
homologs form dimers that interact with their Hsp70 partners in the ADP-state and 
catalyze the release of ADP to allow for rebinding of ATP [95].

In addition to nucleotide exchange factors, Hsp70s function in concert with J-
domain cochaperones [31]. J-domain proteins stimulate the ATPase activity of their 
Hsp70 partner [95] and lock it onto specific substrates [53]. Thus, J-domain proteins 
mediate substrate specificity and thereby the function of their Hsp70 partner. The 
J domain has a length of about 70 amino acids and contains a conserved tripeptide 
of histidine, proline, and aspartate (HPD motif), which is essential for stimulating 
the ATPase activity of their Hsp70 partners [200]. The number of J-domain pro-
teins an organism possesses exceeds the number of Hsp70 chaperones, indicating 
that one Hsp70 may be recruited by multiple J-domain proteins to different targets 
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within a cellular compartment. For example, Chlamydomonas reinhardtii encodes 
only 7 DnaK-type Hsp70s (HSP70A-D, HSP70F, BIP1, and BIP2), but at least 
63  J-domain proteins [165].

Hsp70 systems do not act in isolation from the other cellular chaperone sys-
tems. They cooperate with ClpBs in protein disaggregation and refolding [60], with 
GroEL/Hsp60 in protein folding [87], and with the Hsp90 system in protein folding 
and signal transduction [136, 204].

13.3.2  Plastidic Hsp70s

Hsp70s have been proposed to be present in four different plastid compartments: 
the outer envelope [79, 81, 216], the intermembrane space [10, 20, 103, 159], the 
stroma [37, 103, 201], and the thylakoid lumen [153].

Hsp70s detected in outer envelope fractions apparently are eukaryotic-type, cy-
tosolic Hsp70s, of which subfractions are engaged in delivering preproteins to the 
outer envelope translocon (see below). The presence of Hsp70s in the thylakoid 
lumen has been confirmed by some proteomics studies [132, 133], but not by oth-
ers [166]. The finding that a small subfraction of stromal Hsp70 is firmly associ-
ated with (thylakoid) membranes [88, 164, 201] suggests that Hsp70s detected in 
thylakoid lumen preparations are in fact stromal contaminants. Also the detection 
of an Hsp70 in the intermembrane space, termed hsp70-IAP (import intermediate 
associated protein) [20, 159] or imsHsp70 [10], is likely caused by contaminations 
of envelope fractions by soluble stromal Hsp70s [139].

In Arabidopsis thaliana two Hsp70s, termed cpHsc70-1 and cpHsc70-2 [181], 
were shown to be imported into the chloroplast stroma [139, 179]. Both proteins 
are 90.7 % identical to each other and appear to accumulate to comparable lev-
els, albeit transcript levels appear to be higher for cpHsc70-1 in cotyledons, root 
tips and seeds [88, 179]. In the moss Physcomitrella patens three stromal Hsp70s 
 exist that are ~ 80 % identical to each other and were termed PpHsp70-1 to 3 [170]. 
 Chlamydomonas reinhardtii harbours a major stromal Hsp70 dubbed HSP70B [37]. 
The recent completion of the Chlamydomonas genome revealed two additional 
Hsp70s termed HSP70D and HSP70F that contain putative chloroplast transit pep-
tides and are most similar to cyanobacterial and plastidic Hsp70s. Interestingly, 
while mature HSP70B with 68 kDa is a typical Hsp70, predicted molecular mass-
es of HSP70D (~ 57 kDa) and HSP70F (~ 42 kDa) suggest that they have trun-
cations at their C-termini. Whether the HSP70D and HSP70F genes give rise to 
functional proteins is unclear. In general, Hsp70s in the chloroplast stroma are of 
 prokaryotic-type and, when compared with the three DnaK isoforms normally pres-
ent in cyanobacteria, exhibit the highest degree of homology with DnaK2 [119, 139, 
144, 170, 179].

Taken together, chloroplasts appear to harbour Hsp70s only in the stroma, but 
stromal Hsp70s also associate with thylakoid and/or inner envelope membranes. 
Moreover, cytosolic Hsp70s appear to associate with the outer chloroplast enve-
lope, presumably while delivering precursor proteins for import into the organelle.
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13.3.3  Cofactors and Cochaperones of Plastidic Hsp70 Systems

As is true for bacteria, also stromal Hsp70s cooperate with cochaperones and co-
factors. Cofactors specific for mitochondrial and plastidic Hsp70s are the so-called 
Hsp70 escort proteins (HEP) [172]. HEPs are L-shaped molecules, where one leg of 
the “L” is formed by two two-stranded, antiparallel β-sheets which, at their connect-
ing loops, each contain two cysteines that together coordinate a Zn2 + ion [110]. Ap-
parently, this zinc finger is required to stabilize the structure of the protein. HEP ho-
mologs are not found in cyanobacteria and bacteria and therefore must have evolved 
after endosymbiosis. C. reinhardtii contains single HEP homologs in mitochondria 
(HEP1) and chloroplasts (HEP2) [214], while A. thaliana contains a single homolog 
in mitochondria (ZR3) and two homologs in plastids (ZR1/ET1 and ZR2) [32, 78].

Other important cochaperones for stromal Hsp70s are the GrpE-type nucleotide 
exchange factors termed CGEs (chloroplast GrpE homologs). Like their stromal 
Hsp70 partners, also stromal CGEs have a cyanobacterial origin. A. thaliana, P. 
patens and C. reinhardtii encode two putative stromal CGEs, but a location to the 
chloroplast stroma has been demonstrated only for CGE1 from C. reinhardtii and 
for CGE1 and CGE2 from P. patens [164, 170]. While algal CGE1 and moss CGE1 
and CGE2 are true homologs of bacterial GrpE with molecular masses of ~ 24 kDa, 
this is not the case for CGE2 from C. reinhardtii. The latter is predicted to be a pro-
tein of ~ 152 kDa with the GrpE-domain at the C-terminus and a long N-terminal 
sequence of yet unknown function.

Among the 89 J-domain proteins identified in A. thaliana, about 12 were pre-
dicted to be targeted to the chloroplast [107]. Similarly, up to 13 out of the at least 
63 J-domain proteins in C. reinhardtii might be targeted to the chloroplast [121]. 
A localization to the chloroplast stroma was verified for true homologs of bacterial 
DnaJ, which are termed PCJ1 in pea [154], and CDJ1 in C. reinhardtii [213]. While 
C. reinhardtii encodes only a single chloroplast DnaJ homolog, A. thaliana encodes 
four, which are termed AtDjA24, AtDjA26, AtDjA52 and AtDjA54 [107, 213]. As 
judged from their high sequence similarity with cyanobacterial DnaJ proteins, the 
chloroplast homologs appear to be derived from the endosymbiont. Like the true 
DnaJ homologs, also the ARC6 DnaJ-like protein has a close relative in cyanobacte-
ria, the Ftn2 protein [198]. ARC6 is located to the chloroplast inner envelope mem-
brane and exposes a J domain into the stroma. The ARC6 J domain is particular, 
as only the proline of the conserved HPD motif within the J domain is conserved.

In contrast to the true DnaJ homologs and ARC6, many other J-domain proteins 
that are predominantly targeted to the stroma appear to have evolved after endo-
symbiosis, as they have no (cyano)bacterial orthologs [38]. These include: CDJ2/
AtDjB42 that interact with the vesicle-inducing proteins in plastids 1 (VIPP1) [97]; 
CDJ3/CDJ4/AtDjC18 and CDJ5/AtDjC17 containing iron-sulfur clusters [34]; 
AtJ11, consisting of a J domain and N- and C-terminal extensions of only 24 and 
21 amino acids, respectively [124]; AtJ8 (formerly and erroneously TOC12) that 
contains a conserved 60-amino acids domain C-terminally to the J domain [23]; and 
AtJ20, which like AtJ8 and AtJ11 is a small J-domain protein [21].
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13.3.4  Specific Functions of Chloroplast Hsp70 Systems

13.3.4.1  Functions of Cochaperones and Cofactors of Plastidic Hsp70s

Hsp70 Escort Proteins In C. reinhardtii, the Hsp70 escort protein 2 (HEP2) is a 
constitutively (but weakly) expressed stromal protein with a calculated molecular 
weight of ~ 14 kDa and apparent molecular weight of ~ 21 kDa [214]. HEP2 appears 
to form dimers and interacts preferably in the ADP-bound state as a minor partner 
with stromal HSP70B. Active HSP70B, i.e., HSP70B in a protease-resistant confor-
mation that is capable of interacting with CGE1, could be quantitatively produced 
in E. coli only when co-expressed with HEP2. HEP2 binds to active and inactive 
HSP70B, but cannot activate inactive forms of HSP70B such as HSP70B expressed 
in E. coli without HEP2.

Hep1 was proposed to interact with mitochondrial Hsp70s to maintain them in 
a functional conformation by preventing their aggregation [110, 149, 172]. Appar-
ently, the situation is different for chloroplast HSP70B-HEP2 from C. reinhardtii. 
Instead of aggregating, HSP70B expressed in the absence of HEP2 assumed a pro-
tease-sensitive configuration unable to interact with CGE1 [214]. Active HSP70B 
that was co-expressed with HEP2 remained active for 48 h in the absence of HEP2, 
suggesting that HEP2 was not involved in maintaining HSP70B in an active state. 
Moreover, some HSP70B expressed as a fusion protein containing an N-terminal 
extension became activated if HEP2 was present during cleavage of the fusion pro-
tein, suggesting that in vivo HEP2 might be required for de novo folding of HSP70B 
after transit peptide cleavage. This hypothesis is supported by a recent phylogenetic 
analysis of plastidic HEP homologs from several algal and higher plant species. 
That study revealed that plastidic HEP homologs are absent in red algae and glau-
cophytes, which still encode Hsp70s on their plastid genomes [78].

It turned out that the etched ( ET1) gene from Zea mays encodes one of two 
chloroplast-targeted HEP homologs [78]. Hence, the virescent phenotype (delayed 
plastid development in seedlings) associated with the maize etched 1 mutant [32] is 
likely caused by reduced levels of functional stromal Hsp70s.

CGE Nucleotide Exchange Factors The biochemically so far best characterized 
CGE is CGE1 from C. reinhardtii, which interacts firmly with chloroplast HSP70B 
in its ADP-bound state and thus appears to be its nucleotide exchange factor [158, 
164]. HSP70B and CGE1 constitute about 0.19 % and 0.01 % of total cell protein, 
respectively, thus corresponding to a molar ratio of ~ 6.7: 1 [98, 164]. CGE1 is only 
32 % identical to its E. coli homolog, GrpE, yet shares a number of important struc-
tural features with GrpE [212]. This includes the ability to form dimers, and a three-
dimensional architecture consisting (from N- to C-terminus) of a paired α-helix, a 
four-helix-bundle, and a β-sheet domain [54]. Moreover, CGE1 complements the 
temperature sensitive growth phenotype of an E. coli strain lacking GrpE, and inter-
acts with E. coli DnaK [164, 212]. Therefore, despite the low sequence conserva-
tion and substantial evolutionary distance between CGE1 and bacterial GrpE, the 
proteins are quite similar at both the structural and functional levels.
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However, stromal CGE1 and bacterial GrpE also differ in some important as-
pects. First, CGE1 exists as two isoforms, a and b, which differ by an additional 
valine-glutamine dipeptide at positions 4 and 5 of the mature CGE1b protein absent 
in CGE1a [164]. This difference is due to the temperature-dependent alternative 
splicing of the CGE1 transcript, with CGE1b transcript and protein levels increas-
ing upon heat shock [212]. Curiously, the two isoforms have different affinities for 
HSP70B: the affinity of CGE1b is about 25 % higher than that of CGE1a, indicat-
ing that the CGE1 extreme N-terminus plays an important role in determining the 
affinity of the cochaperone for HSP70B. However, the functional significance of 
this finding is not yet understood. Moreover, alternative splicing of CGE transcripts 
from moss or higher plants has not been reported yet and therefore might be a 
species-specific phenomenon.

An additional important difference between CGE1 and GrpE relates to their N-
termini and dimer formation. The N-terminus of CGE1 contains a coiled-coil motif 
as opposed to the unstructured N-terminus of GrpE. Deletion analyses revealed that 
the N-terminal coiled-coil of CGE1 is essential for dimer formation, while dimer-
ization of E. coli GrpE is mediated by the four-helix bundle at the posterior part of 
the molecule [55, 212]. Hence, although general structural and functional proper-
ties of GrpE and CGE1 appear to be conserved, the proteins have clearly evolved 
somewhat differently.

Single cge1 and cge2 mutants in moss displayed slow growth phenotypes and 
were delayed in the development of leafy shoots [170]. While double mutants were 
not viable, a cge1 knockout/cge2 knockdown mutant accumulating 10–20 % CGE2 
displayed a 20–40 % reduction in growth rate and smaller and fewer chloroplasts 
compared with the wild-type. Moreover, the efficiency of protein import into chlo-
roplasts was reduced in cge mutants, thus suggesting that stromal Hsp70s play a 
role in the import process and for this require efficient nucleotide exchange by CGE 
protein [170] (see below).

13.3.4.2  Functions of Plastidic Hsp70s and J-domain Proteins

General Protein Folding A role for stromal Hsp70s in the maturation of chloroplast 
proteins has been well documented for the subunits of the coupling factor CF1 
[19], ferredoxin-NADP + reductase [191], the Rieske protein [101], and phytoene 
desaturase [13]. In all these cases, Hsp70 and chaperonin systems were shown to 
act coordinately. The identification of a complex formed by the stromal HSP70B, 
CGE1, CDJ1, and HSP90C proteins in C. reinhardtii also suggests a cooperation 
of Hsp70 and Hsp90 systems in chloroplasts [213]. Possibly, similar to the “foldo-
some” consisting of components of the Hsp70 and Hsp90 systems in the eukaryotic 
cytosol [136], the chloroplast equivalent might also be involved in the maturation 
of specific client proteins involved in signal transduction [161].

For a thorough understanding of the roles of stromal Hsp70 in general protein 
folding in the chloroplast a comprehensive map of its substrates under diverse stress 
conditions is essential. Key to this will be novel methods based on immunoprecipi-
tation combined with stable isotope labeling and mass spectrometry [62, 111, 158].
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Redox Regulation and Redox Sensing Oxidative stress has been shown to cause 
multiple protein modifications [11] that lead to the increased expression of 
molecular chaperones and proteases [196]. However, in yeast and other organisms 
 oxidative stress also results in a dramatic drop in cellular ATP levels, which 
precludes  ATP-dependent folding by molecular chaperones [125, 215]. Accordingly, 
mammalian cytosolic Hsc70 in the nucleotide-free state performed significantly 
better in preventing protein aggregation when it was glutathionylated compared 
to its unmodified conformation [65]. In the presence of ATP the performance of 
glutathionylated and unmodified Hsc70 were similar. Recent studies revealed that 
 stromal HSP70B from C. reinhardtii is a target for thioredoxin and glutathionylation 
[94, 106]. This finding suggests that the activity of stromal Hsp70s might be 
regulated by the redox-state of the chloroplast.

An interesting type of chloroplast-targeted Hsp70 cochaperones are those 
containing a J domain, a bacterial 4Fe-4S cluster, and a domain of unknown 
function [34]. Interestingly, genes encoding proteins with a J domain and the 
4Fe-4S cluster, but lacking the domain of unknown function have also been found 
in mesophilic Crenarchaeota (or Thaumarchaeota). Most likely, the genes encoding 
the chloroplast proteins were transferred to the archaebacteria by horizontal gene 
transfer. The biochemically best-characterized homologs of these peculiar plastidic 
 J-domain proteins are the CDJ3/4 proteins from C. reinhardtii [34]. The CDJ3/4 
genes are weakly expressed. While transcript levels increase in the light, they 
decrease after heat shock, suggesting that CDJ3/4 do not play roles in the folding 
of stress-denatured proteins. Redox-active Fe-S clusters are assembled on CDJ3/4 
expressed in E. coli, and both proteins interact in vitro with purified HSP70B when 
it is in the ATP-bound state. CDJ3 is localized to the stroma, whereas CDJ4 appears 
to be associated with thylakoid membranes.

CDJ3 was shown to bind RNA [34], a function that might point to a chaperone-
mediated remodelling of RNA-binding protein complexes that, for example, are 
involved in translation initiation/elongation or mRNA stability. Such complexes 
are found in the stroma and associated with thylakoids [102], where CDJ3/4 and 
HSP70B are also located. Well-studied examples for chaperone-mediated remodel-
ling of replication initiation occur in E. coli, where DnaK and DnaJ monomerize 
RepA dimers and dissociate DnaB-helicase-Lambda P complexes to trigger replica-
tion of plasmid P1 and lambda phage, respectively [4, 209]. As post-transcriptional 
regulation of the expression of many chloroplast genes is strongly regulated by light 
[102], it is possible that CDJ3/4 represent nuclear-encoded factors that act as redox 
switches by recruiting stromal HSP70B for the reorganization of regulatory protein 
complexes.

VIPP1 (Dis)assembly The CDJ2 protein was shown to mediate the interaction 
between stromal HSP70B/CGE1 and the vesicle-inducing protein in plastids 
(VIPP1) in C. reinhardtii [97]. There, HSP70B, CDJ2, CGE1 and VIPP1 are present 
in a molar ratio of 17.5: 1: 2.6: 10.6 [98]. VIPP1 dimers form rings of up to 2 MDa 
that contain a central hole [6, 45, 98]. VIPP1 rings may further assemble into large 
rod-shaped tubules, whose assembly state is ATP-dependently dynamically altered 
by the HSP70B-CDJ2-CGE1 chaperones [98]. Presumably the chaperones intro-
duce conformational changes into VIPP1 that facilitate assembly and disassembly.
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C. reinhardtii strains in which VIPP1 was downregulated to ~ 25 % of wild-type 
levels exhibited several defects in the organization of their thylakoid membranes 
when compared with wild-type [122]. This was evident by (i) swelling of thylakoid 
membranes in mutant cells grown on ammonium as nitrogen source and exposed to 
high light. Obviously, the thylakoid membranes in the mutants were unable to with-
stand the increased osmotic pressure generated by the accumulation of ammonium 
ions in the acidic lumen. (ii) Photosystem (PS)II in the mutants was more sensitive 
to heat shock. (iii) The maximum temperature of the Q-band was downshifted in 
the mutants, thus reflecting a lowering of the midpoint potential of the redox cou-
ple QA/QA

− in PSII [84]. (iv) Cooperativity between PSII complexes was reduced. 
(v) Levels of PSI, PSII, Cytb6/f, and ATP synthase were reduced by up to 20 %, 
while levels of LHCII were increased by ~ 30 %. Strikingly, these phenotypes came 
along with aberrant structures resembling prolamellar bodies at positions within 
the chloroplast where multiple thylakoid membranes emerge. Electron microscopy 
data suggest that so-called thylakoid centers are located at such positions, which in 
cyanobacteria are located close to the plasma membrane and contain long tubules 
as a central component [86, 195]. In C. reinhardtii, VIPP1 was visualized by immu-
nofluorescence and localized to distinct spots within the chloroplast [122]. Interest-
ingly, using YFP fused to the C-termini of stromal cpHsc70-1 and 2, both were also 
localized to distinct spots within chloroplasts [88]. Thus, it is tempting to speculate 
that stromal Hsp70s accumulate at regions were VIPP1 oligomers are localized.

It was suggested recently that PSII biogenesis in cyanobacteria occurs at these 
thylakoid centers [117]. As the dimensions of the tubules within thylakoid centers 
fit exactly those recorded for VIPP1 tubules [86, 98], it may be possible that both 
are identical and a reduction in VIPP1 levels thus results in impaired function of 
thylakoid centers in the biogenesis of PSII, and perhaps also of other thylakoid 
membrane complexes [122]. In this case, HSP70B-CDJ2-CGE1, by mediating the 
dynamic interconversion between VIPP1 monomers and oligomers, would indi-
rectly play a role in the biogenesis of thylakoid membrane complexes. This idea is 
supported by the finding that downregulation of the C. reinhardtii Alb3.2 protein, 
which is involved in photosystem assembly, resulted in the upregulation of VIPP1, 
HSP70B, and CDJ2 [49].

Protection of PSII from High-light Damage One of the earliest investigations of the 
stromal HSP70B in C. reinhardtii revealed that its gene is highly induced by light 
[199], resulting in an approximately two-fold increase in HSP70B protein levels [37]. 
This finding suggested a possible role for this chaperone in processes that help the 
cell to cope with photodamage. Accordingly, cells overexpressing HSP70B exhibited 
less severe damage to photosystem II and recovered photosystem II activity faster 
after photoinhibition, compared to wild-type cells. The opposite effect (more severe 
damage and slower recovery) was observed for cells underexpressing HSP70B 
[162]. It was hypothesized that HSP70B might facilitate a coordinated exchange 
of damaged D1 protein by de novo-synthesized D1 protein [163]. In support of this 
hypothesis, HSP70B in the green alga Dunaliella salina was found to be part of a 
~ 320 kDa complex containing photodamaged D1, D2, and CP47 proteins [219].

Interestingly, knockout mutants of the chloroplast-targeted AtJ8, AtJ11, and 
AtJ20 proteins each displayed a reduced stability of PSII-LHCII supercomplexes 
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and of PSII dimers in high light [21]. As these mutants showed impaired CO2 as-
similation rates, which correlated with ~ 20 % lower levels of Rubisco activase, 
this effect might be caused by a reduced electron sink. In this case the positive 
 effect of C. reinhardtii stromal HSP70B on PSII photoprotection [162] is an  indirect 
one, as stromal HSP70 would cooperate with the small J-domain proteins in im-
proving the efficiency of the dark reactions. The atJ8, atJ11, and atJ20 mutants 
also  accumulated higher levels of enzymes involved in the detoxification of H2O2, 
which suggests that they have elicited an oxidative stress response [21]. The finding 
that AtJ8 transcript and protein levels are high in dark and decline drastically with 
 increasing light intensities led to the suggestion that the protein might be active 
only in the dark [22]. Obviously, more work is required to bring these findings into 
a functional context.

Protein Import into Plastids In the past, Hsp70 proteins have been associated with 
all stages of chloroplast protein import, although many ideas and models are heav-
ily disputed [42]. Targeting of pre-proteins to the chloroplast may involve either an 
accumulation of the corresponding mRNA at the chloroplast surface, or the guid-
ance of the fully translated protein in an unfolded, import-competent state to the 
chloroplast surface [104, 194]. In the latter case, cytosolic Hsp70s have been sug-
gested to interact with transit peptides and 14-3-3 proteins to form a so-called guid-
ance complex [104]. Cytosolic Hsp70 proteins can interact with chloroplast transit 
peptides, although this interaction does not seem to be necessary for protein import, 
but may rather have an influence on the degradation of accumulating precursors 
[70, 71, 93, 140, 141]. Similarly, mutations of putative 14-3-3 binding phosphopep-
tide motifs within transit peptides did not affect protein import [90, 116]. Therefore, 
the existence of a guidance complex and hence the involvement of cytosolic Hsp70 
proteins in pre-protein guidance remains highly speculative.

Another unsolved problem concerns the observed NTP requirement in the in-
termembrane space which is necessary for pre-protein binding to the chloroplast 
surface [123]. As outlined above, the presence of an intermembrane space Hsp70 
involved in protein import in pea has been proposed [10, 103]. However, of the 
three putative chloroplast homologues of Arabidopsis two are located in the stroma 
and one is not imported in vitro [139, 179]. Hence, the involvement of an intermem-
brane space Hsp70 in protein import is highly speculative as well.

More evidence is accumulating though for an active involvement of stromal 
Hsp70 in chloroplast protein import. In Arabidopsis, both stromal Hsp70 mutants 
cphsp70-1 and cphsp70-2 showed reduced protein import at an age of 14 and 24 
days but not 30 days, suggesting an involvement of both isoforms in protein import 
at least during early plant development [180]. Interestingly, the cphsp70-2 mutants 
have a wild-type phenotype despite the observed reduction of pre-RBCS import 
which rather suggests that the import defect is of a small scale [179, 180]. Still, 
cpHsp70 could be cross-linked to importing precursors as well as TIC and even 
TOC components, and the association with precursors and Tic110 could be de-
tected even without added cross-linker [180]. Most strikingly, the cphsp70-1 tic40  
double mutant is embryonic lethal and the cphsp70-2 tic40 and cphsp70-1 hsp93-V 
double mutants have severe additive phenotypes, proposing a model in which stro-
mal Hsp70 acts in parallel to the Tic40-Hsp93 motor system [180]. An independent 



R. Trösch et al.338

study in the moss Physcomitrella patens discovered that one of three chloroplast-
localized Hsp70s is essential, and that the corresponding conditional, temperature-
sensitive mutant was impaired in chloroplast protein import upon heat-shock of 
isolated chloroplasts [170]. Similar to the observations in Arabidopsis, moss stro-
mal Hsp70 could be cross-linked to importing precursor, Hsp93 and Tic40 which 
suggests that involvement of Hsp70 in chloroplast protein import is conserved from 
moss to higher plants [170].

Only little is known about the contribution of chloroplast Hsp70 nucleotide ex-
change factors, CGEs, to protein import. The knockout of both chloroplast-local-
ized CGEs in Physcomitrella is lethal, but the cge1 null cge2 knockdown has a 
reduced import capacity in most cases [170]. The depletion of CGE proteins leads 
to an upregulation of the essential Hsp70-2, thus possibly restoring protein import at 
least in a few cases. Nevertheless, this shows for the first time that these chloroplast 
nucleotide exchange factors may be involved in protein import, too, evidence which 
is still missing for Arabidopsis. About a possible influence of J-domain proteins on 
chloroplast protein import nothing is known to date; this question remains open for 
future research.

Plastid Development cphsc70-1 knock-out mutants in A. thaliana display variegated 
cotyledons, vegetative leaves with irregular margins and small lesions, and show 
impaired growth rates [88, 179]. These phenotypes were much more severe in plants 
exposed to drought stress. In contrast, knock-out mutants of stromal cphsc70-2 did 
not display any visible phenotypes even when exposed to drought stress. cphsc70-1 
cphsc70-2 double knock-out mutants were lethal due to reduced pollen transmis-
sion efficiency [179]. Plants in which levels of both stromal Hsc70s were strongly 
reduced by artificial microRNA or co-suppression were almost completely white 
[88]. In white tissues and in pale tissues of cphsc70-1 mutants, no or only small 
chloroplasts were found that had an altered morphology. The latter contained few, 
unorganized thylakoid membranes and levels of photosystem core subunits were 
strongly reduced [88]. These strong developmental phenotypes are reminiscent of 
those observed with the maize etched 1 mutant lacking an escort protein of stromal 
Hsp70s [32], and also with the moss cge mutants [170], i.e., mutants expected to 
affect the functionality of stromal Hsp70s. It will be interesting to see whether these 
phenotypes are due to reduced protein import rates [170, 180], due to a reduced capa-
bility to maintain/generate thylakoid membranes e.g. via VIPP1 [97, 98, 122, 162], 
the reduced folding of yet unknown substrates, or a combination of these scenarios.

13.4  Hsp90s

13.4.1  General Aspects of Hsp90 Chaperones and 
Cochaperones

Molecular chaperones of the Hsp90 family are highly conserved proteins and found 
in most organisms ranging from bacteria to mammals. In eukaryotic cells, Hsp90s 
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are located in the cytosol, the endoplasmic reticulum (ER), and mitochondria [72]. 
Plants contain an additional member located in plastids. For instance, the A. thali-
ana genome encodes seven Hsp90s: four members (AtHsp90-1 to 4) are located in 
the cytosol, while AtHsp90-5, AtHsp90-6 and AtHsp90-7 are located in plastids, 
mitochondria and the ER, respectively [85]. In contrast, the C. reinhardtii genome 
encodes only three Hsp90s: cytosolic HSP90A, HSP90B of the ER, and plastid-
ic HSP90C [160]. An interesting aspect concerning the evolution of subcellular 
Hsp90 isoforms was observed by a phylogenetic analysis of 77 different HSP90 
genes from various organisms. This study revealed a close relation between bacte-
rial Hsp90 and mitochondrial chaperones. In contrast, plastidic Hsp90 seems to be 
more closely related to the ER isoform than to bacterial homologs, indicating that 
chloroplast Hsp90 is not derived from the cyanobacterial ancestor HtpG but rather 
by a gene duplication event of ER HSP90 and subsequent acquisition of a chlo-
roplast transit sequence [39]. In general, Hsp90s are essential components of the 
cellular heat shock response mechanism but their putative roles in cellular protein 
homeostasis go far beyond simple stress tolerance, as indicated by their abundant 
expression and their broad substrate spectrum [183].

All Hsp90s analyzed so far contain three conserved domains: the N-terminal 
ATPase domain, a structurally flexible middle domain and a C-terminal domain, 
which mediates homo-dimerization of two Hsp90 proteins (reviewed in [130]). The 
active form of Hsp90 functions as a dimeric “clamp” and both subunits undergo 
large dynamic conformational shifts driven by ATP binding and hydrolysis. In a 
simplified model of this substrate cycle, nucleotide-free Hsp90 is in an open con-
formation, only dimerized via the C-terminal domain. ATP binding leads to a closed 
conformation with additional dimer interactions at the N-terminus. Subsequent 
ATP-hydrolysis results in a conformational shift of the complex that is structurally 
not fully understood, and ADP-release restores the dimer in the open conformation 
(reviewed in [183]). Substrate binding occurs in the closed conformation and is 
mediated by multiple binding sites over the entire length of the Hsp90 structure.

In the best-understood cytosolic Hsp90 system of yeast, ATP-hydrolysis, cycling 
through the open and closed conformations, and substrate binding are tightly con-
nected to a vast number of cofactors (twelve in S. cerevisiae and an even higher 
number in mammalian cells) (reviewed in [72]). Little is known about cofactors 
in other cellular compartments. It has been shown recently that the Hsp90 of the 
ER (Grp94) requires a cofactor termed Canopy 3 (CNPY3), which targets specific 
substrates to the chaperone for folding [99]. However, no cofactors have been iden-
tified yet for the plastidic and mitochondrial Hsp90 chaperones.

Substrates of cytosolic Hsp90 (termed clients) embrace a broad spectrum of 
cellular factors that are inherently unstable or require assistance to fold properly. 
Hsp90 clients are components of signal pathways such as kinases, transcription fac-
tors and steroid hormone receptors indicating its central function as a hub in protein 
homeostasis (for details see [183, 204]). In the process of client maturation, Hsp90 
often cooperates in a successive folding cascade with Hsp40 and Hsp70, where 
Hsp90 folds client proteins after initial folding by Hsp70 [205]. In this folding com-
plex, the interaction with Hsp70 is promoted by a well-studied cochaperone termed 
Hsp70-Hsp90 organizing protein, Hop [72, 137, 155]. Active cytosolic Hsp90 in 
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this multi-chaperone complex exhibits a significantly higher ATP turnover than in-
active Hsp90 [73].

An interesting aspect about eukaryotic Hsp90 function is its role in influenc-
ing phenotypic manifestation. Studies with multiple model organisms ranging from 
plants to vertebrates report that Hsp90 acts as capacitor of genetic variation. Impair-
ment of Hsp90 function resulted in occurrence of a variety of phenotypes that were 
heritable and dependent on the genetic background. Some of the phenotypes had the 
capacity to be stable and independent of Hsp90 when enriched by selection [138, 
145, 148, 218].

The central function of Hsp90 in cellular protein homeostasis makes it an im-
portant target for therapeutic targeting. Thus, a number of small molecule inhibitors 
such as Geldanamycin or 17-AAG have been identified over the last decade with 
potential to act as potent anti-tumor agents. Most of these components mimic the 
unique kinked conformation of ATP bound at the N-terminal ATPase domain [131].

13.4.2  Functions of Plastidic Hsp90s

Like cytosolic Hsp90, chloroplast Hsp90 is a highly abundant and constitutively 
expressed protein that is localized in stroma, low-density membranes (consisting of 
inner envelopes and transitory membranes between inner envelope and thylakoids), 
and thylakoid fractions [211]. Chloroplast HSP90C from C. reinhardtii shares com-
mon features with Hsp90s from other compartments: it forms dimers and displays a 
low ATP hydrolysis rate (Km = 48 µM; Kcat = 0.71/min), which is comparable with 
those of other Hsp90s [40, 127, 211]. Analysis of Hsp90s from A. thaliana indi-
cated that the plastidic chaperone is critical for cellular stress response and tolerance 
[177], consistent with its moderate induction by heat stress and light [18, 156, 211].

It has been observed that chloroplast HSP90C of C. reinhardtii forms a multi-
chaperone complex together with stromal HSP70B. This complex contains also 
cofactors of the Hsp40 family (CDJ1) and the nucleotide exchange factor CGE1, 
indicating an orthologous function in protein maturation like the cytosolic multi-
chaperon complex [161, 213]. It has been further reported that HSP90C interacts 
with the vesicle-inducing protein in plastids 1 (VIPP1), which might indicate that 
HSP90C, in addition to HSP70B-CDJ2-CGE1, serves in the assembly/disassembly 
of VIPP1 oligomeric complexes [62] (see above). However, it remains elusive how 
the interaction between HSP90C and HSP70B is mediated. Both chaperones appear 
not to directly interact in vitro [211], suggesting the need for a coordinating cochap-
erone, as known from the cytosol [72]. In the cytosol, many cofactors contain TPR-
domains that recognize dimeric Hsp90 via its C-terminal MEEVD acceptor motif. 
This motif is absent in plastidic Hsp90s, however, they all contain a distinct C-
terminal DPW motif, which might serve an orthologous function [18, 156]. It would 
be interesting to determine, if this region is essential for plastidic Hsp90 function.

Although cyanobacterial HtpG is not directly related with plastidic Hsp90, some 
functional aspects might indicate related functions in the chloroplast. It was re-
cently reported that HtpG interacts with a highly unstable linker polypeptide of 
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 phycobilisomes. Phycobilisomes are the major light harvesting complexes in cya-
nobacteria and the authors conclude that HtpG protects this polypeptide from ther-
mal aggregation [150].

An interesting functional aspect regarding chloroplast Hsp90 was gained by 
analysis of an A. thaliana mutant carrying a point mutation in the dimerization 
domain of plastidic Hsp90 [18]. This mutant showed a yellow-green phenotype 
due to retarded development of chloroplasts, particularly in young leaves. In addi-
tion, the mutant exhibited reduced light-inducible expression of the NR2, CAB and 
RBCS genes and retarded deetiolation in red light [18, 96]. The authors concluded 
that chloroplast Hsp90 might exhibit a role in the transduction of light signals re-
sponsible for the regulation of a distinct set of photosynthesis-related genes. In C. 
reinhardtii, intermediates of chlorophyll biogenesis serve as signaling molecules 
between the chloroplast and the nucleus that mediate light induced gene expression 
[9]. Interestingly, in cyanobacteria, HtpG controls the activity of HemE, which is 
located at the first branching point of the tetrapyrrole biosynthetic pathway. Thus, 
these findings might point to an orthologous mechanism by which light induction 
of nuclear genes is influenced by plastidic Hsp90 [161, 202].

13.5  Hsp100s

13.5.1  The Hsp100 family of AAA+ATPases in 
Chloroplasts

The Hsp100 family of AAA+(ATPases associated with various cellular activities) 
proteins was originally discovered in bacteria. Although they are indeed associated 
with a wide variety of different functions within the cell and its compartments, they 
were found to employ a similar mode of action: they use ATP to induce changes in 
the folding and assembly of other proteins [151]. The Hsp100 family proteins are 
divided into two classes, with class 1 members having two conserved but fairly dif-
ferent nucleotide binding domains that arose from gene fusion, and class 2 members 
having only one nucleotide binding domain with homology to the second nucleotide 
binding domain from class 1 members [151]. The middle region between the two 
nucleotide binding domains varies in size between class 1 members, which there-
fore are further sub-divided in A-, B-, C- and D-type Hsp100 proteins. Similarly, 
class 2 members are further sub-divided in M-,N-, X-and Y-type Hsp100 proteins 
based on the longer N-terminus of M- than N-type proteins, the higher homology 
of M- and N-type proteins to class 1 members than X- and Y-type proteins, and an 
insertion into Y-type proteins between Walker A and B domains compared to X-type 
proteins [151].

Hsp100 family proteins can form ring-shaped hexamers upon binding of ATP, 
as determined initially for E. coli ClpA and yeast Hsp104 [151]. Yeast Hsp104, a 
ClpB protein, was found inefficient in preventing the aggregation of a chemically 
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denatured model protein, a property which is otherwise characteristic for molecu-
lar chaperones [47]. Instead, it is essential in restoring already aggregated proteins 
along with other chaperones that assist the refolding of untangled proteins [47]. The 
hexameric structure of Hsp104 led to the suggestion that different aggregated com-
ponents could be bound by several substrate recognition sites at the same time, and 
that a reversible conformational change upon ATP hydrolysis could pry the entan-
gled components apart [48]. In this so called molecular crowbar model the primary 
function of Hsp104 would be to reduce the size of the aggregates by breaking them 
apart while other chaperones prevent re-aggregation [48]. The molecular ratchet 
model on the other hand explains disaggregation by the threading of individual 
components through the central pore of the Hsp104 hexamer [48]. In this model 
a free N- or C-terminus or a disordered loop would pass through the pore in one 
direction only while backsliding is prevented by residues, probably a tyrosine of a 
conserved GYV/IG domain, that are able to “shut” the pore upon backward move-
ment of the emerging protein [48]. This latter model could equally well explain the 
ability of Hsp100 proteins to deliver individual proteins to proteases, which have 
a requirement for unfolded substrate, or the unidirectional pulling force exerted by 
Hsp100 proteins involved in the import of unfolded pre-proteins into cell compart-
ments [30, 66].

The Arabidopsis thaliana genome revealed nine Hsp100 genes, namely CLPB1, 
CLPB2, CLPB3, CLPB4, CLPC1, CLPC2, CLPD, CLPX1 and CLPX2 [1, 92]. 
ClpB1 is a cytosolic protein also known as AtHsp101 which is crucial for thermo-
tolerance [50]. The CLPB2 gene is not expressed and encodes only a part of normal 
B-type proteins, and ClpB4, ClpX1 and ClpX2 are mitochondrial proteins [1, 92]. 
The remaining four proteins, ClpB3, ClpC1, ClpC2 and ClpD, are all chloroplast 
localized [92, 134, 221]. The genome of Chlamydomonas reinhardtii contains ho-
mologues of ClpB3, ClpC and ClpD which are putatively located in the chloroplast 
[165]. In rice, 3 ClpB, 4 ClpC and 2 ClpD proteins are encoded in the genome, of 
which two ClpC proteins are predicted and ClpB-c has been confirmed to localize 
in the chloroplast [175].

13.5.2  ClpB and its Role in Protein Disaggregation

While it was established for E.coli ClpA and ClpX proteins that they can interact 
with ClpP proteases and thus participate in protein degradation, the tripeptide motif 
IGF/L necessary for this interaction is absent in ClpB proteins [66, 76]. Therefore, 
ClpB proteins do not associate with ClpP and have likely no direct influence on 
proteolysis [151, 210]. Instead, they seem to play a role in disaggregating stress 
induced protein aggregates, as it was originally found for the yeast ClpB component 
Hsp104 [129]. Hsp104 and ClpB assemble into hexamers upon binding of ATP, 
with each protomer protruding a relatively large middle domain either towards the 
central pore or towards the surface [91, 208]. This large middle domain is unique 
for ClpB proteins and appears to be important for ClpB function as well as interac-
tion of ClpB with other chaperones [60, 108, 152]. On the other hand, the shorter 
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 N-terminal domain is not intrinsically important for ClpB function but might facili-
tate the interaction of ClpB with some substrates [26, 35, 68, 108]. It was shown that 
high concentrations of Hsp104 alone can disassemble Sup35 and Ure2 aggregates 
in vitro, but in most in vivo conditions it interacts with the Hsp70/Hsp40 system [47, 
171]. Thereby, Hsp70 likely binds to unstructured regions of aggregated proteins 
before and after ClpB activity to induce substrate binding and prevent re-aggrega-
tion [36, 206, 222]. ClpB hexamers act by pulling unfolded protein ends or even 
unfolded loops through the central pore [61, 185, 206].

Many plant species have a cytosolic, a mitochondrial and a chloroplast ClpB 
with the organellar ClpB proteins being more closely related to each other than to 
the cytosolic ones [92, 174]. However, the high structural similarity of all Arabidop-
sis and rice ClpB proteins and the high homology to yeast Hsp104 suggests a com-
mon function for all ClpB proteins [174, 175]. Indeed, all three isoforms of ClpB 
in Arabidopsis thaliana, Chlamydomonas reinhardtii and rice are upregulated by 
heat stress, suggesting that ClpB may have a quite conserved role in the disaggrega-
tion of heat-induced aggregates [92, 111, 175]. A cytosolic ClpB from soybean can 
functionally compensate a yeast hsp104 mutant and restore thermotolerance, again 
suggesting that ClpB proteins share a conserved function [89].

In Arabidopsis, ClpB3 was discovered as APG6 in a screen for albino and pale 
green ( apg) mutants [113]. Chloroplast localization of ClpB3, which is encoded 
with a predicted transit peptide, has been confirmed by GFP tagging [92, 113]. The 
pale, seedling lethal phenotype of apg6 mutants and the reduced chloroplast size 
and thylakoid network indicates a role for ClpB3 in normal chloroplast develop-
ment and growth [92, 113]. In addition, homozygous mutant seeds showed a defect 
of apg6 already in embryogenesis and seed development [113]. Interestingly, while 
heat shock leads to a general expression of a ClpB3 promoter-GUS fusion in all 
tissues, non-heat-shock treated plants showed highest expression of the construct in 
meristematic and post-mitotic tissues containing proplastids, which points towards 
an additional role of ClpB3 in proplastid differentiation and maturation [113]. In 
tomato, however, antisense lines of a chloroplast localized ClpB3 homologue had 
a wild-type phenotype even though both ClpB3 mRNA and protein were reduced 
below detection levels even after heat shock [217]. While these tomato antisense 
lines showed the expected heat sensitivity, in line with the notion of a generally 
conserved ClpB function, the Arabidopsis apg6 mutants did not show an additional 
defect after heat shock [92, 217]. It was speculated that Arabidopsis apg6 mutants 
might lack a thermosensitivity phenotype only because it is masked by the seedling 
lethal phenotype [92].

Recently, it was shown that chloroplast ClpB3 is not only heat shock induced. 
In maize, Friso et al. [43] showed that bundle sheath cells contain higher ClpB3 
and Hsp90 levels than mesophyll cells [43]. This shows that certain cell types may 
use ClpB3 to remodel the chloroplast proteome for developmental purposes rather 
than as a result of stress [43]. In an Arabidopsis clpr2 mutant background, which 
shows impaired proteolysis, ClpB3 is upregulated, presumably to disaggregate 
higher amounts of misfolded proteins that accumulate due to slower degradation 
[223]. Consequently, the clpr2 clpb3 double mutant shows additive defects [223]. 
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 Finally, it was shown that even high irradiance can induce ClpB3 expression, al-
though the reason for this might be an increased surface temperature caused by the 
high  irradiation [2]. All in all, it seems that the function of all ClpB proteins, includ-
ing chloroplastic ClpB3, is quite conserved, namely the disaggregation of protein 
aggregates. This function is almost always necessary as a consequence of heat stress 
but probably also other stresses and even developmental proteome rearrangements.

13.5.3  ClpC: Partitioning Between Protein Degradation and 
Chloroplast Protein Import

Chloroplast ClpC was originally identified as a functional homologue of E. coli 
ClpA that is able to facilitate the degradation of 3H-methylcasein by E. coli ClpP in 
an ATP-dependent fashion [167]. Both ClpC and the ClpP protease have been local-
ized to the chloroplast stroma by subfractionation and immunolocalization, suggest-
ing that they act together as a ClpC-ClpP protease [167]. The interaction of ClpC 
with ClpP was found to be dependent on ATP binding but not hydrolysis, while 
ATP hydrolysis was necessary for the degradation of beta-casein and OE33 [51, 
52]. This degradation activity could be inhibited by phenylmethylsulfonyl fluoride, 
showing that the ClpC-ClpP protease is an ATP-dependent serine protease [52]. 
Interestingly, both pea ClpC mRNA and protein levels were increased by exposure 
of etiolated seedlings to light and decreased at temperatures higher or lower than 
ambient 25°C, indicating that, unlike other Hsp100 chaperones, ClpC has a role 
in the constitutive development of green leaves [126]. Similarly, a Synechocystis 
ClpC homologue was expressed higher under rapid growth conditions but lower un-
der heat shock conditions, again implying a role of ClpC for general photosynthetic 
growth [28]. This finding was supported by Arabidopsis clpc1/hsp93-V mutants, 
ClpC1/Hsp93-V being the main isoform of two Arabidopsis ClpCs, which showed 
retarded growth, a chlorotic phenotype, impaired photosynthetic performance and a 
lower PSI and PSII content [30, 82, 176].

In Arabidopsis, the two stromal ClpC isoforms have been called Hsp93-V and 
Hsp93-III, designating their apparent molecular weight and the chromosome num-
ber on which the corresponding gene is located [30]. The two isoforms have likely 
overlapping functions because hsp93-III knockout mutants show no defect com-
pared to wild-type while hsp93-V hsp93-III double mutants are embryo-lethal [30, 
82, 83]. This suggests that ClpC has an essential function in chloroplast biogenesis 
and therefore plant survival. In fact, some reports indicate that the ClpC-ClpP prote-
ase might indirectly regulate thylakoid biogenesis: An ffc/cpsrp54 mutant impaired 
in thylakoid protein targeting showed strong upregulation of ClpC1/Hsp93-V, and 
the ffc clpc1 double mutants are seedling lethal, suggesting that ClpC1/Hsp93-V 
might be necessary for the turnover of non- or mis-targeted proteins [146]. Also, the 
variegation phenotype of var2/ftsh2, being defective in thylakoid protein turnover 
in white sectors, was shown to be suppressed by a clpc2/hsp93-III splice defect 
mutant [128]. As ftsh2 ftsh8 double mutants are albino, it might be that FtsH8 levels 



13 Molecular Chaperone Functions in Plastids 345

and consequently thylakoid protein levels are regulated by ClpC2 proteolysis in 
var2/ftsh2 mutants [128, 220].

ClpC is considered to play a crucial role in chloroplast protein import in addi-
tion to proteolysis. It was discovered to interact with importing protein precursors 
on their way into the chloroplast, as well as with translocon complexes of the TOC/
TIC (translocon at the outer/inner chloroplast envelope membrane) machinery un-
der limiting ATP conditions [3, 118]. High levels of ATP, however, destabilized this 
interaction pointing towards a short-lived association of ClpC with precursors and a 
fast ATP-dependent protein import process [118]. Recently, it was found that ClpC2/
Hsp93-III, like ClpD, can bind to a transit peptide when it is fused N-terminally to 
GST, but neither when fused C-terminally to GST, nor when interleaved between 
GST and Ferredoxin-NADP+-reductase [16]. Additionally, a pool of ClpC1/Hsp93-
V seems to be constantly associated with inner envelope membranes, and this as-
sociation is dependent on the presence of the ClpC1/Hsp93-V N-terminus [27]. In 
fact, an N-terminal deletion construct of ClpC1/Hsp93-V could not complement the 
pale-green and protein import-defective phenotype of the clpC1/hsp93-V knockout 
mutant while ATPase activity and the degradation of the assumed ClpP target gluta-
mine synthetase are not affected [27]. All these data strongly propose that ClpC has 
an important role as a motor protein involved in protein import propulsion.

In an import time-course experiment, Arabidopsis ClpC1/Hsp93-V was 
crosslinked to the TIC components Tic40 and Tic110 in the late stages of protein 
import, which implies that these components act together in the late, stromal stages 
of protein import [24]. Intriguingly, Tic40 is a cochaperone, which contains a TPR 
domain as well as domains with homology to human cochaperones Hop (Hsp70-
Hsp90 organizing protein) and Hip (Hsp70 interacting protein), while Tic110 is the 
proposed protein channel at the inner envelope membrane [24, 63]. In a study using 
yeast two-hybrid and immunoprecipitations with constructs containing individual 
domains of Tic40 and Tic110 it was shown that the stromal Tic110 domain interacts 
with the Tic40 TPR but not the Hip/Hop domain and that this interaction is increased 
upon binding of RBCS precursors but not mature RBCS to the stromal domain of 
Tic110 [25]. The binding of Tic40 to Tic110 releases the precursors from Tic110, 
whereupon the Tic40 Hip/Hop domain stimulates ATP hydrolysis by ClpC1/
Hsp93-V, a property which can be abolished by mutations in the Hip/Hop domain 
[25]. Indeed, three independent studies noted a decreased protein import rate in 
Arabidopsis clpc1/hsp93-V mutants, suggesting active participation of ClpC/Hsp93 
in the import process, although a fourth study failed to show the same trend [27, 
30, 82, 176]. On the other hand, while unfolded PC-DHFR precursor is imported 
at a higher rate than folded PC-DHFR (stabilized with methotrexate) in wild-type, 
the hsp93-V hsp93-III-1 double mutant (where hsp93-III-1 is a knockdown rather 
than a knockout) imported the stabilized PC-DHFR and the unfolded precursor 
equally well, which shows that ClpC/Hsp93 is not required for precursor unfolding 
[83]. Finally, the model of ClpC hexamers being able to thread an already unfolded 
precursor through its central pore and thus creating an importing force by ATP 
hydrolysis is in line with the proposed model for other Hsp100 proteins [185, 206].
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13.5.4  Is ClpD a Stress and Senescence Related Chaperone?

ClpD was discovered in Arabidopsis in a cDNA pool from 1-hour-dehydrated plants 
and named ERD1 for early response to dehydration 1 [77]. The nucleotide sequence 
shows 38 % and 34 % identity with E.coli ClpA and ClpB, respectively, and has an 
N-terminal transit peptide [77]. Localization to the plastid was confirmed by fus-
ing the N-terminal part of ClpD/ERD1 to GFP [115]. The ClpD/ERD1 protein is 
properly processed after import into the chloroplast and accumulates in the soluble 
fraction [203]. Expression of ClpD/ERD1 was strongly induced upon dehydration, 
but not upon any other stress treatments such as high or low temperature, growth 
hormone, heavy metal or starvation treatments [77]. Nakashima et al. [115] showed 
by northern blots and GUS reporter gene fusion that expression of ClpD/ERD1 
was also induced by natural senescence and dark-induced etiolation [115]. Studies 
on the ClpD/ERD1 protein level in dark-induced etiolation and natural senescence 
have, however, produced quite conflicting results. While Nakabayashi et al. [114] 
report an increase of ClpD/ERD1, detected at 97 kDa, in both dark-induced etiola-
tion and natural senescence, Weaver et al. [203] reported a decrease of the same pro-
tein, detected at about 100 kDa, again in both conditions [114, 203]. Finally, Zheng 
et al. [221] showed that ClpD/ERD1 protein levels are not increased upon short-
term dehydration but rather upon long-term high-light and cold acclimation [221].

Using ClpD/ERD1 promoter luciferase fusions with various deletions, Simp-
son et al. [173] found two discrete ClpD/ERD1 promoter elements with two mo-
tifs each: a dehydration-responsive element with an rps1 site-1-like motif and a 
MYC-like motif as well as an etiolation-responsive element with an abscisic acid 
responsive element (ABRE) motif and an ACGT motif [173]. Because the etiola-
tion-induced luciferase expression could be inhibited by incubation in 1 % sucrose, 
it was suggested that the ClpD/ERD1 etiolation-responsive element is inhibited by 
endogenous levels of assimilates and activated upon starvation during etiolation 
or senescence, although earlier studies have shown that sucrose-starvation for 10 
hours alone is not enough to induce ClpD/ERD1 expression [77, 173]. Using yeast 
one-hybrid and gel retardation assays, Tran et al. [188] found interactions of the 
NAC transcription factors ANAC019, ANAC055 and ANAC072 with the ClpD/
ERD1 MYC-like promoter sequence in vivo and in vitro, and found that ClpD/
ERD1 promoter GUS fusions are induced by all three factors [188]. ANAC072 
 expression is induced upon dehydration whereas ANAC019 and ANAC055 are 
rather high-salt-induced, but the fast and ABA-independent induction of all three 
factors suggest that they might act upstream of ClpD/ERD1 expression [188]. An 
additional factor, zinc-finger homeodomain 1 (ZFHD1), was found to bind to the 
rps1 site-1-like motif using yeast one-hybrid assays and to each of the three NAC 
factors using yeast two-hybrid assays [189]. In fact, only co-expression of each 
NAC factor with ZHFD1 could induce ClpD/ERD1 expression, suggesting that the 
two factors act in concert during dehydration and salinity stress [188, 189].

In terms of functionality, ClpD/ERD1 has been shown to form hexamers upon 
addition of ATP like it is the case for other members of the Hsp100 chaperone fam-
ily [142]. Although intrinsic ATPase activity under physiological conditions was 
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found to be unlikely, ClpD/ERD1 was still able to disaggregate up to 20 % of heat-
denatured luciferase [142]. ClpD/ERD1 appears to be C-terminally processed, and 
this processed form is able to interact with a model transit peptide N-terminally 
fused to GST both in vitro and in isolated chloroplasts [142]. In contrast, no interac-
tion of ClpD/ERD1 was found with the same transit peptide fused C-terminally to 
GST or interleaved between GST and FNR, suggesting that a free amino terminus 
of the transit peptide is required for interaction [16]. In addition to a potential role 
in protein import, the presence of the tripeptide domain IGF/L, which is required 
for association with the ClpP protease, could point towards a role of ClpD in protein 
degradation [76, 174]. Although the inconsistent results concerning the ClpD/ERD1 
protein levels in dehydration-stressed and senescent plants need further investiga-
tion, it could be speculated that ClpD/ERD1 might play a role in protein import 
or degradation during certain stress conditions, senescence or high light and cold 
acclimation.
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Abstract Steady-state levels of chloroplast proteins rely on the balance between 
synthesis and degradation rates. Thus, the importance of protein-degradation pro-
cesses in shaping the chloroplast proteome, and hence proper organellar function-
ing, cannot be overestimated. Chloroplast proteases and peptidases participate in 
chloroplast biogenesis through maturation or activation of pre-proteins, adaptation 
to changing environmental conditions through degradation of certain proteins, and 
maintenance of protein quality through degradation of unassembled or damaged 
proteins. These activities are mediated by ATP-dependent and—independent prote-
ases, many of which are encoded by multigene families. Newly imported proteins 
are processed by stroma- and thylakoid-localized peptidases that remove signal 
sequences, which are then further degraded. The multisubunit ATP-dependent Clp 
and FtsH complexes degrade housekeeping and oxidatively damaged proteins in the 
stroma and thylakoid membranes, respectively. A number of other chloroplast pro-
teases have been identified, but their function and substrates are still unknown, as 
are the nature of degradation signals and determinants of protein instability. Future 
research is expected to focus on these questions.

Keywords Chaperones · Chloroplasts · Development · Proteases · Senescence · 
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14.1  Introduction

The chloroplast proteome comprises more than 2000 nuclear- and chloroplast-en-
coded proteins. Steady-state levels of these proteins are determined by the balance 
between transcription and translation rates on one hand, and degradation rates on the 
other. Thus, the importance of protein-degradation processes in shaping the chlo-
roplast proteome, and hence proper functioning of the organelle, cannot be over-
estimated. Proteolytic activities, defined as cleavage of peptide bonds, are carried 
out by proteases or peptidases, which differ in a number of aspects. Some activities 
are limited to the hydrolysis of a single bond in a given substrate, whereas others 
function processively. Products of such activities can be either peptides of different 
lengths, from di- and tri-peptides to much longer ones, or free amino acids. The hy-
drolysis itself can be catalyzed by different mechanisms, depending on the chemis-
try of their catalytic centers, giving rise to the categorization of proteases into seven 
different families: serine, cysteine, aspartic, metalloproteases, threonine, glutamic 
and peptidases of unknown catalytic mechanisms. Although cleavage of a peptide 
bond does not require metabolic energy, some proteases couple the hydrolysis of 
ATP to the unfolding of their substrates as a prerequisite for the actual cleavage. 
The in vivo contexts of proteolytic reactions are also highly variable: maturation 
or activation of pre-proteins require either N- or C-terminal processing by specific 
peptidases; proteolytic enzymes participate in some cases of signal transduction by 
releasing factors from membranes into the soluble phase; rapid turnover rates of 
certain regulatory proteins allow their function as ‘timing proteins’ in the control of 
gene expression; protein quality control is maintained by the degradation of unas-
sembled or damaged proteins. Thus, proteolytic processes are intimately involved 
in almost every aspect of the cell’s life cycle. Organelles such as chloroplasts are 
no exception. Although examples have been documented for the involvement of 
only some of the above proteolytic processes in chloroplasts, it is already clear that 
proteases play an essential role in this organelle’s biogenesis and function.

In retrospective, research in the field of chloroplast proteolysis can be roughly 
divided into three periods. During the 1980s and early 1990s, a number of proteolyt-
ic processes were documented and characterized. However, attempts to identify the 
proteases involved in these processes, primarily through biochemical approaches, 
were largely unsuccessful. In the mid-1990s, the identities of chloroplast proteases 
began to be revealed. The first successes in this respect resulted from searching for 
homologues of known bacterial proteases, and identification of genes responsible 
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for mutations in chloroplast development [19, 51, 86, 127, 142]. Completion of 
the Arabidopsis genome project enabled comprehensive homology searches, and 
in conjunction with the use of programs for predicting the intracellular location of 
proteins, a list of putative components of the proteolytic machinery of chloroplasts 
was compiled [134]. Research in the field in recent years has been characterized by 
attempts to link identified proteases with the previously described proteolytic pro-
cesses, and to reveal their physiological roles, primarily through a reverse-genetics 
approach.

This chapter reviews the different components of the chloroplast proteolytic ma-
chinery, their function in different proteolytic processes delineated to date, and the 
limited information on substrate specificity and determinants of protein stability 
and instability in chloroplasts. Where possible, proteolytic enzymes are referred 
to according to their names and classification in the peptidase database MEROPS 
[112] (http://merops.sanger.ac.uk/index.htm) and its corresponding handbook [13].

14.2  Major Chloroplast Proteases

Given the prokaryotic evolutionary origin of chloroplasts, it is not surprising that 
all chloroplast proteases are homologues of known bacterial ones. In fact, this rela-
tionship facilitated the initial identification of some chloroplast proteases. Proteases 
involved in intracellular proteolysis in any biological system can be categorized, 
based on their energy requirement, into ATP-dependent and -independent ones. Hy-
drolysis of a peptide bond does not require metabolic energy. Thus, the requirement 
for ATP in certain enzymes is limited to unfolding the substrate and feeding it into a 
catalytic chamber, which is secluded from the cellular environment, a paradigm that 
led to classifying these enzymes as self- compartmentalizing proteases [14]. Similar 
to all bacteria, chloroplasts contain both ATP-dependent and independent proteases. 
However, whereas Escherichia coli and most other bacteria contain single genes en-
coding these enzymes, higher plants have evolved multiple genes for most of them 
[1, 3, 57, 116]. These enzymes (Fig. 14.1) are described below.

14.2.1  The Clp Protease

The Clp protease in E. coli is a multisubunit complex, composed of two main 
components, proteolytic and regulatory (for review see [74, 123]). The proteolytic 
chamber is made of two heptameric rings of the serine peptidase ClpP. Together the 
two rings form a barrel-like structure with two narrow inlets and an internal cavity 
where the active sites, composed of the catalytic triad of Ser-His-Asp, are located. 
The openings of the ClpP subcomplex are capped by hexameric rings of specific 
ATP-dependent chaperones of the AAA+ superfamily [100], either ClpA or ClpX, 
which recognize potential substrates, unfold them, and feed them into the catalytic 
chamber [66]. ClpAP and ClpXP specifically degrade different regulatory proteins, 
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and participate in protein quality control by degrading aggregated, misfolded and 
otherwise abnormal proteins [123].

The chloroplast Clp protease is much more complex (for reviews see [3, 22, 
23, 102]. In Arabidopsis, there are six different genes encoding ClpP (peptidase 
S14.002), giving rise to proteins of 20–29 kDa, five of which are targeted to chlo-
roplasts. The sixth, ClpP2, is targeted to mitochondria where, together with ClpX, 
it forms the mitochondrial Clp complex [44, 79, 109]. One of the ClpPs, ClpP1, 
is the only component of the chloroplast proteolytic machinery that is encoded in 
the organelle’s genome. The Arabidopsis nuclear genome encodes four ClpP-like 
proteins, designated ClpR. These are similar in size and sequence to ClpP and lo-
cated exclusively in chloroplasts, but lack the conserved residues of the catalytic 
triad, and are thus not expected to perform a proteolytic function. The ClpP cognate 
chaperones in Arabidopsis include two copies of ClpC (belonging to the Hsp100 
family), the plant homologue of ClpA, and another related protein designated ClpD, 
which are found in the chloroplast, and three ClpX proteins that are located in the 
mitochondria. At the protein level, expression of all Clp proteins, with the excep-
tion of ClpD, appears to be constitutive under different short- and long-term stress 
conditions [167]. Nevertheless, abundance of their transcripts differs in a tissue 
specific manner [102]. Additional Clp proteins include one ClpS and two copies of 
ClpT. ClpS is homologous to the E. coli ClpS, a substrate modulator of the bacterial 
ClpAP complex [28], which is essential for the operation of the N-end rule pathway 

Fig. 14.1  The proteolytic machinery in chloroplasts. Different chloroplast proteases are depicted 
in their respective sub-organellar location. Serine proteases are colored in orange, metalloprote-
ases in purple and an aspartic protease in yellow. ATPases are marked with arrows, and processing 
peptidases (described in Chap. 12) are marked by blue ribbons
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(see Sect. 14.6) in bacteria [29]. The function of the chloroplast ClpS is currently 
unclear. ClpT is unique to land plants, while absent from algae and cyanobacteria, 
and shares homology with the N terminus of ClpC [106]. ClpT appears to modulate 
the assembly of ClpP core complexes (see below).

Native isoelectric focusing followed by mass spectrometry revealed that the core 
of the chloroplast Clp protease is a complex of 325–350 kDa, composed of one to 
three copies of ClpP (ClpP1, ClpP3-ClpP6), four copies of ClpR (ClpR1-ClpR4), 
and one copy of ClpT [107] (it should be noted that the names of ClpS and ClpT 
were swapped in this paper). Interestingly, the same core Clp complex is found in 
the stroma of chloroplasts and in non-green plastids isolated from roots and flow-
ers [109]. Another work, using native polyacrylamide gel electrophoresis followed 
by immunoblot analysis with specific antibodies for each of the Clp isomers, shed 
more light on the structure of the core Clp complex. Two sub-core complexes were 
observed, probably corresponding to the two different rings. One, a 335 kDa core 
contained all chloroplastic ClpP and ClpR subunits, while two smaller sub-com-
plexes were identified: a 230 kDa complex containing ClpP1 and ClpR1-ClpR4, 
and a 180 kDa complex containing ClpP3-ClpP6 [133].

Presence of the two different core heptamers, designated P-ring (containing 
only P subunits) and R-ring (containing P and R subunits), has been recently con-
firmed. This was achieved by complementing Arabidopsis mutants lacking ClpP3 
or ClpR4 with the corresponding proteins fused to a StrepII tag, followed by affin-
ity purification and mass spectrometry analysis [101]. The complex purified by the 
tagged ClpP3 corresponded to the P-ring and contained ClpP4, ClpP5, and ClpP6 
at a stoichiometry of P3:P4:P5:P6 = 1:2:3:1. The complex purified by the tagged 
ClpR4 corresponded to the R-ring and contained ClpP1, ClpR1, ClpR2 and ClpR3, 
at a stoichiometry of P1:R1:R2:R3:R4 = 3:1:1:1:1. Notably, composition of the R-
ring (P:R  =  3:4) is reminiscent of the essential R- ring in the cyanobacterium Syn-
echococcus, in which subunit composition is much simpler and the R-ring consists 
of three ClpP3 and four ClpR in an alternating order [8]. Similarity of the R-ring 
composition in these two organisms suggests that diversification of P and R sub-
units coincided with the evolution of photosynthesis (reviewed in [22, 102]). Phy-
logenetic analysis suggests that Arabidopsis ClpR2 originated from the chloroplast-
encoded ClpP1, which is closely related to the cyanobacterial ClpP3, whereas all 
other R subunits probably originated from the cyanobacterial ClpR.

The aforementioned diversity in the composition of PR subunits appears to coin-
cide also with the presence of the land plant-specific ClpT proteins [22, 102, 106]. 
Function of ClpT is essential, as the lack of both ClpT1 and T2 results in seedling 
lethality in Arabidopsis [131]. Both of these proteins are found in the stroma as ho-
modimers, where they appear to participate in the assembly of the Clp proteolytic 
core complex. They first monomerize by an unknown mechanism, ClpT1 then binds 
to the P-ring, followed by binding of ClpT2. This then facilitates the association of 
the P-ring with the R-ring. Thus, ClpT proteins apparently serve as regulators of the 
core assembly [131]. However, the mechanistic details of this regulation, as well as 
why ClpT proteins are essential in land plants but are missing from cyanobacteria, 
are still unknown.
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Knockout and knockdown studies of Clp genes provided additional insight into 
both the structure of the complex and its physiological functions. Disruption of the 
chloroplast ClpP1 gene in tobacco resulted in loss of shoot development [78, 129]. 
Inactivation or downregulation of several ClpP and ClpR genes in Arabidopsis led 
to phenotypes of variable severity. Viable ClpP4 and ClpP6 knockout mutants could 
not be obtained, but repression of their expression by antisense constructs resulted 
in slow growth and a variegated ‘yellow-heart’ phenotype [133, 168]. Yellow var-
iegated leaves were also observed in rice as a result of disrupting the ClpP5 gene 
[144]. A T-DNA-knockdown line of ClpR2 demonstrated a decrease in the level of 
all other Clp core-complex subunits, suggesting that their accumulation is coordi-
nated and that they are all essential for the assembly and stability of the complex 
[114].

More systematic analysis of mutants lacking either one of the ClpP or ClpR 
subunits revealed that most of them displayed severe phenotypes, such as embryo 
or seedling lethality.

This strongly supports the notion that the multitudes of ClpP and ClpR subunits 
are not redundant, but are required for the formation of a functional ClpPR core [65, 
102]. The only exception is clpr1 knockout, which gives rise to viable plants despite 
its pale-green leaf phenotype [65, 71]. This mild phenotype of clpr1 is partially ex-
plained by functional exchangeability between ClpR1 and ClpR3 [65].

Mutations in the regulatory ATPase have somewhat less severe consequences 
than the loss of ClpP and ClpR proteins. ClpC1 mutants can grow autotrophically, 
but are smaller and paler than wild-type plants [26, 72, 132]. In contrast, a ClpC2 
mutant is indistinguishable from the wild type [105], suggesting that the two copies 
of ClpC are redundant. It is not clear why these two mutants have different phe-
notypes; one possibility is that the two isomers accumulate to different levels, and 
loss of the abundant one has more severe effects. A mutant lacking both ClpC1 and 
ClpC2 results in embryo lethality, indicating that the function of ClpC is essential 
[73]. In contrast, the function of ClpS remains unclear, as its knockout mutants have 
no obvious phenotype.

14.2.2  The FtsH Protease

The E. coli FtsH is a membrane-bound ATP-dependent metalloprotease [50]. Of 
all the ATP-dependent proteases in this organism, FtsH is the only essential one. 
Unlike the Clp protease, the proteolytic and ATPase domains of FtsH are found on 
the same polypeptide. The N terminus of the protein contains two trans-membrane 
helices, which anchor it to the plasma membrane. This region is followed by the 
ATPase domain, classifying FtsH as a member of the AAA+ superfamily [100]. 
The proteolytic domain is found at the C terminus and contains the zinc-binding 
motif His-Glu-X-X-His, which serves as the catalytic site. Similar to other ATP-
dependent proteases, FtsH forms a hexameric ring- like structure, in which access 
to the proteolytic site is controlled by the ATPase domain. Details of these structural 
features were revealed with the determination of the three- dimensional structure of 
the soluble portion of bacterial FtsH [15, 141].
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The Arabidopsis FtsH gene family contains 12 members, all found in the nuclear 
genome [2, 3, 116, 118, 148]. Products of three of these (FtsH3, FtsH4 and FtsH10) 
are targeted to mitochondria, whereas the other nine (FtsH1, FtsH2, FtsH5-FtsH9, 
FtsH11 and FtsH12) are targeted to chloroplasts, as revealed by transient-expres-
sion assays with GFP fusions [118]. In addition to these, there are four genes en-
coding FtsH-like proteins that show significant similarity to authentic FtsH, but 
that lack a histidine residue in the zinc- binding motif, and are thus expected to be 
proteolytically inactive [134]. Unlike ClpR in the core complex of the Clp protease, 
so far there is no evidence for the association of these FtsH-like proteins with any 
proteolytically active FtsH complex. It is worth mentioning that unimported cop-
ies of FtsH are degraded in the cytosol by the ubiquitin- dependent pathway [128].

Mass spectrometry analyses confirmed the presence of FtsH1, FtsH2, FtsH5 and 
FtsH8 in thylakoids [33, 130, 159]. Immunoblot analysis of isolated organelles sug-
gested that FtsH4 is located exclusively in the mitochondria, whereas FtsH11 is 
dually targeted to both mitochondria and chloroplasts [145]. Within the chloroplast, 
FtsH11 is localized to the envelope membranes, as revealed by proteomic analysis 
of this sub-compartment [31].

Among those exclusively targeted to chloroplasts, FtsH1 and FtsH5, FtsH2 and 
FtsH8, and FtsH7 and FtsH9 comprise three pairs of duplicated genes (see phylo-
genetic trees in [2, 118, 159]. The two pairs, FtsH1/5 and FtsH2/8, seem to repre-
sent the major isoforms, with FtsH2 being the most abundant, followed by FtsH5, 
FtsH8 and FtsH1, in decreasing order [130]. The differential abundance of these 
four FtsHs is positively correlated with the severity of phenotypes associated with 
mutations in their corresponding genes. FtsH2 mutants have variegated leaves, con-
taining distinct green and yellow/white sectors with viable cells [19, 60, 97, 120, 
142](see Fig. 14.2). Mutants in FtsH5 have only slightly variegated leaves [117], 
whereas mutants in FtsH1 and FtsH8 are indistinguishable from wild type plants 
[118]. This mutant phenotype suggests that FtsH might be involved in chloroplast 
biogenesis. More importantly, dispensability of all FtsH isoforms, despite leaf var-
iegation, suggests their redundancy (see below), unlike ClpP and ClpR subunits.

The size of the chloroplast FtsH monomer (peptidase M41.005) is ~ 74 kDa. 
The variants located in the thylakoid membrane have their ATPase and proteolytic 
domains facing towards the stroma [86]. Owing to their similarity to the E. coli 
FtsH, thylakoid FtsHs have been considered to have two transmembrane domains. 
A recent study involving protein import, however, revealed that they have a single 
membrane-spanning region, and that they are targeted to the thylakoid membranes 
through canonical transport pathways [113] (see Chap. 10 in this volume). Interest-
ingly, FtsH2 (and also the related FtsH8) uses the Tat pathway that is dependent on a 
proton gradient, whereas FtsH5 (and FtsH1) uses the NTP-dependent Sec pathway. 
Consequently, the N-termini of these FtsHs are exposed to the thylakoid lumen.

In the thylakoid membranes, FtsH forms a complex of 400–450 kDa, which is 
most likely a hexamer [118, 159]. Several lines of evidence suggest that FtsH com-
plexes are heteromeric: FtsH2 and FtsH5, identified by either specific antibodies or 
mass spectrometry, co-migrate on native gels, sucrose gradients and size- exclusion 
chromatography. Moreover, in mutants lacking one of these proteins, the level of 
the other is also reduced [118, 159], and double mutants lacking a pair of duplicated 
genes do not accumulate the products of the existing pair [164].
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The membrane-association of FtsH has prevented its purification to homoge-
neity in its native form. Nevertheless, insights into its composition in Arabidop-
sis could be obtained from overexpression experiments and analysis of single and 
double knockout mutants. Overexpression of FtsH8 compensates for the loss of its 
duplicated gene FtsH2 [159], and FtsH1 can compensate for the loss of its close 
homologue FtsH5 [160]. However, attempts to restore the wild type phenotype by 
overexpressing FtsH5 in the FtsH2- mutant background were unsuccessful. Further-
more, double mutants of duplicated genes, either FtsH1 and FtsH5, or FtsH2 and 
FtsH8, are completely albino, and can only grow on agar plates supplemented with 
sucrose [164]. In each of these double mutants, the presumably remaining FtsHs do 
not accumulate. Taken together, these results suggested that the chloroplast FtsH 
complex is a hetero-oligomer composed of two types of subunits, ‘type A’—FtsH1 

Fig. 14.2  Leaf-variegated phenotype caused by the lack of the thylakoid FtsH complex. Upper 
panel: FtsH2 is a major isoform comprising the FtsH hetero-complex. An Arabidopsis mutant 
lacking FtsH2 ( var2–6) is viable due to its functional redundancy with FtsH8, but shows leaf 
variegation that does not appear in the wild type (Columbia). Coexsistence of another mutation 
( fug1–1 in this figure) has been shown to suppress leaf variegation [96], providing an intrigu-
ing aspect of chloroplast biogenesis related to FtsH. Bar in each panel, 10 mm. Lower panel: 
Expression of an FtsH RNAi construct in tobacco led to suppression of overall FtsH protein. (A), 
transgenic tobacco transformed by a vector control; (B) to (D), three independent transgenic lines 
in which FtsH levels are reduced to 90, 70 and 50 % of the control, respectively (see also [62]). 
Photographs provided by the Sakamoto laboratory
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and FtsH5 and ‘type B’—FtsH2 and FtsH8. Whereas subunits within a type are 
redundant, the presence of subunits from both types is essential for accumulation 
of the complex [2, 3, 164]. Although genetic and transgenic approaches allowed 
making these conclusions, the issue of stoichiometry between type A and type B 
subunits awaits the purification of the authentic complex.

The variegated phenotype in the mutants lacking FtsH2 or FtsH5 suggests that 
FtsH2 and FtsH5 are the major isoforms in the heterocomplex, whereas FtsH1 and 
FtsH8 might act as backup. Fitness test of mutants lacking one of the FtsHs rein-
forced the importance of FtsH2 and FtsH5 over other FtsHs [148]. Presence of Type 
A and Type B isoforms is well conserved not only in higher plants, but also in algae 
and cyanobacteria, demonstrating its evolutionary conservation in photosynthetic 
organisms. In contrast to these four thylakoid-membrane FtsHs, most other chlo-
roplast FtsHs have been poorly characterized (see Sect. 14.4.5). Mutants in FtsH 
have not been characterized in plant species other than Arabidopsis, and only very 
recently the knockdown of FtsH (to ~ 50 %) in tobacco was shown to also cause leaf 
variegation [62] (Fig. 14.2).

The multiplication of FtsH genes had initially suggested that this could be re-
flected in spatial or temporal variation in their expression. Transcript levels of all 
FtsH genes increased in response to increase in light intensity [130]. However, re-
sults of a proteomic study on the response to high light revealed that the levels of 
chloroplast proteases or chaperones, including FtsH, are kept more or less constant 
[37]. In light of the transient decrease in the level of the FtsH protein itself in re-
sponse to high light [163], it appears that changes in the transcript level only ensure 
a constant level of the protein. Similarly, differential spatial expression of different 
FtsHs could also be ruled out, as GUS-fusion experiments revealed similar patterns 
for FtsH1, FtsH2, FtsH5 and FtsH8 [159, 160].

As mutants lacking FtsH2 show a remarkable leaf-variegation phenotype, ge-
netic studies have been extensively performed to unravel important aspects of FtsH 
structure- function relationship. Identification of many ftsh2 alleles (also termed 
var2), which contain single amino-acid substitutions, showed that variegation is 
always related to mutations in the ATPase domain [119]. In contrast, none of the 
variegated mutants had a mutation in the C-terminal proteolytic domain, raising the 
possibility that not all proteolytic activities of FtsH heterocomplexes are required 
for its function. Complementation analysis of an ftsh2/ftsh8 double mutant by ex-
pression of a proteolytically-inactive version of FtsH2 was indeed shown to recover 
leaf variegation [166]. These results suggest that the FtsH heterocomplex without 
protease activity in Type-B isomers is functional, and protease activity provided by 
Type-A isomers alone is sufficient for proper function of the heterocomplex. This 
situation is reminiscent of the chloroplast Clp protease described above, where the 
core proteolytic complex is composed of essential proteolytically active subunits 
and their inactive homologs [22, 102], and also of the eukaryotic 20 S proteasome, 
where most subunits of the proteolytic chamber lack proteolytic activity (e.g. [34]).

Suppressor analysis of the ftsh2 mutant variegated phenotype has also provided in-
teresting insight into the relations between the thylakoid FtsH protease and other chlo-
roplast proteins [89, 115]. A number of suppressors have been identified to date (e.g., 
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Fig. 14.2), whose mutations were found in the genes encoding Clp core and chaperone 
subunits [105, 161] factors involved in translation [88, 96] and ribosomal RNA matu-
ration [161], and proteins with unknown function [90, 162]. These results highlighted 
the importance of FtsH threshold levels and the proper balance between protein syn-
thesis and degradation during chloroplast biogenesis. Consistent with this was the 
recent demonstration that a cross between ftsh2 mutant and a mutant defective in the 
chloroplast protein deformylase (whose activity is a prerequisite for removal of the 
N-terminal Met), active during protein synthesis within the chloroplast, also resulted 
in the abrogation of the variegated phenotype [4]. Nevertheless, none of the factors 
identified by suppressor screening appeared to physically interact with FtsH. Several 
proteins that interact with FtsH have been identified in bacteria and mitochondria, 
however, no such FtsH- interacting proteins have been found in chloroplasts so far.

14.2.3  The Lon Protease

Another important ATP-dependent protease in E. coli is Lon. Similar to FtsH pro-
tease, its ATPase and proteolytic domains are found on the same polypeptide. It is 
a hexameric serine protease that uses a Ser-Lys dyad in its active site [17], which 
is required for the degradation of abnormal as well as several short-lived regula-
tory proteins (for review see [40]). Plant homologues of Lon protease (peptidase 
S16.003) had been first identified in mitochondria [11, 122], but are also found 
in chloroplasts. Transient-expression assays of GFP fusions revealed that of the 
four genes found in Arabidopsis, the products of Lon1 and Lon2 are targeted to 
mitochondria and peroxisomes, respectively, whereas Lon4 is dually targeted to 
mitochondria and chloroplasts [104, 116]. Proteomic analysis of mitochondria has 
also revealed the presence of Lon3 in this organelle [46, 47]. Moreover, immu-
noblot analysis of purified chloroplasts with an antibody against Lon1 revealed a 
cross-reacting protein of the correct size that was peripherally associated with the 
stromal side of the thylakoid membrane [104]. This association is reminiscent of 
the previous localization of plant Lon to the inner membrane of the mt [122], and 
the archaeal Lon to the plasma membrane [35]. However, how Lon proteases are 
anchored to membranes is still unknown. Expression of Lon4 appears to be consti-
tutive, as its transcript level does not change upon exposure to high light, or to low 
or high temperatures [130]. The oligomeric structure of the plant Lon protease, in 
chloroplasts or mitochondria, is not known. Although our current knowledge of the 
chloroplast Lon is very limited, it is expected that given its importance in prokary-
otes, it should play an important role in chloroplast biology as well.

14.2.4  Deg Proteases

The E. coli DegP (also known as HtrA) is an ATP-independent serine protease, 
peripherally attached to the periplasmic side of the plasma membrane, which is 
essential for survival at elevated temperatures (for review see [24, 25]. Two re-
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lated proteases, DegQ and DegS, are also located in the periplasm. DegP forms a 
hexameric complex, made up of two staggered trimmers, or even larger assemblies 
of these. Its monomer size is 48 kDa, composed of two distinct domains. The pro-
teolytic domain, with a typical catalytic triad of Ser-His-Asp, is found at the N ter-
minus. Two PDZ domains in tandem, implicated in protein-protein interactions, are 
located at the C terminus. In addition to its proteolytic activity, DegP demonstrates 
chaperone activity. Whereas the chaperone activity dominates at low temperatures 
(below 22 °C), the proteolytic one is manifested at elevated temperatures [135]. The 
transition between the two activities can be explained by the structure of the protein. 
At normal optimal growth temperature, the active site of the protease is blocked 
by segments of the protein itself, while at elevated temperature a conformational 
change is induced, making the active site accessible to substrates [75, 76].

Similar to the case of Clp and FtsH, a substantial number of DegP homologs are 
found in higher plants, which are now called ‘Deg proteases’ [57, 126]. The Arabi-
dopsis genome encodes 16 homologues of DegP and a similar number is present in 
rice and populus. Of these, Deg1, 2, 5, 7, and 8 have been experimentally localized 
to chloroplasts, whereas others appear to be targeted to different organelles [126]. 
The chloroplast enzymes are variable in their domain content and arrangement: 
Deg5 has one protease domain and lacks a PDZ one; Deg1 and 8 have one protease 
domain followed by one PDZ domain; Deg2 is most similar to bacterial DegP, hav-
ing one protease and two PDZ domains; Deg7 appears as a duplication of the latter 
arrangement in tandem, possessing a total of two protease domains and four PDZ 
ones [126].

Deg1, Deg5, and Deg8 are located in the lumen and attached to the thylakoid 
membrane [51, 108, 125], whereas Deg2 and Deg7 are located in the stroma and pe-
ripherally associated with the stromal side of this membrane [45, 138]. The associa-
tion of Deg proteins with membranes is somewhat surprising because they lack any 
obvious membrane anchor. Interestingly, a significant portion of Deg7 is recruited 
to the thylakoid membranes in response to exposure to high-light irradiation, prob-
ably through interaction with photosystem II (PSII) [138], suggesting a role for this 
and perhaps other Deg proteins in the repair of photodamaged proteins (see below).

The proteolytic activity of bacterial Deg proteases is dependent on their oligo-
merization [24, 25]. Size-exclusion chromatography demonstrated that recombinant 
Deg1 forms a homohexamer [18, 67]. Deg5 and Deg8 were shown (in an in vitro 
pull-down experiment) to interact with each other, and likely form a heterohexamer 
with an equal representation of the two variants [137]. Recently, the crystal structure 
of hexameric Deg1 has been determined at 2.5 Å resolution, and together with the 
analysis of site-directed mutants, the mechanistic details of its hexamerization were 
deciphered [67]. This process is triggered by protonation of a specific His residue, 
His 244, which in turn stabilizes an N-terminal α-helix, now free to interact with 
a neighboring monomer. Such conformational changes in three adjacent monomers 
trigger the formation of trimeric intermediates that readily dimerize to form stable and 
active hexamers (see Fig. 14.3). The proteolytic sites are located within this cage-like 
structure, access into which is achieved through three side openings. The dimensions 
of these should allow cleavage of unfolded protein termini or loops. This novel pH-
dependent activation mechanism suggests that Deg1 should be more active during 
the day, when photosynthetic electron transport operates and the lumen is acidic [67].
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14.3  Other Proteases

The term ‘intramembrane proteolysis’ refers to the cleavage of peptide bonds within 
trans-membranes helices. Such cleavage events are catalyzed by four groups of 
proteases: S2P, Presenilin, SPP and Rhomboid (for reviews see [150, 152]. Initially, 
the idea of a hydrolytic reaction within the hydrophobic core of a membrane seemed 
paradoxical, but elucidation of the crystal structure of Rhomboid proteases dem-
onstrated the presence of water molecules at the active site and unraveled a gating 
mechanism for substrate accessibility (e.g., [81, 153]).

Two studies identified homologues of S2P in chloroplasts. A genetic screen for 
Arabidopsis mutants deficient in both chlorophyll accumulation and ethylene-in-
duced gravitropism revealed EGY1, a 59 kDa membrane-bound metalloprotease 
located in the chloroplast [20]. Although the intraorganellar location of EGY1 was 
not determined, mutant plants had reduced levels of grana stacking and light-har-
vesting complex (LHC) proteins, suggesting that this protease is required for prop-
er chloroplast development. Another protease related to S2P, designated AraSP, 
was localized to the chloroplast inner-envelope membrane [16]. Antisense and T-
DNA insertion lines of this protease demonstrated severely impaired chloroplast 
biogenesis. However, how these proteases are involved in chloroplast biogenesis 
is not clear.

Fig. 14.3  Crystal structure of Deg1. Side view of the Deg1 hexamer is presented. Each one of the 
monomers is colored differently. The free ends at the top and bottom of the picture are the N-termini. 
Interaction between two trimers facing each other forms the active hexamer. Access into the active 
sites, found within the cage-like structure, is through three side windows. (Adopted from [67])
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Rhomboid proteases are widely distributed intramembrane serine proteases, in-
tegrated into the membrane by six or seven hydrophobic α-helices. They have their 
Ser-His catalytic dyad located within the hydrophobic core of the membrane [80, 
146, 149]. Cleavage of transmembrane substrates by Rhomboids enables the release 
of soluble domains from the membrane. This regulated intramembrane proteolysis 
plays a critical role in signal transduction cascade in Drosophila and maturation 
of certain membrane proteins in mitochondria. To date, several reports have de-
scribed the occurrence of plant Rhomboids [36, 52, 69, 70, 82]. In the Arabidopsis 
genome, at least 16 Rhomboid-like sequences exist, with three of them lacking the 
conserved catalytic dyad in their sequence [69]. Among the 13 possibly functional 
homologues, two (AtRBL1 and AtRBL2) are localized to the Golgi apparatus [52] 
and one (previously named AtRBL12, and currently AtPARL) is targeted to mito-
chondria [68]. Results obtained using the yeast mitochondria system suggest a po-
tential link between a Rhomboid-like protease and the plastid translocon component 
Tic40 [54]. Nevertheless, to date, only AtRBL9 is known to localize to chloroplasts, 
as demonstrated by the transient expression of GFP fusion proteins [68]. The physi-
ological functions of the Rhomboids in the chloroplast are still unclear.

SppA is a homologue of the E. coli SppA serine protease (peptidase S49.001), 
which functions as a signal-peptide peptidase in bacteria and contains a Ser-Lys 
catalytic dyad [64]. In chloroplasts, it is bound to the stromal side of the thylakoid 
membrane, and its expression is induced by light [83]. Interestingly, this is the only 
thylakoid protease whose level increases in response to high light [37].

14.4  Functions of Chloroplast Proteases

As briefly mentioned in the Introduction, proteases participate in a wide range of 
cellular and extracellular activities. In the following section, we will review char-
acterized proteolytic processes in the chloroplast and the proteases responsible for 
them. Maturation of chloroplast pre-proteins is a common proteolytic event that 
many proteins are subjected to at the beginning of their life cycle. This includes 
removal of the initiating Met residue of many proteins synthesized within the or-
ganelle, cleavage of N-terminal targeting sequences of proteins synthesized in the 
cytosol, and a few examples of C-terminal processing. However, as processing pep-
tidases are the subject of Chap. 12 in this volume, they will be excluded from this 
chapter.

14.4.1  Adaptation to Changing Light Intensities

Although light is essential to plants, it also has detrimental effects on them, a phe-
nomenon known as ‘photoinhibition’ [6, 12]. Several strategies that prevent the 
harmful effects of light on the photosynthetic machinery have evolved, some of 
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them involving proteolysis. Long-term adaptation to an increase in light intensity is 
accompanied by a decrease in the antenna size of PSII, leading to a decrease in the 
amount of excitation energy being funneled to the reaction center, and hence a de-
crease in the probability for damage. This modulation of antenna size is achieved by 
proteolytic degradation of a subset of LHCII subunits [85, 156]. Analysis of several 
Arabidopsis FtsH mutants suggested the involvement FtsH6 in this process [165]. 
This was criticized based on the relatively insensitive degradation assay used in the 
aforementioned work [3], and indeed, a recent study, re-examining the role of FtsH6 
in LHCII degradation during senescence and acclimation to high light, found no dif-
ferences between WT and FtsH6 knockout mutants [148]. In this respect, it is also 
worth mentioning another recent report, in which a similar degradation assay was 
used, concluding that the Deg2 protease was involved in the degradation of Lhcb6 
in response to exposure to short-term stresses, including high light [92].

Another proposed candidate for LHCII degradation during adaptation to high 
light is the SppA protease. As mentioned above, this is the only thylakoid protease 
whose level increases in response to high light [37]. An interesting observation in 
this respect is the involvement of a cyanobacterial homologous enzyme in the deg-
radation of phycobiliproteins, which are the antenna complexes in these organisms, 
during acclimation to increased light intensity [111]. In the corresponding Arabi-
dopsis knockout lines, acclimation to high light is indeed altered [151]. Neverthe-
less, direct experimental support for the involvement of SppA in LHCII degradation 
during exposure to high light is still lacking.

The transition from high to low light is also accompanied by protein degrada-
tion. The best example in this context is the ‘early light-inducible protein’ (ELIP). 
This protein, which is structurally related to LHCs, is rapidly degraded upon such 
a transition [5]. In the aforementioned Arabidopsis mutants lacking SppA, ELIP1 
is indeed stabilized during recovery from the high light treatment, supporting a role 
for this protease in ELIP degradation as well [151].

14.4.2  Protein Quality Control

Accumulation of all major photosynthetic complexes requires coordination be-
tween the chloroplast and nuclear genomes. Although in recent years advances in 
understanding how the two genomes communicate with each other have been made 
(see Sect. 14.4.6 and Chap. 3 of this volume), little is known about the mechanisms 
involved in regulating the correct stoichiometry between the different subunits of 
a given complex. It is assumed that fine-tuning of their levels is achieved by pro-
teolytic degradation of super-stoichiometric subunits. The first support for this as-
sumption came from a work published almost 30 years ago. Inhibition of protein 
synthesis in the chloroplast of Chlamydomonas, including that of the large subunit 
of Ribulose 1,5- bisphosphate carboxylase/oxygenase, resulted in degradation of 
the nuclear-encoded small subunit within the chloroplast [124]. These results sug-
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gested that unassembled subunits of multiprotein complexes are rapidly degraded, 
and indeed, similar observations have been made for other photosynthetic com-
plexes. For instance, in Chlamydomonas, when cytochrome b6, subunit IV and the 
Rieske protein of the cytochrome b6-f complex cannot assemble with cytochrome 
f, they are rapidly degraded [77]. Similarly, a point mutation in the Rieske protein 
leads to a significant decrease in its level, as well as to the levels of other subunits 
of the cytochrome b6-f complex. Crossing this mutant with one possessing reduced 
levels of ClpP1 resulted in stabilization of these proteins, suggesting a role for Clp 
protease in the degradation of some unassembled proteins [93].

In vitro studies have hinted at a role for the Clp protease in the degradation of 
unassembled or abnormal proteins in the stroma as well. Mistargeting of the lume-
nal protein OE33 to the stroma resulted in its rapid degradation, with characteristics 
reminiscent of those of the Clp protease [42, 43]. A similar function may be ful-
filled by other proteases as well. Experiments with wild type or mutant forms of the 
Rieske protein have demonstrated that molecules that fail to translocate across the 
thylakoid membrane are rapidly degraded by a membrane-bound metalloprotease. 
This in vitro degradation reaction could be inhibited by increasing amounts of an 
antibody against native FtsH [103], suggesting that this protease may be involved 
in protein quality control in the chloroplast as well.

Many mutants have been shown to contain decreased levels of subunits of a 
complex when one other subunit is missing. This observation is often interpreted as 
degradation of the not-fully-assembled complex. However, such conclusions should 
be viewed with caution when no direct evidence for degradation is provided, for 
instance, by pulse-chase experiments. In some cases, translation of a complex’s sub-
units is regulated by another component of the complex (a regulatory mechanism 
known as ‘control by epistasy’, see [95] and references therein). Thus, lower levels 
of the subunits of a complex may not necessarily be due to degradation of unassem-
bled components, but also a result of reduced rates of translation in the chloroplast.

It has long been known that chloroplast proteins are unstable when their cofac-
tors are missing. For example, in the absence of chlorophyll, due to either inhibition 
of synthesis or mutation, chlorophyll-binding proteins are rapidly degraded (e.g., 
[63] and references therein). Similarly, the lack of a single copper ion is sufficient 
to destabilize the electron carrier plastocyanin [84]. These observations suggest that 
minor structural changes, induced by a lack of minor components of a protein, may 
render it susceptible to proteolysis. Nevertheless, although the above examples have 
been documented for some time, the proteases involved in degrading the protein 
substrates remain a mystery.

14.4.3  Removal of Oxidatively Damaged Proteins

Not all light-energy absorbed by the photosynthetic antenna is converted into chem-
ical energy. Depending on environmental conditions, free radicals are generated in 
chloroplasts, and despite the presence of free-radical scavengers, chloroplast pro-
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teins are highly prone to oxidation processes, which may impair their structure and 
function. The best characterized oxidatively damaged protein in the chloroplast is 
the D1 protein of the PSII reaction center. Oxidative damage leads to PSII inacti-
vation, and hence, to photoinhibition (for reviews, see [6, 7, 155]). A prerequisite 
for the repair of photoinhibited PSII is degradation of the D1 protein (for a model, 
see Fig. 14.4), and numerous attempts have been made to identify the protease(s) 
involved. Biochemical approaches have been largely unsuccessful. However, the 
identification of chloroplast proteases and availability of protease mutants have en-
abled testing the possible involvement of specific proteases in D1 degradation.

Attempts to test the potential involvement of FtsH in the degradation of D1 were 
first made using recombinant GST-FtsH1 [87]. These experiments demonstrated 
weak, albeit significant activity of the recombinant enzyme against the 23 kDa deg-
radation product of the D1 protein, but not against the full-length protein. The weak 
activity and partial specificity may result from the homomeric nature of the recom-
binant enzyme used in vitro, as opposed to the heteromeric nature of the enzyme 
found in vivo, as described in Sect. 14.2.2. The variegated mutants of FtsH2 and 
FtsH5 provided an opportunity to test the possible involvement of the FtsH protease 
in the repair cycle of PSII in vivo as well. These mutants demonstrated increased 
sensitivity to photoinhibition compared to the wild type, as revealed by PSII-activity 
measurements [10, 117]. Consistent with this proposed role was the finding that the 
D1 protein is stabilized, probably in an inactive form, in FtsH mutant plants after 
exposing them to different light conditions [10, 56, 61]. It is also interesting to note 
that although no association between the thylakoid FtsH and PSII was observed in 
the initial characterization of this enzyme [86], a recent report demonstrated a close 
proximity between the two [158]. Similar to the role of FtsH in the repair of PSII 
from photoinhibition, its involvement in D1 degradation in response to heat stress 
was also demonstrated [157].

Deg2, associated with the stromal side of the thylakoid membrane, has also been 
implicated in D1 degradation. An in vitro study demonstrated that recombinant 
Deg2 could cleave the D1 protein at the stromal loop (DE loop) that connects its 
fourth and fifth transmembrane helices, yielding an N-terminal 23 kDa product and 
a C-terminal 10 kDa product, suggesting that this protease participates in the initial 
stages of D1 degradation [45]. However, an in vivo study with Arabidopsis mutants 
lacking Deg2 showed that the rate of D1 degradation under light stress that was 
comparable to the wild type, indicating that Deg2 is not essential for D1 degrada-
tion [49]. In a more recent study, another variant of the Deg protease, Deg7, was 
identified attached to the stromal side of Arabidopsis thylakoids. In its absence, 
sensitivity to photoinhibition was enhanced. Consistent with this, degradation of the 
D1 protein, as well as of other subunits of PSII, was inhibited [138]. These results 
foster the notion that, in addition to the FtsH complex, other proteases that face the 
stromal side of the thylakoid membrane contribute to the degradation of D1, and 
likely of other PSII subunits.

Deg proteases located on the lumenal side of the thylakoid membrane also par-
ticipate in D1 degradation. Transgenic plants in which Deg1 was knocked down 
were smaller than wild type and more sensitive to photoinhibition. These plants 
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accumulated more of the D1 protein, probably in an inactive form, but less of its 16 
and 5.2 kDa degradation products [53]. Moreover, addition of recombinant Deg1 
to inside-out thylakoid membranes could induce the formation of the 5.2 kDa C-
terminal D1fragment in vitro. As no homogyzous knockout lines could be obtained 
so far, Deg1 seems to be an essential protein [53]. In addition to Deg1, a lumenal 
complex of Deg5 and Deg8, also takes part in D1 degradation. Arabidopsis single 
and double mutants of these proteins demonstrate increased sensitivity to photoinhi-
bition, as well as stabilization of the D1 protein. Taken together, the results suggest 
that lumenal Deg proteases cooperate with proteases found on the stromal side of 
the membrane in the degradation of D1 protein during repair from photoinhibition 
[53] (Fig. 14.4).

Further insight into the regulation of proteolytic activities involved in D1 protein 
degradation was recently obtained from the Deg1 structure and from characteriza-
tion of the activity of its site-directed mutants [67]. These have unraveled a novel 
activation mechanism that relates generation of substrates to the activation of the 
Deg1 protease. In the dark, when the pH in the lumen is neutral or slightly basic, 
Deg1 is found in its monomeric, resting inactive conformation. Once light comes 
on, photosynthetic electron transport commences and components of PSII, especial-
ly the D1 protein, are oxidized. Coupled to electron transport, the lumen becomes 

Fig. 14.4  A model for the degradation of the D1 protein of PSII reaction center. The D1 protein 
with its five trans-membrane helices is depicted in blue. Degradation presumably requires partial 
disassembly of the PSII complex, illustrated here by the detachment of the CP43 subunit. Cleavage 
of soluble domains of D1 in the stroma by Deg2 and Deg7 generates additional termini that can be 
recognized by the FtsH complex. Cleavage of lumenal domains by Deg1 and the Deg5/Deg8 com-
plex shorten the hydrophobic segments, and thus facilitate their extraction from the membrane and 
their degradation by the ATP-dependent FtsH. Cleavage sites of Deg proteases are only schematic, 
as their exact locations have not been experimentally determined yet. We hypothesize that this 
model of degradation is not limited to D1, and should be applicable to other highly hydrophobic 
thylakoid membrane proteins as well
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acidified. Under these conditions, which contribute to accumulation of oxidative 
damage, Deg1 oligomerizes into the active hexamer. Thus, the same conditions that 
lead to the formation of oxidatively damaged proteins, also activate a protease that 
is involved in their degradation.

A Chlamydomonas ATP synthase mutant has also been shown to lose PSII upon 
exposure to light. Crossing this mutant with a strain containing lower levels of ClpP 
resulted in stabilization of several PSII subunits, including the D2 protein, CP43 
and CP47 [94]. It is not known whether this degradation process is identical to 
the one that occurs during photoinhibition, or even whether the effect of the Clp 
protease is a direct one. Nevertheless, these results suggest the involvement of the 
soluble Clp protease in the degradation of membrane substrates as well.

14.4.4  Nutrient Stress and Senescence

Nutrient stress and senescence are both characterized by the need to remobilize 
internal cellular resources, some of which can be provided by the building blocks 
of existing proteins. Thus, massive protein degradation is expected to accompany 
the plants’ attempts to deal with nutrient stress or their final developmental stage, 
senescence. However, only little is known about the involvement of specific pro-
teases in these processes. Downregulation of ClpP1 in Chlamydomonas suggests 
involvement of the Clp complex in the degradation of thylakoid membrane proteins 
upon exposure to nutrient stress [93]. Nitrogen starvation results in degradation 
of subunits of the cytochrome b6-f complex. In cells containing reduced levels of 
ClpP1, this degradation process is retarded, suggesting that Clp protease may be 
involved in the adaptation to nitrogen starvation via the degradation of existing 
abundant proteins.

Iron homeostasis was recently linked to the Clp protease [154]. Either a point 
mutation or knockout of ClpC1 in Arabidopsis resulted in a chlorotic phenotype that 
could be overcome by an excess of iron. Nevertheless, it is not clear whether this 
function of ClpC1 is related to its role as the regulatory subunit of the Clp protease 
or simply to its chaperone activity.

Protein degradation in senescing leaves followed by nitrogen mobilization to 
younger ones is a well-documented phenomenon [48]. To date, one specific prote-
ase has been linked to the degradation of the most abundant protein in chloroplasts, 
Rubisco. CND41 (peptidase A01.050) is a 41 kDa aspartic protease that is associ-
ated with chloroplast nucleoids. It exhibits proteolytic activity against denatured 
Rubisco [98], and its level increases in senescing leaves [27]. Moreover, antisense 
plants demonstrated delayed senescence, along with stabilization of Rubisco as well 
as other chloroplast proteins [58]. Interestingly, CND41 itself must undergo a pro-
telytic processing step for its activation [59]. The significance of CND41 binding 
to DNA is not known yet, but it could be a means of sequestering it from other 
chloroplast proteins. Degradation of plastid DNA during early stages of senescence 
may release CND41 to the stroma, allowing the initiation of massive protein deg-
radation.
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14.4.5  Thermotolerance

A study on a thermosensitive Arabidopsis mutant suggests the involvement of 
FtsH11 in thermotolerance [21]. This mutant was more sensitive to moderate high 
temperature (30 °C), and thus had lower photosynthetic capability, than the wild 
type. On the other hand, unlike the FtsH2 and FtsH5 mutants, the FtsH11 mutant 
was not sensitive to high light [21]. These results suggest that the physiological 
functions of the thylakoid FtsH complex and FtsH11 differ.

14.4.6  Retrograde Signaling

Communication between the chloroplast and the nucleus is essential for the biogen-
esis and function of the chloroplast. This has been the subject of intensive studies 
over the past two decades; however, the nature of the molecular relay has remained 
elusive (for review see [30, 110] and Chap. 3 of this volume). A major breakthrough 
in the field was the recent identification of a chloroplast envelope-bound transcrip-
tion factor that possesses transmembrane domains. Upon proteolytic cleavage, the 
soluble N-terminal domain of this protein is released from the membrane and relo-
cates to the nucleus, where it activates the transcription of the ABA response gene 
ABI4 [140]. The protease involved in this process is still unknown, but it is most 
likely one of the intramembrane proteases capable of cleaving within transmem-
brane α-helices.

14.4.7  Other Functions

Somewhat less characterized and not so well understood functions of chloroplast 
proteases include a recently proposed chaperone role for Deg1 in PSII assembly 
[139], degradation of the PsbF apoprotein by Deg5 in response to wounding [91], 
and a glutamyl endopeptidase capable of degrading the N-terminal domain of LH-
CII [32]. Further work will hopefully lead to better understanding of these processes 
in the near future.

14.5  Identification of Specific Substrates

The availability of specific protease mutants lends itself to the identification of their 
substrates, when these are unknown. Specific substrates of a protease are expected 
to be stabilized in a mutant background, and thus comparative proteomics has the 
potential to yield their unbiased identification. This approach has been successfully 
utilized to compare between stromal proteins in wild type and ClpP6, ClpR1 and 
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ClpR2 mutants [133, 136, 169]. Potential substrates of Clp protease found in these 
works include a nuclear exchange factor for the elongation factor Tu, the molecu-
lar chaperone HSP90, an RNA helicase, polynucleotide phosphorylase, the folding 
catalyst PPIase, the UPRT and NDP kinase proteins involved in nucleic acid synthe-
sis, as well as other constitutive enzymes involved in different metabolic pathways. 
From these results it seems that Clp substrates are more involved in chloroplast ho-
meostasis rather than stress responses [133, 136]. A similar approach should prove 
useful in the identification of substrates of other proteases as well. Nevertheless, 
results of such analyses should be viewed with care, as some of the up-regulated 
proteins may result from increase in their expression in response to protein folding 
stress, incurred by the reduction in protease level [169], rather than a decrease in 
their degradation.

Another promising approach is the use of epitope-tagged proteases such as the 
one reported for Clp [101]. Together with mutations in the corresponding proteo-
lytic active sites, this will allow trapping of substrates within proteases and their 
identification following affinity purification and mass spectrometry analysis. Along 
with the comparative proteomics approach described above, they should yield more 
reliable lists of specific substrates.

More substrates will likely be revealed not only by large-scale approaches, but 
also by studies on specific substrates. One such example is the case of chlorophyl-
lide a oxygenase (CAO), the enzyme responsible for chlorophyll b synthesis. The 
N-terminal domain of this enzyme controls CAO level in response to chlorophyll 
b accumulation [99]. A genetic screen that was based on fusion of this domain to 
GFP identified a mutation in ClpC1 that resulted in a decreased rate of degradation 
of the reporter protein, and hence established CAO as a specific substrate of the 
chloroplast Clp protease.

14.6  Determinants of Protein Instability

Similar to all proteins synthesized in prokaryotic organisms, the 80 or so proteins 
synthesized within the chloroplast contain an N-formyl Met residue at their N ter-
minus. Most of these proteins undergo maturation that involves two hydrolytic 
reactions: the N-formyl group is removed by peptide deformylase (PDF), and in 
most cases, this is followed by the activity of methionine aminopeptidase (MAP) 
(peptidase M24.001), which removes the N-terminal Met residue [38, 39]. Thus, 
the activity of MAP has implications for the identity of the N-terminal residue of 
mature proteins encoded and synthesized in chloroplasts. Similarly, the activity of 
processing peptidases results in the exposure of different residues at the N-termini 
of different proteins. This may affect the stability of these proteins through the N-
end rule pathway (see below).

Although progress has been made in identifying components of the chloroplast 
proteolytic machinery, and proteolytic processes have been documented, determi-
nants of instability within the protein substrates themselves are still obscure. The 
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N-end rule, discovered and characterized in eukaryotic cells, relates the half-life of 
a protein to the identity of its N-terminal residue. Proteins carrying a destabilizing 
residue at their N terminus are ubiquitinated and degraded by the 26S proteasome 
[147]. The N-end rule was shown to operate also in E. coli, where degradation 
of substrates is mediated by the ClpAP protease [143]. The E. coli ClpS adaptor 
protein has been described as a modulator of ClpAP activity [28], and shown to be 
essential for operation of the N-end rule pathway in bacteria [29]. As plastids are 
descendants of a prokaryotic progenitor and many of their characteristics, including 
their proteolytic machinery, are prokaryote-like, it is highly likely that an N-end 
rule-like mechanism governs protein stability in plastids as well. As described in 
Sect. 14.2.1, plastids contain homologues of the bacterial ClpA, designated ClpC, 
and ClpS [109]. However, ClpS was not identified in proteomic studies of the Clp 
core complex [3], and thus may not be a component of the Clp protease core. Nev-
ertheless, the presence of chloroplast homologues to components of the bacterial 
N-end rule pathway suggests that it may govern protein stability/instability in this 
organelle as well.

One comprehensive attempt for determination of stability determinants was re-
cently reported [9]. GFP constructs, in which the penultimate N-terminal residues 
were systematically engineered, were expressed in tobacco chloroplasts. Assuming 
removal of the initiating Met, these constructs were expected to yield GFP with dif-
ferent N-termini within the chloroplast. Monitoring the levels of GFP in the 20 dif-
ferent lines revealed that Cys and His were highly destabilizing residues, whereas 
lines with Glu, Met and Val accumulated the highest level of the fusion protein [9]. 
Asp and Ile were also destabilizing and Asn, Arg and Gln gave intermediate levels. 
However, since this study was performed with a single substrate protein, it is still 
not clear whether general conclusions can be drawn from it.

The small stable RNA A (SsrA) system in E. coli tags proteins translated from 
incomplete mRNAs for degradation [55]. The ssrA RNA is a small molecule that 
acts both as a tRNA and an mRNA molecule. When a ribosome stalls on an incom-
plete mRNA, the ssrA molecule binds the ribosome, which then reads through to 
add 11 amino acids to the protein. This tag, containing a sequence of small nonpolar 
amino acid residues, is recognized in the cytoplasm by the ClpAP, ClpXP or FtsH 
proteases, or in the periplasm by the DegP protease. To date, there is no evidence for 
the presence of ssrA RNA in plastids of higher plants [41]. However, the presence of 
homologues of the bacterial proteases suggests that plastid proteins with C termini 
homologous to the SsrA tag would be short-lived. Moreover, even in the absence of 
the SsrA system, the identity of C- terminal residues may confer stability or instabil-
ity on a protein. However, this has not been explored to date.

The case of CAO, the specific substrate of Clp protease described above, also 
provided an insight into the destabilizing sequence found in the N-terminal do-
main of this enzyme. Serial deletions from this domain identified the sequence 
QDLLTIMILH as essential for regulating the stability of CAO [121]. Moreover, 
destabilization of GFP by fusion to this sequence further corroborated its destabiliz-
ing nature.
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14.7  Regulation of Proteolysis in Chloroplasts

The coexistence of proteases and their substrates within the same compartment 
raises the question how proteolysis is regulated, and how premature degradation is 
prevented. Earlier studies in the field, especially those looking at proteolytic pro-
cesses occurring in response to high light, assumed regulation at the level of prote-
ase availability, and hence pursued the identification of proteases whose expression 
is induced in response to exposure to such conditions. However, this mode of regu-
lation looks unlikely as it is now well established that many if not all chloroplast 
proteases are expressed in a constitutive manner.

One existing mode of regulation is the aforementioned ‘self-compartmentaliza-
tion’ [14] (see Sect. 14.2), a characteristic common to all ATP-dependent proteases, 
including the chloroplast Clp, Lon and FtsH proteases. Access into the proteolytic 
chamber of these enzymes is restricted only to proteins that are recognized by the 
ATPase component of the protease and are unfolded by them. As mentioned above, 
the recognition signals within chloroplast substrates are largely unknown. Never-
theless, it appears that at least for inherently stable proteins, such as those of the 
photosynthetic machinery, a certain degree of conformational change is needed to 
allow their recognition by proteases.

A second mode of regulation is represented by the newly discovered pH-depen-
dent oligomerization of Deg1 [67]. Here again, the active sites are within an inter-
nal sphere of the oligomer and not exposed at its surface. Access into this sphere 
is through side pores whose dimensions restrict entry only to unfolded structures. 
It will be interesting to see whether oligomerization and hence activation states of 
other chloroplast proteases change in response to different clues, be it pH, substrate 
availability, redox state, or any other clue.

Apart from the two modes mentioned above, which are strictly related to the 
proteases themselves, substrates may represent another level of regulation. Short-
lived proteins such as ‘timing proteins’, are continuously degraded, probably due 
to having degradation signals or unstable structure. However, inherently stable pro-
teins are also degraded at some point of their life cycle. What could trigger their 
degradation? Most likely it is conformational changes. These could be induced by 
posttranslational modifications such as oxidation, which do occur in chloroplasts 
at high rate, especially during exposure to high light, and/or other modifications. 
However, this scenario remains to be demonstrated.

14.8  Future Prospects

Plant sequence data that has accumulated over the past 15 years, and completion 
of genome sequencing projects in many species, suggest that the identity of most, 
if not all, chloroplast proteases and peptidases is now known. The major challenge 
ahead is to assign a function to each one of them, and relate the proteases and 
peptidases to known proteolytic processes. A striking feature of several chloroplast 
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proteases is the relatively large number of genes encoding them, compared with 
their prokaryotic progenitors. It is now clear that at least the Clp and FtsH proteases 
are heteromeric complexes, with little redundancy between their components. As 
the presence of the P- and R-rings of the Clp complex is now established, it will be 
important to determine whether ClpRs have only a structural role, or perhaps other 
functions, such as substrate binding or recognition. The heteromeric nature of the 
thylakoid FtsH complex is also established, with redundancy between duplicated 
genes, but essentiality of the type A and type B isoforms. However, the structure of 
this heterocomplex, and especially the interaction between the two isoforms, await 
deciphering. The recent structural analysis of Deg1 provided important insights into 
the regulation of its activity. However, the relations between the three lumenal Deg 
proteases, and also between the stromal ones, need to be sorted out. Recruitment 
of Deg proteases to thylakoid membranes in response to light is also an intriguing 
issue that will have to be tackled.

Major insights into the functions of different chloroplast proteases have been 
gained using specific mutants. There are now a number of publicly available mutant 
collections, not only in Arabidopsis but also in many other species. Thus, these will 
probably continue to serve as main tools in deciphering the physiological functions 
of specific proteases. In vitro approaches will probably continue to complement 
these efforts. However, special attention should be paid to possible pleiotropic ef-
fects. Many mutants lacking different chloroplast proteins demonstrate a similar 
phenotype: slow growth, reduced pigmentation, altered chloroplast morphology 
and reduced levels of thylakoids. Thus, efforts should be made to distinguish be-
tween these general effects and the specific function of a given protease leading to 
these effects. This requires more specific assays for particular proteolytic processes, 
better linkage to substrate proteins, and attempts to understand their involvement in 
a given physiological response. Nevertheless, a combination of these mutant lines 
with advanced techniques such as modern mass spectrometry for proteomics and 
next-generation sequencing for transcriptomics should provide more insights into 
the function of these proteases.

Identification of specific substrates for each of the proteases will have to be 
accompanied by attempts to reveal recognition determinants. To date, understand-
ing of the recognition mechanisms between chloroplast proteases and their sub-
strates is almost totally lacking. This applies to both partners—the proteases and 
their substrates. Efforts will need to be made to identify subunits within a proteo-
lytic complex, or domains within a given protease, that are responsible for substrate 
recognition and binding, and determinants on the substrates themselves that allow 
this recognition. All these questions will keep the growing community of scientists 
interested in chloroplast proteases busy for years to come.
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Abstract Environmental light can frequently be detrimental to the photosynthetic 
machinery of plants. This chapter provides an up-to-date overview of the targets of 
the photo-oxidative damage caused by light and the multiple functions of photo-
synthetic carotenoids that minimize it. Recently acquired knowledge on the locali-
sation and distribution of carotenoids in the photosynthetic apparatus of plants is 
presented. Mechanisms that control the light harvesting process in the photosyn-
thetic antenna of higher plants, via protective energy dissipation, are compared and 
discussed. The role of functional genomics approaches to the study of the multiple 
functions of carotenoids are highlighted. The significance of carotenoid structure 
and the physico-chemical properties that enable fine control over the photosynthetic 
light harvesting processes are analysed and discussed in order to explain the variety 
of their types.

Keywords Photoinhibition · Carotenoids · Non-photochemical quenching · 
Functional genomics

Abbreviations

ABA Abscisic acid
CT Charge-transfer
DTT Dithiothreitol
EL Excess light
LHC Light harvesting complex
NPQ Non-photochemical quenching
PAM Pulse amplitude modulated
PQ Plastoquinone
PSII Photosystem II
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qE Energy-dependent quenching
Ql Photoinhibitory quenching
qP Photochemical quenching
qZ Zea-dependent quenching
RC Reaction center
ROS Reactive oxygen species
SOD Superoxide dismutase
szl1 Suppressor of zeaxanthinless1
VDE Violaxanthin de-epoxidase
ZE Zeaxanthin epoxidase

15.1  Damage of Photosynthetic Apparatus in Excess 
Light: Targets of Photoxidative Stress

Although light is essential for photosynthesis, its excess could be damaging. Signif-
icant reduction in photosynthetic efficiency, called “photo-inhibition”, is observed 
upon exposure to light intensity exceeding plant capacity for electron transport 
(reflected in the photochemical chlorophyll fluorescence quenching). The extent 
of the photoinhibitory effect is not only dependent upon the photon flux density, 
environmental and metabolic conditions are important too. For example, prolonged 
restriction of CO2 influx in leaves during drought stress or low temperatures during 
winter makes even moderate irradiances to exceed the maximal capacity for pho-
tosynthetic electron transport. The time-course of illumination is also crucial: rapid 
fluctuations in light intensity (sunflecks) frequently overload photosystems with 
excess light energy. These events could be very detrimental to both plant growth 
and crop yield [4, 162].

In the context of light phase reactions, photooxidative stress is a consequence of 
the accumulation of chlorophyll excited states resulting in the formation of strongly 
oxidizing intermediates in different steps of the process that inevitably lead to the 
release of reactive oxygen species (ROS). Excess light (EL) leads to multiple ef-
fects detrimental to many components of the photosynthetic apparatus and primar-
ily Photosystem II (PSII). The PSII reaction center (RC) catalyzes photochemi-
cal oxidation of H2O and reduction of plastoquinone (PQ). It binds the “special” 
Chl pair, P680 [132]. It becomes positively charged (P680+) and step-oxidizes the 
Mn-containing OEC, thus generating the strongest oxidizing potential in biologi-
cal systems (> 1.0 Volts) that enables water splitting, resulting in O2 release. The 
PSII reaction center is the most vulnerable component of the whole photosynthetic 
electron chain: due to its high oxidizing potential it can easily extract electrons and 
damage its own molecular environment. Moreover, due to EL intensities, electron 
flow may not keep the pace with charge separation, leading to increased lifetime of 
P680+. When the PQ pool is over-reduced, charge recombination will occur within 
P680+. As a consequence, the formed P680 excited triplet state can rapidly react 
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with O2, yielding singlet oxygen (1O2), a toxic species that preferentially destruct 
the chlorophylls of P680 and the critical pigment cofactors leading to D1 protein 
degradation. In addition, PSII was shown to produce both superoxide anion (O2

−) 
and hydroxyl radical (OH●) during strong illumination. O2

− is proposed to originate 
from the reduction of molecular oxygen on the electron acceptor side of PSII [33], 
while the reduction of peroxides bound to the PSII metal center (Fe2+…OOH) was 
proposed to yield into the formation of OH● [157]. Most of these problems also 
concern the PSI reaction center, but to a lesser extent. Indeed, P700+ is far less 
oxidizing than P680+ and acts as a very efficient quencher of the excitation energy 
collected by its LHCI antenna. Nevertheless, photoinhibition of the PSI reaction 
center can be observed, especially under chilling stress [178]. When light exceeds 
the capacity to use reducing equivalents for CO2 fixation, a marked over-reduction 
of the NADP+ pool leads to O2

− production at the PSI donor side, in the so-called 
Mehler’s reaction [9]. O2

− can be metabolized to hydrogen peroxide (H2O2) or OH●. 
While O2

− and H2O2 are relatively unreactive, OH● is highly reactive and dangerous 
for photosynthetic components. It should be noted that, despite the spatial separa-
tion between the stroma-exposed membranes hosting PSI and the grana partitions 
where the PSII reaction centre is located, the major target for O2

− damage is the PSII 
reaction centre. This is because the QB donor side is situated in the lipid layer where 
O2

− is accumulated and easily diffuses [48].
Photoxidative stress does not exclusively originate in reaction centres. Obvious-

ly, chlorophylls bound to the light-harvesting complexes may well become danger-
ous photosensitizers. Below saturating light intensity, the continuous charge separa-
tion and scavenging reactions are sufficient for counteracting the low level of ROS 
produced. Indeed, efficient consumption of excitation energy captured by the pho-
tosynthetic antennae keeps the level of 1Chl* low. Thus rapid transfer of excitons 
between neighbor Chls towards the reaction center is an effective photoprotection 
system under open RC only. Gradual closure of RCII traps increases the lifetime of 
1Chl*, as well as the probability of Chl a triplet formation (3Chl*) by intersystem 
crossing. 3Chl* formation is an intrinsic property of excited antenna Chls. It is a 
long-living state able to promptly react with molecular oxygen to form 1O2 [188].

 hυ ISC
 1Chl → 1Chl* → 3Chl*
 3Chl* + 3O2 → 1Chl + 1O2

Although it was long assumed that 3Chl* in the antenna was efficiently quenched 
by xanthophylls bound to Lhc proteins [149], later studies showed that quenching 
was indeed incomplete [174]. A long-living (ms) 3Chl* state was identified in na-
tive LHCII complexes [126], implying that some antenna Chls are not efficiently 
coupled to potential quenchers, e.g. xanthophylls. Since the average lifetime of 
1Chl* in PSII is far longer than in the PSI-LHCI complex, both PSII and its LHC 
antenna moiety become, when overexcited, the most important source of 1O2 in the 
chloroplast. This ROS compromises membrane integrity, leading to peroxidation of 
unsaturated fatty acid chains abundant in the thylakoids [189], as well as oxidation 
of proteins and pigments in its immediate vicinity.
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15.1.1  The Major Photoprotective Strategies in Higher Plants

The photoxidative events described above inevitably lead to chloroplast damage 
and decrease the overall rate of photosynthesis if the repair rate is overcome. During 
evolution plants have developed a network of adaptation mechanisms to cope with 
damaging excess light (EL) exposure. These can be of two major types: adaptations 
to control light absorption capacity and adaptations to deal with the captured light 
energy. To optimize light absorption, plants respond on different levels of organiza-
tion. On the level of the whole organism, the EL adaptation involves adjustment of 
the leaf orientation [199]. This adaptation helps many land plants to cope with ex-
cess irradiation particularly during the midday. Leaf movements can be of develop-
mental, passive (drought related) and active nature (reversible). The latter employs 
a blue-light absorbing pigment system that has been identified as the phototropins 
phot1 and phot2 (reviewed in [181]) as central regulators of phototropism, leaf flat-
tening and leaf positioning [55]. This adaptive system can be very effective in some 
shade plants with low photosynthetic capacity during occasional exposure to light 
bursts. Some desert plants have also developed a number of adaptations to increase 
leaf reflectance and therefore reduce the amount of absorbed light. Building up 
inorganic deposits on the leaf surface (for example, salt crystals) or developing 
air-filled hairs are the typical examples. As a rule, the efficiency of these protective 
measures is good, but as with the developmental leaf movements, these adaptations 
occur on rather slow time scale.

On the cellular level, light absorption can be regulated by chloroplast move-
ments [94]. These are relatively fast adaptations, occurring within minutes, but are 
only able to reduce light absorption by 10–20 % in the environment of excess light 
[200]. Generally, adaptations on the cell level or at the level of the whole plant 
have limited capacity. In the natural environment light tends to be scattered in all 
directions by clouds, fog or simply high air humidity, reducing the effectiveness of 
cellular as well as leaf orientation adaptations.

A most fundamental and efficient type of plant adaptation to light occurs at the 
molecular level. The regulation of light absorption occurs by long-term control of 
chlorophyll content in leaves. Other responses involve short-term adaptations of the 
photosynthetic membrane consisting of dynamic changes in light harvesting anten-
na efficiency and mechanisms of detoxification of ROS. Long-term response con-
sists of modification of plant architecture and composition away from the energy 
conserving organization typical of light-limiting conditions and towards a different 
organization favoring photoprotection. These acclimatory responses need a time lag 
of days to be completed, since the response to photoxidative conditions results in 
dramatic changes in gene expression [99, 131, 161]. In Arabidopsis, this regulation 
is mediated directly by photoreceptors such as cryptochrome [172], or through bio-
chemical and metabolic signals such as the plastoquinone redox state, the release of 
ROS, the redox state of the glutathione pool and the ATP/ADP ratio [64, 138, 150, 
192]. Typically, the size of photosynthetic antenna systems, particularly PSII, is 
reduced, the PSII/PSI ratio decreased [32] and the stoichiometry of electron trans-
port components and ATPase is up-regulated with respect to photosynthetic reaction 
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centres, while the abundance of the enzymes of Calvin cycle is increased during 
acclimation to EL [5, 11–13, 118].

Diversion of energy from the normal assimilative pathway to dissipative ones 
can also be performed at the level of the electron transport chain, including direct 
reduction of O2 by PSI, cyclic electron transport around PSI, and pseudocyclic elec-
tron transport around PSII which uses PTOX in order to reduce O2 with electrons 
derived from H2O, thus releasing over-reduction of PQ pool [106]. All together, 
these strategies control dissipative disposal in a safe mode of reducing equivalents 
produced by photosynthesis in EL, and avoid their direct univalent reduction of 
molecular oxygen.

Despite the excellent protective role fulfilled by the above mechanisms, ROS are 
produced in the chloroplast in many ways, particularly under unfavorable condi-
tions. These can be deactivated by antioxidant molecules, including α-tocopherol, 
glutathione and ascorbate [78, 128, 159], or enzymes such as superoxide dismutase 
and ascorbate peroxidase for detoxification of H2O2/O2

− [9, 100]. Yet this can be 
not enough and plants face the irreversible photodamage of PSII reaction centers 
by removing and degrading the damaged D1 proteins, followed by its replacement 
with a newly synthesized D1 polypeptide. PSII turn-over is a critical mechanism 
for photoprotection: indeed, inhibitors blocking protein synthesis in the chloroplast, 
result in selective loss of the D1 protein in EL, and to increased photo-inhibition, 
implying this mechanism is needed to maintain the photosynthetic efficiency [8].

A dramatic short-term response to EL exposure involves the dissipation of exci-
tation energy in the PSII antenna system which down-regulates the concentration 
of 1Chl* and thus the probability of excitons to be transferred to PSII RC whenever 
the lumen is acidified because of the insufficient activity of ATP synthetase [93]. 
This mechanism is called Non-Photochemical Quenching (NPQ); the reason for this 
name is that the energy dissipation process is measured indirectly by the quenching 
of antenna chlorophyll fluorescence. NPQ measures the extent of the excess energy 
dissipation in PSII, when reaction centers are closed, i.e., not receiving excitation 
energy from antenna. NPQ was found to be dependent not only upon the levels of 
lumen acidification (transthylakoid proton gradient) but, most importantly, upon the 
oxygenated carotenoids (i.e., xanthophylls) of the light harvesting antenna.

15.2  Carotenoid Location and Distribution  
in the Photosynthetic Apparatus of Plants

15.2.1  Arrangement of Carotenoids in the Photosynthetic 
Membrane

Many factors contribute to chloroplast photoprotection. One can argue that the cru-
cial contribution comes from carotenoids (Cars) (Fig. 15.1). Carotenoids of the pho-
tosynthetic apparatus are classified as accessory pigments; indeed, they contribute 
to increase the light-harvesting capacity of chlorophyll-binding proteins in the blue 
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spectral region (enhancing antenna cross-section, hence the light harvesting func-
tion of carotenoids). Clearly, maximizing light harvesting efficiency implies that 
Cars are in close proximity and properly positioned with respect to Chls in light 
harvesting complexes of photosystems. Thus, the majority of carotenoids of the 
thylakoid membrane are bound to specific binding sites in pigment-protein com-
plexes where the protein scaffold determines both the distance and orientation with 
respect to Chl molecules in the same complex. Actually, in the case of the LHC 

Fig. 15.1  Carotenoid structure and classification. a Characteristic end groups of carotenoids and 
structure of a generic carotenoid with common numbering system. b Visible absorption spectra of 
violaxanthin (─⋯─⋯─) and zeaxanthin (────) in acetone. c Structure of the main carotenoids 
species commonly found in higher plants
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protein family, xanthophylls are structural determinants for the whole complex so 
that the holocomplex cannot fold in their absence. However, a minor fraction of 
unbound carotenoids was reported to be dispersed free in the lipid phase of the pho-
tosynthetic membranes where it plays an antioxidant function [76] and modulates 
both the structure and the fluidity of the lipid bilayer [73]. The size of the unbound 
carotenoid pool was recently reported by quantifying Cars distribution on pigment-
protein complexes upon mild thylakoid solubilization and fractionation by sucrose 
gradient ultracentrifugation [49]. The lipid-free pool was found to be only ~ 15 % 
of the total carotenoid content in Arabidopsis, and the distribution along density 
gradients upon ultracentrifugation reveals no major quantitative changes upon EL 
treatment. The earlier report from work on spinach thylakoid membranes showed 
that the free fraction of xanthophylls observed in experiments using even mild de-
tergent treatment could originate from the weakly-bound xanthophyll cycle Cars 
into V1 site of LHCII [168]. Hence, caution is required for an accurate assessment 
of the protein-unbound lipid-soluble pigment fraction described above.

15.2.2  Pigment Content of the Various Photosynthetic Complexes

Photosynthesis is accomplished by the activity of four protein supercomplexes 
embedded into the thylakoid membrane of the chloroplast: two photosystems (PSI 
and PSII), the cytochrome b6  f complex and the ATP synthase. Light absorption by 
both photosystems fuels the electron transport from O2 to NADP+ into two energy 
steps, while the cytochrome b6  f complex converts part of the redox energy stored 
in the intermediate PQ electron acceptor into a transthylakoid ΔpH gradient, finally 
exploited by the ATP synthase to produce ATP [132]. PSI and PSII have each a 
complex array of xanthophyll-rich pigment-binding (antenna) proteins surround-
ing the core complex, which increases light absorption (Fig. 15.2). In PSII the light 
harvesting function is fulfilled by two classes of proteins: PsbB (CP47) and PsbC 
(CP43) are plastid-encoded components of the core complex and bind Chl a and 
β-carotene, while a peripheral layer of pigment-protein subunits is made by the 
nuclear-encoded LHC proteins, which bind Chls a, b and xanthophylls. Further 
components of PSII core include the D1/D2/cytochrome b559 RC complex, hosting 
primary charge separation and early steps of electron transport, and a number of 
small trans-membrane proteins. The outer antenna system is composed of two cop-
ies each of three monomeric LHCs, called Lhcb4 (CP29), Lhcb5 (CP26) and Lhcb6 
(CP24), and, more peripherally, by two to four copies of the major antenna complex 
LHCII, an heterotrimer of the Lhcb1/2/3 subunits. Trimeric LHCIIs are distinct in 
S (strongly-bound), M (medium-bound) or L (loosely-bound) types in relation to 
their binding strength to the photosystems [101]. In PSI, the RC complex and the 
inner antenna are fused into a single complex where the Chl a and β-carotene chro-
mophores are essentially bound to the PsaA and PsaB major subunits, together with 
most of the cofactors of the electron transfer chain. The structure of the PSI core 
with its outer antenna (PSI-LHCI supercomplex) from P. sativum, as resolved by 
x-ray crystallography, revealed a peripheral antenna system composed of one copy 
each of the Lhca1–4 polypeptides [18].
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It is important to stress that the whole complement of protein-bound xanthophyll 
pools of thylakoids is bound to the PS outer antenna complexes, LHCs. There xan-
thophylls not only play a role of light harvesting pigments [190] but, as was men-
tioned above, are vital in the proper assembly and stabilization of LHC structure 
[145] and have been proposed to be involved in protective energy dissipation [2, 
170]. The major LHCII from spinach was first reported to bind 13 chlorophylls [42] 
and four xanthophyll molecules: two luteins, one neoxanthin and one violaxanthin/
zeaxanthin per monomer [168]. Owing to their cross-brace construction, the two 
luteins in all-trans configuration bind to the inner sites L1 and L2, and stabilize 
the whole complex [113]. In addition, the L1 site-bond lutein was discovered to be 
an effective excess energy quencher [170]. The β-cyclohexane rings of both lutein 
molecules are located towards the lumen, while the ε-cyclohexane rings are close 
to the stromal membrane surface. Binding sites for neoxanthin and violaxanthin are 
respectively indicated as N1 and V1. The cyclohexane ring of neoxanthin protrudes 
out of the protein into the lipid bilayer; the high selectivity of the N1 binding site 
for neoxanthin resides in the high specificity of the pocket for a 9′-cis stereoisomer 
[30]. The fourth xanthophyll ligand is located at the monomer-monomer interface, 
in a peripheral site called V1. Its polyene chain has an all-trans configuration and 
forms a small angle with the membrane normal [113]. Composition of the V1 site 
differs with species; in LHCII from Arabidopsis, it was found to bind also lutein in 
addition to violaxanthin or zeaxanthin [45]. The V1 site was proposed by Horton 
and co-workers to play a role in allosteric control of NPQ process [86]. In addition, 
this role has been attributed to site L2 by Bassi and co-workers [29, 122, 123]. Pro-
tonation of LHCII and replacement of violaxanthin by zeaxanthin were proposed 
to work co-operatively for induction of a conformational quenching state in the 
complex associated with its aggregation (c.f. the following sections).

Despite that each xanthophyll-binding site shows peculiar composition in wild-
type LHCII, plasticity is observed in vivo with respect to the xanthophyll composi-

Fig. 15.2  Model for distribution of carotenoids in the thylakoid membrane and photosynthetic 
pigment-binding complexes. OEC oxygen-evolving complex
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tion. This is evident from the study of Arabidopsis mutants with altered carotenoid 
composition: sites L1, L2 and V1 can bind lutein, violaxanthin or zeaxanthin when 
available as the only xanthophyll species [45, 76, 152]. The only binding site that 
showed higher selectivity was site N1 [34, 48, 63].

The structure of the monomeric antenna Lhcb4 (CP29) from spinach was recently 
made available [141]. It revealed binding sites for the three xanthophylls—lutein in 
L1, violaxanthin in L2 and neoxanthin in N1—and the absence of a peripheral V1-
type site. In agreement with previous suggestions [16], site L2 binds violaxanthin 
rather than lutein. High resolution structural information is still missing for Lhcb5 
and Lhcb6 and information on their xanthophyll composition and site occupancy 
can be obtained from either samples purified from chloroplasts using ion-exchange 
chromatography or isoelectrofocusing purification steps [43] which, however, may 
cause removal of xanthophyll bound to labile sites [29]. Alternatively, holoproteins 
can be obtained by in vitro refolding of recombinant proteins with purified pigments 
[16, 144]. Analysis of native and recombinant Lhcb5 (CP26) and Lhcb6 (CP24) [39, 
45, 140, 143] was performed by combining reconstitution with different pigment 
complements and deconvolution of absorption and fluorescence excitation spectra. 
Since each binding site has a specific environment, which affects refraction index 
and shifts absorption of xanthophylls to a different extent, the presence of different 
binding sites can be recognized by the deconvolution of spectral forms [37, 65]. 
Site L1 was confirmed to bind lutein in both Lhcb5 and Lhcb6, while site L2 was 
proposed to bind violaxanthin as in the case of Lhcb4. Binding of violaxanthin into 
the L2 site in the minor antenna complexes is an interesting and much discussed 
phenomenon [168, 194]. It is possible that the replacement of lutein in this site af-
fects the structure of the complex and enhances its stability in the monomeric form, 
as suggested by monomerization of LHCII in lut2 [46, 114] and, to a lesser extent, 
in npq2 [34]. Another role of L2 occupation by violaxanthin was proposed by Bassi 
and co-workers, that is, the participation of it in the xanthophyll cycle [122]. This 
prompted a series of experiments eventually leading Fleming’s group to propose a 
role of zeaxanthin bound into L2 site of CP29 as another direct quencher of excess 
energy in PSII in addition to lutein bound to L1 site of the major LHCII [2]. In addi-
tion, Bassi and co-workers proposed that the L2 site has, in fact, an allosteric nature 
and binding of these two xanthophylls controls transition between two distinct pro-
tein conformations [45, 125]. These conformations possess different fluorescence 
lifetimes, thus controlling the efficiency of excitation energy transfer to the PSII 
core complex (see in the following sections).

Interestingly, neoxanthin in the minor antenna was found to be present only in 
Lhcb4 and Lhcb5. Lhcb6 was proposed to lack neoxanthin due to the absence of a 
tyrosine residue stabilizing site N1 [30, 141]. Native Lhca1–4 complexes are even 
harder to purify than Lhcbs, due to their high sequence homology: a partial puri-
fication of Lhca1/4 dimer from Lhca2/3 was obtained by isoelectrofocusing [40] 
or purification of LHCI from mutants depleted in individual Lhca proteins [124]. 
However, the approach of in vitro reconstitution of recombinant proteins allowed 
biochemical and spectroscopic characterization of all these complexes in purified 
form [175]. According to these results, Lhca proteins can be grouped into pairs with 
respect to their pigment binding properties: Lhca1 and Lhca3 bind three xantho-
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phylls per polypeptide, mainly lutein and violaxanthin, while Lhca2 and Lhca4 bind 
only two xanthophylls, again lutein and violaxanthin. A small amount of β-carotene 
is also bound to LHCI [40, 107].

15.2.3  Changes in Composition and Distribution of Xanthophylls 
upon De-epoxidation

The carotenoid composition of thylakoids is not constant: it undergoes changes dur-
ing rapid fluctuations of light intensity as well as during long-term acclimation 
of plants to stress conditions. Indeed, the xanthophyll zeaxanthin is hardly detect-
able in low light or dark-adapted leaves, while it accumulates in EL [57]. Light in 
excess with respect to the capacity for ATP hydrolysis by dark reactions or export 
to the cytoplasm leads to Pi depletion and block of the ATP synthase activity, and 
thus increases lumen acidification. Violaxanthin de-epoxidase (VDE), located in 
the thylakoid lumen compartment, is activated at low pH and becomes associated 
with the thylakoid membrane in a dimeric form [7] which can accommodate vio-
laxanthin and catalyze the simultaneous de-epoxidation of the two β-rings, yield-
ing zeaxanthin. The newly formed zeaxanthin is proposed to bind to either the V1 
site of LHCII [29, 89] or to the L2 site of monomeric Lhcbs [45]. The extent and 
dynamics of zeaxanthin binding to Lhc proteins in vivo strongly differ among an-
tenna proteins, and reflect different binding affinities, rather than the minor effects 
of protein steric hindrance in thylakoid membranes [122]. The monomeric anten-
nae CP26 and CP24 showed the highest zeaxanthin content [22, 194]. The case of 
CP29 is somehow different, since isolation of this complex from EL-treated plants 
reveals much lower levels of bound zeaxanthin [61, 167, 168]. Recent theoretical 
assessment of the binding affinity of violaxanthin to V1 vs. L2 sites confirmed these 
experiments and provided a reason for the slow/inefficient de-epoxidation in the L2 
site [60]. Interestingly, evidence in vivo comparing Lhcb4 knock-out mutants car-
rying or not the additional npq1 mutation shows that zeaxanthin has a strong effect 
on the photoprotective activity associated to Lhcb4 that may not be associated with 
NPQ per se [54]. Finally, zeaxanthin was also found in the PSI-LHCI complex upon 
EL treatment [191].

15.3  Multiple Functions of Carotenoids In Vivo

15.3.1  Light Harvesting Function. Carotenoid-Mediated 
Energy Transfer in Light-Harvesting and Core 
Complexes: Excited States and Ultrafast Dynamics

Chlorophylls and carotenoids are the pigments that absorb and efficiently transduce 
sunlight energy in the photosynthetic membrane. The universal distribution of these 
molecules in photosynthetic organisms, ranging from bacteria to higher plants, sug-
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gests a vital role in the photosynthetic process. Participation in light-harvesting re-
quires close proximity of chromophores as well as the reciprocal correct orientation 
in photosystems, where light-harvesting and photochemical reactions take place. 
Indeed, the pigments there are arranged in a highly ordered fashion in antennae and 
reaction center complexes.

The first event in photosynthesis involves the absorption of a photon by a pig-
ment in the antenna system that eventually transfers the excitation to the reac-
tion center [182]. Chl b → Chl a and Car → Chl a transfer efficiencies in isolated 
pigment-protein complexes can be evaluated by deconvolution of absorption and 
fluorescence excitation spectra of antennae complexes into their elementary com-
ponents. The energy transfer efficiency from each pigment pool is calculated as the 
ratio of fluorescence excitation to absorption spectrum areas of individual compo-
nents obtained as a result of deconvolution (Fig. 15.3).

The photophysical reactions taking place within light harvesting pigments must 
be extremely fast, occurring on the pico- and even femtosecond timescales. This is 
required by the competition between the energy transfer with other de-excitation 
mechanisms like internal conversion, inter-system crossing and fluorescence. Thus, 
the extremely rapid, early events of light harvesting and excitation energy transfer 
involving carotenoids can be followed only by means of time-resolved ultrafast la-
ser spectroscopy. For example, in transient absorption spectroscopy, a “pump” laser 
pulse promotes an electronically excited state in a population of pigment molecules 
of the sample. A low intensity “probe” pulse directed to the sample with time delay 
τ with respect to the pump pulse is used to record a difference absorption spectrum 
ΔA (Aexcited state − Aground state). Its profile as a function of τ and λ contains information 
on the dynamic processes of excited energy transfer that occur in the system under 
investigation [19]. Several time-resolved spectroscopic studies allowed a better un-
derstanding of the structure-function organization of the light-harvesting process in 
photosystems.

As for all carotenoids in the photosynthetic apparatus, even β-carotene bound to 
the core complex of both photosystems showed a one-photon forbidden transition 
S0 → S1. However, the S1 excited state can be populated by internal conversion via 
the S2 state and possesses a lifetime of ~ 10 ps. The S0 → S2 transition is allowed and 
is responsible for the characteristic visible absorption. The S2 state has a lifetime of 
120–150 fs [115]. The excitation energy transfer from the Car singlet excited states 
to Chl is normally fast enough to compete with rapid internal conversion. Transient 
absorption spectroscopy work performed on isolated CP43, CP47 and PSII reaction 
center complexes of higher plants [56] revealed that the β-carotene S2 state is the 
main donor in the energy transfer between Cars and Chls, while S1 state does not 
participate. In all complexes, the yield of this transfer does not exceed 35 %, due to 
competing S2 → S1 internal conversion (Fig. 15.4).

A number of ultrafast transient absorption studies on CP29 and on LHCII, both 
purified from leaves [41, 72] or reconstituted in vitro [38], gave information about 
the excited energy transfer in these complexes. All these studies concluded that 
excited energy transfer from the cross-branched, central xanthophylls to chloro-
phylls occurs with high efficiency (e.g., > 80 % for both lutein of LHCII) from the 
S2 excited state within 100 fs. However, Croce and co-workers [41] reported that 
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efficiency of excited energy transfer from the S2 state dropped to 50 % in the case 
of violaxanthin bound to site L2 in CP29. In LHCII, the contribution of excited 
energy transfer from carotenoid S1 state to Chls is about 10–20 % of the total energy 
absorbed by the chromophore [72]. Similar results were obtained by femtosecond 
fluorescence upconversion on LHCII from Arabidopsis [79]. No energy transfer 
from the carotenoid S1 state to chlorophylls was observed in both CP26 and CP24 
complexes, suggesting that this state is energetically below the chlorophyll Qy en-
ergy level [116], consistent with measurements on LHCII [156].

Xanthophyll bound to site V1 was shown to be ineffective in energy transfer to 
Chls, thus it cannot function in light harvesting. As for β-carotene bound to the core 
complex of PSI, the efficiency of excited energy transfer to Chl a is high, reach-
ing ~ 80 %. Energy transfer from β-carotene to Chl a was found to proceed though 
both S2 and S1 excited states [96], with the majority of excitation transfer involv-
ing the S2 state. The peripheral LHCI antenna carries chlorophylls and carotenoids 
and therefore provides an additional cross-section for the PSI reaction center. The 
transfer of excitation energy from carotenoids to Chl a molecules involves mainly 
the S2 → Qy channel and is completed within ~ 100 fs as measured in native dimeric 
LHCI [70] and recombinant Lhca4 [66].

A structure of the Cyt b6   f complex has been available for some time [179] and 
it confirmed that one chlorophyll a molecule and one carotenoid (9-cis β-carotene) 
is bound to the complex, as previously suggested [151, 198]. The role of this ca-
rotenoid still remains poorly understood: it was originally suggested to prevent 
the generation of 1O2 by photoexcited Chl a [198]; however, neither triplet energy 
transfer from Chl to Car nor singlet energy transfer from Car to Chl did occur [149]. 
These observations are in agreement with structural data that show a distance of 
14 Å between both pigments, thus too far for singlet/triplet excited energy transfer. 
Since the β-carotene molecule faces out of the complex, it cannot be excluded that 
functional interactions with other components of the photosynthetic apparatus take 
place. However, this hypothesis remains unproven.

15.3.2  ROS Scavenging and Chlorophyll Triplet Quenching  
by Carotenoids

Carotenoids play an important role in acclimation: the Car/Chl ratio increases in 
sun as compared to shade leaves [58]. Photoacclimation of Arabidopsis at low tem-
perature induces the accumulation of antioxidants, including carotenoids [74]. The 
total xanthophyll content increases under strong light and the ratio between lutein 
and the xanthophyll-cycle components zeaxanthin, antheraxanthin and violaxanthin 
decreases [13]. Transcriptional analysis of an Arabidopsis mutant that accumulates 
1O2 to higher levels than the wild-type [3] showed that the carotenogenic genes in 
this mutant were strongly upregulated. This acclimation pattern strongly suggests 
that carotenoids are likely to have a crucial photoprotective function in plants under 
conditions that lead to 1O2 production.
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Carotenoids contribute to the antioxidant network of the chloroplast, aimed to 
the detoxification of ROS generated by photosynthesis. The pool of carotenoids of 
the thylakoid membrane increases the resistance to both EL and treatment with pho-
tosensitizers that artificially increase the release of ROS into the chloroplast [14]. 
Carotenoids act by scavenging both O2

− and OH● [173] and by quenching 1O2 in 
thylakoids, thus preventing lipid peroxidation [75]. Recently Havaux and cowork-
ers [78] studied the in vivo antioxidant activity of carotenoids unbound from the 
photosynthetic complexes. They found that carotenoids provide protection against 
thylakoid membrane peroxidation. In particular, the antioxidant activity of zea-
xanthin was noticeably higher with respect to all other carotenoids of Arabidopsis 
leaves.

As previously described, PSII and LHCs can become intense sources of ROS 
upon overexcitation. Carotenoids present in thylakoid membranes play their pho-
toprotective role in two distinct forms that determines their mode of action. The 
observed free fraction of carotenoids (~ 15 % of the total carotenoid pool) was sug-
gested to perform their antioxidant function on ROS species released from LHC and 
RC complexes. Most carotenoids, however, are bound to photosynthetic machin-
ery where they are in close contact with chlorophyll molecules—the major photo-
synthesizers in plant systems. The van-de-Waals contact with chlorophylls allows 
quenching of the potentially harmful 3Chl*. Indeed, the population of carotenoid 
triplet excited states increases proportionally to the light intensity in leaves [195], 
thylakoids [87], isolated photosystems [117] and LHC complexes [126, 148] due 
to triplet-triplet energy transfer from the 3Chl*. The triplet yield of chlorophylls is 
~ 30 % in vitro [103]. A comparable intersystem crossing yield has been estimated 
for chlorophyll bound to photosynthetic complexes [176]. The efficiency of 3Chl* 
quenching by carotenoid bound to LHC was estimated to be between 80 and 100 % 
by [148]. More recent results showed that 3Chl* → 3Car* has a 95 % efficiency in 
LHCII, thus leaving 5 % of the chlorophyll triplets unquenched [126]. This effect 
appears to be intrinsically related to the molecular organization of the Lhcb proteins.

In LHC, triplets are expected to appear only on Chls a due to the very fast energy 
transfer from Chl b to Chl a. Triplet transfer between chlorophylls and carotenoids 
requires van der Waals contact distance between these molecules (< 3.6 Å). The 
structure of LHCII [113] shows that at least one Chl a molecule is in close proxim-
ity to each xanthophyll ligand. In the PSII core most of the β-carotene molecules 
are in close contact with Chl head groups, as required for facilitating energy trans-
fer to Chl and for quenching 3Chl*. However, the two β-carotene ligands in the 
PSII reaction center localized at the D1/CP43 and the dimer interfaces are away 
from the special pair of chlorophylls. Indeed, their relative distance is longer than 
3.6 Å, implying they cannot quench 3P680* by triplet-triplet transfer. The topology 
of β-carotene molecules within PSII reaction center reflects their functioning in a 
harshly oxidizing environment. Indeed, direct quenching of 3P680* seems to be 
impossible because carotenoids would be oxidized by the strong oxidizing potential 
formed during charge separation [185]. β-carotene molecules of the reaction center 
complex are likely to act as quenchers of 1O2 produced during charge recombination 
(see above) and are in fact efficient in reducing chlorophyll bleaching in isolated 
PSII [187].
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15.3.3  Involvement of Carotenoids in Quenching of Singlet 
Chlorophyll Excited States. Regulation of Light 
Harvesting by Non-photochemical Quenching

As shown above, the reaction 1Chl* → 3Chl* (→ 1O2) is a constitutive and unavoid-
able process occurring in pigment-protein complexes upon illumination. While 
ROS scavenging by carotenoids and other anti-oxidants ensures prevention of pho-
todamage under low or moderate light conditions, excess light for long periods 
leads to exhaustion of ROS scavenging compounds. Thus the capacity to control 
ROS formation, specifically 1O2, is essential for maintaining the functional integrity 
of the photosynthetic apparatus. Photosynthetic processes that decrease the overall 
chlorophyll fluorescence yield (ФChl) include photochemical quenching (qP), which 
is associated with the event of charge separation in the PSII reaction center, and 
non-photochemical quenching (NPQ), namely a fluorescence quenching event that 
is not dependent upon charge separation [85]. NPQ is a regulatory mechanism pre-
venting formation of excess 1Chl* through its dissipation as heat in PSII reaching 
90 % [108] of the absorbed light energy. NPQ activity can be easily detected by the 
decrease in the PSII yield (ФPSII) due to down-regulation of the average chlorophyll 
excited state lifetime measured by fluorescence [69, 82]. Thus, a decrease in the 
fluorescence yield indicates that a dissipation channel for 1Chl* has been activated, 
which can harmlessly dissipate the excess absorbed energy (Fig. 15.5a). Besides 
decreasing the 1Chl* concentration, and thereby minimizing the generation of 1O2 
in the LHC and PSII reaction centers, NPQ prevents both over-acidification of the 
chloroplast lumen and generation of 3P680* [67, 84].

The early finding that NPQ depends upon the amplitude of the trans-thylakoid 
ΔpH qualifies this process as a feedback-regulatory mechanism for excitation en-
ergy transfer to PSII reaction centres [67]. The proton concentration in the lumen 
is determined by the rate of photosynthetic electron transport while the dissipation 
of the pH gradient is essentially determined by the activity of the ATP synthase 
complex. In EL conditions, the limiting factor for ATP synthase activity is the avail-
ability of the substrates, Pi and ADP, caused by ATP utilization by chloroplast dark 
reactions, such as the Calvin-Benson cycle for CO2 assimilation, photorespiration, 
NO3

− reduction or by the exchange of triose phosphates for Pi with the cytoplasm 
[93]. This regulation machinery ensures that quenching only applies to the fraction 
of Chl excited states exceeding the capacity for use by the cell metabolism or export 
of photosynthetic products to sink organs of the plant. The ability of plants to modu-
late the efficiency of light-utilization is of particular importance under fluctuating 
light intensity. Indeed, NPQ was shown to be crucial for plant fitness in natural 
environment [105].

The term NPQ refers a set of inducible fluorescence quenching mechanisms 
with different properties and likely based on distinct, although related, molecular 
processes (Fig. 15.5b). The predominant component is named qE, after Energy 
quenching. qE, in fact, depends upon the energization of the chloroplast, namely 
by the light-dependent acidification of the lumen. It is normally rapidly induced 
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upon transition from dark to light and is rapidly reversible upon return to dark [85]. 
Treatment with the ionophore nigericin collapses ΔpH and prevents the activation 
of qE [26] (Fig. 15.6a). Under rapid fluctuations of light intensity, qE is the major 
factor for prompt modulation of photosynthesis in the order of seconds to minutes. 
The slowest component of NPQ is named qI, after its early identification as pho-
toinhibitory. This definition is based upon qI relaxation dependence of D1 protein 
re-synthesis [104, 139] with a half-time of several hours. Although in extreme stress 
conditions photoinhibition can be involved in slowly relaxing quenching, this is 
unlikely to be the major NPQ component in most conditions [92, 165, 171]. The 
analysis of the NPQ relaxation dynamics identified a third quenching component 
with intermediate lifetime, called qT. It was shown to relax within several minutes 
and was originally attributed to the quenching of a phosphorylated LHCII popula-
tion upon its migration from grana to stroma membranes during the establishment 
of State 2 [85]. However, stn7 mutant of Arabidopsis that lacks the state transition 
mechanism still displays unchanged NPQ kinetics and amplitude with respect to 
wild-type plants [17]. More recent results suggest involvement of zeaxanthin in the 
modulation of both the qI and qT [45, 133].

Despite the recent proposal that the actual quencher is a Chl dimer [129], a large 
body of evidence supports the view that xanthophylls present in Lhcb family of 
proteins play a key role in the modulation of the processes that gives rise to quench-
ing of 1Chl* in plants and green algae. Hence, the ch1 mutant of Arabidopsis which 
is depleted from xanthophyll-binding complexes have a very low NPQ [78], while 
mutants in the xanthophyll biosynthetic pathway exhibited strong changes in both 
the maximal amplitude and the kinetics of the quenching [47, 152].

15.4  Mechanism of qE

15.4.1  Key Elements Involved in qE

qE, the NPQ component with normally the highest amplitude and fastest kinetics is 
activated by low lumenal pH. Lumen acidification is an activator of a few mecha-
nistic steps of photoprotection mechanisms. Interestingly, N, N-dicyclohexylcar-
bodiimide (DCCD), a chemical that reacts with carboxyl groups in hydrophobic 
environments, can bind to protonatable residues of many protein subunits involved 
in photoprotection, such as Lhcb4 [193], Lhcb5 [147] and PsbS [59, 112], was dis-
covered to inhibit qE in vivo [84]. The maximum amplitude of NPQ induced by 
a saturating light treatment depends upon the activation of the xanthophyll cycle, 
which synthesize zeaxanthin from pre-existing violaxanthin [58]. Both the trigger-
ing of qE and the synthesis of zeaxanthin are dependent upon low lumenal pH. The 
PSII subunit PsbS [110] bears two lumen-exposed glutamate residues essential for 
the transduction of acidic pH signal into activation of qE [111, 112]. Concomi-
tantly, lumen acidification activates the VDE, a soluble protein at neutral pH which 
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becomes a membrane-associated dimer [7] with a pH optimum of 5.2. The enzyme 
converts violaxanthin to zeaxanthin as part of the xanthophyll cycle. Experiments 
in leaves infiltrated with the VDE inhibitor dithiothreitol (DTT) have shown that 
most qE depends upon formation of zeaxanthin [197], while a correlation between 
zeaxanthin and high qE was established [23, 57]. The analysis of mutants affected 
in xanthophyll biosynthesis [134, 135] has confirmed the need for zeaxanthin and 
lutein for qE activity in vivo (see next section).

Although there is a general consensus that quenching events are catalyzed in pig-
ment-binding proteins [2, 10, 170] an important role in the qE mechanism is played 
by the pigment-less subunit PsbS [25, 59, 110] (Fig. 15.6a). Indeed, mutation at 
the psbS locus is epistatic over mutations affecting Lhcb protein and xanthophylls 
biosynthesis enzyme in abolishing NPQ [25, 45]. Further work using site-directed 
mutant analysis in vivo highlighted the role of a conserved pair of lumen-facing 
glutamic residues (E122 and E226) required for qE induction, implying that PsbS 
role was the transduction of low lumenal pH signal into a conformational change of 
pigment-binding proteins where quenching occurs [112]. How the PsbS protonation 
event is coupled to the conformational change within Lhcb proteins is matter of 
debate. Recent work with the use of diaminodurene, an enhancer of proton gradient 
across the thylakoid membrane, demonstrated the full restoration of qE in chloro-
plasts of npq4 mutants lacking the PsbS protein. It was concluded that PsbS simply 
enhances sensitivity of the LHCII antenna to protons, and its response leading to qE 
[88]. Further, it was found that PsbS greatly enhances mobility of PSII complexes 
in granal membranes, hence accelerating its transition into the qE state [71]. A key 
step towards elucidation of the nature of this PSII dynamic rearrangement leading 
to qE was made by the finding that the PSII-LHCII supercomplex dissociates into 
two moieties during NPQ induction, forming two separated domains, one enriched 
in the central components of PSII (PSII core dimer, CP29, CP26, LHCII-S) and 
the other built of more peripheral subunits (CP24, LHCII-M and LHCII-L) [21, 
91]. Mutations that produced a constitutive dissociation of the PSII-LHCII super-
complex were found to have partial inhibiting effects on NPQ [53, 54, 102] or no 
effect at all [51]. These results are consistent with stabilization of Lhcb proteins in 
their energy-conserving, unquenched conformation when cooperatively assembled 
into a PSII-LHCII supercomplex while they readily assume a quenched conforma-
tion whilst dissociated from the supercomplex. Since a PsbS knock-out mutation is 
epistatic over CP24-depleted plants, it appears that PsbS, besides its effect in dis-
sociating PSII supercomplex, might have a direct effect in promoting the quenching 
conformation of Lhcb proteins, possibly by direct interactions [20, 183].

15.4.2  Xanthophyll Biosynthesis Mutants and Modulation of qE

The role of specific gene products leading to a NPQ phenotype has been evalu-
ated through reverse genetics in Arabidopsis thaliana falling into three classes:  
(i) mutants altered in the ΔpH formation [44, 130]; (ii) mutants altered in luminal 
pH sensing [112]; (iii) mutants affecting either Lhcb proteins [6, 53, 54] or the 
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synthesis of their chromophores [45, 78, 134, 135, 154]. Among class (iii) mutants, 
those targeting genes of the carotenoid biosynthesis pathway have been produced 
and characterized, yielding plants with altered xanthophyll composition. Interest-
ingly, most of these mutations affect both qE amplitude and kinetics, thus confirm-
ing that xanthophylls have important roles in qE.

The npq1 mutant lacks VDE activity and is thus unable to convert violaxanthin 
into zeaxanthin upon exposure to EL [134]. The mutant displays a 70 % reduction 
in the maximum qE amplitude with respect to wild-type, implying that zeaxanthin 
accumulation is needed for full establishment of qE in plants. Despite the absence 
of a functional xanthophyll cycle, a residual qE activity is detected in npq1 plants 
(Fig. 15.6b). It has been proposed to originate from the operation of xanthophylls 
constitutively present in LHC. Since the absence of neoxanthin does not affect NPQ 
[46], such xanthophyll is likely to be lutein bound to the L1 site of all LHCs and 
to the site L2 of the trimeric LHCII complex. This proposal was confirmed by the 
complete loss of qE in the npq1lut2 double mutant that lacks both lutein and zea-
xanthin [135]. Lutein-less plants showed a lower qE and a slower kinetic of qE in-
duction than wild-type plants [46, 114, 154]. This residual quenching was attributed 
to zeaxanthin. Indeed, treatment of lut2 leaves with the inhibitor of xanthophyll 
cycle DTT abolishes qE. A positive proof for lutein activity in qE was further pro-
vided by the analysis of the szl1 ( suppressor of zeaxanthinless1) mutant which is 
characterized by an increased lutein/β-xanthophyll ratio with respect to wild-type. 
In an npq1 background, szl1 is effective in releasing the qE restriction owing to 
the lack of zeaxanthin, implying that lutein replaces violaxanthin from its binding 
site(s) and acts in qE [109].

The phenotypes of mutants described above suggest that lutein and zeaxanthin 
have both a role in the full expression of qE. However, these molecules were found 
to modulate distinct kinetic components. The most rapid phase in qE induction 
(0–1 min) is retained in npq1 plants, suggesting that lutein catalyzes quenching in 
the first minute upon transition from dark to EL. Consistently, the onset of quench-
ing is slower in the lut2 mutant with respect to the wild-type, implying that zeaxan-
thin, initially absent, needs to be synthesized by VDE and be incorporated in Lhc 
proteins, thus delaying the onset of quenching. That the slow quenching component 
in lut2 leaves is due to zeaxanthin is actually confirmed by the observation that 
DTT treatment blocks qE, thus phenocopying the npq1lut2 phenotype (Fig. 15.6b). 
Conversely, when zeaxanthin is constitutively accumulated as in the npq2 mutant 
lacking zeaxanthin epoxidase (ZE) [134, 161], thus abolishing the lag phase due 
to zeaxanthin synthesis and binding to Lhcb proteins, the kinetics of NPQ is much 
faster and reaches its maximal amplitude in 1 min rather than 8–10 min (Fig. 15.6c). 
This led Bassi and co-workers to propose that lutein and zeaxanthin act in the two 
distinct quenching sites of LHCII antenna. It should be noted that chy1chy2lut5 
plants that accumulate lutein only [47] and npq2lut2 with zeaxanthin only [76] have 
both reduced levels of NPQ in comparison to the wild type.

More recent work proposed a new description of the xanthophyll molecular 
properties by the differences in their hydrophobicity expressed as the so-called H-
parameter. Variation in this parameter was hypothesized to reflect the variations in 
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the conformational energy of xanthophyll-binding domains, and thus to affect the 
efficiency of the transition from a conservative (Fmax) to a dissipative (NPQ) state 
[164]. Xanthophyll H-parameter was proposed to affect the allosteric character of 
NPQ regulation [164], namely the hysteretic relationship between ΔpH and NPQ 
amplitude [146] (more detail to follow below).

15.4.3  Proposed Molecular Mechanisms of Excess Energy 
Dissipation

Despite the study of many npq mutants and those performed in isolated LHC pro-
teins, fundamental questions about Chl fluorescence quenching, namely the identity 
of the quenching specie(s) and the mechanism by which quenching is catalyzed, 
still do not have a single answer. It is possible that this is to the existence of more 
than one qE quenching mechanism/site.

As for the physical mechanism of quenching, at least two models have been 
proposed:

Model 1: Aggregation-Dependent LHCII Quenching This model was proposed 
based on the early evidence that aggregation of isolated LHC, induced by low deter-
gent concentration and/or low pH, yields a decrease in Chl fluorescence lifetime 
[83]. Aggregation was later shown to be instrumental in catalyzing conformational 
change(s) within the LHCII protein, and the spectral signatures associated to this 
event were interpreted to indicate the formation of a tight interaction between lutein 
bound into the site L1 and terminal emitter Chl a [170]. Extrapolation to NPQ in 
vivo relies on the detection of similar various spectral changes in leaves upon NPQ 
induction [142, 170].

Model 2: CT (Charge-Transfer) Quenching Mechanism The formation of a charge-
transfer state between Chl a and zeaxanthin was proposed based on theoretical work 
and ultrafast spectroscopy on isolated thylakoids of Arabidopsis [81]. In this model, 
qE activation involves a charge separation between a Chl-zeaxanthin heterodimer 
that produce a transient zeaxanthin radical cation (Zea·+) with a short relaxation 
time (50–200 ps). The spectroscopic signal of Zea·+ was found in isolated mono-
meric Lhcbs [10]. Further mutation analysis of Chl-binding sites in Lhcb4 led to the 
proposal that a Chl pair (Chl A5 and Chl B5) located in close proximity to the L2 
xanthophyll binding site is involved in this charge-transfer event [2].

The charge transfer model is based upon the work performed by Bassi and co-
workers on the xanthophyll cycle activity in the monomeric Lhcb antenna complex-
es assuming that Arabidopsis violaxanthin could be replaced by zeaxanthin under 
EL conditions [122]. However, the somewhat lower de-epoxidation efficiency of 
violaxanthin bound into the L2 site of Lhcb4 mentioned above [168], that may be 
explained by the higher binding affinity of this xanthophyll [60], is likely to require 
a so far unknown structural mechanism of undocking for its de-epoxidation. Further 
work is in progress to shed more light on this issue.
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Recent analysis of ultrafast Chl fluorescence kinetics in intact leaves of Ara-
bidopsis [120, 121] provided some evidence that at least two different quenching 
sites contribute to qE in vivo: a PsbS-dependent site located in LHCII that becomes 
detached from PSII and aggregated upon illumination, and a PsbS-independent site 
located within the minor antennae attached to PSII. A red-shifted fluorescence life-
time component was detected in both quenched wild-type leaves and aggregated 
LHCII trimers binding zeaxanthin. Furthermore, Car S1–Chl excited state coupling 
was recently measured in isolated LHCII and correlated with qE amplitude in vivo 
in mutants such as npq1, npq2 and lut2 [24]; thus it was proposed that a short-lived 
low excitonic Car–Chl states, formed upon lumen acidification, may also function 
in vivo as excess energy dissipation valves.

15.5  Functional Genomics of Carotenoids

15.5.1  Significance of Conserved Xanthophyll Composition 
of the Land Plants

Despite the great diversity generated by evolution, the xanthophyll content of land 
plants is extremely well conserved with respect to both the overall composition and 
localization in chloroplast structures. The large majority of carotenoids is bound 
to the photosynthetic complexes and shows a constant distribution among their 
different components: β-carotene is bound to the reaction centres while light-har-
vesting complexes bind xanthophylls: lutein, violaxanthin, neoxanthin and, upon 
its accumulation under EL, zeaxanthin (see Sect. 15.2). The conservation of ca-
rotenoid composition across a wide range of plant taxa suggests a unique role for 
each molecular species. Yet, all these pigments have similar spectroscopic proper-
ties in terms of absorption wavelengths and extinction coefficients, and all are able 
to prevent photooxidation of chlorophyll-binding proteins and membrane lipids by 
either quenching 3Chl* or detoxifying ROS. Furthermore, the energy level of the S1 
excited state, critical for energy exchange with Chls has been reported to be very 
similar for all xanthophylls [155, 156]. The reason for the strong conservation of 
this diversity has long been poorly understood, while a comprehensive understand-
ing of functions for each molecular species has been a major challenge. Early work 
has been based on the use of recombinant antenna proteins for model studies in iso-
lated pigment-binding proteins. This work suggested that the function of individual 
xanthophyll species can be understood within the framework of their binding to 
LHC proteins [35, 36, 63]. Later, reverse genetics of xanthophyll biosynthesis en-
zymes in Arabidopsis thaliana has been instrumental for dissection of the function 
of each carotenoid species in plants. Based on homology with bacteria most plant 
carotenoid biosynthesis genes could be identified and knock-out lines were isolated 
(Table I). Additional genes involved in the pathway were identified by a forward 
genetic approach based on phenotypes e.g. the aba4 gene whose deletion leads to 



L. Dall’Osto et al.416

lack of neoxanthin [136]. Combination of these mutations allowed construction of a 
library of mutants, including plants deficient in each one of the carotenoids species 
accumulated in wild-type plants as well as plants retaining only one carotenoid spe-
cies. The physiological characterization of these plants has shed light on uniqueness 
of each type of carotenoid in the higher plant photosynthetic membrane.

15.5.2  Lutein

Lutein is the most abundant carotenoid in the photosynthetic apparatus of plants and 
has been found to be the exclusive ligand for the conserved binding site L1 in all 
light-harvesting complexes. Occupancy of site L1 was found to be essential for the 
folding of Lhc proteins [63]. By measuring the kinetics of chlorophyll photobleach-
ing in recombinant proteins refolded in vitro with different xanthophylls species, the 
best photoprotection was obtained using complexes binding both lutein and one or 
more β,β-xanthophylls, implying a synergic activity in quenching of harmful 3Chl* 
states and scavenging of ROS produced by the reaction of 3Chl* with molecular 
oxygen. Since lutein was known to be less efficient that β,β-xanthophylls in scav-
enging in model systems [196], it was proposed that lutein-dependent enhancement 
of photoprotection was due to a special role in triplet quenching [63]. The first isola-
tion of two viable lutein-deficient mutants of Arabidopsis, lut1 and lut2, by Pogson 
and coworkers [153], showed that lutein could be substituted by violaxanthin in 
lut2 plants [114, 153]. More detailed studies showed that the lut2 mutation caused 
biochemical and physiological alterations, including changes in kinetic and ampli-
tude of NPQ (see Sect. 15.6) and monomerization of LHCII trimers [46, 114, 154].

Functional alterations due to the lut2 mutation were also revealed in vivo, con-
sisting of a lower capacity for state1-state 2 transitions and a lower accumulation 
of Lhcb1 and Lhcb2 gene products, slower growth rate, and higher photoinhibition 
with respect to wild-type in EL [46, 95]. One of the reasons for all these phenotypes 
was suggested by the use of triplet-minus-singlet spectroscopy that showed a slower 
rate of 3Chl* quenching in complexes with violaxanthin vs. lutein, and a consequent 
increased production of 1O2. ROS stress, in fact, induces defense responses typi-
cal of EL acclimation [3, 12, 13], with reduction of the PSII antenna size. It was 
concluded that lutein is the most suitable molecule for 3Chl* quenching in antenna 
(Fig. 15.7a). It should be noted that the photosensitive phenotype of the lut2 mutant 
is difficult to reveal in moderate light stress conditions because of the rescuing ef-
fect of zeaxanthin, which is synthesized more promptly in lut2 with respect to WT 
and is an excellent ROS scavenger [78]. When the xanthophyll cycle is switched 
off, as in the double mutant npq1lut2 lacking both zeaxanthin and lutein, the pho-
tosensitivity phenotype becomes strikingly evident; when compared to the npq1 
control, npq1lut2 is much more sensitive to EL and low temperature [46, 135].

Since 3Chl* quenching prevents reaction with oxygen and 1O2 formation, it was 
expected that mutants enriched in lutein would be more effective in preventing oxi-
dative stress and would increase their resistance to EL. However, this did not fit 
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Fig. 15.7  Functional 
genomics of higher plant 
carotenoids. Reverse genetic 
of xanthophylls biosynthe-
sis enzymes in Arabidopsis 
thaliana has been instru-
mental in order to dissect the 
function of each carotenoid 
species in plants. a Lutein 
has the specific property of 
quenching harmful 3Chl* by 
binding at sites L1 and L2 of 
LHCII, thus preventing ROS 
formation. b Neo preserves 
PSII from photoinactivation 
and protects membrane lipids 
from photooxidation, being 
particularly active against 
O2

−. c The protein/lipid 
interface is the active site 
for the antioxidant activity 
of Zea; when bound to site 
V1 of LHCII, Zea mediates 
stress tolerance by protecting 
against lipid peroxidation.  
d Binding of Zea to both sites 
L2 of monomeric Lhcs and/
or V1 of the major trimeric 
LHCII complex enhances 
NPQ amplitude in vivo.  
e Binding of Zea to site L2 
of monomeric antennae 
modulates 3Chl* formation 
in vivo: by lowering the yield 
of potentially dangerous 
chlorophyll excited states on 
the complexes, it prevents the 
release of 1O2
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with the observation that recombinant Lhc proteins reconstituted with lutein only 
underwent faster photobleaching than control complexes binding both β,β- and β,ε-
xanthophylls [36, 39, 63]. Consistently, acclimation to EL leads to a strong increase 
of the xanthophyll cycle pigments violaxanthin and zeaxanthin [58], while over-
accumulation of the xanthophyll cycle pigment pool by over-expressing carotene 
β-hydroxylase in Arabidopsis enhances EL tolerance [52, 89]. Overall, these results 
strongly suggested that lutein alone was not enough for effective photoprotection, 
while β,β-xanthophylls have a distinct, although complementary, role. These con-
clusions were strengthened by the analysis of the triple Arabidopsis mutant chy-
1chy2lut5, lacking three carotene hydroxylase enzymes and accumulating lutein as 
the only xanthophylls species [62]. Lutein-only plants could grow in low light only 
(< 50 μmol photons m−2 sec−1) and were extremely sensitive to even moderate light, 
showing rapid photoinhibition at 150 μmol photons m−2 sec−1 as well as higher rates 
of 1O2 release with respect to the wild-type, as measured from leaves, thylakoids 
and purified LHC proteins [47]. It should be noted that, in contrast, purified PSII 
and PSI core complexes exhibited the same level of resistance to EL, consistent 
with their binding of carotenes only [47].

The important conclusion from the above work is that light harvesting antenna 
system of plants is far from being the oxygen-tight protected system predicted from 
earlier studies. Even at low to moderate light intensity, long-lived (ms) 3Chl* are ac-
cumulated that cannot be quenched by lutein in the µs time range, thus allowing for 
constitutive 1O2 production. 1O2 must be continuously scavenged. Impairing either 
the 3Chl* quenching or 1O2 scavenging functions leads to photodamage. Indeed, 
subsequent results [126] showed that violaxanthin and neoxanthin, bound respec-
tively in sites V1 and N1 of LHCII, do not directly contribute to the quenching of 
3Chl* that originate in the complex, such as lutein molecules do; neoxanthin bound 
to the N1, however, acts as a barrier for oxygen entering the core of LHC domains, 
resulting into a limited level of 1O2 production.

15.5.3  Neoxanthin

Apart from a few parasitic plants [27], neoxanthin is always present in the light 
harvesting system, accounting for ~ 15 % of total carotenoids. Its major binding 
sites are the N1 sites of LHCII [35, 1113]. The two monomeric complexes Lhcb4 
and Lhcb5 also bind this pigment. Neoxanthin is not present in Lhcb6 in any Lhca 
antenna complexes. Neoxanthin was found not to be essential for folding of recom-
binant LHC proteins and is unable to promote the process on its own when supplied 
with Chl a and Chl b [63]. Besides, its efficiency in transferring excitation energy to 
Chl a is one of the lowest among xanthophylls. These properties make neoxanthin 
different from lutein, leading to the suggestion that its major role is in a metabolic 
pathway as the precursor of the plant growth regulator abscisic acid (ABA) [119] 
and in regulation of its synthesis. Although neoxanthin-depleted mutants were avail-
able relatively early [160], identification of phenotypes specifically associated to 
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the absence of neoxanthin has been hampered by the coupling with accumulation of 
zeaxanthin at the expense of violaxanthin [134, 161] in Arabidopsis mutants such as 
aba1 and npq2. Indeed, the genetic lesion was located at the ZE reaction, a few step 
upstream in the β,β-xanthophylls pathway, thus implying pleiotropic effects. Fur-
ther screening among Arabidopsis mutants affected in ABA accumulation led to the 
identification of the aba4 mutant [136], which was only partially deficient in ABA, 
and was depleted in neoxanthin but not in other pigment species, thus avoiding 
most pleiotropic effects. Further characterization of the aba4 mutant of Arabidopsis 
showed that, in the N1 site of LHCII, Lhcb5 and Lhcb6 proteins, neoxanthin was 
replaced by violaxanthin in its 9-cis configuration, similar to the earlier reported 
observations performed on Cuscuta reflexa LHCII [177]. Because of its specificity, 
this mutant has been a useful tool for the determination of the physiological role of 
neoxanthin and how its function differs from the replacing violaxanthin. Photosyn-
thesis in the aba4 mutant was not significantly affected under mild environmental 
conditions. However, it appeared to be more sensitive to photoxidative stress in 
EL, suggesting a highly specific function for neoxanthin. This was identified by 
challenging leaves with artificial sources of the different ROS species produced in 
plants during stress, namely 1O2, O2

− or H2O2. Aba4 plants were selectively more 
sensitive to damage from O2

− with respect to wild-type leaves [48]. Consistently, 
photodamage was increased by both inhibition of superoxide dismutase (SOD) and 
chilling stress [48], two conditions leading to the accumulation of O2

−. An intrigu-
ing characteristic of neoxanthin is that, in spite of being localized within PSII in 
grana partitions, it was found to be active against a ROS species produced by PSI 
in the stroma membranes. A possible explanation for this contradiction could be the 
high solubility of O2

− in the lipid phase, allowing its diffusion into membranes to-
wards the PSII reaction centre where the QB site is exposed to lipid-soluble agents. 
Neoxanthin binding Lhcb components forms a shell around PSII, with neoxanthin 
molecules protruding with their allene groups [113] that could potentially act in 
O2

− scavenging (Fig. 15.7b). While enzymatic superoxide detoxification based on 
the SOD system [9] appears to be active on the soluble phase of the chloroplast, 
neoxanthin would act within the thylakoid lipid phase, complementing the action of 
antioxidant molecules in the chloroplast [77, 127].

15.5.4  Xanthophyll Cycle Carotenoids

Zeaxanthin function in photoprotection is self-evident from its synthesis in EL con-
ditions only, while it is absent in dark or low light adapted leaves. The zeaxanthin 
synthesizing enzyme, VDE, is located in the chloroplast lumen in its inactive, water 
soluble form at pH above 5.2. When light intensity exceeds the rate of energy uti-
lization by downstream metabolic processes [58], which refuel ATP synthase with 
ADP and Pi, acidification occurs because of decreased proton consumption by ATP 
synthase. In these conditions, VDE dimerizes and exposes a hydrophobic surface to 
the chloroplast lipid phase, where the violaxanthin substrate is released from LHCII 
V1 site and becomes available [7]. A maximal de-epoxidation state of 70 % can be 
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obtained in O2
− within 15–30 min under saturating light intensity. The kinetics of 

zeaxanthin accumulation in leaves is clearly biphasic: a fast initial phase reflects 
rapid de-epoxidation of pre-existing, lipid-free violaxanthin, while a subsequent 
slow kinetic component accounts for the equilibrium of exchange of newly synthe-
sized zeaxanthin with violaxanthin bound to sites L2 and/or V1 in Lhcb proteins. 
ZE catalyzes the zeaxanthin → violaxanthin conversion. Its activity is modulated 
by plant stress experience, thus acclimation to light stress or overwintering in ever-
green plants lead to ZE retardation or complete blockage [1, 158]. Indeed, a stable 
zeaxanthin-dependent feature, called ‘cold hard band’, is found in evergreen plants, 
and allows photosynthetic machinery to withstand freezing conditions by maintain-
ing a permanently photoprotected LHCII in its quenched, aggregated state [68]. 
Once synthesized from pre-existing violaxanthin, zeaxanthin appears to up-regulate 
several protection mechanisms of plants.

Zeaxanthin was shown to increase resistance to both EL and exogenously pro-
vided photosensitizers [14] by scavenging 1O2 and thus preventing lipid peroxida-
tion [75, 78] (Fig. 15.7c). Indeed, comparison of photosensitivity in mutants either 
affected in zeaxanthin synthesis ( npq1) or qE ( npq4) showed a peculiar photopore-
tective function for zeaxanthin, independent from its role in the modulation of qE 
[75]. The relative size of the VAZ pool free in the lipid phase is indeed modulated 
by environmental conditions; it accounts for 15 % of total VAZ of thylakoids under 
mid light intensity, while higher values are measured in plants acclimated to EL and 
low temperature [29].

Demmig-Adams and coworkers early described the correlation between de-ep-
oxidation state of the xanthophyll cycle pigments (VAZ) and NPQ amplitude in a 
number of plant species [58]. Zeaxanthin has peculiar roles in the enhancement of 
both the PsbS-dependent energy quenching mechanism qE [80, 134] and the PsbS-
independent 1Chl* quenching state qI [45] (Fig. 15.7d). Present knowledge on the 
functional role of zeaxanthin in NPQ was obtained by the identification and char-
acterization of the xanthophyll cycle mutants npq1 and npq2 in Arabidopsis [134] 
(Fig. 15.6). The physiological characterization of these mutants led to the conclu-
sion that zeaxanthin provides the most important contribution among xanthophylls 
in the photoprotection of thylakoids, and the amplitude of its effect is enhanced 
upon its binding to antenna proteins [49, 89].

Recent results by Dall’Osto et al. [50] showed that, in addition to the previ-
ously described effects in quenching 1Chl* and scavenging 1O2, an additional pho-
toprotection mechanism is elicited by zeaxanthin binding to Lhc proteins, namely, 
the modulation of 3Chl* (Fig. 15.7d). Indeed, binding of zeaxanthin to monomeric 
Lhcbs causes a reduced yield of 1O2 production from both purified Lhcbs and PSII 
supercomplexes containing these subunits. Moreover, analysis by fluorescence-
detected magnetic resonance showed decreased amplitude of 3Chl* in thylakoids 
as well as in monomeric antennae upon zeaxanthin binding, implying this xantho-
phyll has a specific effect in decreasing the yield of harmful triplet excited states. 
Furthermore, changes in the carotenoid composition in thylakoid membranes upon 
activation of the xanthophyll cycle leads to modification of the fluidity of these 
membranes. Thus, the physic-chemical features of zeaxanthin affect structural and 
dynamic properties of the lipid bilayer, contribute to the membrane stabilization, 
and decrease the lipid membrane susceptibility to oxidative degradation [73, 180].
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Artificial over accumulation of zeaxanthin induces monomerization and degra-
dation of the major light-harvesting antenna complex, thus decreasing over-exci-
tation of PSII. The Arabidopsis mutant npq2lut2, that accumulates zeaxanthin as 
the only xanthophyll, showed a reduced photochemical efficiency in low light and 
a photosynthesis rate saturated at higher light intensities with respect to wild-type 
leaves. Therefore, even when grown in low light conditions, this mutant showed a 
photosynthetic phenotype resembling that of EL-acclimated plants [76].

In conclusion, zeaxanthin synthesis appears as a general rescuing mechanism 
under extreme EL stress, working as an “allosteric effector” aimed to amplify the 
photoprotective mechanisms already present in the photosynthetic apparatus [171]. 
However, its release needs to be controlled in order to avoid constitutive energy 
dissipation, and thus lower light harvesting efficiency and growth under limiting 
light [45].

15.5.5   β-carotene

While carotenoid biosynthesis mutants of Arabidopsis have been instrumental in 
revealing the function of xanthophyll components in vivo, the role of β-carotene 
has been more difficult to dissect due to the highly pleiotropic effects shown by 
mutations up-stream of lycopene β-cycles reaction [28, 137] leading to synthesis of 
β-carotene. Yet, β-carotene is a component of both PSI and PSII reaction centre core 
complexes (see Sect. 15.4), suggesting it has a role in mitigating oxidative damage 
under EL conditions, especially in PSII, in agreement with the report that β-carotene 
acts in quenching of 1O2 generated by the triplet state of the primary electron do-
nor in isolated PSII core complexes [184, 186]. No plant mutants lacking carotene 
molecules in photosystem core complexes have been hitherto reported, supporting 
their vital role, not only in photosynthesis but also for the survival of the plant cell. 
Despite the lack of mutants exhibiting a complete β-carotene-less phenotype, cases 
of alterations have recently been described. lut5 lacks the cytochrome P450 hydrox-
ylase CYP97A3, primarily responsible for catalyzing hydroxylation of the β-ring of 
both α-carotene and, to a minor extent, β-carotene [97]. The lut5 mutation causes an 
accumulation of α-carotene, normally present in trace amounts, to a level similar to 
that of β-carotene. α-carotene efficiently replaces β-carotene in photosynthetic reac-
tion centre complexes, however photoprotection capacity of cyp97a3 ( lut5) plants 
was affected and photoinhibition was higher than in wild-type under EL conditions 
[98]. The suggestion that α-carotene accumulation impairs photoprotection, how-
ever, is not consistent with the unchanged resistance to photobleaching as well as 
light-dependent 1O2 yield of PSII core complexes isolated from lut5 leaves with 
respect to wild-type complexes [47]. It should be noted, however, that the lut5 mu-
tant has a 30 % decrease of xanthophyll per chlorophyll content with respect to 
wild-type plants, a condition that leads to a reduced content in antenna proteins 
[47] which have a strong photoprotective effect [49]. Although the results from lut5 
mutant are difficult to interpret, the mutation szl1 recently identified in Arabidopsis 
[109] appears to offer better perspectives. The szl1 mutant originates from a point 
mutation of the lycopene β-cyclase gene, and causes a higher lutein/β-xanthophyll 
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ratio in plants. Mutant leaves express a still functional but less active β-cyclase 
relative to the wild-type, thus yielding the same Chl/Car ratio but lower total caro-
tenes (− 30 %) and correspondingly higher total xanthophylls (+ 6 %) than in wild-
type. It leads to a strong depletion of β-carotene content in core complexes of both 
photosystems, which, however, appears to be normally assembled, although with 
a reduced carotene complement. Despite both PSI and PSII from szl1 plants being 
similarly depleted in carotenes, PSI activity was far more sensitive to photoxida-
tive stress than PSII activity, as shown by the stronger photoinhibition of PSI when 
plants were exposed to EL at chilling temperature, and by the higher rate of 1O2 re-
lease from isolated PSI-LHCI complexes of szl1 with respect to the wild-type [31]. 
This implies that β-carotene ligands of PSI have a crucial role in the photoprotection 
of the complex, especially in low-temperature conditions.

15.6  Structural Properties of Antenna Xanthophylls  
and the Control of Light Harvesting

15.6.1  Hydrophobicity Parameter

Another property of xanthophylls that was used to explain their conserved nature 
and variety in higher plants is their hydrophobicity. The hydrophobicity of a xan-
thophyll molecule is a property that is traditionally exploited in the HPLC separa-
tion technique. The more oxygenated and polar xanthophylls like neoxanthin and 
violaxanthin elute much faster than the less polar lutein and zeaxanthin. In spite of 
the identical molecular mass, the latter two have slightly different mobility because 
of configurationally differences in their end-group orientations. Hence, not only 
the number of polar atoms but also molecular configuration and conformation are 
important determinants of the molecular interactions with environment. This can be 
explained by the strong sensitivity of the dipole moment of xanthophyll molecule 
to the molecular geometry, i.e. whether the molecule adopts a twisted or planar 
conformation of the cyclic head groups relative to the C = C backbone. Our dipole 
moment calculations indicate that zeaxanthin dipole moment is ~ 10 % smaller than 
that of lutein. The stronger dipole moment of lutein makes it less hydrophobic then 
zeaxanthin. To further explore and quantify hydrophobic properties, work on dis-
solving isolated xanthophylls in a range of water/ethanol mixtures at different ra-
tios to modulate the solvent polarity was undertaken [166]. Ethanol–water mixtures 
proved to be a good system in which to test hydrophobicity of xanthophylls using 
the solvent ratio at which solute molecules became insoluble and formed dimers 
and higher order aggregates. Dependency of the ratio between soluble and insoluble 
(aggregated) molecules of four major LHCII xanthophylls has been obtained and 
the point of 50 % transition from dissolved to insoluble molecular form estimated. 
The percentage of ethanol in water/ethanol mixture at this point was taken as an 
empirical measure of the xanthophyll hydrophobicity and called hydrophobicity 
parameter or H-parameter, by analogy to the amino acid polarity scale crucial for 
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defining and predicting hydrophobic membrane-spanning a-helixes on membrane 
proteins. The H-parameter values for neoxanthin, violaxanthin, lutein and zeaxan-
thin were found to be approximately 32, 43, 50 and 64 % respectively.

15.6.2  H-parameter and Quantum Efficiency of Photosystem II

The work on xanthophyll biosynthesis mutants described in the previous paragraph 
enabled the testing of key photosystem II and antenna efficiency characteristics 
against the xanthophylls H-parameter. It has been observed that PSII efficiency in 
xanthophyll biosynthesis mutants is different from the wild-type plants [76, 154]. 
The causes of this were not apparent. The quantum efficiency of electron transport 
in photosystem II is determined as the ratio between number of electrons produced 
into the electron transfer chain by PSII and number of photons absorbed by the 
pigments of the light harvesting antenna. This is expressed using the pulse am-
plitude modulated chlorophyll fluorescence analysis technique (PAM) as (Fm-Fo)/
Fm, where Fm is the relative fluorescence yield when all PSII reaction centers are 
closed and Fo is the yield when they are all open. Fm expressed in terms of fluo-
rescence lifetime is a powerful parameter reflecting the absolute fluorescence yield 
and hence alone reflects the efficiency of the LHCII antenna: a longer lifetime cor-
responds to a more efficient antenna and, therefore in essence, PSII. Fluorescence 
lifetime experiments performed on leaves revealed a clear relationship between the 
quantum efficiency of PSII and Fm lifetime for the range of xanthophyll composi-
tions, varying from zeaxanthin-only to neoxanthin- and violaxanthin-only LHCII 
antennae [92]. The yield of PSII in xanthophyll mutants was found to be modulated 
by the antenna xanthophylls via variation in the chlorophyll fluorescence/excited 
state lifetime. Remarkably, while some xanthophylls decreased the PSII efficien-
cy, noticeably in mutants containing only zeaxanthin, others increased it, as in the 
npq1lut2 mutant possessing NVVV composition—the two least hydrophobic xan-
thophylls. This fact suggests that the PSII efficiency is likely to be determined by 
the LHCII antenna, controlled by its xanthophyll composition and is not limited to 
80 %. Indeed, it is possible that PSII yield can be increased simply by the extension 
of the antenna 1Chl* lifetime [92]. The work on isolated LHCII complexes revealed 
a very clear reciprocal relationship between the chlorophyll fluorescence lifetime 
and H-index, so that the complexes that contain more polar xanthophylls, neoxan-
thin and violaxanthin, had the longest lifetime whilst those containing zeaxanthin 
only possessed the shortest fluorescence lifetime. Extrapolation suggests that PSII 
can potentially work at 100 % quantum efficiency when the excited state lifetime at 
Fm reaches about 4 ns, a realistically achievable value. Thus, it seems the quantum 
efficiency of PSII is sensitive to an average ‘ensemble’ effect of the total number 
and structure of the xanthophylls bound to LHCII. Variations in xanthophyll hy-
drophobicity suggest the crucial differences between the protein and chlorophyll 
domains they are bound to, hence implying their strong heterogeneity.
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15.6.3  H-parameter and qE

The relationship between chlorophyll fluorescence lifetime in NPQ/quenched LH-
CII aggregates and H-parameter was found to be almost identical, implying the 
common nature of energy dissipation in vivo and in vitro [92]. The shorter fluores-
cence lifetime corresponds to the stronger NPQ and therefore to the better protec-
tion of PSII. Interestingly, the shortest lifetime for both, NPQ and LHCII aggre-
gates, corresponding to the H-parameter 48–54 %, was found in leaves and LHCII 
aggregates with the wild-type xanthophyll composition, NLLZ, or the npq2 mutant 
lacking neoxanthin, _LLZ [90]. The fluorescence lifetime for _ZZZ composition 
( npq2lut2 mutant) was found to be slightly longer than that of the wild-type for both 
NPQ and aggregates of LHCII, suggesting that the zeaxanthin-only composition is 
not the most effective in NPQ-type protection of PSII. These observations provided 
evidence that it is the ensemble structural effect of the xanthophylls, quantified by 
the H-parameter, rather than simply the number of conjugated C = C bonds or the 
mere presence of zeaxanthin, that is crucial for the maximum level of photoprotec-
tion. Previously, it was proposed that xanthophylls could directly quench 1Chl* by 
energy transfer between their low-lying S1 excited states, followed by rapid internal 
conversion. However, since the energies of the lowest lying S1 excited state of all 
of the xanthophylls bound to LHCII (even neoxanthin and violaxanthin) lie below 
that of chlorophyll a [156], it seems that if xanthophylls do indeed act as quenchers 
that this property must depend largely upon other factors. One possibility is that for 
LHCII proteins to adopt the maximum dissipative state it is necessary for structural 
reasons to have lutein not zeaxanthin bound to the intrinsic L1 and L2 binding 
sites, at least in the trimeric LHCII. One possible explanation is that a precise ori-
entation of pigments is required in the chlorophyll terminal emitter domain where 
most excitation energy is concentrated in order to allow either energy transfer or 
excitonic mixing between the dipole forbidden xanthophyll S1 state and the S1 state 
of chlorophyll. The configuration and interactions of zeaxanthin, and indeed vio-
laxanthin, with chlorophylls in the L1 and L2 sites could be less optimal than those 
of lutein in creating such a quenching complex. Thus, while the more hydrophobic 
H-parameters generally favor a shorter 1Chl* lifetime by favoring condensation of 
LHCII, there is a clear structural optimum for this effect. It is interesting to note that 
nature has exploited a xanthophyll composition that offers the optimal flexibility, 
in terms of the difference in excited state lifetime, between the non-condensed light 
harvesting (Fm) and condensed aggregated (NPQ) states of LHCII.

ΔpH versus qE titrations revealed an additive nature of the effect of zeaxanthin 
and PsbS on the pKa of protonatable residues associated with qE. Furthermore, the 
xanthophyll composition of LHC was shown to affect the pKa of lumenal amino 
acids, likely as consequence of LHCs structure modulation [164]. These results im-
ply that, even in absence of PsbS and irrespective of xanthophyll composition, LHC 
can become a good quencher by giving a sufficiently high level of ΔpH. Thus, the 
structural differences between xanthophyll species and their effects on LHC confor-
mation determine how closely they can interact with Chls in order to form efficient 
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quenchers; alternatively, both lutein and zeaxanthin could not be directly involved 
in the quenching mechanism [129], rather their effects on qE could result by effect 
(allosteric) on the tertiary structure of the LHC proteins [45].

15.6.4  “Molecular Memory” of Light Exposure

In addition to the investigation of NPQ strength, it was insightful to study its ki-
netic properties, the rates of formation and relaxation. These kinetic parameters are 
important in order to characterize the transition to and from the NPQ state as an en-
zymatic reaction [169]. Previously, data was obtained in isolated wild-type LHCII 
complexes in which the V1 site contained either violaxanthin or zeaxanthin, show-
ing that the latter increased the tendency and rate of formation of the condensed 
aggregated state while the former resisted it [163]. NPQ formation and relaxation 
was found to be strongly dependent upon the xanthophyll hydrophobicity param-
eter of various mutants in vivo. The formation and relaxation rate plots were found 
to be almost symmetric showing that the increase in the rate of NPQ formation is 
followed by the decrease in the relaxation rate [164]. This is a typical behavior of 
transitions with memory, like the ones occurring in magnetic or elastic materials. 
More hydrophobic xanthophylls cause faster development of NPQ but drastically 
decrease its relaxation.

Crucially, not only zeaxanthin bound to the external site (V1), but intrinsically 
bound xanthophylls seem to control the NPQ rate. Thus, while the npq2 (_LLZ) 
and npq2lut2 (_ZZZ) mutants with constitutively high levels of zeaxanthin are able 
to form NPQ more rapidly than the zeaxanthin-enriched wild-type plants (NLLZ), 
which in turn form NPQ more rapidly than the lut2 mutant (NVVZ). These data 
support the proposal by Bassi and co-workers on the activity of the L2 site in the 
minor antenna for the allosteric control of its transition into a dissipative state and 
its role in NPQ [15, 125]. Thus, the xanthophyll H-parameter controls not only the 
absolute 1Chl* lifetime of LHCII but also the kinetics of the transition from the light 
harvesting to NPQ state. Therefore xanthophyll H-parameter is an important factor 
enabling the memory of the NPQ state. In the wild-type a natural flexibility in H-pa-
rameter is governed by light in the form of a gradual replacement of violaxanthin by 
zeaxanthin via the action of the xanthophyll cycle during illumination of plants, as 
was mentioned above. This is a way to provide a light exposure memory or counter 
for plants living in the frequently changing environments. Increased light exposure 
will cause an increase in zeaxanthin concentration and make NPQ more sensitive/
responsive to illumination while concomitantly slowing its relaxation. This light 
conditioning of photoprotection is a remarkable achievement of the molecular evo-
lution of LHCII antenna components, in particular, xanthophylls. Finally, genetic 
manipulation of xanthophyll biosynthesis created an array of plants with various 
light adaptation strategies, the understanding of which could be utilised for the fu-
ture crop development and creating plants that are more resistant to the ever increas-
ingly changing environment on our planet.
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Abstract Photosynthetic organisms display a remarkable flexibility in their capac-
ity to adjust photosynthetic performances in response to changes in their environ-
ment. This flexibility arises from the interplay of a range of different responses, 
including fast changes in light harvesting, changes in the pathways of electron flow 
and slower changes in the protein composition of the photosynthetic machinery. An 
array of possible adaptative responses is available to most photosynthetic organ-
isms, which have in general selected from amongst these during their evolution to 
cope with the environmental circumstances of their specific environment. In this 
chapter we describe some representative strategies employed by eukaryotic pho-
tosynthetic organisms to adapt electron transfer capacity. We discuss processes in 
well characterised organisms from the green lineage ( Arabidopsis thaliana and 
Chlamydomonas reinhardtii), and then focus on some peculiar strategies that have 
emerged in other organisms, in particular in marine phytoplankton.

Keywords Photosynthesis · Linear electron flow · Cyclic electron flow · Water-
water cycle · Mitochondria-chloroplast metabolic interactions
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Abbreviations

AOX Mitochondrial alternative oxidase
APX Ascorbate peroxidase
CBB Calvin Benson Bassham cycle
CEF Cyclic electron flow
Cyt Cytochrome
Cyt b6  f The cytochrome b6  f complex
Fd Ferredoxin
FNR Ferredoxin-NADP+ oxidoreductase
FQR Ferredoxin quinone reductase
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
LEF Linear electron flow
MDA Monodehydroascorbate radical
NDH NAD(P)H dehydrogenase
PC Plastocyanin
PQ Plastoquinone
PQH2 Plastoquinol
PS Photosystem
PTOX Plastoquinone terminal oxidase
P700 Primary electron donor to PSI
SOD Superoxide dismutase

16.1  Introduction

Eukaryotic photosynthesis first evolved probably more than 1.8 billion years ago 
[49] and revolutionised life on this planet. It allowed different groups of photosyn-
thetic eukaryotes to inhabit freshwater and marine environments, and ultimately 
led to the colonisation of land. For this purpose, organisms developed different 
chloroplast structures, light-harvesting apparatuses and photosynthetic metabolism. 
However, the basic mechanisms of photosynthesis, as described by the Z scheme 
proposed by Hill and Bendall [62] are practically unchanged in all photosynthetic 
eukaryotes so far studied. This process starts with light absorption by dedicated 
pigment-containing complexes (the light harvesting or “antenna” complexes), 
which provide energy for charge separation by two photosystems (PSII and PSI). 
These photosystems are linked by a series of electron carriers, eventually leading to 
NADPH synthesis and the net movement of protons into the thylakoid lumen. The 
electrochemical proton gradient (the ΔµH

+) generated in this way is consumed for 
ATP synthesis by a CF0-F1 ATP synthase (ATPase) complex. ATP and NADPH fuel 
the fixation of CO2 in the Calvin Benson Bassham (CBB) cycle.

In PSII, photochemical conversion of absorbed light leads to water oxidation 
by a Mn4-Ca cluster by a sequential process known as the Joliot-Kok clock (or the 
“S states” mechanism, Joliot and Kok [74]), the molecular principles of which are 
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now being elucidated thanks to the high resolution structures of this complex [101, 
141]. Altough the H+/e− are variable during the operation of the clock [82], on the 
average, 1 proton is released into the lumen per electron subtracted from water. 
Electrons withdrawn from water are injected into the plastoquinone (PQ) pool, pro-
ducing plastoquinol (PQH2), which is the substrate of the cytochrome b6  f complex 
(Cyt b6  f) (as well as of PQ terminal oxidase (PTOX), see Sect. 16.4). As a member 
of the bc-type proteins family, Cyt b6  f couples proton translocation across the mem-
brane to electron transfer from this lipophilic quinone to a hydrophilic one-electron 
acceptor protein (plastocyanin (PC) or a c-type cytochrome (cyt c6)). During this re-
action, electrons originating from PQH2 are injected into a high potential chain (also 
called the linear path) formed by the Rieske protein and cyt f and into a cyclic route 
that comprises the b hemes (Q cycle; reviewed in [30]). Owing to the less positive 
Em of the cyt composing this path (when compared to cyt f and the Rieske) this 
route is referred to as the low potential chain. According to the Q cycle mechanism 
proposed by Mitchell [94] and modified by Crofts et al. [31], quinones are oxidized 
and reduced at two distinct sites in the protein, the Qo and Qi (or Qp and Qn) sites 
respectively, which are located on the opposite side of the membrane [30]. PQH2 
oxidation on the lumenal side is associated with the reduction of both cyt f and bL 
[31] and the release of protons into the lumen. Oxidation of the b6 hemes occurs 
through a two step reduction of a PQ molecule at the Qi site, possibly involving the 
recently discovered c’ heme [30]. The electron transfer sequence is the reduction 
of cyt bL by PQH2, electron transfer to bH, and then a double electron transfer from 
these hemes to a PQ molecule located on the stromal side, a process that is coupled 
to proton uptake from the stroma. Overall, the Q cycle increases the H+/e− ratio of 
photosynthetic electron transfer. Previous work has suggested that this cycle is ac-
tive under physiological conditions [120], and can be bypassed only upon drastic 
modifications of the redox features of the low potential chain [88]. On average, 
each electron passes twice through Cyt b6  f, once through the low and once the high 
potential pathways, and releases 2 protons into the lumen. The ultimate product of 
this complex, reduced PC or cyt c6 (depending on species and growth conditions), 
is released from the b6  f complex and binds to PSI, where it reduces the primary 
electron donor of this complex, P700. In contrast to the PQ pool, PC and cyt c6 are 
extremely mobile in plant chloroplasts in the light [78], thus probably allowing the 
functional connection between the grana stacks and the stroma lamellae, where PSII 
and PSI are mainly concentrated.

Electrons arriving on the donor side of PSI are passed to the acceptor side via 
a charge separation reaction and then either continue their journey towards carbon 
assimilation, or provide reducing power for other cellular metabolic processes (ni-
trogen and sulphur metabolism, lipid, amino acid, pigment biosynthesis etc). In 
oxygenic photosynthesis, carbon assimilation is mainly driven by linear electron 
flow (LEF), which requires the in-series activity of the two photosystems. ATP and 
NADPH are produced in this process, although probably in a ratio not sufficient 
to support the formation of glyceraldehyde-3-phosphate, the export product of the 
CBB cycle [see 3 for a discussion]. Certainly, the ATP/NADPH ratio coupled to LEF 
does not exceed a value of 1.5, i.e. the stoichiometry required for CO2 fixation. This 
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means that LEF at best produces enough ATP to match the production of NADPH 
used in CO2 fixation. Alternative electron consuming reactions, such as nitrogen 
metabolism, synthesis of lipids, amino acids, pigments, proteins and gene expres-
sion (all of which require reducing equivalents and ATP in variable stoichiometries) 
will alter the relative demands for ATP and NADPH, meaning that the synthesis of 
these products of the electron transport chain cannot be directly coupled in a simple 
way—the ‘energy balance’ issue (reviewed by [12], see Sect. 16.4). Besides this, 
various types of stress reduce the capacity of plants and algae to produce ATP and 
NADPH in the light, further exacerbating the difficulty of supplying different pro-
cesses with the appropriate “energy stocks”. It follows that other mechanisms must 
operate in vivo to control the relative production of NADPH and ATP. In plants and 
algae, alternative electron flow pathways exist, which can compete with the CBB 
cycle for reducing equivalents generated by the electron transport chain, thereby 
reducing the overall quantum yield of CO2 fixation (reviewed by [105]). Amongst 
these, molecular oxygen can act as an acceptor for electrons, either from PSII (e.g. 
via PQH2 and the so-called plastoquinone terminal oxidase PTOX), or during the 
Mehler reaction at the PSI reducing side (see review by [105]). Respiration can also 
act as a sink of photosynthetic electron flow [77] with electrons being exported 
from the chloroplast via the oxalate-malate shunt. Another process able to produce 
ATP without net NADPH generation is cyclic electron flow (CEF) around PSI [70, 
124], the extent of which is extremely important in the green alga Chlamydomonas 
reinhardtii under specific metabolic conditions (see Sect. 16.3). Our understand-
ing of the importance of all these different pathways is growing and it is becoming 
clear that the efficiency with which electron flow is diverted to these alternative 
pathways could be extremely high. Owing to their different evolutionary origin, 
different organisms seem to have chosen a limited number of alternative electron 
flow processes to cope with the energy balance issue. In this chapter, we will de-
scribe the core specifics of regulation of photosynthetic electron flow in plants and 
microalgae, summarising knowledge obtained developed the two best characterised 
model systems, flowering plants such as Arabidopsis thaliana and the green alga 
Chlamydomonas reinhardtii. Then, we will focus on some details on the particular 
strategies developed in the marine environments.

16.2  Electron Transport in Flowering Plants

Flowering plants growing in natural conditions face the challenge that they have lit-
tle or no control over the concentration of the principle substrates required for pho-
tosynthesis. The light intensity varies from approx. zero to up to 2000 µmol m−2 s−1 
during the course of a day but can also vary by as much as two orders of magnitude 
on a second to second basis as cloud cover changes or the sun moves relative to 
shading objects. The CO2 concentration in the atmosphere does not fluctuate sig-
nificantly but the availability of CO2 to the chloroplast does, due both to chang-
ing demand and also changes in supply caused by stomata opening and closing. 
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Effects of variations in light and CO2 may be further complicated by changes in leaf 
temperature from day to day and through the day, which will differentially affect 
different parts of the photosynthetic apparatus [28]. The result of all this is that the 
balance between energy supply to and demand for photosynthetic electron trans-
port is unpredictable and highly variable. Variations in supply and demand place 
the leaf under stress. Specifically, excess light at any moment is liable to give rise 
to the production of reactive oxygen species, either through the photoreduction of 
oxygen to form superoxide, or through the generation of singlet excited oxygen [6]. 
It is increasingly recognised that such fluctuations play a major role in determining 
the fitness of plants [80] and that most of the regulatory processes that control the 
electron transport chain have evolved to mitigate against that stress.

16.2.1  Regulation of NADP(H) Redox Poise

The end product of LEF is NADPH, which is mainly used to drive sugar synthesis 
by the CBB cycle. When conditions arise to limit CO2 fixation, for example when 
drought causes stomatal closure leading to a low leaf CO2 concentration, we would 
expect that the NADPH concentration should rise. This should cause Fd and the 
electron acceptors in PSI to become reduced. Reduced FeS centres react readily 
with oxygen, producing superoxide [91]. Reduction of PSI acceptors blocks PSI 
charge separation. PSII turnover will then continue to produce reducing equivalents 
which should lead to the reduction all intermediates in the electron transport chain. 
In fact, apart from transiently, this does not occur. The events that prevent this from 
occurring are complex and intricate and still only partly understood.

Exposure of a leaf to a step change from high to low CO2 concentration results, 
after a short response time, in a decrease in CO2 fixation and a reduction of the elec-
tron acceptors of PSII (QA and the PQ pool). Electron carriers in Cyt b6  f, PC and 
P700 typically all become more oxidised. This effect results from a slowing down 
of the turnover of PQH2 oxidation by the Qo site of Cyt b6  f. From this we can con-
clude that there must be a mechanism of feedback regulation sensing the demands 
of CO2 fixation and regulation of Cyt b6  f. Two non-mutually exclusive models have 
been put forward to explain this regulation—pH regulation and redox control.

It has long been known, from early classic experiments on both mitochondria 
and thylakoid membranes, that the oxidation of quinones by Cyt bc-type complex-
es is sensitive to pH. There is evidence that protonation of the Rieske FeS subunit 
of Cyt b6  f is known to play an important role in the kinetics of PQH2 oxidation 
[42, 67]. It is clear that the lumen pH influences the oxidation kinetics of PQH2 and 
so the overall flow of electrons through the electron transport chain.

The physiological importance of lumen pH in controlling electron transport has 
been debated. When plants, under conditions of high CO2 are exposed to light the 
pH of the thylakoid lumen drops, becoming more acidic with increasing irradiance. 
We cannot directly measure the ΔpH in vivo, although we can get an indication of its 
extent indirectly. Perhaps the most employed indicator is the extent of pH dependent 
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non-photochemical quenching (qE). This term describes the enhancement of ther-
mal dissipation of absorbed energy that occurs in the pigment-containing proteins 
of PSII, whenever light absorption exceeds the maximum rate of CO2 assimilation. 
Based on an extensive body of work, we know that the pH dependence of qE is itself 
variable, in particular depending on the concentration of zeaxanthin in the light har-
vesting complexes [63]. In the presence of zeaxanthin, qE is induced below about 
pH 7.5 (pK ~ 7) [115]. The wild type Cyt b6  f shows an in vitro pH inhibition with a 
pK of approx. 6–6.5 [67]. In wild type plants in high CO2, it is possible, by increas-
ing light, to induce qE to a high level, suggesting the induction of a substantial ΔpH. 
At the same time, P700 (the primary electron donor to PSI) becomes progressively 
more oxidised. Measurments of the kinetics of P700 reduction following a light-dark 
transition under such experimental conditions, an indicator of flux through Cyt b6  f, 
indicate that no inhibition of PQH2 oxidation is occurring [58, 106]. This implies 
that the in vivo lumen pH is too high to inhibit Cyt b6  f. Interestingly a mutant of 
Arabidopsis, pgr1, has been shown to have a mutation in the Rieske protein that re-
sults in an altered pH sensitivity, with a pK of 6.5–7 [67]. This shift results in plants 
which are deficient in qE—the flux through Cyt b6  f is inhibited at a pH which is too 
high to induce significant quenching.

When a leaf is exposed to changes in internal CO2 concentration, either due to 
drought or as a result of altering the external CO2 supply, regulation of Cyt b6  f can 
clearly be seen. Ott et al. [106] observed that when leaves of red campion were 
exposed to ambient, compared to elevated, CO2, there was a clear inhibition of 
P700 reduction kinetics, across a wide range of irradiances. Except at the lowest 
irradiances, there was no change in reduction kinetics of P700 with irradiance how-
ever. Over the same irradiance range, reversible non-photochemical quenching (an 
indicator of qE) varied substantially but did not differ between ambient and high 
CO2. In other words, the variation seen in P700 reduction kinetics cannot simply be 
explained by lumen pH. Similar non-correlations between qE and flux through Cyt 
b6  f were observed by Clarke and Johnson [28] and Golding and Johnson [47] in 
experiments examining responses to temperature and drought, respectively.

The alternative hypothesis for regulation of Cyt b6  f was proposed by Johnson 
[69]. In isolated spinach thylakoids, the flow through Cyt b6  f was shown to be sen-
sitive to the presence of the thiol reducing agent dithiothreitol. Titration of this in-
hibition indicated the reduction with a pH sensitive midpoint potential in the region 
of − 300 to − 400 mV depending on the pH, i.e. between the midpoint potentials of 
Fd and NADPH. This led to the suggestion that thioredoxin might be responsible for 
feedback regulation of Cyt b6  f. This would give the redox poise of the PSI acceptor 
pool a direct role in regulating electron transport. To test this hypothesis, Hald et al. 
[54] examined plants in which electron flux away from PSI was inhibited due to re-
duced levels of either Fd-NADP+ reductase (FNR) or glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH), respectively the last enzyme in electron transfer and the 
first in the CBB cycle. A lack of FNR is predicted to result in reduction of Fd but 
in oxidation of NADP. Lack of GAPDH might be expected to give rise to reduction 
of both Fd and NADP. Plants lacking FNR were found to be very stressed, with 
elevated lipid peroxidation and loss of chlorophyll. The electron transport chain in 



16 Regulation of Electron Transport in Photosynthesis 443

such plants was substantially reduced, indicating a failure of feedback regulation. 
In contrast, plants lacking GAPDH, whilst inhibited in growth, showed no signs 
of stress and had an electron transport chain that was more oxidised under any set 
of conditions. These results were taken as evidence that it is the redox poise of the 
NADP/NADPH pool, rather than Fd and thioredoxin, that regulates the electron 
transport chain.

The above experiments provide evidence that control of Cyt b6  f is not a simple 
function of lumen pH. This does not exclude a role for pH in that control however. 
The in vitro redox sensitivity observed by Johnson [69] was seen to be pH sensitive 
in a way that would increase the sensitivity of PQH2 oxidation to redox control at 
low pH. More recently, Joliot and Johnson [71] demonstrated that partial uncou-
pling of the thylakoid membrane by infiltrating leaves with nigericin, resulted in an 
inhibition of NPQ, as expected if the ΔpH is inhibited, and also in a net reduction 
of the electron transport chain. This is consistent with the lumen pH playing a role 
in regulating the activity of Cyt b6  f. In summary, both redox and pH signals can 
be shown in vitro to affect the flow through electron transport and it is likely that 
both play a role, possibly through a common mechanism, in the regulation of flow 
in vivo.

16.2.2  Regulation of the Trans-Thylakoid pH Gradient

The formation of a ΔpH across the thylakoid membrane is essential for the synthesis 
of ATP. It also plays an essential role in the regulation of light harvesting, through 
the process of high energy state quenching [63], and also in the regulation of LEF 
[71]. The generation and the regulation of this ΔpH is therefore essential to the 
proper function of the photosynthetic apparatus. ΔpH is generated during electron 
flux, however the balance between generation and utilisation of this gradient is a 
topic that has long been debated (see 2]). This discussion centred to a large extent 
on two points: is the Q-cycle in Cyt b6  f an obligate reaction; and what is the stoi-
chiometry of ATP synthesis? Assuming that the Q-cycle is obligate [120], then each 
electron that is removed from water results in 3 protons being released into the thy-
lakoid lumen (or 12 protons per O2 evolved). The stoichiometry of ATP synthesis is 
related to the stoichiometry of subunits in the ATP synthase and specifically of the c 
subunit of the Fo part of the enzyme. In flowering plants, there are 14 c subunits, so 
14 protons are required to synthesise 3 ATP molecules (discussed in [36]). If there 
were a strict coupling of LEF and ATP synthesis to CO2 fixation in the CBB cycle, 
this would mean that there was a small deficit in ATP production.

To some extent this discussion was futile. Alternative pathways for consumption 
of reducing power and of ATP mean that there is no simple fixed requirement for a 
particular ratio of ATP to NADPH. Furthermore it cannot be assumed that the cou-
pling of proton transfer to ATP synthesis is perfect—almost certainly, a proportion 
of protons will leak through the membrane. Nevertheless, what is certain is that the 
cell needs to maintain the balance of ATP and NADPH to ensure that the fixation 
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of CO2 and other metabolic processes can proceed in a balanced way and that the 
chloroplast does not become over-reduced. The latter is of particular concern, as 
reducing conditions can result in damage to the photosynthetic apparatus itself and 
also to cell in general, through the excess production of reactive oxygen species 
[6]. Increasingly therefore we must recognise the need for regulation of different 
electron transport pathways in a way that ensures that ATP and NADPH concentra-
tions are controlled.

If we accept that LEF from water to CO2 does not give rise to a net generation 
of ΔpH, then how are plants able to generate, and more importantly control, the pH 
gradient? In terms of generation of pH gradient, it follows that there must be some 
flexibility in the coupling between electron flow and ATP consumption. This could 
result from alternative electron flow, other than to CO2 fixation, occurring from the 
import of ATP of respiratory origin into the chloroplast or possibly from changes 
in the ATP/H+ coupling ratio of the ATPase. Owing to the complex regulation of 
the pH gradient, especially given the simultaneous need for ΔpH to generate ATP 
and regulate light harvesting, all these hypotheses have been previously considered 
as possible (e.g. [79]). In a perfectly coupled system (i.e. where the movement of 
protons out of the lumen is strictly linked to ATP synthesis) only a small number 
of protons need to be pumped into the lumen over and above those used for ATP 
synthesis. Once there, the ΔpH would be maintained. Kramer and co-workers have 
discussed that regulation of the pH gradient could then be achieved through regu-
lation of the conductance of the ATPase, such that the potential gradient required 
to drive ATP synthesis might vary. This is suggested to occur through changes in 
chloroplast phosphate concentration [75], which in turn will reflect changes in the 
metabolic status of the ATP pool and CBB cycle intermediates. In this way, the pH 
gradient required to give a particular rate of ATP synthesis might vary. An alterna-
tive view is that different electron flows, especially CEF, generate additional ΔpH 
and it is the relative extent of these flows compared to LEF that controls the steady 
state ΔpH. It is now widely accepted that CEF occurs in flowering plants and that 
the rate of this can be substantial (see Sect. 16.2.4).

Obviously the above models are not mutually exclusive. However, there is grow-
ing experimental evidence for the occurrence of alternative electron flows, in ad-
dition to a simple LEF to CO2 fixation in vivo. Different alternative flows are dis-
cussed in the following sections.

16.2.3  Sinks for Electron Flow Not Linked to ATP Consumption

A number of pathways exist that accept reducing equivalents from PSI but do not 
consume ATP. Reduction of inorganic nitrogen, via nitrate reductase and nitrite re-
ductase, and assimilation of sulphate all consume reducing equivalents from pho-
tosynthetic electron transport [57, 59]. Reducing equivalents can also be exported 
from the chloroplast via the malate-oxalate cycle [77]. The latter pathway in par-
ticular is known to be regulated in direct response to chloroplast stroma redox poise, 
via thioredoxin-linked activation of the enzyme malate dehydrogenase [93]. Activa-
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tion of malate dehydrogenase occurs at a substantially more negative redox poten-
tial than that required for activation of enzymes involved in CO2 fixation, similar 
to the potential seen to inhibit Cyt b6  f [69]. Recent data have provided a molecular 
platform to understand the dynamics of the malate shuttle and suggest that the ex-
change of ATP and reducing power between the chloroplast and the mitochondrion 
is important for the optimization of carbon assimilation in vascular plants [77].

Electron flux to oxygen in the Mehler reaction will also generate ΔpH. Oxygen is 
reduced by iron sulphur centres on the acceptor side of PSI, generating superoxide 
which is detoxified by a series of reactions referred to collectively as the Mehler-
Ascorbate Peroxidase pathway (see Sect. 16.3.4). There is probably always a basal 
flux through this pathway, possibly as high as 5–10 % of total electron flux, and this 
will generate ΔpH. It has been suggested that this pathway might play an important 
role in regulating the ΔpH [105, 114]. However, when leaves are illuminated at low 
O2 concentrations, expected to lower the rate of Mehler reaction, they are still able 
to generate a ΔpH to drive high energy state quenching (see e.g. [28]). Since super-
oxide detoxification and oxidative stress impose a significant metabolic load on the 
leaf, it seems unlikely that flux to the Mehler reaction is actively used to regulate 
ΔpH. Nevertheless, it is probable that this flux plays an important role in overall 
chloroplast behaviour.

16.2.4  Cyclic Electron Flow in Flowering Plants

Fluxes through the electron transport chain to these alternative electron sinks will 
all support proton pumping into the thylakoid lumen without being strictly coupled 
to ATP consumption. Hence such fluxes will generate net ΔpH. It is not however 
clear that they can be regulated in a way that would allow for a responsive regula-
tion of ΔpH. Rather, regulation of these flows probably occurs in ways that are 
intended to limit over-reduction of the chloroplast stroma, rather than specifically 
to generate ΔpH. CEF, involving just PSI, almost certainly acts as the major process 
that allows plants to control their ΔpH independently of redox potential. CEF in 
flowering plants has been the subject of a number of reviews in recent years (e.g. 
[70, 124]) and we do not intend here to review in detail the evidence for its occur-
rence. Rather the focus will be on our growing understanding of how this pathway 
is regulated and the role it plays in flowering plants.

The detailed functioning of CEF in plants is almost certainly somewhat differ-
ent to that in green algae (see Sect. 16.3.1), although the basic pathways involved 
are almost certainly the same. Reduced Fd, produced by PSI, is oxidised in a way 
that results in the reduction of PQ, feeding electrons back into the electron trans-
port chain between the two photosystems. That reaction may be catalysed by either 
an NAD(P)H dehydrogenase (NDH) complex homologous to Complex I in mi-
tochondrial electron transport [118, 124], or via an alternative reaction presumed 
to involve Cyt b6  f. Our understanding of the structure and function of the former 
complex has grown significantly in recent years [111], although the precise role of 
this reaction remains to be elucidated. Plants deficient in the NDH complex appear 
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to perform well across a wide range of conditions, though there is some evidence 
that they have increased sensitivity to drought stress [83, 118]. It seems however, 
that NDH is not essential for plant growth.

In addition to the NDH pathway, electron transfer can take place via a pathway 
often referred to as the FQR (ferredoxin quinone reductase) pathway [13]. In early 
studies, the FQR pathway was proposed to involve Cyt b6  f [132]. However, later 
studies hypothesized a distinct enzyme for FQR that bypasses Cyt b6  f and directly 
interfaces with PQ pool reduction by Fd [13]. No one, however, was able to identify 
or purify the FQR specific enzyme. On the other hand, physical association of PSI, 
Cyt b6  f, and FNR has long been suggested as a platform for the electron transfer 
in the FQR pathway [5, 26]. Mathematical modelling of the electron transfer [81] 
and in vivo observation of its high efficiency [73] suggest that FQR activity might 
operate in a complex. Indeed, Cramer and his co-workers reported that Cyt b6  f 
was co-purified with FNR and was reduced by Fd [149]. More recently, physical 
interactions between an integral membrane protein PGRL1, which was essential 
for FQR activity in Arabidopsis, and PsaD (subunit of PSI), PetB (cyt b6), FNR, 
and PGR5 were shown by a yeast two-hybrid assay using the corresponding genes 
from Arabidopsis [32]. A c-type cyt found close to the stromal face of Cyt b6  f is 
suggested to be required to mediate the transfer of electrons from Fd/FNR to the Qi 
(quinone reducing) pocket in Cyt b6  f. [128] This model of CEF has in recent years 
gained an acceptance that probably exceeds the experimental evidence that supports 
it and several groups worldwide are working to establish a more solid mechanistic 
understanding of the events that are involved.

A key point in our understanding of CEF is the question of how the relative 
fluxes through LEF and CEF are regulated. Important points will be the steps where 
the two pathways converge or diverge—i.e. what is the fate of reduced Fd and how 
do PSII and CEF compete for PQ reduction. The need to regulate relative CEF and 
LEF fluxes is central to controlling ΔpH and it is widely thought that there needs 
to be some form of separation of the two pathways to achieve this regulation. For 
example, under conditions of high light or low CO2, the PQ pool associated with 
PSII is known to be highly reduced. Under such conditions, CEF needs to be able 
to complete effectively with electron flow from PSII; indeed these are exactly the 
conditions that promote CEF [47, 95]. So how is it possible to ensure that the cyclic 
pathway has access to oxidised PQ?

In green algae there is strong evidence, both functional and structural, that su-
percomplexes of PSI and Cyt b6  f exist that are necessary for CEF to occur (see 
Sect. 16.3.2). The evidence for such complexes in flowering plants is however ab-
sent [21], and indeed, it has been argued that no such complexes are required [70, 
71]. In particular, the presence in flowering plants of distinct membrane regions—
the granal stacks and the stromal lamellae—provide the potential for regulating 
CEF and LEF in a way that is less possible in, for example, Chlamydomonas, where 
membrane stacking is much less prominent.

Key to our understanding of the structure of flowering plant chloroplasts is the 
observation that photosynthetic complexes are not evenly distributed in the thyla-
koid membrane [1] (c.f. Chap. 5 in this Volume). Functional PSII is localised in the 
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membrane stacks. PSI is distributed between the grana margins (~ 70 %) and the 
stromal lamellae. Cyt b6  f is evenly distributed in the membrane. It has been shown 
that the diffusion of PQ/PQH2 in the thylakoid membrane is highly restricted, prob-
ably due to the very high protein concentrations that characterise this membrane 
[139]. This means that PQ localised in the granal stacks will primarily act in me-
diating electron transport between PSII and those Cyt b6  f localised in the stacked 
regions. For reasons of access, it is unlikely that electrons will be transferred from 
Fd to Cyt b6  f complexes localised in the grana regions. Rather, a separate pool of 
Cyt b6  f, with associated PQ will be found in the stromal membranes. The physical 
distance between the different domains and the limitations on PQ diffusion mean 
that these different pools could be quite separate.

Beyond Cyt b6  f, electrons are passed in flowering plants to PC. PC is soluble in 
the thylakoid lumen and, in flowering plants at least, much more mobile than PQ 
[78]. Therefore, there is the potential for the LEF and CEF pathways to mix at this 
point. This is however not such a problem. Once electrons have been injected from 
Fd or PSII into the high potential chain, their fate, as either “cyclic” or “linear” is 
determined. Thus, the presence of distinct Cyt b6  f and PQ pools is sufficient to al-
low for the co-existence of CEF and LEF pathways.

According to this model, the point at which the relative fluxes through CEF and 
LEF flows is regulated will be through competition for the oxidation of reduced 
Fd. Insights into the regulation of this step can be obtained from examination of 
various mutants altered in proteins required for CEF and LEF flows. Plants defi-
cient in PSI complex have been shown to be impaired in LEF but are still able to 
maintain a significant proportion of CEF, giving a higher steady state pH gradient 
(as indicated by non-photochemical fluorescence quenching) [55]. In other words, 
CO2 fixation does not simply extract reducing equivalents at a rate determined by 
its own capacity. Tobacco plants over-expressing Fd from Arabidopsis were shown 
to have increased CEF, even though their capacity for CO2 assimilation was unal-
tered [147]. This led to the suggestion that Fd represents a limitation on CEF. This 
is perhaps a surprising conclusion, since the observation that the acceptor side of 
PSI is maintained in an oxidised state over most conditions suggests that Fd is not 
functionally limiting for electron flow, but it does suggest that the behaviour of 
Fd plays a major role in controlling electron partitioning. Plants deficient in Fd do 
show an inability to generate a high ΔpH, implying that at low Fd concentrations, 
CEF is limited [144].

The predominant reaction oxidising reduced Fd is via FNR. There is evidence 
that FNR exists in multiple forms [20, 53, 96]. In Arabidopsis there are two genes 
encoding this protein. Maize has three, including one that is thought to be specific 
to bundle sheath cells, where CEF is thought to be the predominant form of elec-
tron transfer [104]. These genes encode proteins with different pK values and with 
different tendencies to attach to the thylakoid membrane. These different isoforms 
can undergo different post translational modifications, including N-terminal trunca-
tion and possibly phosphorylation. FNR is known to be free in solution but also to 
bind to the acceptor side of PSI and the stromal side of Cyt b6  f. As such, it makes 
a good candidate as a point of regulation of CEF. Plants lacking FNR are found to 
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be significantly impaired in the regulation of electron transport but are still able to 
perform CEF and to generate a significant ΔpH, at least under some conditions, 
although this is not greater than in wild type plants [54, 71]. This is consistent with 
a role for FNR in CEF, but there is little direct evidence for control of this step. 
Measurements of the distribution of FNR between different membrane-bound pools 
under different conditions provided no evidence of a regulatory re-distribution of 
FNR [21].

A protein-complex that has captured the imagination in terms of its role in CEF is 
the one formed by PGR5 and PRGL1 [32]. The nature of that involvement remains 
somewhat unclear. It was first suggested that it may form a Fd quinone oxidoreduc-
tase (FQR) [98], however there is no direct evidence for a catalytic role of either 
PGR5 or PGRL1 and no evidence of redox active cofactors. Nandha et al. [100] 
presented evidence that plants lacking PGR5 are in fact still capable of CEF at 
rates similar that those of wild type plants, but that they are impaired in CEF under 
most conditions, due to impairment of the redox poising of the chloroplast electron 
transport chain. Notably, the high potential portion of the electron transport chain 
is maintained in a reduced state in the light in PGR5 mutants. PGR5 mutants are 
capable of generating a significant ΔpH under conditions where photosynthesis is 
sink-limited, due to removal of CO2 from the atmosphere, however the high poten-
tial is still reduced. This supports a model where PGR5 is required for feedback 
regulation of Cyt b6  f and it is that failure that prevents CEF from competing with 
LEF under most conditions. Whatever the precise role of PGR5, it is clear that it 
plays a crucial role in the regulation of photosynthesis. Plants lacking PGR5 are 
unable to survive in fluctuating growth conditions [136].

16.2.5  Alternative Electron Flow from PSII—the Plastid 
Terminal Oxidase

In addition to LEF through both PSII and PSI and CEF only involving PSI, there 
is strong evidence for electron transport reactions in flowering plants that involve 
PSII alone. There have been various indications that oxygen may act as an electron 
acceptor, from PSII directly [19] or from PQH2 either at PSII, free in the membrane 
or at Cyt b6  f. [29, 76] These reactions are thermodynamically plausible. Direct 
reaction in the membrane between O2 and PQH2 is likely to be kinetically limited 
but reactions at quinone binding sites in either protein complex may occur, if a 
semiquinone exists for any time. Such reactions may occur significantly in some 
plants under some conditions, especially under stress, however their significance 
remains to be established.

Less controversial is the observation of a plastid terminal oxidase (Ptox) as a sig-
nificant sink for electron transport from PSII. The PTOX protein was first identified 
in plants showing a phenotype where leaves developed with mottled white patch-
es—the IMMUTANS phenotype seen in Arabidopsis and tobacco [25]. The protein 
is a di-iron non-haem protein showing homology with the alternative oxidase found 
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in mitochondria. PTOX is thought to act as a PQH2 water oxidoreductase. The IM-
MUTANS phenotype is explained as being due to an involvement of Ptox in carot-
enoid biosynthesis, providing a mechanism for the oxidation of phytoene. This role 
is probably however only required at crucial stages in development and, given the 
right conditions, IMMUTANS mutants can be grown that develop normal green 
leaves [117]. Recently a link was established between PGR5 and leaf variegation in 
immutans plants [103], leading to the hypothesis that when leaves are exposed to 
an excitation pressure that overcomes a threshold level (e.g. in some leaf patches of 
immutans plants), pigment bleacing occurs [90].

The existence of PTOX led to the suggestion that this may act as a sink for 
electron transport from PSII and therefore may have a direct role in photosynthesis. 
Phenotypes relating to small transient changes in chlorophyll fluorescence follow-
ing light-dark transitions have been used as evidence that PTOX may be able to 
oxidise the PQ pool associated with PSII [85]. However there is no evidence in 
Arabidopsis tobacco or tomato plants that PTOX acts as a significant electron sink 
[61, 116, 140]

Such evidence has however been found in some less widely studied plant spe-
cies. Streb et al. [127] studied electron transport in the alpine species Ranunculus 
glacialis and found evidence both for significant levels of Ptox and for significant 
electron transport from PSII to oxygen. Perez Torres et al. [112] found evidence for 
electron flow to oxygen in the arctic grass Deschampsia Antarctica, although there 
was no direct evidence found for PTOX protein. Stepien and Johnson [126] pre-
sented evidence for a substantial level of PSII to PTOX electron flow in the salt tol-
erant model species Thellungiella halophilla. This flow accounted for up to ~ 30 % 
of total PSII electron flow and was especially prominent at high light. There was 
no evidence that PTOX was competing with LEF at low light, suggesting that this 
flux is somehow regulated, such that it only occurs when LEF is saturated. Electron 
flow to PTOX resulted in the PQ pool being significantly more oxidised, consistent 
with a role in protecting PSII from stress. Surprisingly, inhibition of PTOX activity 
by lowering O2 concentration did not affect the generation of non-photochemical 
quenching, suggesting that PTOX is not important in generating ΔpH, in contrast to 
the conclusion drawn in other systems (see Sect. 16.4).

The idea that Ptox might act as a significant sink for electron transport has en-
couraged the notion that it might be over-expressed to increase stress tolerance. To 
date, attempts to induce PTOX activity have met with little success. Arabidopsis 
plants over-expressing PTOX do not show any significant increase in O2-sensitive 
electron transport [116], and tobacco over-expressers show elevated reactive oxy-
gen production and increased stress sensitivity [61]. It is possible that there are 
differences between Ptox in Arabidopsis and in species where PTOX acts as a sub-
stantial electron sink, however the recent publication of the Thellungiella genome 
sequence provides no evidence for significant differences in sequence. Rather, it 
is likely that the known PTOX polypeptide is not acting alone but needs to be ex-
pressed alongside other peptides.
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16.3  Chlamydomonas reinhardtii

Microalgae represent another ideal system to study photosynthetic electron transfer 
because, while they share most of the basic features of this process with plants, their 
growth rates are in general higher than those of plants. It is easy to get uniform cell 
cultures by controlling the microenvironment around the cells and to prepare a large 
number of samples for biochemical characterizations. Moreover, microalgae are ex-
tremely amenable to molecular and genetic manipulation. Their study has allowed 
us to elucidate the mechanisms of water oxidation (the Joliot-Kok clock, [72]), state 
transitions [18], and chlororespiration [14, 64, 68]. Recently there has been a large 
growth in interest in microalgae in general, and the freshwater alga Chlamydomo-
nas reinhardtii in particular, as possible sources of biofuels, and an understanding 
of their photosynthesisis is central to this.

Chlamydomonas has been widely used as a model system to study photosyn-
thesis in eukaryotic algae due to the fact that it can grow in the complete absence 
of photosynthesis (allowing mutants devoid in some of the major functions of this 
process to be easily characterized), has a well characterized sexual cycle (allowing 
mutations to be dissected and double mutants to be generated), and is suitable for 
molecular manipulation. This organism has recently been employed to study the 
functional organization of the photosynthetic apparatus (e.g. the epistatic control 
of the assembly of different complexes within the thylakoid membranes [27]), and 
the molecular mechanisms of photoprotection (state transitions and NPQ [84, 86] 
respectively). More recently, Chlamydomonas has allowed the establishment, for 
the first time, of a molecular basis for the regulation of alternative electron flow in 
photosynthesis [66] (see below).

16.3.1  Cyclic Electron Flow around PSI

CEF in Chlamydomonas is subjected to the same general rules that govern this pro-
cess in plants, however the conditions giving rise to this flow may be quite different. 
Conditions leading to the reduction of the soluble electron carriers (e.g. anaerobic 
conditions) trigger the appearance of CEF [43], but in contrast to plants, it is the re-
dox state of the PQ pool (instead of the redox state of PSI soluble acceptors) which 
primarly affects the partitioning between LEF and CEF. The mechanism linking 
changes in the chloroplast redox poise to the appearance of CEF is also different in 
this alga. In anaerobic conditions, reduction of the PQ promotes a transition to State 
2, a condition in which most of the PSII antenna complexes are functionally con-
nected to PSI, as a consequence of their phosphorylation by a specific kinase, Stt7 
[34]. Enhancement of CEF is observed during the State 1 to State 2 transition, as 
shown by the diminished sensitivity of electron flow through Cyt b6  f [43] and PSI 
[24, 66] to the addition of the PSII inhibitor DCMU. Still, it is not known whether 
a true causal relation exists between the transition to State 2 and the onset of CEF. 
Indeed PSI absorption is increased to ~ 4 times that of PSII in Chlamydomonas 
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cells acclimated to State 2, thus largely limiting the capacity of this complex to 
drive electron flow. A recent study however has reported that mutants with a largely 
impaired CEF capacity can undergo state transitions with the same efficiency as the 
wild type strain [135]. This clearly challenges the existence of a strict cause and ef-
fect relationship between state transtions and cyclic flow capacity

16.3.2  Mechanisms of CEF in Chlamydomonas

As discussed above, two major routes for CEF have been proposed in oxygenic 
photosynthesis. The first one involves the activity of a chloroplast NDH complex. 
In Chlamydomonas, as well as in most of the microalgae studied so far, this com-
plex is not a homologue to the respiratory Complex I, but rather is represented by 
a monomeric complex [35, 68]. The Nad2 protein of Chlamydomonas, which is 
the only one studied in details, is extremely active in reducing the PQ pool at the 
expenses of stromal reducing power [35, 68]. However, the real contribution of the 
NDH pathway to CEF has not yet been tested experimentally. As an alternative to 
the NDH pathway, the FQR is defined as the complex that catalyzes the reduction 
of the PQ pool using Fd as a substrate (see Sect. 16.2.4).

While the nature of any complexes involved in FQR activity is still under debate 
in plants, recent analysis in Chlamydomonas has likely provided the first molecular 
information concerning the machinery in charge of the FQR pathway in this alga. 
Iwai et al. [66] used solubilized thylakoid membranes from Chlamydomonas cells 
under State 2 conditions. Using sucrose density gradient, they purified a super-
supercomplex composed of the PSI-LHCI supercomplex with LHCIIs, Cyt b6  f, 
FNR, and PGRL1 in a fraction heavier than the PSI-LHCI supercomplex. Spec-
troscopic analyses of this super-supercomplex indicated that, upon illumination, 
reducing equivalents downstream of PSI were transferred to Cyt b6  f, while the 
oxidized PSI was re-reduced by reducing equivalents from Cyt b6  f [66]. When 
Chalmdyomonas cells are in State 2, where more LHCIIs are associated with PSI, 
CEF can operate in this supercomplex involving PSI, Cyt b6  f, and FNR. Since CEF 
and LEF share several redox carriers (e.g., PQ, Cyt b6  f, PC, PSI, Fd, and FNR), 
they are potentially in competition with one another. Furthermore, the redox poise 
of the CEF components could be disturbed if reduced components for LEF coexist 
[2]. By localizing the mobile electron carriers (PQ, Fd, and PC) within a restricted 
space, the super-supercomplex could compartmentalise the CEF components, gen-
erating a functional pool. In doing so, super-supercomplex formation would play a 
similar role to that suggested for the segregation of PSI and PSII in the grana and 
stroma lamellae in plants (see Sect. 16.2.4), although providing a total physical 
compartmentation of the two pathways. In line with this conclusion, limitation of 
the overall rate of electron flow by PC diffusion between PSI and Cyt b6  f has been 
observed in Arabidopsis under some conditions [122], while, no such limitation is 
seen in Chlamydomonas, where PC release from the PSI is the limiting step of the 
electron flow between Cyt b6  f and PSI [44]. This could reflect the fact that, while 
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PC is freely diffusing (in an almost bidimensional space) in plants in the light [48, 
77], the presence of a supercomplex of supercomplexes in the alga would reduce 
the distance to be travelled by PC to being essentially negligible, making this pro-
cess non-limiting for photosynthesis. It is of note that the association of LHCII and 
Cyt b6  f with PSI is in line with their behaviors in the membrane domains during 
a State 1-to-2 transition. During this transition, LHCII and Cyt b6  f migrate from 
the appressed region in the thylakoid membranes, where PSII resides, to the non-
appressed region, where PSI resides [142].

16.3.3  Physiological Consequences of CEF in Chlamydomonas

In contrast to plants, large state transitions are induced in Chlamydomonas upon 
oxygen deprivation. This treatment rapidly leads to a decrease in the cellular ATP 
content, which in turn triggers an increase in the cellular NADH/NADPH concen-
tration, due to the well known enhancement of glycolysis by a reduced ATP content 
(the reverse Pasteur effect [22]. PSI absorption cross section is substantially in-
creased in State 2 [33] due to the extensive association of LHCII proteins (including 
the minor monomeric LHCIIs) with PSI [133, 137]. Moreover, the generation of 
tightly bound super-supercomplexes allows a complete thermodynamic segregation 
of the soluble electron carriers from the PSII-driven LEF pathway, a process that is 
not observed in plants, where CEF requires a small electron input from PSII [73], 
to compensate for the losses of electrons towards the CBB cycle (see Sect. 16.2.4).

What then is the rationale for such major rearrangements of the photosynthetic 
machinery in Chlamydomonas upon a State 2 transition? In general, a switch to 
State 2 is observed upon nutrient starvation in Chlamydomonas (see e.g. [60, 146]). 
Phosphorous and sulfur deficiencies, which decrease the rate of oxygen evolution 
induce a systematic transition to State 2 and a loss of the ability to perform LEF 
[146], thus giving rise to an increased CEF capacity. Nitrogen starvation also induc-
es a systematic transition to State 2 [110], which correlates with overreduction of the 
PQ pool and a loss of LEF activity [60]. Overall, the rationale for these observations 
would be to maintain a good capacity for ATP synthesis via CEF for housekeeping 
purposes every time that photosynthetic performance is limited by nutrient avail-
ability (see also [36]). Indeed, from an energetic point of view, state transitions in 
Chlamydomonas mimic a shift from an oxygenic type of photosynthesis (that gener-
ates both reducing power and ATP, State 1) to an anoxygenic bacterial one, where 
only ATP is synthesised (State 2). The generation of the PSI-Cyt b6  f supercom-
plex probably provides the molecular platform for this major metabolic change in 
Chlamydomonas. This switch may provide an advantage in different environmental 
conditions. First of all it would increase the capacity to survive under oxygen depri-
vation. This situation is probably often encountered by this alga, which is normally 
found in eutrophic shallow ponds, rich in biomass and therefore possibly subjected 
to periods of anoxia. By maintaining a high quantum yield of ATP synthesis in State 
2, cells might be able to maintain vital processes and therefore to cope successfully 
with these unfavorable conditions, and to rapidly recover photosynthetic carbon 
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fixation once O2 is resupplied. Even under oxygen replete conditions, CEF would 
provide a benefit, but providing ATP for carbon assimilation. However, in contrast 
to plants [99], no growth phenotype is observed in mutants with an altered CEF 
capacity in Chlamydomonas [24, 44, 138]. This is only observed in mutants where 
both respiration (dums, for dark uniparental minus) and CEF (via state transitions) 
are down regulated [24]. In these lines, a drastic decrease in growth is seen [24], 
due to a diminished photosynthetic activity. It appears that in Chlamydomonas (and 
possibly in other green algae) lack of CEF is compensated by an efficient exchange 
of reducing equivalents (and/or of ATP) between the mitochondrion and the chloro-
plast. The two metabolisms are intimately linked in this alga, owing to the interplay 
between respiration, reduction of the PQ pool, state transitions and CEF [36], and it 
is therefore reasonable to assume that they may both contribute in maintaining the 
cellular energy charge in this alga through optimum light utilization. This hypothe-
sis is consistent with the finding that mutants with decreased PGRL1 (and therefore 
possibly impaired in their CEF capacity) avoid degrading PSI in Fe-starved cul-
tures of Chlamydomonas to maintain a given CEF capacity [113], despite the very 
high cellular pressure to mobilise Fe for other metabolic processes. Moreover, these 
strains do not reduce their respiratory capacity under Fe starvation despite the high 
Fe requirement of the mitochondrial electron transport chain, possibly to maintain 
a high energetic metabolism. Recent (unpublished) data, indicate that exposure to 
high light in the absence of an external carbon source (as required to promote the 
induction of the LHCSR protein, and therefore NPQ onset in Chlamydomonas) also 
results in a transtion to State 2. Again, this could reflect a change in the cellular en-
ergy metabolism to enhance PSII protection from photoinhibition. Indeed, reducing 
the PSII antenna size (via state transtions) and increasing the capacity to generate a 
ΔpH (via CEF) could reduce the risk of photodamage in this complex.

16.3.4  Other Alternative Electron Flow Processes  
in Chlamydomonas

The observation that O2 depletion triggers a reduction of the PQ pool, leading to 
state transitions, suggests that O2 may act as a significant sink for electron transport 
in Chlamydomonas, either via a PTOX-type activity or through the Mehler reac-
tion. This process would allow oxidation of PQH2 under conditions where CO2 
assimilation is impaired, and by so doing, maintain the cell in State 1. As discussed 
above, the Mehler reaction results in the production of superoxide, which is rapidly 
converted into H2O2 by the activity of the superoxide dismutase (SOD) enzyme. 
H2O2can be efficiently scavenged by a chloroplast-associated ascorbate peroxidase 
(APX), leading to the production of a monodehydroascorbate radical (MDA) from 
ascorbate and H2O2 [6]. In Chlamydomonas, the existence of an ascorbate peroxi-
dase similar to that of plants has been reported [134]. In this alga, the ascorbate 
concentration is very low and the ascorbate peroxidase enzyme has an extremely 
high affinity for this metabolite [134].
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In Chlamydomonas, an additional role for these ROS has been recently pro-
posed. Expression of a nuclear-encoded reporter gene coupled to an H2O2 sensi-
tive promoter was shown to respond not only to the levels of exogenously added 
H2O2 but also to light. The higher induction of the reporter gene seen in light-H2O2 
treated cells was correlated with a lower H2O2 scavenging activity [123]. Therefore, 
the authors concluded that the enhanced H2O2 concentration observed upon light 
exposure would represent a molecular switch to activate a specific ROS signalling 
pathway within the cell.

16.4  Photosynthesis in the Oceans

Photosynthesis by marine algae has been the subject of studies for about 80 years 
(e.g. [9, 89, 119]). The ocean is the place where about half of the global carbon as-
similation occurs [11, 41] thanks to the photosynthetic activity of phytoplankton 
communities composed of prokaryotes (mainly cyanobacteria Prochlorococcus and 
Synechococcus) and eukaryotes (mainly diatoms, dinoflagellates chlorophyta and 
haptophyta). This performance is astonishing per se, since marine phytoplankton 
probably contribute ~ 1 % of the total photosynthetic biomass on Earth [38, 41]. 
This high efficiency of carbon assimilation in the oceans arises from the very fast 
growth rates and the high photosynthetic performances shown by phytoplankton in 
some regions of the oceans. Far from being homogeneous, the marine world offers 
a variety of environments ranging from warm nutrient-rich coastal areas to vast cold 
and oligotrophic oceanic areas. The oligotrophic sections of the oceans represents 
about 70 % of the marine environment, are generally distant from costal zones, and 
are thus characterized by very low iron (Fe) and nitrogen (N) content. These envi-
ronments have provided microalgae with strong selection pressures leading to the 
emergence of multiple adaptation or acclimation strategies in the photosynthetic 
apparatus.

The analysis of the response of marine microalgae to changes in the light in-
tensity has revealed two opposite and paradigmatic strategies for light acclimation 
[39]: the modification of number of reaction centers, a strategy termed n-type pho-
toacclimation, or of the antenna cross-section, a strategy termed σ-type acclimation. 
These strategies are exemplified in the diatom Skeletonema costatum that responds 
to decreasing irradiance by increasing its antenna size, and in the chlorophyte Du-
naliella tertiolecta which withstands changes in irradiance by modifying the num-
ber of reaction centers [40, 131].

Analysis of the chlorophyll distribution between the nutrient-rich coastal regions 
and the vast oligotrophic parts of the oceans has also shown the cost of nutrient 
limitation on photosynthetic activity in situ [10]. In a laboratory environment, nutri-
ent limitation usually leads to a decrease in photosynthesis, due to changes in the 
activity and stoichiometry of the photosynthetic complexes [92]. Acclimation to 
nutrient accessibility is particularly well characterized upon iron starvation, which 
consists of modifications of both the electron flow and light absorption capacities 
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of the cells. Iron is of primary importance in biological systems, notably because it 
is a central constituent of prosthetic groups such as hemes and iron-sulfur clusters 
bound to enzyme complexes involved in energy-conversion processes. Iron mobi-
lization is thus critical for microalgae in the iron-limited oceanic areas, as it is for 
terrestrial plants growing on neutral and alkaline soils, where iron availability is 
limited, as a result of the prominent form of iron in the presence of oxygen being 
the poorly soluble Fe3+.

Despite the fact that several mechanisms exist to ensure iron homeostasis in 
plants and algae [55, 102, 107], when deprivation of this metal occurs, the most 
prominent effects on photosynthetic apparatus are at the level of PSI. Cyanobacte-
ria respond to iron-deprivation by lowering the relative abundance of PSI and by 
forming an additional light harvesting antenna around the remaining PSI. Prochlo-
rococcus sp., which dominates certain regions of the oligotrophic oceans, synthe-
sizes Pcb proteins, while fresh water species express a chlorophyll binding protein 
similar to CP43 (IsiA) [15–17, 125]. Modifications in PSI antenna are also ob-
served in various eukaryotic algae. In Chlamydomonas reinhardtii, the LHCI-PSI 
association and stoichiometry are altered [97] and in the halotolerant eukaryotic 
alga Dunalliela salina a light-harvesting chlorophyll a/b-binding protein, Tidi, ac-
cumulates [143]. But the most dramatic effect of iron limitation is a marked drop 
in the amount of PSI centers relative to other molecular constituents of the pho-
tosynthesic apparatus. PSI has the highest iron content (12 Fe per reaction centre) 
among the photosynthetic complexes and requires Fe for stable assembly [46]. 
Up to a four-fold decrease in the PSI/PSII ratio has been observed in Fe-depleted 
cyanobacteria [e.g. 52, 121] or eukaryotic algae, including Chlamydomonas rein-
hardtii [97, 113] and the diatom Phaeodactylum tricornutum [3]. In the cyanobac-
terium Synechococcus WH8102, the prasinophyte Ostreococcus RCC809 and the 
central diatom Thalasiossira oceanica, three species isolated from oligotrophic 
regions, a markedly lower content of PSI and Cyt b6  f (which contains 6 Fe at-
oms) relative to PSII has been measured, even if algae are cultivated in Fe-replete 
medium ([8, 23], Cardol and Finazzi, unpublished, [129]). The constitutively low 
Cyt b6  f and PSI contents seen in oligotrophic species contrasts with the almost 
equimolar ratios between major photosynthetic complexes observed in closely re-
lated coastal species ( Ostreococcus tauri and Thalassiosira weissflogii) [23, 129]. 
The PSI decrease relative to PSII also raises the question of how cells respond to a 
reduced capacity to reoxidize the PQ pool in the light. In Synechococcus WH8102 
and in Ostreococcus RCC809, it has been shown that an enhanced PTOX activ-
ity allows rerouting of PSII-generated electrons into a water-to-water cycle to an 
extent of about 50 % [7, 23]. A similar observation has been made in situ on open 
ocean picophytoplankton communities dominated by the Prochlorococcus genus 
[87]. Though this efficient electron flow to oxygen might take place at the expense 
of CO2 fixation, it alleviates the redox pressure on the PSII acceptor side and al-
lows maintainance of an electrochemical proton gradient in the light, despite the 
very strong limitation of electron flow by Cyt b6  f and PSI (in contrast to plants, see 
Sect. 16.2.4). This proton gradient may in turn serve the purpose of maintaining ef-
ficient ATP synthesis and/or developing photoprotective responses (NPQ), which 
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are triggered by lumen acidification and protect PSII from photoinhibition. This 
strategy could be relevant in the overall economy of photosynthesis in iron-limited 
marine environments [50, 148].

Interestingly, light-stimulated oxygen uptake by phytoplankton has been de-
scribed for several other species (e.g. the diatom T. weissflogii [145], the crypto-
phyte Storeatula major, the prasinophyte Pycnococcus provasolii, and the dinophyte 
Prorocentrum minimum [130]. In the case of Nannochloropsis sp. and Emiliania 
huxleyi (Chromalveolates), the light-stimulated O2 uptake probably occurs close to 
PSII [37], but we don’t know yet if it involves a PTOX-dependent mechanism, the 
PSI-associated Mehler reaction or even the cytochromes and alternative oxidases in 
the mitochondrion.

In the diatom Phaeodactylum tricornutum, under Fe starvation, electrons could 
be redirected to the respiratory chain through the alternative oxidase [3]. Recent 
proteomic analysis [51] has shown that the chlororespiratory complex NDH, which 
is an essential component of the photosynthetic machinery (see Sect. 16.2) is absent 
in this organism. Following the model established in Chlamydomonas where both 
CEF and respiration in the light contribute to the generation of “extra” ATP for 
carbon assimilation [24], it has been postulated that the strong interaction between 
the two energetic metabolisms observed upon Fe starvation would stem from the 
necessity to compensate for the diminished CEF capacity [45].

Beside water-to-water cycle strategies, another strategy to adapt the photosyn-
thetic apparatus under iron-limitation has been described in marine algae. Surpris-
ingly, oceanic diatom species have a greater need for copper (Cu) compared to 
coastal strains [4, 108]. In photosynthetic organisms, a common strategy to par-
tially deal with Cu availability consists of employing the Fe-containing cyt c6 as the 
soluble electron carrier between the Cyt b6  f and PSI complexes, instead of the Cu-
containing PC [92]. In the case of the oceanic diatom Thalassiosira oceanica, it has 
been shown that this Cu requirement is due to the single Cu-containing protein, PC, 
which is absolutely needed for photosynthetic electron transport [109]. In contrast, 
the costal species T. weissflogii expresses a classical cyt c6 as electron carrier [65]. 
These observations suggested that the selection pressure imposed by Fe limitation 
in oligotrophic marine areas has resulted in the use of PC which reduces the need 
for Fe, Cu being relatively more abundant in the open sea [109].

The analysis of photosynthesis in the ocean has provided an experimental basis 
for the notion that photosynthesis cannot fuel carbon assimilation and the cellular 
anabolic processes at the same time, (the so called ‘energetic management’ issue 
[12]). In Prochlorococcus PCC 9511 cells, whilst a constant photosynthetic activ-
ity can be measured during a day (i.e. the entire life span of this prokaryote), the 
light generated ATP and reducing power are employed to supply different metabolic 
pathways during this period (carbohydrate vs aminoacid synthesis) as required to 
complete all the steps of the life cycle of this organism. So far, no such information 
has been provided in the case of photosynthetic eukaryotes, but it is tempting to 
propose that a similar phenomenon may take place, because the same rules gov-
erning the efficiency of ATP and NADPH synthesis and consumption exist in both 
kingdoms.
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16.5  Conclusion

Regulating electron flow in photosynthetic organisms has two purposes: adjust-
ing the generation of ATP and reducing power, and allowing a proper response to 
environmental changes. Because it is well established that the ATP/NADPH ratio 
coupled to photosynthetic electron transport in vivo (although probably variable in 
different conditions) is not going to exceed 1.5, clearly photosynthesis cannot sup-
ply carbon assimilation and other metabolic pathways simultaneously. Alternative 
electron transport pathways could overcome this limitation, although they have to 
be tightly regulated to avoid an excessive reduction of the quantum yield of CO2 
assimilation. A survey of the literature indicates that CEF, a water-water cycle (via 
either PTOX or the ascorbate-Mehler reaction), and the malate shunt have the ca-
pacity to solve the “energy balance” and “ATP shortage” issues, and can operate 
with high efficicncies (reviewed in [36]). Obviously, if they were all operating at the 
same time and at their maximum capacity, the overall yield of carbon assimilation 
would certainly be too low to allow photosynthetic growth in a natural environment. 
Evolution has therefore provided plants and microalgae with the capacity to choose 
the most appropriate alternative elctron flow pathway among the array of processes 
available. Although some relevant progress has been made in the elucidation of the 
molecular mechanisms allowing plants and algae to regulate their electron flow 
capacity, future effort is still required to explore the mechanisms allowing photo-
synthetic organisms to cope with the energy requirements of carbon assimilation.
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Abstract The chloroplast is an organelle of high demand for macro- and micro-
nutrient ions, which are required for the maintenance of the photosynthetic pro-
cess. To avoid deficiency while preventing excess, homeostasis mechanisms must 
be tightly regulated. Here, we describe the needs for nutrient ions in the chloroplast 
and briefly highlight their functions in the chloroplastidial metabolism. We fur-
ther discuss the impact of nutrient deficiency on chloroplasts and the acclimation 
mechanisms that evolved to preserve the photosynthetic apparatus. We finally pres-
ent what is known about import and export mechanisms for these ions. Whenever 
possible, a comparison between cyanobacteria, algae and plants is provided to add 
an evolutionary perspective to the description of ion homeostasis mechanisms in 
photosynthesis.
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ABC ATP-binding-cassette
APS	 Adenosine	5′-phosphosulfate
ATP	 Adénosine-5′-triphosphate
ATPS ATP Sulfurylase
CaM Calmodulin
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CAS Calcium-sensing protein
Chl Chlorophyll
CPA2 Cation/proton antiporters 2
CuRE Copper responsive element
Cytc6 Cytochrome c6
CytOx Cytochrome c oxidase
Chlamydomonas Chlamydomonas reinhardtii
Ery-4-P Erythrose 4-phosphate
Fe/S Iron/Sulfur cluster
FD Ferredoxin
Glu-6-P Glucose 6-phosphate
GOGAT Glutamate synthase
GPT Glucose 6-phosphate/phosphate translocator
GS Glutamine synthetase
GSH Glutathione
GUN Genomes uncoupled
ISC Iron-sulfur cluster
LHC Light harvesting complex
NADK NAD kinase
NAP Non intrinsic ABC protein
NIF NItrogenase fixation
NiR Nitrite reductase
NR Nitrate reductase
OEC Oxygen-evolving complex
OEP Outer envelop proteins
PC Plastocyanin
PEP Phosphoenolpyruvate
Pi Inorganic orthophosphate
PNPase Ribonuclease polynucleotide phosphorylase
PPT Phosphoenolpyruvate/phosphate translocator
PSI Photosystem I
PSII Photosystem II
PTOX Plastoquinol terminal oxidase
Pyr Pyruvate
Rib-5-P Ribulose 5-phosphate
ROS Reactive oxygen species
RuBisCO Ribulose-1,5-bisphosphate carboxylase
SOD Superoxide dismutase
SUF Sulfur fixation
TIC Translocon at the Inner envelope membrane of Chloroplast
TOC Translocon at the Outer envelope membrane of Chloroplast
TP Triose phosphate
TPT Triose phosphate translocator (TPT)
XPT Xylulose 5-phosphate/phosphate translocator
Xyl-5-P Xylulose 5-phosphate
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17.1 Introduction

Chloroplasts are central in the metabolism of photosynthetic organisms, and more 
generally for global primary productivity in waters and soils. Photosynthesis pro-
vides energy for many major metabolic pathways, e.g. CO2 assimilation and starch, 
fatty acid, amino acid, nucleic acid synthesis, as well as reductive assimilation of 
inorganic ions like nitrate and sulfate. These numerous processes heavily rely on 
nutrient ions, a term which in this chapter is used for all essential macro- and micro-
nutrients, i.e. cation and anion nutrients that are required for proper plant growth 
and development. Hence, nutrient deficiency often results in leaf chlorosis, i.e. in 
chlorophyll (Chl) loss, and in impaired photosynthesis [207, 208]. Chloroplasts are 
thus organelles with high demand for nutrient ions, and that tightly regulate ion 
homeostasis mechanisms to ensure the maintenance of the photosynthetic function.

In this chapter, we will describe the requirements of chloroplasts for each macro- 
(Mg, Ca, K, Na, P, S, N, Cl) and micro- (Fe, Cu, Zn, Mn, Co, Ni) nutrients and detail 
their key functions in the chloroplast metabolism (Table 17.1). We will review the 
impact of nutrient deficiency on chloroplasts and our growing understanding of 
the acclimation mechanisms acting at the organelle, cellular and organism levels to 
preserve the photosynthetic function under nutrient deficiency.

Chloroplasts have three membrane systems, the outer- and inner-envelope mem-
branes and the thylakoid membrane, stemming from the endosymbiotic origin of the 
organelle [90, 320]. Several import and export systems are required for nutrient ion 
movements across these membrane systems. Although several solute channels (or 
OEP for Outer Envelop Proteins) for a variety of substrates are found in the outer 
envelope membrane of chloroplasts (for reviews, see [34, 86, 353, 362]), the trans-
port of nutrient ions through this membrane is generally viewed as non-selective. 
In contrast, their transport through the inner envelope and thylakoid membranes 
requires specific transporters. Several proteomic studies have been conducted to 
identify chloroplastidial proteins and to determine their sub-plastidial localization 
[85, 98–100, 104, 160, 291, 324, 362]. The outcome of these efforts is available 
at the AT_Chloro database (http://www.grenoble.prabi.fr/at_chloro/) [100] and the 
Plant Proteomics database (PPDB; http://ppdb.tc.cornell.edu/) [324]. Around 1300 
proteins are present in the databases and sub-plastidial localizations are provided 
for > 800 proteins. Among those, several hundreds of proteins are located in the 
envelope or the thylakoid membranes, including transporters for most macro- and 
micro-nutrients (Table 17.2, Figs. 17.1 and 17.2). Genome sequence analyses in 
cyanobacteria, algae and plants also allowed identification of a number of putative 
transporters in chloroplasts. However, in many cases, the actual proteins respon-
sible for specific transport activities that have been measured biochemically remain 
to be identified. We will nevertheless detail our current knowledge on proteins in-
volved in import and export of nutrient ions across chloroplast membranes.

Finally, we will briefly discuss the role of chelation and metallochaperones in the 
homeostasis of metal micronutrients. So-called metallochaperones are shuttle pro-
teins that ensure proper metal delivery to target apoproteins and also prevent metal 

http://www.grenoble.prabi.fr/at_chloro/
http://ppdb.tc.cornell.edu/


M. Hanikenne et al. 468

Nutrients Functionsa

A. Macronutrients
1. Magnesium Mg2+ Chlorophyll synthesis

Activation of metabolic enzymes
Arrangement and stacking of thylakoid membranes
Nucleic acid metabolism

2. Calcium Ca2+ Oxygen evolution, photoassembly of photosystem II–man-
ganese cluster

CO2 fixation, Calvin Benson Cycle
Stomatal closure
Photoacclimation
Redox reactions (ferredoxin)
Metabolism (NADK)
Protein import

3. Potassium K+ Counter-ion for light-dependent proton movement (elec-
troneutrality and maintenance of pH)

Chloroplast development
Control of stomatal resistance

4. Sodium Na+ Regulation of stromal acidification and alkalinization
Counter-ion for pyruvate uptake
Osmotic balance in response to high salinity

5. Phosphorus PO4
2− (Pi) ATP synthesis

Organellar DNA synthesis
Organellar RNA synthesis and degradation
Phospholipid synthesis
Regulator of protein activity in the photosynthetic 

apparatus
Transport of carbon compounds between stroma and 

cytoplasm
6. Sulfur SO4

2− Assimilation of sulfate (SO4
2−) into sulfide (S2−)

Cystein synthesis
Fe/S cluster synthesis
Sulfolipid synthesis

7. Nitrogen NO2
−/NH4

+ Assimilation of nitrite (NO2
−) into ammonium (NH4

+) 
(nitrite reductase)

Assimilation of ammonium (NH4
+) into glutamate (Glu) 

(GS/GOGAT)
Re-assimilation of the ammonium produced in the mito-

chondria (GS/GOGAT)
8. Chloride Cl− pH homeostasis across the envelope and thylakoid 

membranes
B. Micronutrients
1. Iron Fe3+/Fe2+ Photosynthetic electron transport chain (photosystems 

II and I, cytochrome b6 f, ferredoxins, plastoquinol 
terminal oxidase)

Fe/S cluster synthesis
Heme synthesis
Redox control (FeSOD, ferritin)

2. Copper Cu2+/Cu+ Photosynthetic electron transport chain (plastocyanin)
Redox control (Cu/ZnSOD)

Table 17.1  Essential functions of macro- and micronutrient ions in plastids
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toxicity by maintaining virtually no free metal ions in cells [24, 54, 101, 256, 287, 
363]. Only a few chaperones have been identified so far in plant chloroplasts [255].

17.2 Macronutrients

17.2.1 Magnesium

Magnesium is involved in numerous physiological and biochemical processes af-
fecting growth and development in plants [47, 211, 307]. A few examples of func-
tions of magnesium in chloroplasts include the activation of metabolic enzymes, the 
arrangement and stacking of thylakoid membranes, and nucleic acid metabolism 
[16, 110, 212, 295]. The role of magnesium as the central atom of Chl molecules 
is its best-known function in photosynthetic organisms. Chl a and b are the most 
abundant tetrapyrrole molecules in plants and, depending on the magnesium status 
of the plant, up to 35 % of the total magnesium can be found in chloroplasts, mostly 
associated to Chl [47, 307, 366]. In the tetrapyrrole biosynthetic pathway, protopor-
phyrin IX, a closed macrocycle lacking a chelated ion, represents the branch point 
of the Chl and heme biosynthesis (see also Sect. 17.3.1). Insertion of magnesium 
(as Mg2+) into protoporphyrin IX by the magnesium chelatase (Mg-chelatase) to 
form Mg-protoporphyrin IX is the first step of the so-called Mg branch, the pathway 
specifically committed to Chl synthesis [211]. Chl biosynthesis is tightly coordi-
nated with photosynthetic activity. Hence, Mg-chelatase activity is regulated by a 
diurnal cycle and photosynthetic electron transport. Moreover, as 95 % of the ~ 3000 
chloroplastidial proteins are encoded in the nuclear genome, the expression of or-
ganellar and nuclear genes is tightly coordinated through communication between 
the two compartments to respond to environmental and developmental cues (see 
also Chap. 3 in this volume). Nuclear gene expression is regulated by so-called ret-
rograde signaling pathways coming from damaged or malfunctioning chloroplasts 
[116, 211, 254, 369]. One retrograde signal was initially thought to be the accumu-

Nutrients Functionsa

3. Manganese Mn2+ Catalytic center of the water–splitting complex in photo-
system II

4. Zinc Zn2+ Cofactor for the RNA polymerase and zinc finger nucleic 
acid–binding proteins

Cofactor of several enzymes (e.g. carbonic anhydrase, 
D-ribulose-5-phosphate 3-epimerase)

Cofactor for proteolytic activities
Repair of photosystem II

5. Cobalt Co2+ ?
6. Nickel Ni2+ ?
a See main text for a detailed description and references

Table 17.1 (continued)



M. Hanikenne et al. 470

N
am

e
A

lte
r-

na
tiv

e 
na

m
e

A
G

I n
um

be
r

Pu
ta

tiv
e 

su
bs

tra
te

Lo
ca

liz
at

io
n

R
ef

er
en

ce
s

Pr
ed

ic
te

da
Ex

pe
rim

en
ta

l 
ev

id
en

ce
A

R
A

M
EM

-
N

O
N

b
Ex

pe
rim

en
ta

l e
vi

de
nc

e
Pr

ot
eo

m
ic

s
G

FP
Fr

ac
tio

n-
at

io
nc

Im
m

u-
no

lo
cd

AT
_C

hl
or

oe
PP

D
B

f
O

th
er

g

A.
 M

ac
ro

nu
tr

ie
nt

 io
ns

M
R

S2
-1

1
M

G
T1

0
A

t5
g2

28
30

M
g2+

Ye
as

t, 
Sa

lm
on

el
la

C
H

LO
R

O
EN

V
IM

–
IM

IM
–

[2
4,

 1
08

, 
19

2,
 1

94
]

A
C

A
1

PE
A

1
A

t1
g2

77
70

C
a2+

–
EN

V
–

IM
–

–
IM

ER
[8

5,
 1

46
]

A
LB

3
–

A
t2

g2
88

00
C

a2+
M

ut
an

t 
ph

en
ot

yp
eh

EN
V

–
–

EN
V

TH
Y

L
TH

Y
L

–
[1

93
, 3

25
, 

35
7]

K
T1

2
K

U
P1

2
A

t1
g6

01
60

K
+

–
–

–
–

–
–

–
C

H
LO

R
O

/
TO

N
O

[1
60

, 3
67

]

K
EA

1
–

A
t1

g0
17

90
K

+ /H
+

–
EN

V
–

–
–

EN
V

IM
–

–
K

EA
2

–
A

t4
g0

06
30

K
+ /H

+
–

–
–

–
–

EN
V

EN
V

–
–

TP
K

3
K

C
O

6
A

t4
g1

81
60

K
+

–
TH

Y
L

–
TH

Y
L

–
–

–
–

[3
84

]
C

H
X

23
–

A
t1

g0
55

80
K

+ (
N

a+ )
/H

+
M

ut
an

t 
ph

en
ot

yp
e

EN
V

EN
V

–
–

–
EN

V
–

[3
18

]

B
A

SS
2

–
A

t2
g2

69
00

Py
r/N

a+ –
H

+
M

ut
an

t 
ph

en
ot

yp
e

EN
V

Pl
as

tid
i

–
C

H
LO

R
O

i
IM

IM
–

[1
06

]

PH
T2

;1
–

A
t3

g2
65

70
Pi

/H
+ (

N
a+ )

Ye
as

t, 
M

ut
an

t 
ph

en
ot

yp
e

–
EN

V
–

–
IM

IM
–

[3
48

]

PH
T4

;1
A

N
TR

1
A

t2
g2

96
50

Pi
/H

+ (
N

a+ )
Ye

as
t, 

E.
 c

ol
i

C
H

LO
R

O
Pl

as
tid

/IM
TH

Y
L

–
IM

IM
/T

H
Y

L–
[1

20
, 2

92
, 

29
4]

PH
T4

;2
–

A
t2

g3
80

60
Pi

/H
+

Ye
as

t
C

H
LO

R
O

IM
Pl

as
tid

(r
oo

t 
on

ly
)

–
–

IM
–

[1
20

, 1
49

]

PH
T4

;3
–

A
t3

g4
69

80
Pi

/H
+

Ye
as

t
–

–
–

–
IM

Pl
as

tid
–

–
PH

T4
;4

A
N

TR
2

A
t4

g0
03

70
Pi

/H
+

Ye
as

t
IM

IM
IM

–
IM

IM
–

[1
20

, 2
92

, 
29

4]
PH

T4
;5

A
t5

g2
03

80
Pi

/H
+

Ye
as

t
C

H
LO

R
O

IM
–

Pl
as

tid
–

[1
20

]

Ta
bl

e 
17

.2
  I

on
 tr

an
sp

or
te

rs
 in

 A
ra

bi
do

ps
is

 p
la

st
id

s



17 Ion homeostasis in the Chloroplast 471

N
am

e
A

lte
r-

na
tiv

e 
na

m
e

A
G

I n
um

be
r

Pu
ta

tiv
e 

su
bs

tra
te

Lo
ca

liz
at

io
n

R
ef

er
en

ce
s

Pr
ed

ic
te

da
Ex

pe
rim

en
ta

l 
ev

id
en

ce
A

R
A

M
EM

-
N

O
N

b
Ex

pe
rim

en
ta

l e
vi

de
nc

e
Pr

ot
eo

m
ic

s
G

FP
Fr

ac
tio

n-
at

io
nc

Im
m

u-
no

lo
cd

AT
_C

hl
or

oe
PP

D
B

f
O

th
er

g

–
–

A
t1

g6
85

70
N

O
2−

Ye
as

t, 
M

ut
an

t 
ph

en
ot

yp
e

–
–

EN
V

–
–

IM
–

[3
23

]

C
LC

e
–

A
t4

g3
54

40
C

l− /
N

O
2−

Ye
as

t, 
M

ut
an

t 
ph

en
ot

yp
e

TH
Y

L
C

H
LO

R
O

TH
Y

L
–

–
TH

Y
L

–
[2

06
, 2

30
]

B.
 M

ic
ro

nu
tr

ie
nt

 io
ns

PI
C

1
TI

C
21

A
t2

g1
52

90
Fe

3+
/F

e2+
?

Ye
as

t, 
M

ut
an

t 
ph

en
ot

yp
e

C
H

LO
R

O
IM

IM
–

IM
IM

–
[8

7]

IR
EG

3
M

A
R

1/
FP

N
3

A
t5

g2
68

20
Fe

2+
(–

N
A

?)
N

A
?

M
ut

an
t 

ph
en

ot
yp

e
C

H
LO

R
O

EN
V

–
–

–
EN

V
–

[7
2]

PA
A

1
H

M
A

6
A

t4
g3

35
20

C
u+

M
ut

an
t 

ph
en

ot
yp

e
C

H
LO

R
O

IM
C

H
LO

-
R

O
j

–
EN

V
IM

–
[3

, 3
12

]

PA
A

2
H

M
A

8
A

t5
g2

19
30

C
u+

M
ut

an
t 

ph
en

ot
yp

e
C

H
LO

R
O

TH
Y

Lk
TH

Y
Lj

–
–

TH
Y

L
–

[3
]

H
M

A
1

–
A

t4
g3

72
70

C
u2+

, Z
n2+

, 
C

a2+
, C

d2+
?

Ye
as

t, 
M

ut
an

t 
ph

en
ot

yp
e

EN
V

EN
V

EN
V

–
IM

EN
V

–
[1

58
, 2

34
, 

30
5]

N
iC

oT
–

A
t2

g1
68

00
N

i2+
/C

o2+
–

C
H

LO
R

O
EN

V
–

–
–

–
–

[8
9]

N
iC

oT
–

A
t4

g3
50

80
N

i2+
/C

o2+
–

C
H

LO
R

O
EN

V
–

–
–

–
–

[8
9]

C
H

LO
RO

 c
hl

or
op

la
st

, E
N

V 
ch

lo
ro

pl
as

t e
nv

el
op

e,
 E

R 
en

do
pl

as
m

ic
 re

tic
ul

um
, I

M
 in

ne
r e

nv
el

op
e 

m
em

br
an

e,
 N

A 
ni

co
tia

na
m

in
e,

 O
M

 o
ut

er
 e

nv
el

op
e 

m
em

br
an

e,
 

Pl
as

tid
 h

et
er

ot
ro

ph
ic

 p
la

st
id

 a
nd

 c
hl

or
op

la
st

, P
yr

 p
yr

uv
at

e,
 T

H
YL

 th
yl

ak
oi

d 
m

em
br

an
e,

 T
O

N
O

 to
no

pl
as

t; 
a  S

ub
st

ra
te

 p
re

di
ct

io
n 

ba
se

d 
on

 se
qu

en
ce

 h
om

ol
og

y;
 b   

A
R

A
M

EM
N

O
N

 d
at

ab
as

e,
 h

ttp
://

ar
am

em
no

n.
un

i-k
oe

ln
.d

e/
, [

30
4]

; c  P
ur

ifi
ca

tio
n 

of
 c

hl
or

op
la

st
 m

em
br

an
es

 f
ol

lo
w

ed
 b

y 
a 

W
es

te
rn

 b
lo

t a
na

ly
si

s;
 d  D

et
ec

tio
n 

of
 th

e 
pr

ot
ei

n 
by

 im
m

un
oc

yt
oc

he
m

is
try

; e  A
T_

C
hl

or
o 

da
ta

ba
se

, h
ttp

://
w

w
w.

gr
en

ob
le

.p
ra

bi
.fr

/a
t_

ch
lo

ro
/, 

[1
00

]; 
f  P

PD
B

, t
he

 P
la

nt
 P

ro
te

om
ic

s 
da

ta
ba

se
, h

ttp
://

pp
db

.tc
.c

or
ne

ll.
ed

u/
, [

32
4]

; g  C
on

fli
ct

s 
in

 p
ro

te
in

 lo
ca

liz
at

io
n 

by
 d

iff
er

en
t p

ro
te

om
ic

s 
st

ud
ie

s 
ar

e 
in

di
ca

te
d;

 h  F
un

ct
io

na
l a

na
ly

si
s 

w
as

 c
on

du
ct

ed
 fo

r t
he

 p
ea

 
ho

m
ol

og
 (P

PF
1)

 o
f A

LB
3 

[1
93

, 3
57

]; 
i  D

et
ec

tio
n 

of
 th

e 
B

A
SS

2 
pr

ot
ei

n 
of

 F
la

ve
ri

a 
tr

in
er

vi
a 

by
 im

m
ol

oc
al

iz
at

io
n 

or
 in

 fu
si

on
 w

ith
 G

FP
 e

xp
re

ss
ed

 in
 to

ba
cc

o 
ro

ot
 e

pi
de

rm
al

 c
el

ls
 [1

06
]; 

j  D
et

er
m

in
ed

 b
y 

an
al

ys
is

 o
f t

ra
ns

it 
pe

pt
id

e 
fu

nc
tio

na
lit

y 
[3

, 3
12

]; 
k  A

 tr
un

ca
te

d 
PA

A
2 

pr
ot

ei
n 

(r
es

id
ue

s 
1 

to
 3

06
 in

cl
ud

in
g 

th
e 

fir
st

 
fo

ur
 p

re
di

ct
ed

 tr
an

sm
em

br
an

e 
do

m
ai

ns
) w

as
 fu

se
d 

to
 G

FP
 [3

]

Ta
bl

e 
17

.2
  (

co
nt

in
ue

d)

http://aramemnon.uni-koeln.de/
http://www.grenoble.prabi.fr/at_chloro/
http://ppdb.tc.cornell.edu/
http://ppdb.tc.cornell.edu/


M. Hanikenne et al. 472

lation of Mg-protoporphyrin IX in damaged chloroplasts, which led to the down-
regulation of hundreds of nuclear genes [269, 321, 369]. Indeed, four of the five 
gun	( genomes uncoupled) mutants identified in Arabidopsis thaliana (Arabidopsis) 
are affected in tetrapyrrole biosynthesis and are involved in modulating the level of 
Mg-protoporphyrin IX. gun2 and gun3 are mutants of the genes encoding heme ox-
ygenase and phytochromobilin synthase, respectively, whereas gun5 is a mutant of 
the H subunit of Mg-chelatase [226]. GUN4 is a porphyrin-binding protein that ac-
tivates Mg-chelatase [6, 7, 183]. However, more recent studies have established that 
protoporphyrin IX does not act as a direct signaling molecule [227, 241]. It is likely 
that the perturbation of tetrapyrrole synthesis in the gun mutants leads to localized 
production of reactive oxygen species (ROS) or changes in the redox state of the 
chloroplast, which could mediate retrograde signaling (see below in this section) 
[161, 227, 241]. In red and green algae, Mg-protoporphyrin IX appears to play a 
role in the signaling between chloroplasts and nucleus [165, 172, 173, 352]. Hence, 
Mg-protoporphyrin IX alters significantly gene expression in Chlamydomonas re-
inhardtii (Chlamydomonas) [352]. Other retrograde pathways respond to inhibition 
of plastid gene expression and to the redox state of the photosynthetic electron 
transport chain (which itself notably depends on redox state of the plastoquinone 

Fig. 17.1  Macronutrient ion homeostasis in plastids. Transmembrane transporters are represented 
by boxes and arrows, together with their putative substrates. Proteins and processes associated 
to each macronutrient are differentiated by colors. Questions marks (?) are pointing to uncertain 
functions or unidentified components. Note that some functions are only present in chloroplasts or 
in heterotrophic plastids, respectively. See main text for details
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pool and ROS production), respectively. All pathways are integrated via GUN1, a 
chloroplastidial pentatricopeptide-repeat protein, and the nuclear transcription fac-
tor ABI4 (abscisic acid–insensitive 4, an APETALA 2–type transcription factor) to 
adapt nuclear transcriptional activity to the chloroplast functional state [166].

Magnesium deficiency is classically associated with the development of inter-
veinal leaf chlorosis. However, increased sugar (sucrose and starch) concentration 
and altered sucrose export from young source leaves precedes noticeable effects of 
magnesium deficiency on photosynthetic activity. Magnesium deficiency impairs 
loading of sucrose into the phloem, possibly by affecting the Mg-ATP-dependent 
activity of proton pumps. The early sugar accumulation in young leaves accounts 
for the decrease in Chl content rather than a lack of magnesium for Chl biosynthesis 
[47, 48, 135, 136]. In addition, another early response to magnesium deficiency is 
an increase of anti-oxidative mechanisms. Indeed, the production of ROS is poten-
tiated by the magnesium deficiency-triggered over-reduction in the photosynthetic 
electron transport chain, especially at high light intensity [47]. In agreement, about 
50 genes involved in oxidative stress defence and in photoprotection of the pho-
tosynthetic apparatus are up-regulated in response to long-term magnesium defi-
ciency in Arabidopsis [138].

Contrary to other mineral deficiencies, magnesium deficiency does not induce 
higher expression of magnesium uptake genes [137, 138]. Among the ten magne-

Fig. 17.2  Micronutrient ion homeostasis in plastids. Transmembrane transporters are represented 
by boxes and arrows, together with their putative substrates. Proteins and processes associated to 
each micronutrient are differentiated by colors. Questions marks (?) are pointing to uncertain func-
tions or unidentified components. See main text for details
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sium transporters (named MSR2 or MGT) of the CorA family identified in Ara-
bidopsis [163, 192, 286], only AtMRS2-11/MGT10 localizes in the chloroplast 
(Table 17.2, Fig. 17.1) [84]. AtMRS2-11 transports Mg2+ in both bacteria and yeast 
[84, 108, 192, 194]. The AtMRS2-11 gene displays a diurnal cycling of expression, 
with higher expression in the light than in the dark. The gene is highly expressed 
in the mesophyll of cotyledons and of developing and adult leaves. It is also highly 
expressed in stomata guard cells [84, 108]. A mrs2-11 mutant has no observable 
phenotype [84], suggesting that unknown additional mechanisms are involved in 
chloroplastidial magnesium uptake.

17.2.2 Calcium

Calcium (Ca2+) is important for several key processes inside chloroplasts. Chloro-
plasts play an essential role in maintaining low cytosolic calcium concentrations 
and it has been proposed that the free calcium ion in the stroma regulates key en-
zymes involved in photosynthesis [36, 169] and that it is essential for O2 evolution 
by Photosystem II (PSII) [118]. In particular, calcium ions are essential for the func-
tion of the oxygen-evolving complex (OEC), a complex responsible for the light-
dependent oxygen evolution in plants. PSII requires, besides several polypeptide 
subunits, a cluster of three inorganic ions (manganese, calcium and chloride, see 
also Sect. 17.3.3) [223, 224]. Additionally, it has been demonstrated that calcium 
plays an essential role in photo-assembly of PSII-manganese cluster [57]. Crystal 
structures of PSII from Thermosynechococcus elongatus indicated that calcium and 
manganese are integral components of the OEC [97]. The PSBP and PSBO subunits 
of PSII are capable of calcium binding, but molecular mechanisms about calcium 
delivery into PSII are unknown [326].

A connection between redox processes and calcium regulation in chloroplasts 
was found in the ability of ferredoxin (FD) to bind calcium with highest affinity in 
the reduced state and in the light when the stromal calcium concentrations are low 
[327]. NAD kinase (NADK) which catalyzes the phosphorylation of NAD(H) in 
the presence of ATP, was the first calmodulin (CaM)-regulated enzyme identified in 
plants [13]. One of the three NADK isoforms in Arabidopsis (NADK2) is responsi-
ble for CaM-dependent NADK activity in chloroplasts [347, 355]. Other examples 
of chloroplast proteins that bind to CaM are AtPSAN (subunit of Photosystem I, 
PSI), the chaperonin AtCPN10 and two AAA+-ATPases, AtCIP111 and AtFIG1L1 
[40, 46, 282, 379]. Although, these proteins might play a role in calcium regulation 
network, the functional relevance of these interactions is still unclear.

CaM can promote chloroplast protein import via TOC (Translocon at the Outer 
envelope membrane of Chloroplast) and TIC (Translocon at the Inner envelope 
membrane of Chloroplast) [63]. Regulation of protein import by calcium occurs at 
the TIC complex and is most likely due to the interaction of CaM with Tic32 [64]. In 
a more recent study [22], electrophysiological measurements indicated that calcium 
specifically affects the channel activity of Tic110.
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Several studies demonstrated that calcium plays also an important role in the 
regulation of key enzymes of the Calvin-Benson cycle. Kreimer et al. [169] showed 
that calcium has a positive effect in the activation of fructose-1,6-biphosphatase 
and this calcium-dependent activation is related to the redox state of the enzyme 
[55]. High calcium concentrations result in inhibition of the catalytic activities of 
fructose-1,6-biphosphatase and sedoheptulose-1,7-biphosphatase [56]. Calcium 
fluxes in chloroplasts have been shown to be dependent on daily rhythms after 
the transition from light to dark [153, 298]. This calcium flux into the chloroplast 
stroma after transition to dark is proposed to be responsible for inhibiting the CO2 
fixation during the night. All these characteristics of calcium fluxes suggest that 
chloroplastidial import of calcium from the cytosol occurs during the light period 
and most likely that calcium is stored in the thylakoid membrane.

Recent studies have also investigated the effect of calcium on processes not di-
rectly linked to photosynthesis. Calcium-sensing protein (CAS) was initially char-
acterized in Arabidopsis as a plasma membrane protein that mediates extracellular 
calcium sensing in guard cells [123]. However, later studies demonstrated that CAS 
is a thylakoid membrane protein in Arabidopsis [264] and Chlamydomonas [9, 334] 
and binds calcium with low affinity [123]. The Arabidopsis CAS plays a crucial 
role for proper stomatal regulation in response to elevations of external calcium 
concentrations through modulation of the cytoplasmic calcium levels [253, 365]. In 
recent studies, CAS has been suggested to regulate stomatal closure in guard cells 
through elevated levels of nitric oxide and hydrogen peroxide, suggesting a signal-
ing interaction between calcium and the antioxidant enzymatic system in stomatal 
movement [358]. In Chlamydomonas, CAS has been shown to be an essential com-
ponent of acclimation and adaptation to high-light stress and CAS together with 
calcium is essential for dissipating excess energy by efficient qE quenching (i.e. 
energy-dependent quenching, the main component of Non Photochemical Quench-
ing, NPQ) [266].

Although the role of calcium in photosynthesis and signal transduction has been 
studied in detail, there have been relatively few investigations on calcium uptake 
by chloroplasts. Pioneering studies indicated that chloroplasts accumulate calcium 
to concentrations as high as 13–25 mM [184, 252, 376]. While cytosolic calcium 
concentrations are in the nanomolar range [153], free stromal calcium content in the 
dark is between 2–6 µM [169]. Early experiments demonstrated that light induces 
calcium import into isolated chloroplasts [168]. All these observations suggested a 
mechanism for calcium transport into the chloroplast that is facilitated by an ener-
gy-dependent calcium pump [168] or by a H+/Ca2+antiporter [244]. The presence 
of a H+/Ca2+antiporter was supported by later experiments which demonstrated that 
calcium is translocated across the thylakoidal membrane in a light- and energy-
dependent manner. The transport process of calcium is sensitive to proton-trans-
locating uncouplers like nigericin/K+ [92]. An alternative calcium import mecha-
nism has been proposed by Kreimer et al. [168] that would involve an electrogenic 
uniport-type carrier. The light-dependent calcium uptake by isolated chloroplasts 
is stimulated by a negative membrane potential and inhibited by ruthenium red, a 
known inhibitor of electrogenic calcium influx mediated by uniport-type carriers 
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[168, 290]. To date, the molecular identity of the calcium transporter/pump has not 
been described. However, there is evidence for the existence of two potential Ca2+-
ATPases in the chloroplast envelope (Table 17.2, Fig. 17.1). The first described 
one is ACA1 (PEA1) from Arabidopsis, which is a member of the auto-inhibited 
Ca2+-ATPases family [146]. AtACA1 has been shown to be localized in the inner 
chloroplast envelope and is more abundant in root plastids. Nevertheless, in two 
independent studies no calcium-dependent ATPase activity or ATP-dependent cal-
cium uptake could be detected in the chloroplast envelope [146, 290]. Moreover, the 
chloroplast localization of ACA1 was further questioned by studies which indicated 
that ACA1 is present in the Arabidopsis ER [85]. The second potential chloroplast 
Ca2+-ATPase is HMA1, which is a member of PIB ATPase family and was first iden-
tified as a chloroplast protein in a proteomic study [99]. Arabidopsis HMA1 shares 
a sequence signature common to sarcoplasmic/endoplasmic reticulum Ca2+-ATPase 
(SERCA)-type pumps and it has been shown to complement the mutant phenotype 
displayed by two calcium transport-deficient yeast strains [234]. Moreover, HMA1-
dependent calcium uptake had a high affinity with a Km of 370 nM, an activity 
that was strongly inhibited by thapsigargin [234], a known specific inhibitor of 
SERCA-type Ca2+-pumps [386]. HMA1 was also described to transport transition 
metals (see below, Sect. 17.3.2) [158, 234, 305]. The translocase ALBINO3 (ALB3) 
which plays a role in chloroplast biogenesis [188, 325] might be involved in cal-
cium	transport	into	chloroplast.	The	pea	( Pisum sativum) homolog of ALB3, PPF1 
( Pisum-post-floral-specific gene 1) has been shown to be involved in calcium in-
flux into chloroplast. PPF1 has a major impact on chloroplast calcium stores, since 
isolated chloroplasts from Arabidopsis plants over-expressing PPF1 showed high 
levels of calcium, whereas suppression of the PPF1 gene resulted in low calcium 
levels inside chloroplasts [193, 357]. Although several transporters were proposed 
to function in chloroplast calcium influx, a more comprehensive work is needed to 
link these proteins to chloroplast calcium homeostasis.

17.2.3 Potassium

Potassium (K+) is an essential micronutrient for plant growth and development. It is 
the most abundant inorganic cation in plant cells (2–10 % of dry weight) and cyto-
solic concentration of potassium is around 100 mM. As a univalent cation with poor 
antagonistic affinity for sites requiring divalent cations, potassium plays several 
major functions in the cell: it ensures electrical neutrality by neutralizing the nega-
tive charges of organic acid and inorganic anions (e.g. carboxylic groups, phosphate 
esters of biological macromolecules) and is responsible for cell turgor by maintain-
ing osmotic equilibrium. It is also involved in several steps of mRNA translation 
into proteins and plays a key role in enzyme activation by inducing stabilization 
of the proteins through conformational changes [18, 66, 186, 207, 289]. Potassium 
deficiency thus has serious deleterious effects for the organisms. When intracellular 
potassium levels drop because of insufficient external supply, electroneutrality is 
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maintained by protons (H+), which in turn decreases internal pH and has further 
detrimental effects.

Potassium homeostasis is key for the photosynthetic function and potassium de-
ficiency strongly impacts both photosynthesis and photorespiration [207]. Hence, 
the massive light-dependent transport of protons into the thylakoid lumen is com-
pensated by an efflux of potassium and magnesium to equilibrate electrical charges 
[93, 271, 306, 336]. Potassium is also the counter-ion for protons establishing the 
pH gradient for photophosphorylation [207]. In addition, the synthesis of ribu-
lose-1,5-bisphosphate carboxylase (RuBisCO), the most abundant protein in chlo-
roplasts, is strongly impaired by potassium deficiency [207]. The alkaline stromal 
pH (~ 8) required for proper CO2 fixation by RuBisCO is maintained by a proton 
flux from the stroma to the cytosol compensated by potassium [152, 272]. Excess 
magnesium results in stromal acidification and photosynthesis inhibition: binding 
of excess magnesium to the negative surface charges of the chloroplast membrane 
inhibits potassium conductance across the membrane and thus impairs stromal al-
kalinisation and photosynthesis [27, 307]. Moreover, potassium channels in the 
plasma membrane of guard cells control stomatal aperture, and thus gas exchanges, 
essential for photosynthesis. Consequently, potassium deficiency increases stomatal 
resistance to CO2 [130, 152, 159].

Although activities of potassium channels conducting potassium for counter-
exchange with protons between cytoplasm and stroma and between stroma and 
thylakoid lumen (see above in this section) have been measured in the chloroplast 
inner envelope membrane [132, 221, 272, 356] and in thylakoid membrane [93, 
271, 336], respectively, the molecular identity of these channels remain unknown. 
A large number of potassium transporters and channels have been identified in 
plant genomes, e.g. 34 in Arabidopsis [74, 210], and a few of them are predicted 
to localize in the chloroplast based on protein sequences and/or proteomic studies 
(Table 17.2, Fig. 17.1). With a few exceptions, these proteins have not been func-
tionally characterized yet. The localization of the KT/KUP12 potassium transporter 
[210] remains unclear as it was identified in proteomic studies of both tonoplast and 
chloroplast membranes in Arabidopsis [160, 367]. The KEA1 and KEA2 proteins 
of Arabidopsis belong to a family of K+/H+ antiporters (Cation/Proton Antiporters 
or CPA2) [210] and have been identified in the chloroplast envelope [100, 324]. 
AtCHX23 is another member of the large CPA2 family [210]. It was localized in 
the chloroplast envelope using a GFP fusion. An Arabidopsis chx23 mutant has a 
smaller size, is chlorotic and displays a defect in chloroplast development. Leaves 
from the mutant have less and smaller chloroplast compared to wild-type. The 
chx23 mutant shows a higher cytoplasmic pH suggesting a role of AtCHX23 in a 
movement of cations (K+ or Na+) from cytosol into the stroma that would lead to 
proton loss [318]. The mutant phenotype is partially rescued by increased potas-
sium external supply [318]. Altogether, these observations suggest that AtCHX23 
is a K+/H+ antiporter involved in the control of stromal pH [262, 318]. It is also 
involved in salt tolerance (see Sect. 17.2.4). Recently, the potassium channel SynK 
was shown to localize in the plasma membrane and the thylakoid membrane in the 
cyanobacteria Synechocystis [384]. The closest homolog of SynK in Arabidopsis is 
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the protein KCO6/TPK3 [384], a calcium-activated outward rectifying potassium 
channel [210, 350]. Similar to the six members of the family, TPK3 was initially 
localized in the tonoplast using a YFP fusion [350], and later in the chloroplast by 
immunolocalization [384].

17.2.4 Sodium

Although sodium (Na+) is not an essential nutrient but rather considered as benefi-
cial for plants [207], we will discuss its function in chloroplasts in macronutrient 
section together with other cations found abundantly in the environment. A con-
trolled balance between sodium influxes and effluxes must be maintained since 
high salinity leads to osmotic and oxidative stress [387, 388]. Na+/H+ antiporters are 
membrane proteins involved in the regulation of ion homeostasis and pH balance. 
The Arabidopsis genome encodes more than 40 putative Na+/H+ antiporters [210]. 
In plants, the most characterized Na+/H+ antiporters belong to two different classes, 
NHX and SOS1 [128, 337]. NHX1 from Arabidopsis has been shown to be local-
ized to the tonoplast [15] and is involved in maintaining the vacuolar pH homeosta-
sis [105, 171] whereas SOS1-type proteins are localized at the plasma membrane 
[309, 310] where they control sodium efflux and sodium transport from root to 
shoot [310]. Several studies provided biochemical and physiological evidence for 
an yet uncharacterized Na+/H+ antiporter localized in the chloroplast envelope that 
regulates stromal acidification and alkalinization [147, 213, 265]. Only recently, 
Song et al. [318] showed that AtCHX23 is a Na+-K+/H+ exchanger on the chloro-
plast membrane (Table 17.2, Fig. 17.1). In addition to the growth and chloroplastic 
defects described above (see Sect. 17.2.3), chx23 mutants are highly sensitive to salt 
(NaCl) indicating that in the absence of the antiporter, the plants suffer from high 
cytosolic sodium toxicity [318]. AtCHX23 shows similarities to a Na+/K+ antiporter 
from Synechocystis, NhaS3. In Synechocystis sp. PCC 6803, NhaS3 is localized to 
the thylakoid membrane and essential for growth [346]. A nhaS3 mutant shows en-
hanced sensitivity to high sodium concentrations. NhaS3 may function to sequester 
sodium into the thylakoid lumen by utilizing the transmembrane pH gradient and 
may serve as a putative uncoupler of the electrochemical proton gradient generated 
by photosynthesis [346].

First identified in bacteria [259], members of the NhaD family of transporters 
have been characterized as Na+ (Li+)/H+ antiporters. NhaD from Physcomitrella 
patens [25] and Mesembryanthemum crystallinum [75] have been recently char-
acterized and shown to mediate sodium transport into the chloroplast. Putative 
transporters of the NhaD family have been identified in many other photosynthetic 
organisms, including land plants, red and green algae and photosynthetic strameno-
piles [25]. Maintaining a high cytosolic K+:Na+ ratio by extruding sodium ions out-
side the cell or compartmentalizing them into the vacuole plays an important role in 
plants exposed to high salinity. In Mesembryanthemum crystallinum, three sodium 
antiporters	 ( McSOS1, McNHX1 and McNhaD) are induced at transcript level in 
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leaves in response to salt stress indicating an important role of these antiporters in 
sodium compartmentation in M. crystallinum under salt stress [75]. Up-regulation 
of McSOS1 at transcript level in leaves but not in roots indicates that this antiporter 
functions in maintaining low sodium concentrations in the cytosol and most likely 
is localized at the plasma membrane as the Arabidopsis homolog. The NhaD anti-
porter from P. patens [25] and M. crystallinum [75] are both localized to the chlo-
roplast envelope. In M. crystallinum exposure to salt stress results in the induction 
of the transcript levels of McNhaD and sodium accumulation inside the chloroplast. 
The physiological role of McNhaD might be to ensure an osmotic balance in the 
cytosol in response to high salinity.

Previous studies indicated that, in C4 plants, pyruvate transport across the meso-
phyll chloroplasts is dependent on two distinct mechanisms: either proton-depen-
dent [258] or sodium-dependent [257]. Transcriptome comparison between a C3 
plant	( Flaveria pringlei) and C4	plants	( Flaveria trinervia and Flaveria bidentis) 
identified a novel C4-abundant gene related to bile acid:sodium symporter family of 
proteins (BASS2) [106]. The BASS2 protein is localized at the chloroplast envelope 
membrane and is highly abundant in C4 plants that have the sodium-dependent py-
ruvate transporter. Sodium influx is balanced by a Na+/H+ antiporter (NHD1), which 
was mimicked in recombinant E. coli cells expressing both BASS2 and NHD1. Ara-
bidopsis mutants lacking BASS2 show no pyruvate uptake into chloroplasts, which 
affects plastid-localized isopentenyl diphosphate synthesis. Orthologues of BASS2 
can be detected in all the genomes of land plants that have been characterized so 
far, thus indicating the widespread importance of sodium-coupled pyruvate import 
into plastids.

17.2.5 Phosphorus

Chloroplasts generate ATP through photosynthetic activity and hence determine, 
with mitochondria, the energy status of green cells. In addition to its many roles 
in chloroplasts, e.g. in ATP synthesis, DNA and RNA synthesis, phospholipid syn-
thesis and as regulator of the activity of proteins of the photosynthetic apparatus 
via post-translational modifications, phosphorus has also an important function in 
metabolic exchanges between chloroplasts and cytoplasm. A number of phosphate 
translocators located in the plastid inner envelope catalyze the antiport exchange 
of inorganic orthophosphate (Pi) and phosphorylated carbon molecules ensuring 
that the transport of carbon compounds between stroma and cytoplasm is neutral 
for phosphate homeostasis in both compartments (Fig. 17.1). This topic has been 
extensively reviewed and the reader is referred to recent reviews for details [102, 
103, 162, 360, 362]. In short, these translocators include: (i) the triose phosphate 
translocator (TPT), which is mostly active in green tissues and translocate triose 
phosphate (TP) synthesized during the day out of the chloroplast maintaining Pi 
delivery into the chloroplasts to support ATP synthesis. Triose phosphate is then 
available for sucrose and cell-wall synthesis; (ii) the glucose 6-phosphate/phos-



M. Hanikenne et al. 480

phate translocator (GPT), which is active in non-green tissues and imports glucose 
6-phosphate (Glu-6-P) from the cytoplasm into the stroma where it is used for starch 
biosynthesis and in the oxidative pentose phosphate pathway generating reducing 
power (i.e. NADPH) necessary for e.g. fatty acid biosynthesis or nitrite reduction 
(see Sect. 17.2.7). The dephosphorylation of sugar compounds during starch syn-
thesis provides the Pi for exchange with Glu-6-P; (iii) the xylulose 5-phosphate/
phosphate translocator (XPT), which is active in both green and non-green tis-
sues. It imports xylulose 5-phosphate (Xyl-4-P), ribulose 5-phosphate (Rib-5-P) 
and erythrose 4-phosphate (Ery-4-P) in exchange for Pi into plastids, providing 
intermediates for the oxidative pentose phosphate pathway and other biosynthetic 
pathways; (iv) the phosphoenolpyruvate/phosphate translocators (PPT), which is 
active in both green and non-green tissues. It imports phosphoenolpyruvate (PEP) 
in exchange for Pi into plastids. PEP is a precursor for aromatic amino acids, fatty 
acids and secondary metabolites (e.g. anthocyanins and flavonoids) synthesis in 
plastids.

The importance of the establishment of a controlled metabolic connection be-
tween endosymbiont and host during (primary and secondary) endosymbiosis has 
been discussed extensively by Weber and Linka [360] in a comparison of envelope 
transporters in green plants, red algae, glaucophytes and apicomplexans.

The response to phosphate deprivation in plants has been studied in details. 
Several mechanisms are activated to increase phosphate mobilization and uptake 
from soils: secretion of organic acids and hydrolytic enzymes, induction of up-
take systems and morphological changes of the root system and, in many species, 
symbiosis with mycorrhizal fungi to increase soil/uptake system interface. It also 
includes mobilization of phosphate from internal storage (mostly from vacuoles) 
and metabolic adaptations to reduce phosphate use [41, 250, 278, 300]. Complex 
signaling cascades control the plant response to phosphate deficiency and regulate 
a large set of genes in both root and shoot [122, 225, 233, 300, 371]. Hence, sev-
eral genes encoding proteins involved in photosynthesis, e.g. components of PSII, 
PSI, the Calvin cycle, Chl biosynthesis and photorespiration, are down-regulated 
in response to phosphate starvation [233, 371]. However, this transcriptional re-
pression of photosynthesis possibly represents a secondary response to phosphate 
deprivation, resulting from a lower need for photosynthetic assimilates caused by 
high sugar levels [233]. Indeed, the induction of several genes would support the 
higher carbohydrate synthesis observed under phosphate limitation, which allows 
recycling of Pi from phosphorylated carbon compounds and increasing starch syn-
thesis [233]. Moreover, phosphate starvation induces a decrease in phospholipids. 
This loss is compensated by increased synthesis of galactolipids and sulfolipids (see 
Sect. 17.2.6), hence saving phosphate for other use. In addition, this would allow 
maintaining photosynthesis by adjusting lipid composition in chloroplast envelopes 
[225, 233].

Equally complex acclimation responses have been described in Chlamydomonas 
[117, 150, 239, 240, 373] and also includes reduced expression of photosynthesis 
genes [239]. The putative chloroplastidial LPB1 protein possesses a domain with 
similarity to nucleotide-diphospho-sugar transferases, suggesting a role in sugar 
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metabolism. A lpb1 Chlamydomonas mutant is hypersensitive to phosphate star-
vation [53]. Although the function of LPB1, and its plant homologs, remains to 
be determined [53], this indicates further the need to adapt carbon metabolism in 
chloroplasts in response to phosphate starvation. Moreover, a reduction of ribo-
nuclease polynucleotide phosphorylase (PNPase) activity, an enzyme involved in 
chloroplastidial RNA degradation, triggers accumulation of RNA in chloroplasts 
of Chlamydomonas under limited phosphate supply. Both PNPase transcript and 
protein are repressed in these conditions and this repression is dependent on the 
major phosphate deprivation regulator PSR1. The degradation of RNA by PNPase 
requires Pi and reduced PNPase activity would save Pi to preserve other functions 
in chloroplasts under phosphate limitation [381]. The PNPase is also part of the 
phosphate starvation response in Arabidopsis and the phenotype associated to a 
loss of PNPase function is more complex [203]. The precise function of the chlo-
roplastidial PNPase in phosphate starvation acclimation and signaling remains to 
be determined. Finally, the amount of chloroplastidial DNA decreases in Chlam-
ydomonas cells under limited phosphate supply, which is also part of a phosphate 
sparing strategy [381].

In Arabidopsis, four families of phosphate transporters are found with different 
affinity for phosphate and intracellular localization. The PHT1 (PHT1;1 to 1;9) and 
PHT3 (PHT3;1 to 3;3) transporters have high affinity for phosphate and localize in 
the plasma membrane and mitochondrial membrane, respectively [300]. The PHT2 
(PHT2;1) and PHT4 (PHT4;1 to 4;6) proteins are low and high affinity transporters, 
respectively and are both located in the chloroplast (Table 17.2, Fig. 17.1), with the 
exception of PTH4;6 that is located in the Golgi apparatus [119, 120, 149, 292, 294, 
348]. The PHT2;1 gene is expressed in shoots and is induced by light. A pht2;1 mu-
tant display alteration of Pi allocation in leaves and de-regulation of genes induced 
by Pi starvation [76, 348]. The five PHT4 genes encoding chloroplast localized 
transporters have distinct expression patterns and functions. PHT4;1 and PHT4;4 
are mostly expressed in green tissues and display a circadian expression and an 
induction by light, respectively [119, 120]. PHT4;1 is localized in the thylakoid 
membrane and would export Pi from the thylakoid lumen into the stroma, whereas 
PHT4;4 localizes in the inner envelope and would import Pi from the cytosol into 
the stroma [120, 294]. PHT4;3 and PHT4;5 are expressed mainly in leaf phloem 
[119] and PHT4;2 is only expressed in roots [119, 120]. PHT4;2 exports Pi from 
the stroma in heterotrophic plastids in roots and the reduced level of starch in roots 
of a pht4;2 mutant is consistent with an accumulation of Pi in the stroma. The mu-
tant also displays increased leaf size resulting from increased cellular proliferation, 
suggesting a role of the transporter in signaling throughout the plant [149]. PHT4 
proteins are symporters. Transport of Pi by PHT4;1 required either H+ or Na+ de-
pending on the heterologous system used for transport analyses [120, 294]. Directed 
mutagenesis of a serine residue that is conserved in all PHT4 proteins revealed its 
key role in Na+-dependent Pi transport by the Arabidopsis PHT4;1 [294]. Pi export 
by PHT4;2 is also dependent on Na+ when tested on isolated root plastids [149]. 
Further functional analyses in planta will help determining the nature of the ion 
co-transported with Pi.
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17.2.6 Sulfur

Sulfur is an essential macronutrient for all organisms. It is taken up by plants from 
soils as sulfate (SO4

2−). The uptake and distribution of sulfate in plant tissues is a 
highly coordinated process (for reviews, see [129, 134]). Chloroplasts play a key 
role in sulfur metabolism: the reduction pathway leading to the assimilation of sul-
fate into sulfide (S2−) takes place exclusively in plastids of both photoautotrophic 
and heterotrophic tissues. This pathway includes three steps: (i) ATP-dependent 
activation	 of	 sulfate	 into	 adenosine	 5′-phosphosulfate	 (APS)	 by	ATP	 sulfurylase	
(ATPS) occurring in both plastids and cytoplasm, (ii) reduction of APS into sulfite 
(SO3

2−) by APS reductase in plastids and (iii) reduction of sulfite into sulfide by 
sulfite reductase in plastids [134, 157]. Sulfide is then readily available for incor-
poration into cysteine, which synthesis takes place in plastids, mitochondria and 
cytoplasm [133]. Once incorporated in numerous proteins (e.g. thioredoxins, glu-
taredoxins) and peptides (glutathione, GSH), cysteines are pivotal in controlling the 
redox status in chloroplasts. Moreover, cysteine is the source of sulfur used in the 
first step of iron/sulfur (Fe/S) cluster biosynthesis catalyzed by cysteine desulfurase 
[21]. Fe/S clusters are essential cofactors involved in numerous cellular processes, 
including photosynthetic electron transport (see Sect. 17.3.1). In addition to incor-
poration into proteins through cysteines, sulfates are components of sulfolipids, 
i.e. sulfoquinosovyldiacylgycerides that constitute the largest part of polar lipids in 
plastids [26].

Long-term sulfur deficiency has a characteristic phenotype: plants develop 
chlorosis of interveinal sections of young leaves. As sulfate release from vacu-
oles of mature leaves is a slow process, young leaves suffer more strongly from 
deficiency. The chlorosis observed under sulfate deficiency illustrates the need for 
reduced sulfur for photosynthesis [70, 134, 372]. More generally, sulfur deficien-
cy reduces de novo protein biosynthesis, protein turnover and ultimately growth. 
In Chlamydomonas, sulfur deprivation inhibits protein synthesis in chloroplasts, 
which prevents the repair of the D1 subunit of PSII after photodamage [372]. Note 
that the resulting inhibition of photosynthetic oxygen evolution leads to anaero-
biosis which allows hydrogen production by oxygen-sensitive iron-hydrogenase 
in chloroplasts [214, 216]. The decline of photosynthetic activity is an essential 
component of acclimation mechanisms to sulfur deprivation in Chlamydomonas. 
It is essential for survival and is coordinated by two actors of the sulfur depriva-
tion response, i.e. SAC1, a protein related to sulfate transporters possibly acting 
as a sensor of extracellular sulfate, and SNRK2.1, a plant-specific SNF-1 related 
kinase [77, 113, 114, 240]. A large set of transcripts encoding components of the 
photosynthetic apparatus are down-regulated under sulfur starvation in Chlamydo-
monas. This includes proteins of PSII and PSI, light-harvesting complexes (LHC) 
of PSII and PSI, subunits of the cytochrome b6 f complex, and proteins involved in 
photosynthetic electron transport and Chl biosynthesis. The transcripts for proteins 
constituting peripheral PSII antennae are among the most highly sensitive. A large 
part of these gene expression alterations are dependent on SAC1 and/or SNRK2.1 
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[114, 385]. The re-arrangement of PSII antennae might participate in sulfur sparing 
and in maintaining the integrity of PSII by limiting the photoproduction of sin-
glet oxygen (1O2). The sac1 and snrk2.1 mutants photobleach and die much faster 
than wild-type cells under sulfur deprivation. 1O2 causes massive photooxidative 
damages in chloroplasts. Induction of several genes encoding antioxidant enzymes 
(GSH peroxidase, thioredoxin) is observed in the snrk2.1 mutants under sulfur 
deprivation, highlighting the importance of SNRK2.1-dependent re-organization 
of PSII [114].

In plants, the response to short term sulfur deficiency mostly involves induction 
of sulfate uptake systems (see below in this section) and reduced sulfate assimila-
tion into cysteine and GSH. A longer exposure to sulfur deprivation (> 24–72 h) 
triggers more drastic physiological and morphological changes directed at energy 
saving and seed production. In particular, reduced S-adenosyl-methionine, which 
is required for Chl biosynthesis, results in lower Chl content accompanied by re-
duced photosynthesis and increased photorespiration. Several genes encoding LHC 
of PSII are down-regulated in these conditions [11, 134, 142, 143, 248, 249].

In cyanobacteria, and more generally in prokaryotes, sulfate uptake is driven 
by an ATP-Binding-Cassette (ABC) multi-unit transport system which consists of 
a periplasmic sulfate-binding subunit, two membrane proteins forming a channel 
and a cytoplasmic ATP-binding subunit [129]. A similar sulfate permease system 
is found at the envelope of the chloroplast of Chlamydomonas. Four nuclear genes 
encode the subunits of the complex: a cytoplasmic sulfate-binding protein (SBP), 
two transmembrane units (SULP and SULP2) and a stromal ATP-binding subunit 
(SABC) [58–60, 196, 215]. Transcripts and proteins of all four subunits accumu-
late in response to sulfur starvation [58, 196]. Knock-down strains with reduced 
SULP levels display typical sulfur deficiency phenotypes (see above in this sec-
tion), including diminished de novo protein biosynthesis in chloroplast, reduced 
ability to repair PSII after photodamage and impaired photosynthesis [58]. Accord-
ingly, these strains sustain anaerobic hydrogen production in the presence of sulfate 
concentrations in the medium, contrary to the wild-type [60].

No ABC-type system for sulfate import into chloroplasts is found in vascular 
plants [59, 129]. In contrast, sulfate transport in vascular plants is mediated by 
proton/sulfate co-transporters (Sultr) of the SulP family. Note that despite they 
have the same name, SulP proteins of vascular plants and Chlamydomonas are un-
related. Among the 14 Sultr proteins found in Arabidopsis [41, 129], Sultr4;1 was 
initially shown to be localized in chloroplasts [329], but it was later established 
that it is a vacuolar transporter [154]. Biochemical experiments have measured 
sulfate uptake into isolated chloroplasts. This uptake was inhibited by phosphate, 
which suggested that the chloroplastidial triose-phosphate/phosphate transloca-
tor was responsible for sulfate uptake [242]. However, no functional evidence al-
lowed substantiating this hypothesis. Although sulfate transport across the plastid 
envelope is absolutely required as it allows sulfate assimilation into cysteine, the 
nature of the sulfate transporter in chloroplasts of higher plants remains unknown 
(Fig. 17.1).
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17.2.7 Nitrogen

Nitrogen (N) is a primary constituent of nucleotides, amino acids and proteins and 
therefore is one of the most essential nutrient for plants [80, 375]. Plants take up 
mineral nitrogen (as nitrate, NO3

−, or ammonium, NH4
+) from the soil, although 

some plant species (e.g. legumes) are able to use gaseous nitrogen due to their ca-
pacity of a symbiotic relationship with specific microorganisms [115]. Nitrate rep-
resents the major source of nitrogen for plants in aerobic soils, whereas ammonium 
is the second most abundant nitrogen source in soils and represents the primary 
nitrogen source in anoxic soil conditions [115]. In the green alga Chlamydomonas, 
ammonium is the preferred nitrogen source, although several uptake systems for 
nitrate have also been described [94].

The impact of varying nitrogen availability and type of nitrogen source in soils 
on growth and development is studied extensively as it is key in determining yield. 
These efforts revealed complex mechanisms of nitrate and ammonium uptake and 
distribution, as well as nitrogen sensing and signaling, in plants and Chlamydomo-
nas [10, 80, 94, 349, 375].

Environmental variations in nitrogen source, nitrogen limitation or deprivation 
profoundly affect the metabolism of photosynthetic cells. Transcriptomic studies in 
Arabidopsis revealed that several genes encoding proteins involved in photosynthe-
sis (both in PSII and PSI), in Chl biosynthesis and in plastid protein synthesis are 
coordinately down-regulated at low nitrogen supply and rapidly up-regulated when 
nitrogen supply increases [30, 303, 349].

Nitrogen assimilation partly takes place in chloroplasts, which are therefore es-
sential in nitrogen metabolism. Indeed, after its transport to the cytosol of mesophyll 
cells of leaves, nitrate is reduced to nitrite (NO2

−) by nitrate reductase (NR) which 
is then imported into the chloroplast (see below in this section) for further reduction 
to ammonium (NH4

+) by nitrite reductase (NiR) [80, 375]. The reducing equivalents 
and ATP required for this chloroplastidial reaction are provided by carbon skeletons 
produced by photosynthesis. Another major source of ammonium that is assimilated 
in chloroplasts is the oxidation of glycine by glycine decarboxylase in mitochondria 
during the photorespiration cycle [179, 359]. Several models have been proposed 
for the shuttling of nitrogen (as ammonium, glutamine or citrulline) between mito-
chondria and chloroplasts [197].

The ammonium released from nitrite reduction or by photorespiration is assimi-
lated into glutamate via the glutamine synthetase/glutamate synthase (GS/GOGAT) 
cycle in the stroma of the chloroplasts [359]. In leaves of most plant species, the 
predominant GS/GOGAT isoenzymes, GS2 and Ferredoxin-GOGAT (FD-GO-
GAT), respectively, are found in the chloroplast and more minor isoforms, GS1 and 
NADH-GOGAT, are located in the cytosol. GS2 is also found in mitochondria [328, 
359]. The integration of ammonium into its organic form further requires a malate-
coupled two-translocator system located at the chloroplast inner envelope [197, 
284, 331, 361]. The precursor of ammonium assimilation, 2-oxoglutarate which is 
synthesized in the mitochondria and in the cytosol [179], is imported into chloro-
plasts by the 2-oxoglutarate/malate transporter DiT1. Glutamate, the end product of 
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ammonium assimilation, is then exported out of the chloroplast into the cytosol by 
the glutamate/malate translocator DiT2 [197, 284, 331, 361]. In the cytosol, gluta-
mate is used as an universal organic nitrogen donor for the biosynthesis of amino 
acids, nucleic acids, and other nitrogen-containing compounds via several transami-
nation reactions catalyzed by a number of different aminotransferases [177].

As mentioned above, after reduction of nitrate into nitrite in the cytosol, nitrite 
needs to enter the chloroplasts for further reduction. However, the transport of ni-
trite from the cytosol into chloroplasts is still poorly understood in plants. It was 
initially thought that nitrite movement occurred by rapid diffusion across the inner 
chloroplast envelope membrane as nitrous acid and, consequently, that a chloro-
plast transporter was not necessary [314]. However, the physiological nitrite con-
centration is too low to allow this free diffusion [156]. Moreover, nitrite uptake 
measurements within intact chloroplast from pea showed saturation kinetics which 
suggested the presence of a nitrite transporter [38, 39]. In Chlamydomonas, at least 
two membrane proteins (NAR1.1 and NAR1.2) located in the inner envelop are 
involved in nitrite transport into the chloroplast. NAR1.1 is a nitrite transporter, 
whereas NAR1.2 co-transports nitrite and bicarbonate [204, 205, 285]. No NAR1 
orthologs have been identified in plants. However, two transporters belonging to 
the proton-dependent oligopeptide transporter (POT) family, Nitr1-L and Nirt1-S, 
were	proposed	 to	be	 involved	 in	nitrite	 transport	 in	cucumber	 ( Cucumis sativus) 
[323]. In contrast to Nitr1-S, Nitr1-L has a putative transit peptide and its predicted 
chloroplast localization was confirmed using GFP fusions [323]. This transporter 
is also able to transport nitrite when expressed in yeast [323]. The Nitr proteins are 
member of the NRT1 nitrate transporter family [345]. Mutants of the Arabidopsis 
Nitr1-L homolog (At1g68570) show nitrite accumulation in leaves compared to 
wild-type, suggesting a role of At1g68570 in nitrite transport [323].

In Arabidopsis, a member of the CLC family (chloride channel), AtCLCe, is sug-
gested to be involved in nitrite transport from the stroma into the thylakoid lumen 
(see also Sect. 17.2.8). Co-localization of a GFP fusion with Chl and Western blot 
analysis indicated the localization of AtCLCe in the thylakoid membrane [206]. 
Knock-out mutants of AtCLCe have an altered photosynthetic activity and reduced 
level of nitrate associated with an over-accumulation of nitrite [230]. The Atclce 
mutants also show reduced expression of several genes involved in nitrate uptake 
(NRT1.1 or NRT2.1), indicating interaction between nitrate uptake and nitrate as-
similation [230].

The PII protein is a sensor of carbon/nitrogen balance and energy status. It is 
present in bacteria, cyanobacteria, and plants [195]. An array of data suggests that 
PII is involved in the down-regulation of nitrite uptake into chloroplasts in Ara-
bidopsis. Indeed, mutants of the single PII homolog (named GLB1) identified in 
Arabidopsis display higher sensitivity to nitrite toxicity [95, 145]. In addition, ra-
diolabelled nitrite uptake experiments with intact chloroplasts of wild-type and glb1 
mutant plants demonstrated an increase of light-dependent nitrite uptake into chlo-
roplast in the glb1 mutant plants compared to wild-type [96]. Finally, the expression 
of the nitrite transporter At1g68570 is not altered in the glb1 mutants. The mode of 
action of PII and its interaction partners remain unknown.
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In Chlamydomonas, two putative ammonium transporters of the AMT1 family 
(AMT1;2 and AMT1;4) are predicted to localize in the chloroplast inner envelope 
[94, 112]. These transporters would enable the direct uptake into chloroplasts of the 
ammonium taken up in the cell at the plasma membrane. The five AMT1 ammo-
nium transporters found in Arabidopsis are mostly expressed in roots and none of 
them are localized in plastids [111, 382]. The molecular identity of an ammonium 
transporter in plant chloroplasts remains unknown.

17.2.8 Chloride

Anion channels represent important players in the maintenance of electrochemical 
gradients and in signaling pathways that are essential for plant adaptation to biotic 
and abiotic stresses. The presence of anion transporters in plants cells has been 
documented for all types of membranes, including plasma membrane, tonoplast, 
endoplasmic reticulum, mitochondria and chloroplasts [79]. In chloroplasts, pH ho-
meostasis across the envelope and thylakoid membranes requires the participation 
of many ion channels, including anion transporters. In the chloroplast stroma, the 
concentration of chloride (Cl−) is in the 50 mM range [81]. The inner envelope 
membrane has been previously shown to be permeable to chloride [370]. Using 
the patch-clamp technique and ion-selective microelectrodes, Pottosin [270] and 
Heiber et al. [132] showed that chloride channels are also present in the chloroplast 
envelope of green algae Nitellopsis sp. and Eremosphaera viridis. The only genes 
encoding for anion channels that have been described so far in plants belong to 
the CLC (chloride channel) family [131, 200]. CLC-type transporters are ubiqui-
tously present in prokaryotes and eukaryotes and mechanistically are divided into 
two classes: Cl− channels and Cl−/H+ exchangers (also called antiporters) [222]. 
Seven	members	of	the	CLC-family	have	been	identified	in	Arabidopsis	( AtCLCa-
AtCLCg) [131, 206]	 and	 in	 rice	 ( OsCLC1-OsCLC7) [83]. Phylogenetic analysis 
revealed that most plant CLCs, including Arabidopsis members, are related to an 
eukaryotic branch, except for AtCLCe which is part of a distinct subfamily together 
with AtCLCf and some other CLCs from tomato and rice, all closely related to the 
bacterial CLC proteins [206]. Characterization of AtCLCa [109] and AtCLCc [127] 
mutants suggested a role of these transporters in the regulation of nitrate concentra-
tions in Arabidopsis. AtCLCa transcript levels are induced by nitrate in both roots 
and shoots [109] and subcellular localization studies using AtCLCa fused to GFP 
indicated vacuolar membrane localization [78]. Whereas AtClCf and AtCLCd were 
shown to be targeted to the Golgi membranes [206] and trans-Golgi network [351], 
respectively, AtCLCe is targeted to the thylakoid membranes of the chloroplast (see 
also Sect. 17.2.7) [206]. The subcellular localization of AtCLCb, AtCLCc and At-
CLCg is unknown. In rice, OsCLC1 and OsCLC2, which are closely related to 
AtCLCc, were localized at the vacuolar membrane [245] and their transcripts were 
found to be regulated by salt stress [83].

Transcriptomics data available at Genevestigator [144] indicate that AtClCe ex-
pression is higher in green tissues compared to roots. The mutant gene-chip data sets 
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indicate induction of AtCLCe in lec1 (a leaf developmental mutant) and in a mu-
tant	with	altered	plastid	signaling	pathways	( gun4gun5, see Sect. 17.2.1). The loss-
of-function mutants of AtCLCa and AtCLCe showed no developmental or growth 
phenotype, whereas OsCLC1 and OsCLC2 knock-down mutants showed reduce 
growth at all developmental stages [245]. However, clce mutant plants showed al-
tered photosynthetic activity, most likely due to changes in the ionic strength or 
osmotic properties of the lumen resulting from an impaired anionic permeability 
of the thylakoid membrane [206]. On the other hand, clce mutants have reduced 
nitrate content as observed for the Arabidopsis clca mutants [78, 79, 230]. Analysis 
of structure and transport mechanisms of bacterial CLCec1 protein indicated an es-
sential role of two glutamate residues (Glu148 and Glu203) in a Cl−-binding region 
[5, 222]. The presence of a glutamate residue in a position equivalent to Glu203 in 
CLCec1 represents a feature specific only for CLC antiporters [5]. In Arabidopsis, 
AtClCa has been shown to function as a nitrate/proton exchanger and its protein se-
quence contains the two glutamate residues like the AtCLCb, AtCLCc, AtCLCd and 
AtCLCg. In contrast, AtCLCe and AtCLCf possess only the first glutamate residue 
suggesting a different transport mechanism. To date, the transport activity and sub-
strate of the only chloroplast localized CLC protein (AtCLCe) remains unknown.

17.3 Micronutrients

17.3.1 Iron

Iron is an essential micronutrient for all living cells because it is a component of a 
number of important macromolecules, including those involved in respiration, pho-
tosynthesis, DNA synthesis and metabolism [164]. In plants, the largest iron pool 
is found in chloroplasts, which accumulate about 80–90 % of the iron of leaf cells 
[255, 335]. Indeed, iron is required for photosynthesis, Chl and heme biosynthesis, 
and Fe/S cluster assembly, all of which take place in chloroplasts. There are three 
different groups of iron proteins in chloroplasts: (i) heme proteins, e.g. cytochromes 
( b559, b6 f and c6) and P450 proteins; (ii) soluble or membrane proteins containing 
Fe/S clusters, e.g. ferredoxins (FD); (iii) proteins that bind iron ions directly, e.g. 
ferritins and proteins of PSII and PSI [255]. As a cofactor of several electron carri-
ers, iron is thus a key nutrient for the photosynthetic transport chain.

Four types of tetrapyrrole molecules are found in plants: Chl, heme, siroheme 
(prosthetic group of sulfite and nitrite reductase, see Sects. 17.2.6 and 17.2.7) and 
phytochromobilin (chromophore of phytochromes). The tetrapyrrole biosynthesis 
pathway thus represents an essential process for plant metabolism, which mainly 
takes place in chloroplasts. However, note that the two last steps of heme synthe-
sis have also been observed in mitochondria (see the following reviews for details 
about the tetrapyrrole biosynthetic and degradation pathways: [73, 228, 330]). Iron 
is a key component of this pathway because the heme precursor, protoporphyrin IX, 
needs to chelate ferrous iron (Fe2+) to produce functional heme. Additionally, iron 
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is also needed in the biosynthesis of Chl, the major tetrapyrrole molecule in chlo-
roplasts, because the enzyme that catalyzes the synthesis of protochlorophyllide, a 
Chl precursor, binds two iron atoms (see also Sect. 17.3.2) [236, 343].

Chloroplasts synthesize Fe/S clusters via the SUF (SUlfur Fixation) pathway 
which stems from its endosymbiotic origin and is related to the system found in 
cyanobacteria. The sulfur is acquired from cysteine (see Sect. 17.2.6), whereas the 
source of iron for Fe/S cluster synthesis in chloroplasts remains unknown. An evo-
lutionary distinct Fe/S cluster assembly pathway, named ISC (Iron-Sulfur Cluster) 
is present in mitochondria, and is required for proper assembly of Fe/S proteins in 
the cytosol [21, 374]. Plants also possess members of a third Fe/S synthesis path-
way, the NIF (NItrogenase Fixation) system, in both chloroplasts and mitochondria 
[187, 344]. The respective contribution and interaction of the SUF and NIF path-
ways in chloroplasts remain to be established [21]. The most abundant Fe/S proteins 
are the Rieske protein of the cytochrome b6 f complex, PSI and FD that localize in 
the thylakoid membranes and are part of the photosynthetic electron transport chain. 
In the stroma, the most abundant Fe/S requiring enzymes are GOGAT, NiR, and the 
sulfur assimilation enzymes, sulfite reductase and APS-reductase (see sulfur and 
nitrogen Sects. 17.2.6 and 17.2.7, respectively) [21].

Owing to the many essential functions of iron in chloroplasts, iron deficiency has 
a strong impact on the photosynthetic apparatus. Hence, iron deficiency results in 
chlorosis due to decreased light harvesting pigments, such as Chls and carotenoids 
[231, 232], and in reduced photosynthetic rates and efficiency [319]. In addition, 
iron deficiency causes a reduction of granal and stromal lamellae per chloroplast 
[319]. Iron deficiency also reduces dramatically both the light harvesting and core 
complexes of PSI and PSII. PSI is the complex most affected by iron deficiency, 
probably because it contains 12 iron atoms per monomer, followed by cytochrome 
b6 f and PSII whereas the ATP synthase is unaffected [251].

Photosynthetic organisms have evolved acclimation mechanisms to preserve 
the photosynthetic function under iron deficiency. Hence, cyanobacteria respond 
to iron deficiency by (i) replacing FD by the iron-free flavodoxin; (ii) reducing 
the PSI/PSII ratio from 4:1 to 1:1, thus reducing iron use; and (iii) inducing a new 
antenna	for	PSI	named	CP43′	that	binds	Chl	and	surrounds	the	PSI	trimeric	reaction	
center forming a ring of 18 molecules and may be functioning as a light-harvesting 
system or as a dissipater of light energy [31, 33, 185, 301]. In Chlamydomonas, 
the response to iron deficiency involves a progressive remodeling of the antenna 
complexes depending on the iron nutritional status that ends with a complete dis-
connection of the LHCI of PSI and degradation of LHCI under severe iron defi-
ciency conditions [125, 217, 237, 246]. This response avoids photo-oxidative dam-
age induced by the loss of Fe/S clusters of PSI. In iron-deficient plants, the electron 
transfer between PSI and PSII is also impaired leading to photooxidative damage. 
It has been recently shown that remodeling the major light-harvesting antenna pro-
tein	of	PSII	protects	barley	( Hordeum vulgare) leaves from photoinhibition under 
prolonged iron deficiency [299]. Proteomic studies in Chlamydomonas [247] and 
plants [12, 176, 340] showed a reduction of the electron transfer complexes under 
iron deficiency compared to control conditions.
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Iron is also the most analyzed transition metal in oceans due to its low avail-
ability [35]. Indeed, iron is highly insoluble in oceans and usually is the limiting 
nutrient for phytoplankton growth. It has been observed that oceanic cyanobacteria, 
diatoms and algae have been subjected to a long-term adaptation to iron deficiency 
via decreased levels of the major iron users PSI and cytochrome b6 f complexes and 
re-routing of the electrons flow to oxygen directly downstream of PSII through a 
plastoquinol terminal oxidase (PTOX) [19, 49, 198, 322].

As described above, iron is an essential micronutrient for all living organisms. 
However, excess free iron is highly toxic due to its ability to react with oxygen and 
produce hydroxyl radicals via the Fenton reaction. Thus, iron homeostasis, as for 
other nutrients, must be tightly controlled. Ferritins are a superfamily of iron stor-
age proteins, found in all living organisms, with the exception of yeast, that protect 
cells against oxidative stress [14, 17, 37, 280]. Plant ferritins are mostly located in 
chloroplasts [37] but can also be found in mitochondria [333, 383]. In Arabidopsis, 
there	are	four	ferritin	genes	( FER)	that	are	expressed	in	seeds	( FER2), shoots or 
flowers	 ( FER1, FER3, FER4), respectively. Analysis of several mutants lacking 
seed	( fer2)	or	leaf	ferritins	( fer1fer3fer4) revealed that ferritins are part of the de-
fense machinery against oxidative damage, but are not an essential iron pool for 
seedling development or proper functioning of the photosynthetic apparatus [280]. 
Similarly, two ferritins, encoded by FER1 and FER2, are located in the chloroplast 
in Chlamydomonas and prevent photo-oxidative stress, in particular when PSI is 
degraded under iron limitation [45, 175, 199]. Another iron protein located in the 
chloroplast is the iron superoxide dismutase (FeSOD or FSD1) [8, 268]. FeSOD, as 
ferritins, might also be involved in the oxidative damage protection by converting 
the superoxide anion, produced during the water-water cycle in PSII, into hydrogen 
peroxide that is subsequently removed by ascorbate oxidase [8, 268].

Despite the importance of iron in chloroplasts, knowledge about iron transport 
and homeostasis control within the organelle is still limited. Physiological studies 
with chloroplasts from barley showed that the ferric iron (Fe3+) uptake within chlo-
roplast is light-dependent [42]. Further, biochemical in vitro assays using vesicles 
prepared from the chloroplast inner envelope showed that ferrous iron is transported 
across the chloroplast inner membrane [315, 316]. This is in agreement with the 
identification of a chloroplast ferric chelate reductase, encoded by FRO7, in Arabi-
dopsis (Table 17.2, Fig. 17.2) [151]. FRO7 is a member of the ferric chelate reduc-
tase FRO family [243]. Chloroplasts of fro7 mutants possess 4-fold reduced ferric 
chelate reductase activity compared to wild-type, which results in restricted iron 
uptake and thus iron content (33 % reduction) in fro7 chloroplasts. fro7 mutants also 
present impaired photosynthesis and severe chlorosis in alkaline soils suggesting 
that the FRO7 function is essential for iron import into the chloroplast under iron-
limiting conditions. However, the loss of FRO7 is not lethal under normal condi-
tions suggesting that chloroplasts likely transport both ferrous and ferric iron [151].

Both ferrous and ferric iron uptake pathways have been characterized in cyano-
bacteria: the Fut (ferric iron uptake) transporter, an ABC transporter, is responsible 
for ferric iron uptake whereas ferrous iron uptake depends on the transporter FeoB, 
a member of the bacterial G protein family. FeoB functions only when the ferric 
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uptake system is disabled [155]. In Arabidopsis, a chloroplast homolog of the Fut 
protein, named NAP14 (non-intrinsic ABC protein 14), has been identified [313]. 
nap14 mutant plants overaccumulate iron compare to wild-type plants suggesting 
a role of this protein in the iron homeostasis mechanism within chloroplasts [255].

PIC1, an ortholog of the cyanobacterial COGs (cluster of orthologous groups), 
has been identified as an iron transporter which localizes to the chloroplast inner 
envelope but it is still unclear whether it transports ferric or ferrous iron [87, 88]. 
Expression of PIC1 complements the phenotype of a yeast mutant defective in iron 
uptake. pic1 mutants are severely chlorotic and dwarf with altered iron homeostasis, 
accumulation of ferritin and impaired chloroplast development. These phenotypes 
are consistent with a role of PIC1 in iron compartmentalization into the chloro-
plast [87, 88]. Recently, MAR1/IREG3 (for Multiple Antibiotic REsistance 1/Iron-
REGulated protein 3) was defined as a plastid member of the ferroportin/IREG 
transporter family [71, 72]. MAR1/IREG3 specifically transports aminoglycoside 
antibiotics, however, due to sequence homology to the metal transporters IREG1 
and IREG2 [235, 302] and the fact that MAR1 overexpression produces leaf chloro-
sis that can be rescued by exogenous iron, it has been proposed that MAR1/IREG3 
may function in the uptake of the iron-chelator polyamine nicotianamine (NA) or of 
Fe2+-NA chelates into chloroplasts (Table 17.2, Fig. 17.2) [71, 72].

Surprisingly, despite the high number of iron-containing proteins observed in all 
living organisms, a single iron chaperone has been identified so far. It was shown 
that the iron chaperone PCBP1 (Human Poly r(C)-Binding Protein 1) delivers iron 
to human ferritins [311].

17.3.2 Copper

In plants, chloroplasts contain more than half of the copper found in cells. In this or-
ganelle, copper is mostly associated to the electron carrier plastocyanin (PC) and the 
copper/zinc superoxide dismutase (Cu/ZnSOD or CSD2) [44, 126]. In Chlamydo-
monas, a deficiency response allows maintenance of photosynthesis under copper 
starvation. It includes the replacement of PC by the heme-containing cytochrome c6 
(Cytc6) through degradation of PC and transcriptional activation of the CYC6 gene, 
which allows maintaining electron transfer from cytochrome b6 f to PSI at low cop-
per supply [190, 218, 219]. The induction of Cytc6 synthesis increases the need for 
heme, which is supported by the up-regulation of CPX1, encoding a soluble plastid 
coproporphyrinogen III oxidase [140, 274–276]. This exchange of electron carrier 
might be facilitated by a modification of thylakoid membrane physical properties in 
copper-deficient cells where an increased expression of plastid-acting desaturases 
results in enhanced galactolipid desaturation. This might allow a better mobility 
of Cytc6between the cytochrome b6 f and the PSI complexes [50]. In addition to 
CPX1, CRD1 and CTH1 are other copper-regulated genes encoding enzymes in the 
tetrapyrrole pathway. These di-iron enzymes catalyze the aerobic oxidative cycli-
zation of Mg-protoporphyrin IX monomethylester in Chl biosynthesis [236, 238, 
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343]. The balance of CRD1 and CTH1 expression allows adjusting the interactions 
between photosystems and LHCs in response to copper status [125, 236, 238].

The CRR1 transcription factor, a Squamosa promoter Binding-like Protein, is a 
master regulator of the copper deficiency response in Chlamydomonas. Through 
binding to GATC Copper Responsive Elements (CuREs), it controls about half 
of the genes whose expression is altered by copper deficiency, including CYC6, 
CPX1, CRD1, CTH1 and plastidial lipid desaturase-encoding genes [50, 91, 174, 
238]. Moreover, CRR1 is also responsible for the increased expression of CTR1 and 
CTR2 genes, encoding the main plasma membrane copper transporters involved in 
cellular copper uptake [261]. Similar to the PC/Cytc6 switch, several additional pro-
teins (e.g. involved in nitrogen and iron assimilation pathways) whose expression 
is induced by CRR1 could serve as backups for copper-requiring functions under 
copper deficiency [50]. This would allow maintenance of essential functions and/
or spare copper for other functions. Indeed, prioritization has been suggested for 
copper [24] which would be reallocated from chloroplastidial PC to mitochondrial 
cytochrome c oxidase (CytOx) under copper deficiency [217]. The observation at 
limited copper supply of the CRR1-dependent decreased expression of PCC1, a pu-
tative plastidial copper chaperone, and the CRR1-independent increased expression 
of COX17, which is required for copper assembly into CytOx [20, 283, 287] sup-
ports this hypothesis [50]. The down-regulation of PCC1 might allow changing the 
intracellular copper flux away from PC to CytOx [50]. Finally, note that many genes 
induced by copper deficiency in a CRR1-depedent (e.g. CYC6, CPX1, CRD1) or 
independent manner (e.g. the hydrogenase-encoding genes HYDEF, HYD1, HYDG) 
are also activated by oxygen deprivation [50, 91, 174, 236]. For the latter, it is sug-
gested that the upregulation of the anaerobic metabolic pathway is a consequence of 
a possible cofactor role of copper in an oxygen sensor [50]. For the former, although 
no physiological significance has been established so far, several oxygen-dependent 
steps (e.g., CPX1, CRD1/CTH1) in the tetrapyrrole pathway are impacted by cop-
per deficiency. CRR1 is directly involved—through binding to GATC motifs—in 
the regulation of these genes, and others (e.g. the ferredoxin encoding FDX5), by 
hypoxia [50, 91, 174, 178, 236].

In plant chloroplasts, Cytc6 is absent and PC is indispensable [202, 229, 364]. It 
is therefore suggested that PC has priority for copper delivery [1, 3, 217]. Moreover, 
one PC isoform acts as a copper buffering system in chloroplasts under copper ex-
cess in Arabidopsis [1]. The closest homolog of CRR1 in Arabidopsis, SPL7, is also 
involved in the coordination of the copper deficiency response, mainly by increas-
ing the expression of copper uptake systems, reducing the expression of non-es-
sential copper-requiring systems and replacing those by copper-independent back-
ups, which ultimately spares copper for essential functions [2, 29, 267, 377, 378]. 
Hence, in chloroplasts, SPL7 controls a decrease in Cu/ZnSOD (CSD2) via the 
action of microRNAs (miR398), and the concomitant increase of FeSOD (FSD1) to 
compensate for loss of Cu/ZnSOD (CSD2) [268, 377, 378]. A recent study in poplar 
( Populus trichocarpa) further supports the hypothesis that a prioritization of copper 
use is mediated by copper microRNAs. The photosynthetic function is strongly im-
pacted by copper deficiency. However, deficiency/resupply experiments revealed 
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that the first functions to recover after copper resupply are PC and photosynthetic 
electron transport, whereas recovery of the other copper-dependent activities is de-
layed [281].

CUTA is a protein possibly involved in chloroplast divalent copper homeostasis. 
It is suggested to localize in the envelope intermembrane space with its N-terminal 
end inserted in the inner envelope membrane. The analysis of several cuta mutant 
lines showed that CUTA is not essential for copper homeostasis per se in the chlo-
roplast but could be involved in copper signaling [43].

Several transporters have been involved in copper transport into chloroplasts 
(Table 17.2, Fig. 17.2). The PAA1 and PAA2 proteins belong to a subgroup of IB P-
type ATPases transporting monovalent cations (mostly copper as Cu+), which also 
includes proteins involved in copper delivery to the secretory pathway in a wide 
range of organisms [124, 201, 368]. In plants, PAA1 and PAA2 are responsible for 
copper transport across the inner envelope and thylakoid membranes, respectively 
[3, 28, 312]. The PAA1 protein is activated by Cu+ and has high affinity for copper 
[51]. A paa1 mutant is defective both in stromal Cu/ZnSOD and PC, whereas the 
paa2 mutant only lacks PC. A paa1paa2 double mutant is seedling lethal, highlight-
ing the crucial role of copper in chloroplasts [3, 312]. This uptake system is evolu-
tionary conserved: the CtaA and PacS proteins found in the plasma membrane and 
thylakoid membrane of cyanobacteria are homologs of PAA1 and PAA2 [308, 341]. 
Similarly, two putative copper-transporting P-type ATPases (CTP2 and CTP3) are 
predicted to be localized in the chloroplast in Chlamydomonas. Although it is likely 
that CTP2 and CTP3 play roles similar to PAA1 and PAA2, their subcellular local-
izations and copper delivery activities remain to be established [124, 220]. At the 
transcript level, the expression of these copper transporters is not induced by copper 
limitation. They are thus not part of the CRR1/SPL7-dependent deficiency respons-
es in Chlamydomonas and Arabidopsis, respectively [29, 50, 332, 378]. Moreover, 
PAA2 protein stability is controlled by copper chloroplast levels in Arabidopsis, 
whereas PAA1 levels are unaffected. This control is independent of SPL7, but is 
determined by PC levels [332].

PAA1 and PAA2 transport monovalent copper (Cu+), which suggests the need 
for a copper reductase in the chloroplast membrane as it has been shown for iron 
(Fig. 17.2). Whether a member of the ferric chelate reductase family is conducting 
this function remains to be determined (see Sect. 17.3.1) [29, 151]. Moreover, bio-
chemical studies showed that Cu2+ is transported across pea thylakoid membranes 
[317], which suggests the existence of a divalent copper transporter in the thylakoid 
membrane.

HMA1 is another IB P-type ATPase which has been involved in chloroplastidial 
copper import. HMA1 belongs to a subgroup of IB P-type ATPase transporting diva-
lent cations (e.g. zinc, cadmium, lead) that is only found in prokaryotes and plants 
[124, 368]. HMA1 proteins found in red and green algae and in plants, have an 
uncharacteristic Ser/Pro/Cys motif in the sixth predicted transmembrane domain in-
stead of the common Cys-Pro-Cys/His/Ser motif, suggesting that they might have a 
different metal specificity than other members of the group [68, 124, 368]. In addi-
tion to its possible role in calcium uptake (see Sect. 17.2.2), the Arabidopsis HMA1 
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protein transports both zinc and copper in yeast and localizes to the chloroplast en-
velope. A hma1 mutant accumulates less copper in plastids, displays reduced SOD 
activity, but normal PC level, and has a defect in the photosynthetic water-water 
cycle, an alternative pathway to dissipate electrons [139, 234, 305]. However, an-
other study suggests that HMA1 is involved in zinc export from the chloroplast, 
based on zinc hypersensitivity and increased zinc accumulation in the chloroplast 
of the mutant [158]. AtHMA1 also complements a cadmium-hypersensitive yeast 
mutant and confers high cadmium tolerance to wild-type yeast. Cadmium-stimulat-
ed ATPase activity of AtHMA1 confirms that this pump plays a role in cadmium 
transport [234].

Copper has two main targets in chloroplasts: PC and Cu/ZnSOD (see above in 
this section) [3, 44, 126]. Apo- and holoforms of PC have a very similar structure, 
suggesting that PC could spontaneously acquire copper in the thylakoid lumen after 
import by PAA2 [44, 191]. In cyanobacteria, the ATX1 protein interacts with both 
CtaA and PacS, and was shown to directly deliver copper to a PacS homolog [23, 
52, 342]. In plants, two cytosolic ATX1-like proteins have been involved in copper 
delivery to P1B-ATPases, but no homolog has been localized to chloroplasts or de-
scribed to interact with PAA1 or PAA2 [141, 273]. In contrast, a copper chaperone 
for SOD (CCS) that is localized in both cytosolic and plastidial compartments has 
been identified in Arabidopsis. CCS is responsible for copper delivery and acti-
vation of cytosolic, peroxisomal and chloroplastidial Cu/ZnSODs [4, 65, 69, 268, 
297]. In Arabidopsis, a ccs mutant has less than 2 % of chloroplastidial SOD com-
pared to the wild-type in copper sufficient conditions [69]. The CCS gene is another 
target of SPL7-induced microRNAs (miR398) and is down-regulated under copper 
deficiency (see above in this section) [29, 378].

17.3.3 Manganese

Manganese atoms are part of the catalytic center of the water-splitting complex 
in PSII [217]. Manganese deficiency strongly affects the photosynthetic appara-
tus, resulting in PSII photoinhibition, loss of the D1 PSII subunit that binds the 
manganese cluster, and the production of ROS [8, 170, 380]. In Arabidopsis, the 
NRAMP3 and NRAMP4 proteins are transporting iron and manganese out of the 
vacuole [181, 182, 338, 339]. An nramp3nramp4 double mutant is unable to re-
mobilize vacuolar manganese in adult leaves and contains less functional PSII. 
In contrast, it displays normal levels of mitochondrial MnSOD, which suggests 
prioritization for manganese or a limited role of the vacuolar compartment in man-
ganese delivery to the mitochondria [182]. In barley, differential ability to grow 
at low manganese supply was recently linked to differences in PSII damages and 
state transitions under manganese deficiency [148]. No transporter similar to the 
cyanobacterial high affinity manganese uptake system (MntABC) is present in 
plants [308] and the uptake mechanisms for manganese in chloroplasts remain 
unknown (Fig. 17.2).
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17.3.4 Zinc

Zinc plays multiple roles in chloroplasts. It is a cofactor for the RNA polymerase 
and zinc fingers-containing nucleic acid-binding proteins and thus is crucial for 
plastidial transcription. Numerous enzymes (e.g. carbonic anhydrase, D-ribulose-
5-phosphate 3-epimerase) use zinc as cofactor. Moreover, many zinc-dependent 
proteolytic activities take place inside chloroplasts (e.g. repair of PSII after pho-
todamage of the D1 protein, cleavage and processing of the signal peptide) [126, 
354]. Despite these multiple functions, little is known about the impact of zinc 
deficiency [277] or excess on the photosynthetic function [62, 82, 296]. A better 
maintenance of the photochemical capacity under zinc limitation has been linked 
to	higher	zinc	efficiency	of	 rice	 ( Oryza sativa) cultivars [61]. While zinc excess 
has little effect on photochemistry, it results in a major decrease of stomatal and 
mesophyll conductances to CO2,	which	impairs	photosynthesis,	in	sugar	beet	( Beta 
vulgaris) [296]. So far, no transport system for zinc import into chloroplasts has 
been identified in plants. The system called ZnuABC involved in zinc uptake in 
cyanobacteria is not conserved in plants [32, 52]. Recently, putative ubiquist zinc 
chaperones have been identified, which may play a role in cellular zinc homeostasis 
and possibly in chloroplasts [121].

17.3.5 Other Transition Metals

In addition to iron, copper, zinc and manganese, other transition metals have a phys-
iological role in plants. Hence, cobalt is considered a beneficial element for plants, 
but no precise function has been determined [167, 207]. Putative cobalt-transport-
ing ABC transporters related to bacterial systems are found in cyanobacteria, algae 
and plants (Table 17.2, Fig. 17.2) [52, 89, 125, 288]. The plant and algal proteins 
are predicted to localize either to chloroplasts or mitochondria, but their function 
and localization has not been determined. Whether cobalt may substitute for another 
metal in plants as it does in marine organisms [180] remains to be established.

Nickel is an essential micronutrient in plants, where the only known nickel-re-
quiring enzyme is urease [67, 89, 167]. Nickel deficiency induces the accumula-
tion of toxic urea concentrations in several plant species [167]. Putative high-af-
finity nickel transporters are localized in the chloroplastidial envelope (Table 17.2, 
Fig. 17.2) [89, 125], but their function remains to be established.

17.4 Conclusions and Perspectives

Both macro- and micronutrient ions fulfil multiple key functions in chloroplasts, 
which thus have important requirements for those ions. Recent work revealed that 
complex acclimation mechanisms evolved to allow maintenance of the photosyn-
thetic function under ion deficiency. Several transcription factors that coordinate the 
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deficiency response have been identified. However, further work will be required to 
determine how the ion status is sensed in the chloroplast and how it is signaled to 
other compartments to adapt uptake and trafficking in the cell. Hence, electrophysi-
ology experiments have established that chloroplast activity controls ion transport 
at the plasma membrane of photosynthetic cells, possibly through changes in the 
redox status [209].

Although uptake has been measured by biochemical methods, the uptake sys-
tems for many ions (e.g. sulfur, zinc, manganese) in chloroplasts remain to be iden-
tified. A question of interest is how ions might compete for uptake into chloroplasts. 
Hence, copper in excess competes with both iron and manganese for uptake, im-
pacting the photosynthetic apparatus [260, 263].

Recent studies started to shed light on the interactions between ion homeostasis 
of chloroplasts, mitochondria and/or vacuoles [182, 189, 281]. Remobilization of 
ions from vacuolar stores (by AtNRAMP3 and 4 for manganese and iron or by 
COPT5 for copper) is part of the deficiency response and is required to preserve the 
photosynthetic function [107, 182]. Similarly, reduced iron storage in the vacuole 
results in higher ferritin, and thus iron, content in Arabidopsis seeds [279]. How 
chloroplasts and mitochondria interact with each other and with the cytosol for 
proper heme and Fe/S cluster biosynthesis and distribution to their respective tar-
gets remain unclear [21, 228].

So far, little attention has been paid to the examination of possible cross-talks 
between the homeostatic network of macro- or micronutrients, and how this influ-
ences the photosynthetic activity. Integration of the regulatory circuits of sulfate 
and phosphate deficiencies is starting to be revealing in both Chlamydomonas and 
Arabidopsis [240, 293].

In conclusion, many open questions remain regarding ion homeostasis in chloro-
plasts, which represent topical avenues for future investigations.
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Abstract For the engineering of new traits in plants and algae, modification of the 
plastid genome offers significant advantages. These include transgene integration 
by homologous recombination, high levels of expression, multigene engineering 
in polycistronic units, and reduced transmission through pollen. Numerous tools 
are available for DNA delivery, selection of transformants, removal of undesirable 
markers and efficient expression of single or multiple transgenes. The list of plants 
and algae with successful plastid transformation is increasing and includes some 
crop plants. Its further extension to agronomically relevant species and appropri-
ate cultivars, together with advances in synthetic biology, will be key to the future 
development of plastids as green factories for the production of high-value metabo-
lites or proteins.

Keywords Transformation · Plastome · Chloroplast genome · Homologous 
recombination · Herbicide tolerance · Biolistic transformation · Homoplasmic · 
Heteroplasmic · Uniparental inheritance · Maternal inheritance · Transcription · 
RNA polymerase · Promoter · 5′ untranslated region · Shine-Dalgarno sequence · 
3′ untranslated region · Inducible expression · Polycistronic unit · Oral vaccines · 
Metabolic engineering · Chlamydomonas

Abbreviations

3′UTR 3′-Untranslated region
5′UTR 5′-Untranslated region
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AHAS Acetohydroxyacid synthase
Bt Bacillus thuringiensis
CES Control by epistasy of synthesis
CTB Cholera toxin B
DB Downstream box
GOI Gene of interest
GRAS Generally recognized as safe
HPPD Hydroxyphenyl pyruvate dioxygenase
HSA Human serum albumin
IEE Intercistronic expression element
IFT Isoxaflutole
IR Inverse repeat regions of the plastome
LHRR Left homologous recombination region
NEP Nucleus-encoded RNA polymerase
NTRC NADPH-dependent thioredoxin reductase C
PEG Polyethylene glycol
PEP Plastid-encoded RNA polymerase
RBPs RNA-Binding-Proteins
RHRR Right homologous recombination region
TSP Total soluble protein

18.1 Introduction

The majority of commercial recombinant proteins are synthesized in industrial fer-
menters using simple microbial expression systems such as Escherichia coli and 
Saccharomyces cerevisiae. More complex therapeutic proteins, such as vaccines 
and hormones that require glycosylation, are typically produced in cultured mam-
malian cells. Each of these expression systems has its advantages and drawbacks, 
which include production cost, scalability, safety, or ability to perform specific post-
translational modifications. The rising global demand for recombinant proteins has 
prompted research into alternative production platforms [150, 158]. Plants and al-
gae offer some of the most attractive and diverse new expression systems, because 
of their potential for mass production at low anticipated cost [150, 193]. The pho-
tosynthetic plastids ( i.e. chloroplasts) of these organisms are particularly attractive 
platforms for production of foreign proteins and other recombinant products as they 
are the sites of very active metabolism and protein synthesis, and contain multi-
ple copies of a small genome that can be genetically engineered in a precise and 
predictable way. Furthermore, chloroplasts possess some of the sophisticated ma-
chinery lacking in bacteria which is required to fold complex human proteins [58]. 
Plants and green algae are generally regarded as safe production platforms, since 
they avoid the risk of potential contamination with human pathogens associated 
with animal cell-culture systems, or the harmful endotoxins present in E. coli. Ed-
ible species of plants or green algae can therefore be engineered into low-cost and 
low-tech delivery vectors for oral vaccines [158]. Although the scale of  production 
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of recombinant proteins in crop plant is much greater than that of algae—building 
as it does on well-established technologies of intensive farming, harvesting and 
bulk downstream processing—single-cell microalgae such as Chlamydomonas re-
inhardtii have some key advantages over plant systems. Microalgae can readily be 
grown as clonal cultures in enclosed bioreactors, reducing the risk of airborne or 
soil contaminants, and avoiding the containment issues that arise when genetically 
modified crops are released in the field. Containment and precise control of growth 
conditions are also critical in ensuring reproducibility in both the yield and qual-
ity of the desired product. The high growth rates of algae and the shorter time re-
quired to generate stable transgenic lines means that the initial evaluation of protein 
production is considerably shortened—a matter of months compared to years with 
higher plants [57, 58].

Transformation of the plastid genome was first achieved in the unicellular green 
alga C. reinhardtii [19], followed two years later by tobacco ( Nicotiana tabacum), 
a flowering plant [202]. Engineering of the plastid genome (or ‘transplastomics’) 
differs from nuclear genome transformation in many ways, as will be discussed be-
low in more detail. Plastid transformation and its biotechnology potential have been 
demonstrated extensively in tobacco and in chlamydomonas, with numerous novel 
products and traits reported over the last 25 years. However, the extension to other 
plant and algal species has been slow and is still technically challenging. A growing 
number of proteins of medical interest, in particular therapeutics such as protein 
vaccines, hormones and antibodies have been expressed in the plastid—often at 
high level, illustrating the potential of this technology for products beyond the farm 
gate. However, we have yet to see any commercial product on the market derived 
from transgenic plastids.

In this review, we will present an update on the technology of plastid transfor-
mation and cover issues that are important from the product perspective such as 
DNA delivery into the plastid genome, gene expression, protein accumulation and 
product stability.

18.2 The Chloroplast Genome: A Target for Engineering

As detailed in other chapters of this book, the chloroplast is the photosynthetic form 
of the group of semi-autonomous organelles termed plastids that are derived from 
a cyanobacterial ancestor and are found in the cells of plants, algae and some pro-
tists. The number of plastids per cell is highly variable, ranging from none in pollen 
grains of some higher plants, to one single chloroplast in unicellular green algae 
such as chlamydomonas, and up to hundreds in wheat leaf cells [225]. Although all 
plastid types contain the same small genome (the ‘plastome’), the copy number and 
gene expression is highest in chloroplasts; reflecting the fact that the primary role 
of the genome is to encode core components of the photosynthetic apparatus, as 
discussed below. The plastome is generally described as a circular double stranded 
DNA molecule made up of two inverted repeated regions (IR) separating two single 
copy regions (a large LSC and a small SSC). However, the reality is more complex 
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since linear, branched or circular multimers of the plastome have been described, 
for instance in maize [154, 222] and in Medicago truncatula [183]. Moreover some 
plastomes, such as those of Pisum sativum or M. truncatula, do not contain an IR 
[183]. The size of plant plastomes ranges from 108 to 165 kb (with some excep-
tions: 171 kb for N. accuminati, 180 kb for the duckweed Lemna gibba and 217 kb 
for Pelargonium hortorum [26, 68]; the size of algal plastomes is also variable [30]. 
In plants, plastome copy number depends on the cell type, physiological state and 
species. It can vary from about 1000 per mesophyll cell in Arabidopsis thaliana 
(containing about 120 chloroplasts) to up to more than 10,000 in wheat and barley 
[225] or in tobacco (containing up to 100 chloroplasts) [182]. In comparison, the 
plastome of C. reinhardtii contains approximately 50–80 copies within the single 
chloroplast. Thus, ptDNA represents a significant fraction of total cellular DNA in 
both plants and algae (up to 10–20 %).

Plastids present many features that reflect their eubacterial ancestry [136]. Their 
genomes contain clusters of genes organized in polycistronic units [13, 186], and 
their transcription and translation machineries are prokaryotic in nature. The plastid 
genomes harbor between 110 and 130 genes (reviewed in [15, 167]. The largest set 
of genes is involved in transcription and translation, and encodes ribosomal RNAs 
and proteins, RNA polymerase subunits, and probably all required tRNAs. A sec-
ond set of genes encodes products involved in the photosynthetic apparatus, such 
as proteins found in photosystems I and II, the cytochrome b6  f complex, the large 
subunit of Rubisco, and subunits of the ATP synthase and NADH dehydrogenase. 
The last and very limited set of genes is diverse, and ranges from genes involved in 
lipid metabolism ( accD) to genes of still unknown function. The other thousands 
of proteins implicated in plastid metabolism and its regulation are nuclear-encoded 
and generally have a cleavable N-terminal transit peptide which directs their import 
into the plastid. Complex mechanisms have evolved to coordinate the expression of 
plastid and nuclear genes with the changing developmental and functional require-
ments of the plant cell.

Plastid genetic engineering differs from nuclear transformation in many ways, 
as recently reviewed in [3, 38, 132, 180, 193]: (i) the incorporation of transforming 
DNA by homologous recombination in the plastome, (ii) the apparent absence of 
epigenetic regulation, (iii) the reduced probability of gene transfer to other cultivars 
or species via pollen because in many plant species the maternal inheritance of 
plastids offers natural containment of the transgenes, (iv) the potentially very high 
level of expression of the recombinant protein in the chloroplasts of green tissues 
or photosynthetic algae, and (v) the possibility to envisage engineering of complex 
multigene pathways using expression cassettes organized in polycistronic units.

18.2.1 Precise Engineering by Homologous Recombination

In all species studied to-date, it is found that the principal mechanism by which 
exogenous DNA delivered into the chloroplast integrates into the genome involves 
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recombination between homologous sequences shared between the DNA and the 
genome. Consequently, any foreign DNA can be integrated at a defined locus by 
flanking it with plastid targeting sequences on the transformation vector such that 
homologous recombination events occurring either side ensures integration at a pre-
cise locus on the host plastome (Fig. 18.1). This precise mechanism, mediated by 
the organelle machinery, avoids the variability due to random integration and the 
resulting ‘position effects’ observed with nuclear transformants. The screening of 
the selected events is therefore considerably simplified because they are in principle 
predictable and genetically identical. A typical plastid transformation vector car-
ries two plastid DNA fragments, a left homologous recombination region (LHRR) 
and a right homologous recombination region (RHRR) (Fig. 18.1). The plastid re-
combination sequences are generally about 1–2 kb in size [212]. The backbone of 
the transformation vectors derives from E. coli plasmids, which are not capable of 
replication in plastids.

Stable genetic transformation of plastids is a two-step process and starts with 
the production of an initial transformant. Delivery of the transforming DNA into 
the organelle compartment is achieved by particle bombardment (biolistics) [19, 
202], PEG treatment of protoplasts [65, 149] or in the case of chlamydomonas, 
agitation in the presence of glass beads [95] (see Sect. 18.2.1). Delivery is followed 
by DNA integration through homologous recombination [19]. Integration of the 
transforming DNA in the plastid genome is a very rare event, presumably occurring 
initially in only one or a few plastids per transformed cell, and directly modifying 
only a small percentage of plastid genomes. The second step is the selection of 
transplastomes (transformed plastid genomes) by successive cycles of subculturing 
under strong selection pressure until the homoplasmic stage is reached. Remaining 
copies of wild-type plastomes in the selected events should be eliminated entirely 
since a heteroplasmic state is not genetically stable. In higher plants, this can require 
repeated cycles of in vitro tissue regeneration that involve plastid dedifferentia-
tion to a proplastid stage and the associated strong reduction in plastid number and 
plastome polyploidy. This constitutes a bottleneck that contributes to the loss of the 
wild-type copies by genetic drift [38, 132]. Multiple cycles of regeneration are not 
always necessary because homoplasmic lines can be obtained after a single round, 
and it might not be crucial for analysis if the objective is not a gene knockout or 
replacement. A low level of heteroplasmy will not interfere with the evaluation of 
the phenotype of the selected events as long as this is monitored by DNA analysis, 
but could interfere with the transgene stability. Selection of plastid lines in tobacco 
does not take significantly more time than with nuclear transformation, and unlim-
ited plant material (T1 generation) is available six months after the start of trans-
formation. The evaluation of homoplasmy can sometimes be complicated by the 
presence in the nuclear genome of highly homologous stretches of plastid sequence. 
These can extend over more than 100 kb with more than 99 % identity to their 
plastid counterpart [81]. As a consequence, weak signals can be wrongly attributed 
to remaining wild-type plastome, whereas in fact they correspond to pre-existing 
nuclear plastid DNA insertions.
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Fig. 18.1  Chloroplast transformation. a A generic plastid transformation vector contains a gene 
of interest (GOI) under the control of a promoter (P1), a 5′ (5′UTR) with cis-acting elements for 
mRNA stability and translation initiation, and a 3′ untranslated region (3′UTR) for mRNA process-
ing and stability. The vector also contains a selectable marker such as aadA, under the control of 
a promoter (P2), 5′UTR and 3′UTR. Left and Right Homologous Recombination Regions ( LHRR 
and RHRR) direct integration at a specific site in the host wild-type plastome. b In the single chlo-
roplast of chlamydomonas the transformation vector presumably initially integrates in one of the 
chloroplast genomes which are present in approximately eighty copies. By repeated subculturing 
on selective medium, homoplasmic transformed clones can be obtained where all copies are trans-
formed. A homoplasmic state can be reached only if the integration does not disrupt any essential 
function, otherwise a heteroplasmic mixture of wild-type and transformed genomes will be main-
tained. c In the multicellular higher plants, each cell contains many plastids, each of which in turn 
contains multiple copies of the plastome. Thus after the initial transformation event, strong selec-
tion is required to first obtain a homoplasmic plastid in a cell that may also harbor un-transformed 
plastids, then to select cells with only transformed homoplasmic plastids within a chimeric tissue, 
and finally to generate homoplasmic plants. Several rounds of propagation under selection are 
usually required; regeneration favors the derivation of homoplasmic plants. Reproduced from [38]
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18.2.2  Post-translational Modifications and the Exploitation  
of Plastid Compartments

Plastids have complex structures with membrane systems separating three distinct 
aqueous phases. The chloroplast envelope, which separates the organelle from the 
cytosol, encloses an inter-membrane space between the outer and inner membranes. 
The second and also major compartment is the stroma, which is the site of most 
metabolic reactions and where transcription and translation occur. Finally, within 
the stroma, an internal membrane system constitutes the interconnected thylakoid 
network, where the photosynthetic machinery is located. This membrane network 
encloses a further soluble phase, the thylakoid lumen. These plastid compartments 
can be appropriate sites to accumulate certain proteins or their biosynthetic products 
that would be harmful if they were present in large amounts in other cell compart-
ments [17]. This was illustrated with cell-wall degrading enzymes such as xylanases 
[112] and with trehalose production [109].

Various post-translational modifications can occur in proteins synthesized in 
chloroplasts. Protein phosphorylation [205, 210], N-acetylation and palmitoylation 
have all been detected [209]. Some very specific bacterial modifications such as 
the lipidation of the OspA protein have been demonstrated to occur in transgenic 
chloroplasts [64]. As in E. coli, post-translational removal of N-formylmethionine 
in proteins synthesized in plastids depends on the characteristics of the second resi-
due [62]. Oxidation of proteins takes place in plastids as in other organisms or cell 
compartments, but could be more prevalent in chloroplasts due to the reactive oxy-
gen species that are generated during photosynthesis. From an applied perspective, 
the most important feature differentiating plastids from prokaryotes is their ability 
to correctly fold proteins containing disulfide bonds in the stroma. This was dem-
onstrated with human growth hormone [194], cholera toxin B [33], human serum 
albumin [54], a single chain antibody [227], human interferon alpha [34], a bacterial 
alkaline phosphatase [6], aprotinin [206], a human monoclonal antibody [207] and 
antimicrobial peptides [111]. The redox poise of the plastid stroma is sufficiently 
oxidizing for disulfide bond formation in proteins. Such conditions can only be 
achieved in double mutants of E. coli, and at a cost, since these strains grow more 
slowly than the wild type [14]. Redox signaling in chloroplasts in both stroma and 
thylakoids is the subject of very active research [5, 20]. A considerable number 
of plastid thioredoxins and glutaredoxins are involved in the regulation of various 
enzymatic activities [60, 171]. Transcription can be regulated by redox-sensitive 
factors [123]. Protein translation in the chlamydomonas chloroplast is also redox-
controlled, as illustrated with the eukaryotic-type protein disulfide isomerase RB60 
which regulates the synthesis of the D1 protein [93], or with the RB40-Nac2 com-
plex which is regulated by the NADPH-dependent thioredoxin reductase C (NTRC) 
and regulates the synthesis of the D2 protein [179].

Some recombinant proteins require specific N-termini, lacking N-formylmethio-
nine, for their function and stability. Several strategies for removing the N-terminal 
methionine were explored. The human growth hormone, somatotropin, was ex-
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pressed in the stroma with ubiquitin as an N-terminal extension [194]. During ex-
traction, this fusion protein is exposed to cytosolic ubiquitin hydrolases and mature 
somatotropin is released. The processing is however not complete, and predomi-
nantly occured at an unexpected position. A different strategy was used for human 
serum albumin (HSA), which was expressed from the tobacco plastome as a fusion 
with a transit peptide from the small subunit of Rubisco. The chimeric protein was 
apparently correctly processed within the organelle leading to mature HSA [54]. 
A third strategy was to target the recombinant protein to the lumen of thylakoids 
using signal peptides for the SEC or the TAT pathways. This was exemplified with 
the accumulation in the thylakoid lumen of an alkaline phosphatase from E. coli [6] 
and of aprotinin, a disulfide-bond containing protein [206]. In the latter case, the 
processing of the signal peptides took place precisely at the expected site, releasing 
the mature and active protease inhibitor, with an amino terminal arginine residue. 
The thylakoid lumen could be particularly appropriate for disulfide-bond contain-
ing recombinant proteins, since this compartment is expected to be more oxidizing 
than the stroma [20]. Finally, targeting to the thylakoid lumen should be considered 
for recombinant proteins when it is suspected that these are prone to protease deg-
radation or are toxic when expressed in the stroma.

18.2.3 High Levels of Expression

The very active chloroplast transcription and translation machineries confer the po-
tential for higher levels of recombinant protein expression compared to those of 
nuclear transgenes. Heterologous proteins have been expressed in transplastomic 
lines to remarkably high levels, up to 70 % of total soluble protein (TSP) in tobacco 
plastids [151]. Levels of 10–20 % of TSP have been claimed in the chlamydomonas 
chloroplast [165, 199], (reviewed in [16, 35, 132, 164, 180, 193]).

18.2.4  Reduced Transgene Transmission Through Pollen/mt(−)

The plastids of many Angiosperms are inherited solely from the maternal parent be-
cause they are eliminated at different stages of male gametophyte development, or 
excluded at fertilization [70]. This reduced transmission via pollen is one of the at-
tractive features of chloroplast transformation. It provides a natural genetic contain-
ment system and greatly reduces the probability of transgene transfer from trans-
genic plants to wild species, weeds or to neighboring fields with non-genetically 
modified plants (see Sect. 18.5.2). In C. reinhardtii, a similar process of uniparental 
inheritance is observed with the chloroplast genome inherited from the mating type 
plus (mt+) parent in more than 95 % of the progeny. Thus, chloroplast transforma-
tion of a mt(−) strain also offers a degree of biological containment.
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18.3 Chloroplast Transformation

18.3.1 DNA Delivery Methods

The most commonly used method for introducing exogenous DNA into the chlo-
roplast is the biolistic particle delivery system [202]. This was the technique that 
first allowed the stable transformation of chloroplasts in chlamydomonas [19, 66] 
and in tobacco [202]. The method is relatively expensive since a gene-gun device, 
generally helium-driven, is needed. Transforming DNA is coated onto the surface of 
tungsten or gold microparticles, which are generally smaller than 1 µm in diameter 
(0.4–1.0 µm). The microparticles are propelled at high velocity under a partial vacu-
um to penetrate the target host cells. Biolistic transformation can be used with intact 
leaf tissue or with cultured cells spread as a lawn on agar plates (Tables 18.1 and 
18.2). The process of foreign DNA delivery has been studied in plants [52]. During 
biolistic transformation, transforming DNA can be delivered to compartments other 
than the plastids, and some transformants might contain additional copies of the 
transgene inserted in the nuclear genome.

An alternative DNA delivery method involves treatment of plant protoplasts 
with polyethylene glycol (PEG) [44, 65, 149]. This transformation method can only 
be used for species that can be efficiently regenerated from protoplasts, but this 
may lead to the generation of polyploid lines as observed in lettuce [113]. PEG has 
also been used to transfer entire transgenic plastids of tobacco into another Solana-
ceous species by protoplast fusion [203]. Plastid transformation via Agrobacterium 
infection has never been confirmed, even with a plastid-targeted engineered virD2 
protein [75], and there have been no reports of successful plant chloroplast trans-
formation by electroporation. Another physical process for the introduction of the 
transforming DNA is microinjection [99]. However, this method has not yet yielded 
stable transplastomic plants. With chlamydomonas and other unicellular algae, the 
standard method of DNA delivery is microparticle bombardment of an algal lawn 
[161]. For chlamydomonas, agitation of a suspension of cell-wall-deficient cells 
in the presence of glass beads and DNA has been shown to also yield chloroplast 
transformants [94].

18.3.2 Target Tissues, Tissue Culture and Plant Regeneration

Plant chloroplasts derive directly or indirectly from the differentiation of proplastids 
during development, and therefore carry the same genetic information. As a conse-
quence, tissue containing transgenic chloroplasts that is used for plant regeneration 
can generate new plants in which all plastids carry the foreign DNA. However, the 
most difficult step in generating these homoplasmic, non-chimeric plants is the tis-
sue culture and plant regeneration. In higher plants, the first plastid transformants 
were generated in tobacco by organogenesis using young leaves as starting mate-
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rial and a shoot induction medium in the presence of the antibiotic selective agent. 
It was long believed that this was the only appropriate tissue because it contains 
chloroplasts which are relatively large (a few µm diameter), present in high num-
bers, and metabolically very active. As discussed above, the primary transformants 
are often heteroplasmic. Only one or a small number of copies of the plastome 
contain the transgene, and only one or a few chloroplasts are initially transformed 
(Fig. 18.1). The primary transformants thus can sometimes display a variegated 
phenotype with pale-green sectors. Repeated cycles of plant regeneration from so-
matic cells under selective conditions are routinely employed in most laboratories 
to obtain homoplastomic lines [132].

This reliance on somatic cell regeneration by organogenesis precluded the facile 
application of the technology to most crops of agronomic interest, which are often 
regenerated via somatic embryogenesis. Other obstacles could reside in low trans-
formation efficiency, in low transgene expression, in the difficulty of achieving 
transgene expression in non-green plastids or in the lack of selectable markers. This 
view has largely changed with publications describing the transformation of tobac-
co suspension cell cultures [107], embryogenic cultures of various species [48, 104, 
105] and improved plastid transformation efficacy in potato [208] (Table 18.1).

18.3.3 Target Loci in the Plastome

For most biotechnological applications, the choice of the insertion site within the 
plastome is generally made such as not to disrupt an essential gene or interrupt 
the expression of a polycistronic unit. To date, several sites corresponding to inter-
genic regions have been used to insert transgenes in the plastome in various species 
(Table 18.1). The trnI–trnA integration site is particular attractive because it is ad-
jacent to the 16S rRNA promoter, which drives read-through transcription through 
this integration site, potentially allowing the use of promoterless genes of interest 
[212]. Moreover, a transgene targeted into the IR is present in two copies per ge-
nome because it is rapidly copied over into the second repeat region through a gene 
conversion mechanism.

The choice of the insertion site in the plastome may have some effect on the level 
of protein accumulation. The length of the two flanking regions is also an important 
parameter to consider, as length is positively correlated to the recombination rate 
within a certain range, as is the case for E. coli [184]. Flanking regions of 1–2 kb are 
most often used and there is no evidence that longer sequences are beneficial. The 
high homology of plastome sequences between plant species, especially in some 
conserved regions, has allowed various groups to transform other species using 
vectors containing tobacco plastid flanking regions [172, 187]. Nevertheless, this 
strategy leads to a drop in transformation efficiency [42], and it has been demon-
strated that the transformation efficiency can be improved using species-specific 
vectors with flanking sequences highly homologous to the host plastome [175, 208]. 
This explains why most groups use species or even sometimes  cultivar-specific 
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homologous plastid sequences in their transforming vectors. This is facilitated by 
the growing list of published complete plastome sequences. The transformation ef-
ficiency could be further enhanced by the addition of a plastid origin of replication 
on the transforming plasmid allowing amplification and prolonged maintenance of 
free plasmid copies in the chloroplast [32], or by using site-specific recombination 
systems [92, 128, 129].

In chlamydomonas, many sites of integration have been used to transform the 
chloroplast genome. One strategy is to choose as the host a photosynthetic mutant 
and to link the transgene expression cassette to a wild-type copy of the affected 
gene in order to restore photosynthetic function [19]. For example, photosynthetic 
mutants deleted in the atpB gene [19, 114, 141, 160] or psbH [11, 166] have been 
used. Another strategy is to insert the transgene linked to a selectable marker in a 
silent intergenic region of the chlamydomonas plastome, for instance between the 
psbA and 5S rRNA genes [9, 59, 141], the rbcL and psaB genes [89, 160] or psaA 
ex3 and psbH [166].

18.3.4  Transgene Expression: The Requirement for Endogenous 
cis Elements

Plastids exhibit several prokaryotic features reminiscent of their eubacterial origin. 
Plastids have their own transcription and translation machineries which combine 
components originated from a cyanobacterial ancestor and those acquired during 
their endosymbiotic evolution (see Chaps. 1–3 of this volume). In order to be ex-
pressed, the coding sequence of a transgene (encoding a gene of interest or a se-
lectable marker) needs to be integrated into an expression cassette such that it is 
fused to appropriate cis elements from endogenous plastid genes, and is therefore 
under the control of the plastid regulatory elements that mediate transcriptional and 
post-transcriptional steps [178]; for a review [84, 195, 204, 208]. Thus, the trans-
gene coding region is placed under the control of a promoter, 5′-untranslated region 
(5′UTR) and 3′-untranslated region (or 3′UTR) as illustrated in Fig. 18.1a.

In higher plants, transcription of plastid genes involves three distinct DNA-
dependent RNA polymerases. The nucleus-encoded polymerases (NEP) RPOTp 
and RPOTmp (which also localizes to mitochondria) are monomeric and are ho-
mologous to the phage-type RNA polymerases. The third RNA polymerase, called 
plastid-encoded RNA polymerase (PEP), is encoded by the plastome [71]; reviewed 
by [43, 118]. The PEP is a multi-subunit enzyme, homologous to the cyanobacteri-
al-type RNA polymerase [115]. The core subunits are encoded by the rpoA, rpoB, 
rpoC1, and rpoC2 genes of the plastome. Moreover, the PEP holoenzyme is formed 
by the interaction of the core subunits with nuclear-encoded sigma factors for pro-
moter recognition. Many plastid promoters contain variations of the − 35 and − 10 
(TATAATAT) elements typical of σ70-type E. coli promoters [118]. Although sev-
eral studies demonstrated that NEP and PEP enzymes preferentially transcribe plas-
tid genes encoding proteins involved in gene expression or photosynthesis related 
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genes, respectively, it has been shown that some genes contain promoters for both 
polymerases (for reviews see [115, 118]). A simpler situation is found in algal plas-
tids where there is no evidence of NEPs and all plastid genes are transcribed by the 
plastome-encoded PEP enzyme [191]. In the construction of a functional transgene, 
a primary requirement is an efficient promoter (Fig. 18.1a). In plants, there is only a 
short list of plastid promoters that have been tested for transgene expression. Most 
laboratories use either the strong promoters of psbA or of 16S rRNA ( Prrn), and 
derivatives thereof, which are very actively transcribed by the PEP polymerase. The 
modified Prrn promoters are strong and constitutively expressed in plants [200] 
as compared to the promoter of psbA, which is induced by light and thus weakly 
expressed in non-photosynthetic tissues such as roots [50].

In both plants and algae, plastid gene expression is further regulated at the post-
transcriptional level through the processing and stabilization, and translation of the 
RNA transcript [8]. In higher plants, transcripts may also be subject to RNA edit-
ing [195]. Most of these post-transcriptional mechanisms require the formation of 
RNA-protein complexes with the 5′-UTR of the transcript often crucial for mRNA 
accumulation, transcript stability and message translation, and hence for the ac-
cumulation of proteins in large quantities [9, 165, 197]. Plastid translation shares 
various features with that of eubacteria, such as initiation factors, rRNAs, tRNAs 
and prokaryotic-type 70S ribosomes. Its regulation is mainly controlled in the initia-
tion phase through an interaction of sequence elements in the 5′-UTR and nuclear 
encoded translation factors [8, 135, 137, 155]. Many 5′UTR of endogenous plas-
tid mRNAs contain key elements for translational regulation, such as a ribosome-
binding site (GGAGG or GGA SD-like sequence) with significant homology with 
the prokaryote Shine-Dalgarno sequences. This sequence is found upstream of the 
bacterial AUG translation initiation codon. The sequence is complementary to the 
3′-end of the 16S ribosomal RNA and leads to the recruitment of the 70S ribosome. 
Nevertheless, in tobacco chloroplasts, 30 of the 79 protein-coding genes do not 
contain a SD-like sequence in their 5′UTR mRNA, but contain cis-acting elements 
often forming secondary structures that facilitate the interaction with specific nucle-
us-encoded RNA-Binding-Proteins (RBPs) [195]. Most chloroplast genes contain 
an AU-rich 3′UTR with an inverted repeat sequence that can potentially form a 
stem-loop structure in transcripts. Unlike in prokaryotes where they function as ef-
ficient transcription terminators, these inverted repeat sequences stabilize upstream 
sequences, mediate correct 3′-end processing and are involved in translation initia-
tion [67, 170].

The role of these cis-acting elements in mediating efficient expression of foreign 
genes in the plastid has been studied in plants [76, 175, 218, 223], and in chlam-
ydomonas [9, 67, 122, 166]; for a review see [195]. Several studies have compared 
the efficiency of endogenous regulatory elements with heterologous elements from 
plastid genes of related species [63, 175]. These studies have concluded that RNA 
regulatory elements are very much species-specific and therefore efficient post-
translational steps in the expression of transgenes require the use of endogenous 
elements, particularly with respect to the 5′UTR. Several plastid 5′UTR sequenc-
es (such as those of psbA or rbcL), which include SD-like sequences [78], have 
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been shown to drive efficient transgene translation in transplastomic plants [39, 
49, 194, 212]. Strong synthetic or bacteriophage-derived SD sequences have also 
been employed in chloroplast biotechnology to maximize transgene expression. For 
instance the strongest known expression signals in plastids used in numerous spe-
cies is a hybrid construct comprising the constitutive Prrn promoter followed by 
the gene 10 leader from phage T7 ( G10L [46, 106, 152, 174, 224]). The highest 
reported expression of a foreign protein (70 % of total soluble protein) was obtained 
with this regulatory element in tobacco chloroplasts [151]. Similarly, several endog-
enous 3′UTR elements have been compared for their effect on transgene expression 
in plant chloroplasts: namely, the 3′UTRs from the rbcL, psbA, petD, rps16, rpl32 
and rpoA genes [188, 200, 204]. Interestingly, the heterologous terminator region 
from the E. coli rrnB operons seems to be more efficient for mRNA accumulation 
and stability in tobacco chloroplasts than those of the endogenous rbcL, psbA, petD 
or rpoA genes [113, 204].

In C. reinhardtii, several promoters and 5′UTRs were used to drive transgene ex-
pression in the chloroplast, such as those of the rbcL, atpA, psbA, psbD, and psaA-
exon1 genes [9, 83, 141]. To date, two promoters and 5′UTRs have been reported to 
drive the highest levels of heterologous protein accumulation, those from the psbA 
gene [134, 165, 199] and from the psaA-exon1 gene [141]. The psbA gene encodes 
the D1 protein of the photosystem II reaction center, one of the highest expressed 
proteins in the plastid and for which the translation is light-activated. However, the 
levels of heterologous protein accumulation from the psbA promoter/5′UTR were 
high only in D1-deficient strains [134, 141, 142, 165, 199]. This feature is explained 
either by a reduced competition with endogenous psbA for limiting transcription or 
translation factors, or by a negative feedback of the D1 protein on psbA expression, 
a mechanism called control by epistasy of synthesis (CES) [25]. A similar enhance-
ment of transgene expression from the psaA exon1 promoter/5′UTR was observed 
in strains that do not accumulate the PsaA protein because of a nuclear mutation that 
affects psaA trans-splicing [141]. However, a drawback with these strategies is that 
the D1-deficient or PsaA-deficient host strains are non-photosynthetic, and there-
fore transplastomic lines need to be cultured on media containing a fixed carbon 
source. Alternatively, the Prrn promoter fused to the atpA 5′UTR can drive strong 
transgene expression and protein accumulation in photosynthetically competent 
strains [166]. Different 3′UTR have been tested for chlamydomonas chloroplast 
transformation. The 3′-UTRs of the rbcL, atpA, psbA or trnR genes showed only 
minor differences in transgene expression [9]. The 3′UTR of rbcL is often used in 
expression cassettes because it contains two redundant cis-acting elements involved 
in efficient RNA processing and stability [67].

As discussed above, post-transcriptional events are clearly the most important 
and limiting factors for expression in plastids, and the 5′UTR is key to this as it 
contains the binding sites for regulatory factors, possible SD-like sequences for 
ribosome binding and the translation start site. However, in some cases, another im-
portant element required for efficient translation is the amino acid sequence imme-
diately downstream of the initiation codon, called the downstream box (DB) region 
[106]. In some cases, inclusion of an N-terminal stabilization sequence or fusion 
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to another protein has been essential for the successful expression of the protein of 
interest in transplastomic lines [112, 174, 218]. Protein accumulation can vary over 
several orders of magnitude when the DB region is altered. For instance, human 
proinsulin expressed alone is rapidly degraded in transgenic chloroplasts. Fusion 
with non-toxic cholera toxin B (CTB) allowed its high-level expression (up to 16 % 
TSP in tobacco and 2.5 % TSP in lettuce, as compared to 0.1 % TSP in nuclear 
transformants of potato). This has facilitated studies on oral delivery to achieve 
protection against the development of insulitis in non-obese diabetic mice [174]. 
In chlamydomonas, translational fusion to the N-terminal part of an endogenous 
chloroplast protein can enhance expression of the protein of interest [88], but there 
are also examples where this has no effect [141]. Fusion of the hexogen 10FN3 pro-
tein to bovine serum albumin A3 (M-SAA) allowed its accumulation to high levels 
(10 % of TSP) in the chlamydomonas chloroplast [134, 165].

Differences in expression level of up to four orders of magnitude have been 
observed for the same recombinant protein, driven by the same promoter, but with 
various combinations of 5′-UTR and N-terminal coding region [51, 106, 218]. 
High-level expression is not always observed or predictable with plastid transfor-
mants and requires optimization. The secondary structure in the mRNA around the 
translation start site is important for the accessibility to ribosomes and for transla-
tion initiation. This can be modeled and optimized in silico. The pragmatic ap-
proach to high-level expression in plastids is to test a few different 5′-UTRs or 
ribosome-binding sites ( G10 L, psbA, rbcL, etc.) and when possible combine them 
with downstream box variants [131, 165, 166]. The similarity of bacterial and chlo-
roplast gene expression has prompted various groups to use expression in E. coli 
to test the functionality of plastid expression vectors and to predict and optimize 
results anticipated in chloroplasts [32, 176, 212], however in some cases no correla-
tion was found [12, 130].

One aspect of transgene design that does not seem to be critical in plants is the 
optimization of the coding sequence itself [127, 218]. Both GC and AT rich se-
quences have been successfully expressed in higher plants [131]. This does not rule 
out the possibility that in some instances codon usage might be a limiting factor. 
The situation seems to be different in chlamydomonas, where codon usage has been 
shown to play a significant role in protein accumulation [59, 138, 217].

18.3.5  Inducible or Repressible Expression, and Multigene 
Expression

The ability to regulate recombinant protein expression in the chloroplast could be 
essential for the production of certain types of recombinant proteins, including 
those that would normally be lethal to the host cell or detrimental to its growth 
[130]. Inducible expression systems have been described in plants, based either 
on a chloroplast-targeted T7 RNA polymerase engineered in the nuclear genome 
[126, 130] or on the lac repressor from E. coli in the chloroplast genome [143]. The 
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 possibility of using riboswitches to regulate the expression of a reporter gene has 
also been demonstrated, although expression levels were low [211].

In the chlamydomonas chloroplast, the regulated transcription of a chimeric uidA 
reporter was demonstrated using the lacI repressor from E. coli [89]. An alternative 
approach for conditional expression is to engineer anterograde signaling from the 
nucleus to the chloroplast. The nuclear promoter for the cytochrome c6 gene is in-
duced in the absence of copper or in the presence of nickel [55, 77]. This promoter 
has been used to regulate the expression of the NAC2 gene in a nuclear transfor-
mant line lacking an endogenous copy of NAC2. Since the Nac2 protein is normally 
imported in the chloroplast where it binds to the 5′UTR of psbD transcripts and 
protects them against exonucleolytic degradation, this nuclear transformant can be 
used as a host for controlled expression of transgenes in the chloroplast. Transgenes 
are fused to the psbD 5′UTR such that their translation is dependent on Nac2 avail-
ability, and therefore translation occurs only in the absence of copper or presence 
of nickel [198]. This system has been further improved by placing the NAC2 gene 
under the control of the cobalamin-repressible METE promoter and the thiamine-
regulated THI4 riboswitch, allowing vitamin-mediated control of transgene expres-
sion [163]. In principle, any trans-acting factor involved in anterograde signaling to 
the chloroplast could be similarly used to control transgene expression in plastids.

For many applications, in particular for metabolic engineering of the chloroplast, 
it is desirable to express multiple transgenes in the chloroplast. There are two op-
tions when designing the transgene expression cassettes [131]. The first strategy 
consists of providing independent transcription units for each transgene such that 
each has its own promoter and UTRs. The second strategy takes advantage of the 
polycistronic organization of most plastid genes, allowing the expression of sev-
eral transgenes from one transcription unit [186]. A polycistronic construct would 
contain a single promoter, 5′ and 3′UTR. Within this unit, each ORF is preceded by 
specific sequence for translation initiation included in the linker sequence [85], or 
as a plastid Intercistronic Expression Element (IEE) [223].

Several heterologous polycistronic units have been expressed in transgenic plant 
chloroplasts. The aadA gene was expressed together with the petunia 5-enol-pyru-
vate shikimate-3-phosphate synthase gene [32], the Bacillus thuringiensis Cry2Aa2 
operon [22, 39, 162], or the yeast trehalose phosphate synthase gene [109] under the 
control of a single promoter in the tobacco plastid. With the Cry2Aa2 operon from 
B. thuringiensis (Bt), coding for the insecticidal protein delta-endotoxin, the recom-
binant protein was expressed to levels of 46 % of the total leaf protein [39]. The na-
tive E. coli merAB operon encoding mercuric ion reductase ( merA) and organomer-
curial lyase ( merB) was expressed from the tobacco plastome and conferred a high 
level of resistance to organomercurial compounds [176]. Other operons have been 
introduced in the tobacco plastid genome, such as the R. eutropha PHB operons for 
significant accumulation of the biodegradable polyester polyhydroxybutyrate [4, 
18, 125, 126], the luxCDABEG operon from Photobacterium leiognathi [102], or a 
dicistronic construct designed for increased astaxanthin content [73]. Polycistronic 
expression is technically challenging because of the size of the transgenic fragment 
inserted into the plastome. To date the highest number of genes inserted is seven, the 
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aadA marker and six genes (approximately 6.5 kb) from the lux operon, which were 
introduced in the trnI-trnA intergenic region of the tobacco plastome [102]. In the  
case of chlamydomonas, the only reported example of successful polycistronic 
 expression involved a cyanobacterial dicistronic operon encoding the large and 
small subunits of allophycocyanin [196].

18.3.6 Selection Markers

Delivery of exogenous DNA into the plastid compartment and its integration in the 
plastid genome are rare events, presumably occurring initially in one or a few cop-
ies of the plastome in a single plastid. In order to recover homoplasmic lines, it is 
necessary to use a dominant marker gene that can provide a selectable advantage to 
the transformed cell even when expressed at low level in a transformed plastid. In 
plants continued propagation under selective conditions and regeneration are need-
ed to progressively eliminate all remaining wild-type plastome copies and wild-type 
plastids (Fig. 18.1). In unicellular microalgae, repeated sub-culturing is required to 
obtain a homoplasmic state in the single chloroplast. Only a few selectable marker 
genes have allowed reliable selection of plastid transformants in higher plants and 
algae, as reviewed by [38] (Tables 18.1 and 18.2). The markers available for trans-
formation include (a) chloroplast genes that rescue the photosynthetic activity of 
corresponding host mutants, (b) chloroplast genes with mutations conferring anti-
biotic or herbicide tolerance, (c) bacterial genes affording resistance to antibiotics 
and (d) metabolic enzymes that rescue the respective auxotrophic mutant. The first 
report of successful chloroplast transformation in chlamydomonas used a recipient 
host with a deletion of the atpB gene and the corresponding wild-type gene as a 
marker allowing selection of photautotrophy on minimal medium [19]. Mutations 
in the ribosomal RNA genes conferring tolerance to antibiotics were later used in 
the alga, and similar markers derived from a line resistant to spectinomycin and 
streptomycin were used for the first successful transformation of tobacco [202]. A 
major improvement was obtained with the dominant bacterial aadA marker gene, 
with the advantage that the portable cassette could be introduced at any site in the 
plastome [66]. The aadA gene encodes an aminoglycoside-3″-adenylyltransferase 
that inactivates spectinomycin and streptomycin. It was soon found to also be ef-
fective for plant chloroplast transformation [200]. When fused to GFP, this marker 
can be used to track the selection process [91]. The aadA gene is still the most 
commonly used selectable marker for high-frequency production of plastid trans-
formants in many higher plant species (Table 18.1). Genes encoding resistance to 
other antibiotics, such as cat (chloramphenicol acetyl transferase) [116], nptII [21, 
106] and aphA-6 [11, 20] are also possible options, and could be more appropriate 
in some species [104]. The amino-acid analogs 4-methylindole and 7-methyl-DL-
Trp have also been successfully employed as selective agents in tobacco using the 
feedback-insensitive α-subunit gene (ASA2) as the selectable marker [10].

In plants, herbicide tolerance genes are widely used to select nuclear trans-
formants, but the direct selection of plastid transformants could not be achieved 
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with phosphinothricin [127] or glyphosate [219]. The herbicide tolerance provided 
by the few recombinant plastome copies at the start of selection is probably not 
strong enough to provide a selectable advantage. Nevertheless, herbicide tolerance 
genes can be successfully used for selection after a first amplification step of the 
 recombinant plastomes using antibiotic selection [219]. Neither was it possible 
to isolate directly tobacco plastid transformants using a bacterial gene encoding 
4-hydroxyphenyl pyruvate dioxygenase (HPPD), despite the fact that such trans-
plastomic lines are highly tolerant to various herbicides acting on this enzyme [50, 
53]. In contrast, selection based on mutant psbA genes conferring tolerance to the 
herbicides DCMU or metribuzin are effective in chlamydomonas [145]. Selection 
for herbicide resistance (sulfuron methyl) has also been reported for Porphyridium, 
a red unicellular alga [108].

Similar to the selection for photoautotrophy in mutants of photoautotrophy, an 
elegant strategy based on the restoration of photosynthetic activity function in albi-
no tobacco lines has been described in plants (Fig. 18.2) [97]. Homoplasmic knock-
out lines were first generated by insertion of the aadA marker gene. The restoration 

Fig. 18.2.  Marker exchange. In this scheme [98], the host plant contains an insertion of the aadA 
marker that disrupts the rpoA locus, resulting in an albino mutant. Transformation with a vector 
containing the gene of interest (gusA) and the wild-type rpoA gene, as well as the aphA6 marker 
placed outside the regions of homology leads to an unstable co-integrate that is kanamycin resis-
tant. If homologous recombination subsequently occurs between the repeats of the right flanking 
region (R), excision allows the loss of the aadA marker and rescues the rpoA mutation so that 
pigmentation is restored and the transplastomic tissue can be identified. Reproduced from [38]
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of photosynthesis and pigmentation with the wild-type alleles could not be used 
directly on this material for the selection of transformants, because this would re-
quire the development of photoautotrophic cell culture systems. Nevertheless, com-
plementation was accomplished using kanamycin selection with the aphA-6 gene, 
with the simultaneous removal of the aadA gene. The advantages of this system are 
that no false positive transformants are generated, the transformation efficiency is 
increased, and homoplasmic plants are more rapidly and reliably produced.

18.4  Plants and Algae with Successful Plastid 
Transformation

Over the last 20 years, plastid transformation has been developed for a diverse 
group of plant species (Table 18.1). The technology, which for a long time was 
routine only in tobacco, has been progressively extended, albeit with lower transfor-
mation frequencies, to other solanaceous species such as Nicotiana plumbaginifolia 
[149], Solanum tuberosum (potato), [187], Lycopersicon esculentum (tomato), [2, 
147, 172, 224], Petunia hybrida [226], and Nicotiana benthamiana [36]. Although 
in the initial work with potato the transformed plants were sterile [187], this issue 
has been resolved in a more recent report [146].

Transformation of Arabidopsis thaliana plastids has been achieved but the 
transformation frequency was low and the transformed plants were sterile [188]. 
Lesquerella fendleri ( Brassicaceae) was transformed using a chimeric Arabidopsis 
and tobacco vector, which resulted in a low frequency of fertile, transformed plants 
[190]. Nonetheless, major achievements have been published concerning the pro-
duction, at a reasonable frequency, of homoplasmic and fertile transplastomic plants 
in a wider range of species including soybean ( Glycine max; [48]; species specific 
plastid vector), cotton ( Gossypium hirsutum; [105]), carrot ( Daucus carota; [104]) 
and lettuce ( Lactuca sativa; [86, 113]), sugar beet ( Beta vulgaris; [40]) and al-
falfa [214]. For all these experiments, the plastid transformation vectors contained 
species-specific homologous recombination regions. Two Brassica napus (oilseed 
rape) vectors targeting different regions of the plastome were used to transform 
oilseed rape but only heteroplasmic plastid transformed lines were obtained [23, 
79]. In monocots, since the first attempt of rice plastid transformation [91], only 
limited progress has been made in obtaining stable and fertile transplastomic lines 
[110]. A recent report of plastid transformation in wheat using a gfp reporter has 
been retracted.

The transfer of transplastomic technology to a wider range of algal species has 
also been disappointingly slow (Table 18.2). After the first successful chloroplast 
transformation of Chlamydomonas reinhardtii in 1988, chloroplast transformation 
was reported for Euglena gracilis using a homologous aadA transformation cassette 
[45]. In addition, in the unicellular red alga Porphyridium sp. chloroplasts were 
stably transformed by replacing the native plastid gene encoding acetohydroxyacid 
synthase (AHAS) with a mutant form resistant to the herbicide sulfometuron methyl 
[108]. However, there have not been any subsequent reports of transformation of 
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these species. Transient chloroplast transformation of the halotolerant green alga 
Dunaliella salina was achieved using a di-cistronic construct of the eGFP and hptII 
gene, inserted in a rice chloroplast transformation vector [116], and this has been 
followed recently with a report of stable transformation of the related species Du-
naliella tertiolecta using an erythromycin resistance marker, although homoplasmic 
transformants could not be recovered [61]. Finally, transformation of the green alga 
Haematococcus pluvialis has been established using the aadA marker [69].

18.5 Traits of Interest

Transplastomics offers the opportunity to produce not only high-value recombinant 
proteins, but to engineer a wide range of useful phenotypic traits into plant and algal 
species. A number of excellent recent reviews present exhaustive lists of genes or 
traits that have already been introduced [35, 132, 164, 180]. This list is growing 
rapidly. Chloroplast engineering should be considered seriously for a number of 
applications and reasons.

18.5.1 Input Traits for Higher Plants

A variety of genes have been expressed in higher plants plastids which have a direct 
impact on yield or quality. Two major traits have been addressed, (i) resistance to 
leaf chewing pests, expressing insecticidal toxins from B. thuringiensis [22, 39, 49, 
79, 101, 103, 119, 121, 139, 168] and (ii) tolerance to herbicides, such as glyphosate 
[24, 32, 218], glufosinate [82, 87, 127]), 4-hydroxyphenyl pyruvate inhibitors [50, 
53] and acetolactate synthase inhibitors [185]. Other traits such as resistance against 
microbial diseases [42, 111] or tolerance to drought [109, 221] and cold [29] have 
also been described in the literature. With unicellular algae, tolerance to herbicides 
such as metribuzin or DCMU was described in chlamydomonas [145, 159], and to 
sulfometuron methyl in a Porphyridium species [108].

These pilot studies have been performed mostly in tobacco and evaluated in the 
lab or the greenhouse, rarely in the field. It is really a drawback that efficient pro-
tocols for plastid transformation do not exist for cereals and most other major cul-
tivated species. This largely explains the current absence of commercial transpla-
stomic crops. Also, in most cases, similar phenotypes and agronomic performance 
can be achieved in relevant crops using nuclear transgenes, despite their more mod-
est upper limit of expression in green tissues. It is also anticipated that expression 
levels in leaves above a certain threshold (a few percent of total soluble proteins) 
will negatively impact crop yield [151], even though high expressing tobacco lines 
seem to develop normally in greenhouse conditions [7]. Finally, the potential for 
expression in non-photosynthetic tissues, such as roots and seeds, is unclear and 
certainly much lower than in green leaves. Various groups are working on improv-
ing the performance of Rubisco in higher plants [215], the enzyme responsible for 
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the first step in C3 carbon fixation. Since the large subunit is plastid-encoded, it will 
be necessary to engineer the chloroplast genome of higher plants once promising 
variants are identified. This could become the main driver for the application of the 
technology to cereals and other recalcitrant species.

18.5.2 Massive Expression of High Value Proteins

Plant chloroplasts can accumulate recombinant proteins at extremely high levels, up 
to 70 % total soluble proteins in leaves in tobacco [151]. As mentioned above, such 
expression levels are not needed or even desired for input traits in higher plants, 
but this potential makes chloroplasts very attractive for the production of pharma-
ceutical proteins and for other types of high value proteins. Tobacco is an almost 
ideal higher plant platform for such molecular farming applications, since it can 
be easily genetically engineered, produces high leaf biomass and is not part of the 
food chain. Chloroplasts compare favorably with bacterial systems in the range of 
proteins that can be expressed. Even complex disulfide-bond containing full-length 
monoclonal antibodies can be produced and correctly folded, as shown in chlam-
ydomonas [207]. In addition, recombinant proteins made in chloroplasts generally 
remain soluble and do not form inclusion bodies unlike E. coli. However, one limi-
tation concerns the synthesis of glycosylated proteins since this post-translational 
modification is absent in chloroplasts, as in prokaryotic systems.

There is still almost no commercial application for proteins purified from trans-
genic plants, except a few proteins such as avidin produced from nuclear transgenic 
corn, and sold for research applications through Sigma-Aldrich. Extraction and 
 purification of recombinant proteins represent a significant proportion of the pro-
duction cost, and this cost is not reduced with plant expression platforms. Further-
more the production cost of a therapeutic protein is generally not the most critical 
parameter. Chloroplast technology may have a brighter future for proteins that are 
needed in massive amounts, possibly without purification, such as industrial en-
zymes. This is the case of plant cell wall degrading enzymes which can increase the 
amount of fermentable sugars in the process of biofuel production from biomass. 
A high number of those lytic enzymes have been recently produced at remarkably 
high levels in transplastomic tobacco [156, 213].

18.5.3 Edible Vaccines

A high number of publications have recently documented the potential of chloro-
plast-expressed antigens for low-cost immunization, exemplified in animal models. 
Major diseases such as hepatitis, AIDS, plague, anthrax, cholera or malaria have 
been targeted, and the oral delivery of corresponding antigens expressed in tobacco 
or lettuce has shown some promising efficacy [37, 124]. Lettuce, carrot or other ed-
ible plants could be eaten raw or be processed if formulated products are required. 
The concept of cheap oral vaccination using genetically engineered plants is also 
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appealing for the immunization of animals, as shown for the treatment of post-
weaning diarrhea in piglets [100]. As with therapeutic proteins, the possibility of 
easy up or down scaling of plant-based systems makes the production of antigens 
in plants very attractive, and could provide a quick response for potential pandemic 
agents [177]. In the same way, transplastomic algae also offer the potential for low 
cost production of edible vaccines with the added advantage of containment and 
controlled cultivation in industrial fermenters. Green algal species such as C. re-
inhardtii, Dunaliella salina and Haematococcus pluvialis are already classified as 
GRAS organisms (Generally Recognized As Safe), and therefore can be consid-
ered as edible without any downstream processing. One example of an oral vaccine 
produced in the chlamydomonas chloroplast is a vaccine against Staphylococcus 
aureus that was shown to confer protection from infection to mice [47]. A similar 
demonstration of the potential of oral delivery involved the synthesis of a bacterial 
phytase enzyme in the algal chloroplast. When a whole-cell lysate was fed to chick-
ens there was a marked improvement in the uptake of phytates from the diet [220].

18.5.4 Metabolic Engineering

Chloroplasts are ideal bioreactors for metabolic engineering applications. These or-
ganelles host a great variety of primary and secondary metabolic pathways, which 
are much more complex and diverse than in most bacteria. As in other prokaryotes, 
multiple genes can be organized into polycistronic units and co-expressed under the 
control of a single promoter, as demonstrated with the expression in transplastomic 
tobacco of the entire bacterial luciferin operon encoding six distinct enzymes [102]. 
Efforts have also built upon existing plastid biosynthetic pathways, as exemplified 
with the engineering of the carotenoid pathway and increases in pro-vitamin A lev-
els in tomato fruit [2]. The same pathway has been modified further downstream 
in transplastomic tobacco for the production of a high value carotenoid compound, 
astaxanthin [73], and upstream by overexpression of a cyanobacterial 1-deoxy-d-
xylulose-5-phosphate reductoisomerase, leading to major changes in isoprenoid 
composition [74]. Metabolic engineering will become even more attractive when 
transformation of the plastid genome will become technically feasible in species 
that naturally already produce high value secondary metabolites, such as alkaloids, 
whose production could be optimized and tailored by genetic engineering.

18.6 Biosafety, Containment and Public Acceptance

18.6.1 Marker Removal

The removal of antibiotic resistance markers after the generation of transgenic 
plants is desirable to eliminate the risk of gene flow both to other plants and to 
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pathogenic bacteria. The very high ploidy of the plastome in plant cells (the number 
of copies of the marker can reach 10,000 per cell, as compared to two marker copies 
for a diploid nuclear transformant) further exacerbates this risk, and raises serious 
public concern. Moreover, as only a few efficient selectable markers are available 
for plastid transformation, especially in algae, marker removal allows subsequent 
re-transformation when stacking of several transgenes is required. Finally, the main-
tenance and expression of the marker itself in the chloroplast must impose some 
(albeit, small) metabolic burden on the transplastomic line, so marker removal is 
desirable from a productivity perspective. One option to avoid undesired selection 
markers is simply to use an endogenous gene for selection, such as a chloroplast 
gene that encodes a protein involved in photosynthesis, however this typically re-
stricts the transformation host to a mutant line that is defective in the corresponding 
gene (see Sect. 18.2.5).

Several methods, reviewed in [38], have been developed to remove the antibiotic 
resistance marker from transplastomic plants. These include the generation of dele-
tion derivatives in which the marker gene is excised by homologous recombination 
between flanking direct repeats using the Cre/loxP and Int/att site-specific recombi-
nation systems from bacteriophages. The approach described by [98] is particularly 
attractive since marker-free lines can be routinely and rapidly generated in the T0 
generation, but the negative side is that it requires first the production of albino 
mutants by targeted gene disruption. In recombinase protocols, the marker genes 
are excised by the Cre recombinase from phage P1 or the recombinase from phage 
phiC31, which recognize loxP or att sites respectively, that are contained within di-
rect repeats flanking the marker [28, 72, 96, 129]. Excision is induced by expressing 
the site-specific recombinase gene from the plant nuclear genome and targeting the 
enzyme to the chloroplast stroma.

Excision by homologous recombination between direct repeats placed on either 
side of the marker is also possible simply by exploiting the natural homologous 
recombination activity in the chloroplast. This was first demonstrated in chlam-
ydomonas [56, 141]. The same strategy was also used successfully in plants [50, 
82, 98]. An elegant variation of this approach was exemplified with a gene encod-
ing 4-hydroxyphenyl pyruvate dioxygenase (HPPD) that provides tolerance to the 
herbicide isoxaflutole [50]. An aadA antibiotic resistance cassette was inserted in 
a non-functional herbicide tolerance gene. In this construct, approximately 400 bp 
of the coding sequence of hppd were duplicated in direct orientation on either side 
of the aadA cassette (Fig. 18.3). The construct was used to generate plastid trans-
formants in tobacco, using selection for aadA on spectinomycin-containing media. 
Recombination by the plastid machinery, or slippage during replication, between 
the two repeats then led to the elimination of the antibiotic-resistance cassette, and 
the reconstitution of a functional herbicide tolerance hppd gene. This is precisely 
what was observed in some of the lines of generation T2 by selection/screening with 
isoxaflutole (IFT). This process produced lines that displayed a strong herbicide 
tolerance and that were susceptible to spectinomycin.
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18.6.2 Pollen Transmission/Uniparental Inheritance

The plastids of a majority of flowering plant species are eliminated at different 
stages of male gametophyte development, and are therefore inherited maternally 
[70]. Some species like alfalfa have a biparental heredity [192], and others like 
kiwi plants transmit plastids predominantly by the pollen [27]. Uniparental inheri-
tance can provide a strong level of natural genetic containment so that gene flow 
of the engineered traits through pollen is reduced. In Nicotiana tabacum, which 
shows strong maternal inheritance, paternal transmission of the plastid genome has 
been studied in detail, and is detected in less than 0.1 % of the progeny [140, 173, 
201]. Thus, uniparental inheritance offers a degree of transgene containment and 
minimizes the possibility of outcrossing transgenes to related weeds or crops. In 
Chlamydomonas reinhardtii, plastid inheritance is largely from the mating-type 
plus (mt +) parent, although biparental inheritance is observed with frequencies of 
a few percent [181]. Introducing the transgene in the plastome of the mt – parent 
thus also offers a degree of containment. Since the algae are usually propagated 
vegetatively, it is also possible to envisage using strains with mutations that affect 
conjugation, zygote maturation, meiosis or spore germination.

Fig. 18.3  Marker excision. a In the example of marker excision depicted here [50], the initial 
transformant contains the aadA selectable marker cassette ( Prrn/rbcL::aadA::3′rps16) flanked by 
two overlapping subfragments of the hppd gene with appropriate promoter ( PpsbA) and 3′UTR 
sequences. b Intragenic recombination between the two overlapping parts of hppd leads to the 
elimination of the aadA marker, and to the reconstitution of a functional hppd gene conferring 
tolerance to the herbicide diketonitrile
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18.6.3 Horizontal Gene Transfer

As mentioned above, horizontal transfer of antibiotic resistance genes from the 
chloroplast to other organisms is a significant concern. Since the genes are ex-
pressed from bacterial-type regulatory elements, in the event of horizontal transfer 
to a bacterium, they could possibly be expressed. Experimental results showing 
that horizontal gene transfer can take place between tobacco plastid transformants 
and naturally occurring bacteria have been published [41, 90, 157]. Nevertheless, 
this is a very rare event, which could be demonstrated only with genetically modi-
fied microorganisms containing sequences homologous to those of the recombinant 
tobacco plastids. Additional containment measures could be envisaged, such as the 
engineering of plastid introns in the coding regions of the transgenes, or RNA edit-
ing-dependent translation start sites [129].

18.7 Future Directions

While there are examples of remarkably high levels of transgenic protein accumu-
lation in plant chloroplasts, with up to 70 % of total soluble leaf protein being the 
highest claim, such amounts are not routinely achieved and a wide range of values 
have been reported. In microalgae, recombinant protein levels are altogether more 
modest, typically ranging from 1 to 5 %, with many cases of undetectable levels. 
In spite of major advances in our understanding of plastid gene regulation, optimi-
zation of transgene expression still remains somewhat empirical. One factor that 
seems to limit transgene expression in chlamydomonas is the negative feedback 
regulation that unassembled subunits exert on the translation of their own mes-
senger RNA (termed ‘control by epistasy of synthesis,’ or CES; cf. Chap. 3 of this 
volume). For transgenes placed under the control of the psaAex1 promoter/5′UTR, 
it was shown that mutations that abolish trans-splicing of the endogenous psaA 
mRNA, and thus expression of PsaA, had a strong beneficial effect on transgene ex-
pression [141, 216]. However the strains were not photoautotrophic because PsaA 
is an essential subunit of PSI. A better understanding of the molecular mechanism 
of CES may allow engineering Chlamydomonas strains where this type of feedback 
inhibition is circumvented, but photoautotrophy is retained.

Proteolysis can also be a limiting factor for the expression of the desired trans-
genic protein [141]. Recent progress has allowed the identification of many plant 
chloroplast proteases [1] and the isolation of some corresponding mutants in chlam-
ydomonas [133]. Although this knowledge has not yet been applied to transgenic 
plants or algae, it opens the possibility of using protease-deficient host strains for 
enhanced protein expression. While genetic modifications of the host are begin-
ning to be explored along these lines in chlamydomonas, it will be a challenge in 
the future to translate the results to other species of algae or to plants that are of 
agronomic interest.
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The prospect of large scale culture of microalgae in industrial systems such as 
raceways raises the question of how the genetically modified organisms will be con-
tained if their release into the open is to be avoided. It may be technically difficult 
and costly to set up physical containment measures to ensure that the microalgae are 
not released into the environment. An alternative will be to implement biological 
containment with strains that are disabled and grow poorly in natural conditions. 
Host strains could be derived that have defects in motility, that are auxotrophic for 
specific nutrients or that are defective in sexual reproduction (see Sect. 18.4).

Synthetic biology offers the possibility of engineering complex metabolic path-
ways to derive strains that produce new generations of biofuels or other molecules 
of interest. Because the chloroplast harbors photosynthesis and many other impor-
tant biochemical pathways, its metabolic engineering holds great promise. The field 
is still in its infancy, and its development will require many advances that may be 
facilitated by rapid parallel progress in systems biology.

Thousands of years of agricultural practice have allowed the domestication of 
many plants, modern breeding strategies have produced the crops that are widely 
cultivated, and genetic engineering has opened new opportunities which are now 
widely used, albeit for a very limited number of traits. The number of crops where 
chloroplast transformation has been achieved is steadily increasing, but the devel-
opment of the appropriate methods remains the limiting step in many instances. 
To date, no transplastomic plants are exploited commercially. As reviewed in this 
chapter, chloroplast transformation has significant advantages and many traits have 
already been engineered, so it can be expected that transplastomic plants will even-
tually find practical applications. For algae the situation is more challenging, be-
cause the number of species that are in agronomic or industrial use is quite small, 
and few of these can be transformed. The growing interest in microalgae for many 
applications suggests that rapid advances can be expected both in the identification 
of appropriate species and in their domestication, a process where chloroplast trans-
formation may play a decisive role.
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Abstract Plastids are the compartments in which oxygenic photosynthesis of 
higher plants and eukaryotic microalgae converts the energy of sunlight into chem-
ical energy. The latter is used by green cells to generate the whole palette of organic 
molecules needed to build a cell. Mankind has made use of the green powerhouses 
from the beginning of its existence on, but in the last decades, products other than 
food or fire wood have gained importance. Facing the deprivation of fossil fuels 
and climate changes due to anthropologically caused greenhouse effects, we want 
to use photosynthetically converted light energy as an energy source to generate 
renewable energy carriers. Above all, the synthesis of biodiesel made from plant 
or algal lipids is a promising strategy. As the cultivation of microalgae does not 
compete with food production, research focuses on understanding and engineering 
lipid biosynthesis in these unicellular organisms. Additionally, in contrast to higher 
plants, some green algae are capable of using the process of photosynthesis for 
the generation of another biofuel: molecular hydrogen. In this chapter, the path-
ways resulting in the generation of hydrogen and lipids in the plastid are reviewed. 
Additionally, proven and anticipated targets of biotechnological optimization are 
highlighted.

Keywords Biofuels · Chlamydomonas · Hydrogen · Hypoxia · Lipids · Microalgae 
· Nutrient starvation · Sustainable energy

Abbreviations

ACCase Acetyl-CoA carboxylase
ACP Acyl carrier protein
CoA Coenzyme A
DAG Diacylglycerol
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DGAT Diacylglycerol acyltransferase
DGDG Digalactosyldiacylglycerol
DGTS Diacylglycerol-N,N,N-trimethylhomoserine
ER Endoplasmic reticulum
FAS Fatty acid synthase
FAT Fatty acyl-ACP thioesterase
G3P Glycerol-3-phosphate
GPAT Glycerol-3-phosphate acyltransferase
LACS Long chain acyl-CoA synthetase
LPA Lysophosphatidic acid
LPAT Lysophosphatidic acid acyltransferase
MGDG Monogalactosyldiacylglycerol
MLDP Major lipid droplet protein
PA Phosphatidic acid
PAP Phosphatidic acid phosphatase
PDAT Phospholipid:diacylglycerol acyltransferase
PtdEtn Phosphatidylethanolamine
PtdGro Phosphatidylglycerol
PtdIns Phosphatidylinositol
SQDG Sulfoquinovosyldiacylglycerol
TAG Triacylglycerol

19.1  Introduction

The inevitable decrease in fossil fuel reserves and the rising concerns about global 
warming urge us to search for alternative energy sources and new energy vectors for 
transportation. Photosynthesis, as the major entry port of energy into living matter, 
can be considered as a key technological module allowing storage of solar energy 
into carbohydrates and lipids. Optimized through millions of years of evolution, 
requiring only light, water and CO2 as an input, photosynthesis has early been inte-
grated into the survival strategy of our economies. The products of photosynthesis 
(biomass) were first used by mankind to cover its alimentation needs. Nowadays, 
crops have been domesticated through breeding and selection to optimize pro-
ductivity. Biomass was subsequently used to cover energy needs through heating, 
and more recently it has been considered as a source of energy for transportation 
( biofuel). Facing the rising food demand of a growing population and the com-
petition in land uses, considerable interest lies in producing biofuels from other 
feedstocks than crops. Microalgae have recently emerged as a promising alternative 
for the production of biofuels (also called algofuels). Unicellular microalgae have 
developed unique metabolic properties, such as the ability to produce molecular 
hydrogen (H2) or to accumulate high amounts of storage lipids. They have a very 
high surface productivity and can be cultivated on non-arable land (therefore not 
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competing with food production by agriculture). Additionally, algae can recycle 
industrial or urban wastes by using those as nutrients (CO2, nitrogen or phosphate) 
for growth and biofuel production. However, these species have not been subjected 
to domestication through genetic improvement yet. H2 production or lipid accumu-
lation do not occur in conditions of optimal growth and generally correspond to an 
acclimatory response to specific environmental constraints, for instance stop in cell 
division resulting from nutrient deprivation. A major challenge for research will be 
to optimally utilize photosynthesis of these unicellular organisms to cover part of 
our future energy needs without competing with food production. In this chapter, 
we review the metabolic reactions involved in chloroplast production of H2 and 
lipids that can be used as a valuable source of biofuels, and give an overview of 
experimental strategies currently developed to improve production of these energy 
rich compounds.

19.1.1  Bioenergetics and Efficiencies of Photosynthesis

A typical determinant of (bio-) technological applications is efficiency. In light-
driven approaches, the efficiency value is usually defined as the ratio of light- energy 
input and the energy content of the output in terms of designated product.  Individual 
steps of photosynthetic electron chemistry can display efficiencies higher than 
95 %, such as the light harvesting efficiency resulting in the excited state of the pho-
tosystem 2 (PS2) reaction center, P680*. In contrast, the solar energy conversion ef-
ficiency resulting in dry biomass or molecular hydrogen was estimated to be 5 % in 
the best case, while reaching about 1 to 3 % in real instances [29, 51]. This contrasts 
with today’s photovoltaic cells that can reach 18 %, and sun-light driven photolysis 
of water using current provided by present silicon photovoltaic cells was estimated 
to reach 11 % efficiency [11]. However, complete life-cycle assessments are neces-
sary to really judge the “efficiency” of a system, and this assessment cannot solely 
be based on energy/cost input versus energy/profit output. Rather, the whole infra-
structure of the system—risks or toxic by-products arising during manufacturing, 
competition to the food market (in case of biomass production), interactions with the 
environment and the climate—have to be considered [11]. Regarding the latter two 
points, plants and microalgae—or chloroplasts as the main players of this book—
are probably superior. Moreover, when talking about biofuel production in the chlo-
roplast, one usually thinks about the generation of lipids and H2 as described in this 
chapter or maybe biomass in general. However, we should not neglect the fact that 
chloroplasts deliver the most important product in terms of “fuelling biology” inde-
pendent from the final product of photosynthetic electron transport: molecular oxy-
gen (O2). Though still controversial in some points, most scientists agree that the 
oxygenation of the earth’s atmosphere was mainly due to the invention of oxygenic 
photosynthesis [39]. The availability of the O2 molecule allowed the evolution of 
today’s intricate multicellular life forms due to its favorable thermodynamics and 
thus high energy yields via oxidative  phosphorylation [65, 149]. Additionally, O2 
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has been implemented in biochemical networks as one of the most frequently used 
substrates or reagents, resulting in more than 1000 metabolic pathways depending 
directly or indirectly on O2 in contemporary aerobic organisms [121, 122]. Not the 
least, by-products of O2 metabolism, reactive oxygen species (ROS), have been ad-
opted to essential signaling pathways and pathogen defense reactions [60, 149]. To 
date, the constant removal of CO2 from and the delivery of O2 into the atmosphere 
are vital to contemporary ecosystems and survival of nearly all higher organisms. 
Thus, the cultivation of photosynthetic organisms for bioenergy purposes is inte-
grated into the natural ecosystems.

19.2  Light-Dependent Hydrogen Production

19.2.1  Photosynthetic H2-Production by Chlamydomonas—
The Principles

Chlamydomonas reinhardtii [61, 62, 124] and several other microalgal species 
[42, 141, 150, 161] have in their chloroplast [FeFe]-hydrogenases that serve as 
 additional electron sinks for photosynthetically provided high energy electrons 
[43]. Hydrogenases generate molecular hydrogen (H2) from protons and low po-
tential electrons and are wide-spread in prokaryotes [154, 155]. Three types of 
hydrogenases have been described, [FeFe]-, [NiFe]- and [Fe]-only hydrogenases 
[154]. As the latter are only found in methanogenic bacteria and generate H2 from 
methylenetetrahydromethanopterin, they form an individual group [138]. [FeFe]- 
and [NiFe]-hydrogenases have in common that they have an unique active site in 
which [Fe]-atoms are coordinated by CO- and CN-ligands. In [NiFe]-hydrogenases, 
the active site cluster consists of a binuclear complex with one Ni- and one Fe-atom, 
while in [FeFe]-hydrogenases, the prosthetic group, the so-called H-cluster, is built 
from a classical [4Fe4S]-cluster bridged to the hydrogenase-specific di-iron cluster 
with its unique ligands [43]. [NiFe]- and [FeFe]-hydrogenases also show differenc-
es in their catalytic activity and their sensitivity towards O2. [NiFe]-hydrogenases 
have a lower specific activity [43] and are metabolically involved in both H2 gen-
eration and oxidation [154]. They are usually not irreversibly inhibited by O2 [157]. 
The [NiFe]-hydrogenases of knallgas bacteria are even O2-stable, and thus provide 
the metabolic backbone of the energy metabolism of these prokaryotes in the pres-
ence of both H2 and O2 [19]. In contrast, [FeFe]-hydrogenases have extraordinarily 
high specific activities, are mostly employed in electron disposal and H2-produc-
tion, respectively, and are very sensitive towards O2 [54, 156]. Though the degree 
of O2 intolerance varies, all [FeFe]-hydrogenases analyzed so far are irreversibly 
inactivated at low O2 concentrations within minutes [54, 143].

Knowing these facts about [FeFe]-hydrogenases, the discovery of the enzymes 
in organisms carrying out oxygenic photosynthesis and, indeed, their electronic 
coupling to photosynthetic electron transport, was a surprise, and in earlier times 
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was regarded as one of nature’s curiosities or as an evolutionary left-over. However, 
much progress has been made in the last 15 years of algal H2 research. Based on 
these findings, the common agreement today is that the “photosynthetic hydrog-
enases” of microalgae fulfill important physiological functions in these organisms, 
which dwell in diverse habitats and often find themselves in hypoxic conditions 
despite the presence of light (and “self-made” O2). While photosynthetic H2 evolu-
tion is a fascinating metabolism itself, it also holds the promise of being biotech-
nologically applicable. As noted in the introduction, photosynthesis is regarded as 
one solution to mankind’s energy crisis and the atmospheric pollution created by 
burning of fossil fuels. In microalgae, this machinery could be used to go a step be-
yond biomass production and generate a highly efficient and “clean” energy  carrier 
(H2) directly.

H2 uptake in green algae was first observed in Scenedesmus obliquus cells 
[46]. Later, light-dependent H2 evolution was also observed in this species and in 
 Chlamydomonas [47, 144]. While low H2 evolution takes place in dark-anaerobic 
cell suspensions, relatively high H2 production rates are only observed in the light 
[47]. Inhibitor studies revealed that PS2 contributes to electron supply, but is dis-
pensable, while photosystem 1 (PS1) is essential for H2 generation in illuminated 
algae [49, 144]. The [FeFe]-hydrogenase of C. reinhardtii is located in the chloro-
plast and accepts electrons from photosynthetic ferredoxin PETF [62, 63, 124]. Two 
 hydrogenase-encoding genes, HYDA1 and HYDA2, were isolated and characterized 
[44, 61].

Common to all observations and studies was that an anaerobic incubation of the 
cell suspensions was a prerequisite to H2 conversion and the presence of ( active) hy-
drogenases in the cells [61, 62]. The above-mentioned O2-sensitivity of the [FeFe]-
hydrogenases is one of the reasons for the dependence on anaerobiosis. However, 
the expression of hydrogenase encoding genes is also induced only in low O2 con-
centrations [44, 61, 116]. Furthermore, it was noticed that H2 is not the only prod-
uct of the anaerobic or hypoxic metabolism of C. reinhardtii. Instead, a mixture 
of fermentative products, mainly formate, ethanol and acetate, is excreted by the 
cells, showing that H2 generation is intimately connected to a complex fermentation 
metabolism [48, 68, 88, 112, 117]. Notably, the key enzyme of pyruvate fermenta-
tion in C. reinhardtii is pyruvate:formate lyase (PFL1) [5, 68, 117], an enzyme 
commonly found in bacteria [129], but rather rarely in eukaryotes [6, 59]. A fur-
ther “bacterial” fermentation enzyme is pyruvate:ferredoxin oxidoreductase (PFR1) 
[117, 147]. This enzyme oxidatively decarboxylates pyruvate, yielding acetylCoA, 
CO2 and reduced ferredoxin. The latter is proposed to serve as the reductant for the 
low rates of dark H2 production in C. reinhardtii [58, 117]. Though both enzymes, 
PFL1 and PFR1, are probably key to dark anaerobic pathways in the alga, they 
are worth mentioning in a chapter about chloroplasts, as both were identified in 
chloroplast proteomes [147]. Together with the hydrogenases, these enzymes might 
provide the maintenance of redox and energy balance in the chloroplast compart-
ment in the dark.

From a biotechnological point of view, early observations of H2 generation 
and mixed acid fermentation in C. reinhardtii or other microalgae were not of 
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interest. Dark H2-generation by these organisms is very low, and photosynthetic 
H2 production, despite of high initial rates, is rapidly inactivated [50]. The latter 
is due both to the O2 sensitivity of [FeFe]-hydrogenases and the metabolic take-
over of assimilatory electron sinks like the Calvin-cycle [25, 126]. A breakthrough 
regarding both novel physiological insights and biotechnological applicability was 
the discovery that illuminated C. reinhardtii cultures evolve relatively large amounts 
of H2 over several days when deprived of the macro-nutrient sulfur (S) [101]. 
Following this report and its implications for using microalgae as H2 generating 
factories, many studies were conducted on this complex metabolism, allowing us to 
draw a quite comprehensive picture on what is going on in the cells. In fact, these 
insights have already contributed substantially to finding strategies which enhance 
the efficiency and total yield of H2 generation.

As anaerobiosis is indispensable to hydrogenase activity, one metabolic response 
of C. reinhardtii to S deficiency which is absolutely a prerequisite to H2 metabolism 
is the diminution of PS2 activity. Within one or two days, O2 evolution rates of 
S-deprived algal cultures drop below respiratory O2-consumption rates, resulting in 
a net uptake of O2 in sealed flasks [30, 101, 165]. Several factors contribute to the 
decrease of PS2-activity. One of these is simply a passive reaction to the limitation 
in S containing amino acids [22]. As one of the core-subunits of PS2, the D1 protein 
(encoded by the psbA gene), has a high turn-over due to the radicals naturally gener-
ated during PS2 photochemistry, its frequent replenishment is impaired by the lack 
of cysteine [170]. A second factor which influences the rate of D1 degradation is 
light-stress. Due to a cessation in cell division induced by nutrient deprivation [30, 
101, 170] and thus to the diminution of assimilatory electron sinks [67, 170], photo-
synthetic electron carriers become over-reduced, resulting in a backing-up of elec-
trons at the PS2 acceptor side. In the beginning of S deprivation, the decrease of PS2 
quantum yield can be reversed by supplying O2 [2]. However, as over-excitation 
of PS2 proceeds, PS2 complexes become irreversibly damaged and, subsequently, 
degraded [2, 101, 165].

In response to the reduced state of the photosynthetic electron transport chain 
and the plastoquinone (PQ) pool, respectively, the photosynthetic apparatus of 
S-deprived Chlamydomonas cells switches to state-2 conditions [165]. State-tran-
sitions, during which light-harvesting complexes (LHC) of PS2 migrate between 
association mainly with PS2 (state 1) or PS1 (state 2), can be very pronounced in 
C. reinhardtii [33]. A complete uncoupling of PS2 from the photosynthetic electron 
transport chain has been observed in full state 2 conditions [41]. Upon S deficiency, 
establishment of state 2 has been shown, further diminishing actual PS2 activity 
[165] (Fig. 19.1).

In addition to these passive reactions, the decrease of PS2 activity seems to be a 
regulated process rather specific to the absence of sulfur. Indeed, a mutant deficient 
for a major regulator of the response of C. reinhardtii to S deficiency, SAC1 [30], 
does not exhibit the drop of PS2 activity observable in wild type cells in the first 
24 to 48 h [30, 165]. As sac1 mutants rapidly die upon S deprivation and can be 
rescued both by adding the PS2 inhibitor DCMU or by darkness [30], regulated PS2 
inactivation seems to be an essential response to S deprivation. The specificity to 
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the nutrient sulfur is further supported by the fact that both phosphorous (P) [165] 
or nitrogen (N) [118] deprivation do not result in similar photosynthetic responses.

In order to reach high H2 evolution rates, additional processes such as the provi-
sion of low-potential electrons to the hydrogenase are required. In response of S 
deprivation, growth stops, C. reinhardtii cells being unable to maintain the delivery 
of building blocks for the generation of new cells. CO2 assimilation rates and the 
amount of ribulose bisphosphate carboxylase/oxygenase (Rubisco) decrease within 
one or two days of S deprivation [67, 170]. This results in the loss of the major 
electron sink of photosynthetic electron transport. The importance of the absence 
of competing electron sinks is emphasized in Chlamydomonas mutant strains that 
become hypoxic in replete medium due to higher respiratory versus photosynthet-
ic rates [126]. Despite a high in vitro hydrogenase activity detectable in the cells 
(which is measured in cell lysates and in the presence of artificial electron donors), 

Fig. 19.1.  Schematic of photosynthetic electron transport during H2-production by S-deficient 
C. reinhardtii cells and main points of (possible) optimization. Upon S deprivation, PS2 activity 
decreases, but still contributes to electron supply to the [FeFe]-hydrogenase ( HYD) via plasto-
quinone ( PQ), the cytochrome b6 /f complex (Cytb6   f  ), plastocyanin ( PC ), PS1 and ferredoxin 
PETF. Light harvesting complexes ( LHC) of PS2 (LHCII) are mainly associated with PS1. PS1 
also donates electrons to NADP+ via ferredoxin and ferredoxin-NADP+ reductase ( FNR). During 
cyclic electron flow, these electrons are transported back to the cytochrome b6   f complex. PGRL1 
and PGR5 are involved in cyclic electron flow. A proton-gradient is built up during linear and 
cyclic electron transport and used by an ATP-synthase (ATPase) to generate ATP. A further source 
of reductant for the PQ-pool is starch. Electrons are transferred to PQ by NDA2. Several steps of 
this process might be or have already been optimized to enhance H2 yields and are described in 
detail in the text
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only an inhibition of the Calvin cycle results in significant light-dependent H2 gen-
eration [126]. Similar observations have been made analyzing a mutant deficient 
for Rubisco, which establishes hypoxic conditions in the light when incubated in 
full medium and evolves H2 under these conditions [67]. The fact that this light-
sensitive C. reinhardtii mutant was fitter in sealed flasks, thereby establishing an-
aerobic conditions and hydrogenase activity, respectively, supported the theory that 
HYDA1 acts as an alternative electron sink for the algal cells [67] (Fig. 19.1).

Two pathways have been described for delivering electrons to the hydrogenase, 
termed the direct and the indirect pathways [24]. The direct pathway is fuelled by 
residual PS2 activity, which in the time periods studied so far never drops down to 
zero, but is kept at a low level for days [2, 101, 118, 170]. The indirect pathway, 
on the other hand, makes use of electrons derived from the oxidation of organic 
reserves like starch and proteins, which are then transferred to the photosynthetic 
electron transport chain via non-photochemical PQ reduction [24, 101, 118]. Both 
reserves accumulate in the first 24 to 48 h of S deficiency, when PS2 activity and 
CO2 assimilation pathways are still active [45, 101, 170]. It has been suggested 
that the accumulation of starch serves to divert electrons away and to allow photo-
synthetic electron transport to continue [57]. Notably, triacylglycerols, which also 
 accumulate to substantial levels in N- but also S-deficient algae [14, 36, 104, 151] 
(see below) do not seem to be degraded and used for H2 generation [89, 151].

19.2.2  Molecular Aspects of H2-Production—Keys  
to Optimization

In the last years, various molecular players of photosynthetic H2 production by 
C. reinhardtii have been identified and their manipulation shown to increase H2 
yields (Fig. 19.1). Furthermore, the knowledge about individual steps gave rise to 
attempts achieving H2 production by Chlamydomonas incubated in S-replete medi-
um, as S deprivation is a severe stress condition for the cells. In principal, the main 
points supporting H2 production by S-deficient C. reinhardtii cells, namely reduced 
O2-evolution activity, the presence of large reserves for non-photochemical electron 
supply and the loss of competing electron sinks, have to be provided.

19.2.2.1  Manipulation of PS2 Activity

As mentioned above, despite its significantly reduced activity, PS2 contributes sub-
stantially to H2 production in S-deprived green algae. This became especially clear 
when a study showed that starch-less C. reinhardtii cells produce similar amounts 
of H2 upon S-deprivation, as long as PS2 is not inactivated by DCMU [24]. It was 
also noted that in algal strains possessing a D1 protein L159I-N230Y variant, PS2 
was more stable and delivered more electrons for H2-generation, indicating that the 
natural instability of PS2 might be engineered to yield algal strains with a higher H2 
evolution capacity [133].
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One of the first attempts to provide hypoxic conditions in nutrient-replete 
algal cells was the inhibition of PS2 by DCMU or the use of PS2 mutants of 
C. reinhardtii. However, neither of these strategies resulted in significant or 
prolonged H2 evolution [45, 67], and the reason is mainly that PS2 activity is 
required for the build-up of starch and other organic reserves. S-deprived algal 
cells treated with DCMU after starch has accumulated generate H2, but less than 
cells in which PS2 is not inhibited [45, 67]. Still, as one can imagine a “design 
organism” in which all photosynthetic components involved in H2 evolution 
are controllable, switching PS2 activity on and off is a desirable feature. Here, 
progress has been made by developing an inducible chloroplast expression system 
based on a factor, NAC2, essential for psbD mRNA stability [12]. By equipping 
the NAC2 gene with a promoter inducible by copper deficiency, it was possible to 
control PS2 activity by the addition or removal of copper [146]. This was a first 
proof that a switch-on and -off of PS2 can be established genetically. Recently, 
a targeted triggering of PS2 or PS1 activity by wavelengths specific for PS2 and 
PS1 reaction centers has been reported, which would simplify the process and 
allow the use of wild type strains [71].

19.2.2.2  Non-photochemical PQ Reduction

Non-photochemical electron sources are important for H2-generation by anaerobic 
or S-deficient Chlamydomonas cultures [45, 49, 67, 111]. The enzyme responsible 
for transferring electrons from NAD(P)H to the PQ pool in C. reinhardtii is the 
NDA2 protein [35, 78]. In contrast to the higher-plant NDH-1 complex composed 
of more than 15 subunits [145], NDA2 is monomeric. It is localized in the thylakoid 
membranes and contributes to PS2-independent H2-generation in Chlamydomonas 
[78]. NDA2-deficient cells do not produce any H2 at all upon PS2 inhibition [106], 
showing once more that both the direct and indirect pathway of electron supply 
have to work coordinately to result in sustained and optimal H2-photoproduction. 
Therefore, homologous over-expression of NDA2 is a target for future optimization 
of H2 photo-production (Fig. 19.1).

19.2.2.3  Suppression of Competing Pathways

As the [FeFe]-hydrogenase accepts electrons from photosynthetic ferredoxin PETF 
[63, 162] and ferredoxin donates electrons to various reductive processes in the 
chloroplast [86, 148, 163], a competition between HYDA1 and other electron sinks 
seems obvious. In nutrient-depleted medium, the stop in assimilatory processes 
makes the hydrogenase the most important electron sink of photosynthetic electron 
flow. In replete medium, however, assimilatory electron sinks would compete with 
the hydrogenase as noted above [25, 67, 126]. Though Chlamydomonas has more 
than six ferredoxin-encoding genes [103, and recent genome annotation on phyto-
zome.net, Chlamydomonas reinhardtii v4.3] and some of those, especially FDX5, 
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are induced upon anaerobiosis [77, 90, 148], “good old” photosynthetic ferredoxin 
PETF is apparently the optimal electron donor for HYDA1 [162, 163].

One possibility to circumvent competition for PETF might be the use of hydrog-
enase-ferredoxin fusion proteins [166]. Using isolated PS1 and thylakoids, it was 
shown that FNR competes strongly for electrons delivered by ferredoxin. In con-
trast, a hydrogenase-ferredoxin fusion protein was able to scavenge more than 60 % 
of the electrons provided by PS1 [166]. Another approach might be engineering fer-
redoxin PETF, HYDA1 and FNR in a way that the affinity between FNR and PETF 
is weakened and the interaction of HYDA1 and PETF is optimized (Fig. 19.1). The 
interacting residues of HYDA1 and PETF are known [162] so that a starting point 
for targeted manipulation is provided.

A further constraint to photosynthetic H2 generation is cyclic electron flow, 
which is activated in C. reinhardtii cells upon transition to state 2 [41]. This elec-
tron flow around PS1 builds up a proton gradient impairing electron flow. It was 
shown recently that cyclic electron flow is a major obstacle to H2 generation, as a 
mutant deficient for one protein involved in this process, PROTON GRADIENT 
REGULATION LIKE 1 (PGRL1) has much higher H2 evolution capacities both in 
anaerobiosis and S deprivation [152].

19.3  Semi-Artificial Applications for Photosynthetic H2 
Production

Despite recent progress in optimizing H2 production by microalgae, the efficiency 
of the natural process is still relatively low. In contrast, the isolated enzymes, 
photosystems and [FeFe]-hydrogenases, might outperform artificial or electric 
catalysts. [FeFe]-hydrogenases are capable of generating 9000 molecules of H2 
per second when supplied with an efficient electron donor, and photosystems are 
the most efficient light-conversion machines known to date [29, 102]. Therefore, 
efforts have been made to create and analyze semi-artificial systems in which the 
natural catalysts, photosystems and hydrogenases, are combined with artificial 
electron donors, linkers or electron acceptors. Though the generation of large 
amounts of pure, stable and highly active proteins is also a challenge, their potential 
is significant.

The first semi-artificial system for photosynthetic H2 production was already 
reported in 1961, when H2 production in a mixture of spinach thylakoids and a 
[NiFe]-hydrogenase from Chromatium vinosum could be detected [4]. However, 
due to the O2 sensitivity of the hydrogenase, H2 formation could not be sustained 
by photosynthetic water oxidation, but relied on the sacrificial electron donor thio-
sulfate. Later, water could be established as electron source for H2 production in an 
improved system, using a hydrogenase from Clostridium kluyveri [9]. However, O2 
generated at PS2 was always an obstacle to H2 production in these systems. Today, 
experimental and theoretical investigations of how exactly O2 attacks the active 
site H-cluster of [FeFe]-hydrogenases led to new insights which might result in the 
creation of O2-stable [FeFe]-hydrogenases [17, 54, 70, 91, 142, 143].
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One focus of research is the optimization of the electron transfer from PS1 
towards hydrogenases. An important issue for successfully combining the two 
 enzymes is the efficiency of the electron transfer between PS1 as the photoactive el-
ement and the hydrogenase as the proton reducing element. In the beginning,  natural 
electron mediators such as ferredoxin or artificial electron carriers like methylviolo-
gen were applied [87]. Because of relatively slow diffusion of soluble mediators 
[164], however, researchers sought to establish a direct electron transfer. The first 
study used spinach PS1 and Clostridium pasteurianum [FeFe]-hydrogenase [100]. 
A direct electron transfer from PS1 to hydrogenase via the FeS-clusters of PS1 
subunit PsaC was proposed, albeit in the presence of high protein concentration. 
Nevertheless, the idea of direct electron transfer between PSI and hydrogenase ad-
vanced and resulted in studies during which both units were physically linked. One 
strategy was a protein-based linker achieved by genetic techniques. A fusion pro-
tein was generated made of the PsaE subunit from Thermosynechococcus  elongatus 
PS1 and the O2-tolerant [NiFe]-hydrogenase MBH from Ralstonia eutropha [76, 
132]. This protein was subsequently mixed with modified PS1 lacking PsaE, and a 
light-driven H2 production rate of 0.58 µmol H2 mg chlorophyll–1 (Chl) h–1 could 
be determined in vitro. However, in the presence of FNR and ferredoxin, simulating 
natural conditions in the cell, H2 production was abolished. To improve electron 
transport between PS1 and hydrogenase, cytochrome c3 was included in the sys-
tem. Cytochrome c3 serves as electron donor of hydrogenases from bacteria such 
as Desulfovibrio species [99]. Cross-linked to the PsaE subunit of PS1, cytochrome 
c3 served as a mediator to the [NiFe]-hydrogenase and allowed a H2 production rate 
of 0.3 µmol H2 mg Chl–1 h–1 even in the presence of FNR and ferredoxin [75].

A very successful approach was the introduction of a chemical “electron wire” 
linking PS1 and a [FeFe]-hydrogenase. While this approach cannot serve as a blue-
print for optimizing H2 evolution in living cells, it demonstrated the high potential 
of semi-artificial system [96, 97]. Briefly, a dithiol linker was introduced by produc-
ing a variant of the PS1 subunit PsaC in which one cysteine residue coordinating 
the [4Fe4S]-cluster FB [80] was exchanged by glycine. The [4Fe-4S]-cluster was 
then reconstituted in vitro and chemically rescued by thiol ligands [3]. A similar 
procedure generated a [FeFe]-hydrogenase in which a surface-exposed [4Fe4S]-
cluster was reconstituted by a thiol. The modifications in PsaC and hydrogenase 
subsequently allowed a direct “wiring” of PS1 and hydrogenase via a dithiol linker 
[96]. The primary rate of light driven hydrogen production measured for this  system 
was 30.3 µmol H2 mg Chl–1 h–1 [96].

While the electron transfer between PS1 and hydrogenase could be improved 
substantially using this system, the electron supply to PS1 was still a bottleneck. 
One strategy to improve this transfer was the addition of natural electron donors 
(plastocyanin and cytochrome c6) in the presence of the artificial electron donors 
[56]. Cross-linking cytochrome c6 to PS1 turned out to be even more efficient, re-
sulting in a light-driven H2 production of 2832 µmol H2 mg Chl–1 h–1, using the 
dithiol-linked PS1 and [FeFe]-hydrogenase described above [97].

Despite the high rates of H2 evolution that can be achieved using semi-artificial 
systems, their long-term stability remains a challenge. In this respect, utilization of 
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living cells has some advantages, since a unique characteristic of living organisms 
is their ability to self-repair and self-replicate. However, improvements on photo-
bioreactor costs and design are still needed [110], together with improvements of 
strain properties, before such technologies are applicable in an industrial scale. One 
might imagine a tailored organism for improved H2 photoproduction in which an 
O2-stable [FeFe]-hydrogenase is coupled to a photosynthetic electron chain modi-
fied to carry out the most efficient linear electron flow (Fig. 19.1). The capacity of 
alternative electron sinks such as CO2 assimilation has to be reduced. The resulting 
organism would then, theoretically, generate H2, while still being able to grow and 
self-replicate at a slow rate. Although some improvement in H2 production has been 
possible thanks to the development of forward genetic approaches [89, 152], we be-
lieve that future improvements of H2 production in C. reinhardtii will depend on the 
development of an efficient molecular toolbox allowing targeted gene modification 
or efficient transgene expression.

19.4  Photosynthetic Lipid Production

In photosynthetic organisms, the chloroplast is also the central compartment of lipid 
synthesis. Under normal growth conditions, fatty acids produced in the chloroplast 
are building blocks of all membrane lipids. Higher plants and microalgae have been 
found to synthesize a large variety of fatty acids and lipids [64, 72], the composi-
tion of which often reflects changes of environmental conditions [64]. In response 
to stress, many eukaryotic microalgae have the ability to accumulate significant 
amounts (20–50 % of dry biomass) of triacylglycerols (TAGs, i.e. oils) [72, 136]. 
This characteristic, combined with the fact that many microalgal species grow rap-
idly and can be cultivated in a wide range of environments, has led to the postulation 
that microalgae could be used as cell factories for production of oils and other lipids 
or fatty acids for biofuels and valuable biomaterials [8, 134, 136, 160].

Sustainable production of oils or other fatty acid-derived products from micro-
algae has not yet reached an industrial level. This is partly due to technological 
limitations (costs of growing, cell harvesting and lipid extraction) and to biological 
limitations [34]. Among the latter, the most widely recognized is the requirement 
of a stress condition (usually nitrogen (N-) starvation) to induce oil accumulation, 
which limits the overall productivity of the system [72]. Maximal lipid yields ob-
tained so far in large scale cultivation systems are 10 to 20 times lower than the 
theoretical maximum (5000–15,000 gallons per acre per year) [136]. To circumvent 
the dependence on stress, a deeper knowledge of the underlying biochemistry, cell 
biology and genetics of lipid metabolism in this group of organisms is needed. Lat-
est development in -omics technologies (genomics, transcriptomics, proteomics, 
metabolomics) together with transformation and molecular genetic toolboxes avail-
able have provided ample opportunities for lipid scientists to redesign algal me-
tabolism toward production of oils or other chemical molecules useful for industrial 
applications.
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Many laboratories have adopted C. reinhardtii as a reference organism for study-
ing TAG accumulation [104]. Stressed Chlamydomonas cells accumulate oils in 
so-called oil bodies [107, 140, 159]. This process is dynamic and reversible [140]. 
Depending on the strains used and stress conditions, the oil content can reach 50 % 
of dry biomass in starch-less mutants in response to N starvation [92]. With the ver-
satile molecular genetic tools available, Chlamydomonas thus serves as an excellent 
model organism for addressing fundamental biological questions behind oil synthe-
sis and degradation. In this section, we will summarize our current understanding 
of lipid metabolic pathways in this model alga, and point out key steps as potential 
targets for genetic engineering. Focus is given to the regulation and biosynthesis of 
TAGs.

19.4.1  Lipid Composition of Chlamydomonas

The fatty acid and lipid composition of C. reinhardtii is summarized in Fig. 19.2. 
Like in most land plants, thylakoid membranes of the alga contain monogalacto-
syldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG), sulfoquionvosyl-
diacylglycerol (SQDG) and phosphatidylglycerol (PtdGro). Extraplastidial lipids 
include phosphatidylethanolamine (PtdEtn) and a betaine lipid, diacylglycerol-
N,N,N-trimethylhomoserine (DGTS) [52, 53, 153]. Chlamydomonas contains no 
phosphatidylcholine (PtdCho), the major cytoplasmic lipid of higher plants. In the 
latter, PtdCho serves as key substrate for the modification of fatty acids such as 
desaturation or hydroxylation and acyl editing [93]. Due to the structural similarity 
of PtdCho to DGTS, it is generally assumed that in Chlamydomonas, DGTS plays 
a similar role as PC in higher plants [109, 123], but direct evidence for this is still 
lacking and is the subject of current investigation.

Fatty acids in Chlamydomonas usually have similar acyl chain lengths (C16, 
C18) as those in higher plants (Fig. 19.2b). However, contrary to plants where one 
or two double bonds are common, fatty acids with three and four double bonds are 
abundant in the alga. This higher level of desaturation makes the oil more fluid, but 
also more susceptible to oxidation. Contrary to most vascular plants where the sn-2 
position of plastidial membrane lipids (MGDG, DGDG, PtdGro, SQDG) is gener-
ally esterified with a mixture of both C16 and C18 fatty acids or in some cases only 
with C18 fatty acids [15, 16, 108], in Chlamydomonas this position is almost exclu-
sively occupied by a C16 fatty acid (Fig. 19.2c). This difference in stereochemical 
distribution of acyl-chains indicates major divergence in lipid synthetic pathways 
between the two green lineages [16].

19.4.2  Lipid Metabolism as Target for Genetic Engineering

Our current understanding of lipid metabolism in microalgae is very limited and 
mostly inferred from higher plant models where extensive knowledge on lipid 
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 synthetic pathways has been gained through the use of the model plant Arabidopsis 
thaliana [93]. For example, > 600 proteins of the lipid metabolism in Arabidop-
sis have been annotated, among which > 250 have been characterized [93]. This 
is in contrast to only about 10 proteins of lipid-related pathways characterized in 
Chlamydomonas. Based on genome comparisons and protein homology searches, 
it is generally thought that the basic pathways of fatty acid and lipid synthesis are 
conserved in the two green organisms [104, 123]. TAGs are made from acylation 
of a glycerol molecule with three fatty acids. Oil biosynthesis can be broken down 
into three independently regulated and spatially separated steps that are fatty acid 
synthesis in the chloroplast, glycerolipid assembly and its final packaging into oil 
bodies (Fig. 19.3). Below we summarize the key biochemical steps required for oil 
biosynthesis and highlight the potential targets for genetic engineering.

Fig. 19.2  Lipid classes (a), whole cell fatty acid composition (b) and the stereochemical distri-
bution of fatty acids to major lipid classes (c) in C. reinhardtii cultivated under standard growth 
conditions [based on 52, 140]. MGDG monogalactosyldiacylglycerol, DGDG digalactosyldiacylg-
lycerol, DGTS diacylglycerol-N,N,N-trimethylhomoserine, SQDG sulfoquinovosyldiacylglycerol, 
PtdGro phosphatidylglycerol, PtdEtn phosphatidylethanolamine, PtdIns phosphatidylinositol
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19.4.3  Plastidial Fatty Acid Synthesis

Lipid biosynthesis starts with the de novo synthesis of fatty acids, which, in pho-
tosynthetic cells, does not occur in the cytosol but in the plastids. Fatty acids are 
the building blocks of all cellular lipids including TAGs. Fatty acids are made 
by two major enzymatic complexes, the acetyl-CoA carboxylase (ACCase) and 
fatty acid synthase complex (FAS). ACCase catalyzes the first committed step 
of fatty acid synthesis and this reaction produces malonyl-CoA from acetyl-CoA 
and bicarbonate. Due to the essential role of ACCase, this enzyme has been in-
tensively targeted for genetic engineering [37, 98, 125]. For example, overex-
pression of the plastid accD gene, encoding the β-carboxyl transferase subunit of 
ACCase, resulted in increased leaf lipid content in tobacco [98]. Overexpression 
of this enzyme has also been tested in the diatom Cyclotella cryptica, although 
no significant increase in oil content could be detected in the transgenic lines 
[125].

The FAS complexes catalyze a series of two-carbon chain elongating reactions 
which lead to the production of C16 or C18 acyl chains. This reaction requires 
 stoichiometric amounts of ATP, acetyl-CoA and NADPH for each two-carbon moi-
ety added to the growing acyl chain. In photosynthetic organisms, photochemical 
reactions are thus essential not only in providing the carbon source, but also in 
generating reducing (NADH and NADPH) and phosphorylating (ATP) equivalents 
to drive fatty acid synthesis [115, 120, 127].

One of the chain terminating reactions is catalyzed by fatty acyl-ACP thioester-
ases (FAT). The action of this enzyme produces free fatty acids via cleavage from 
the acyl carrier protein (ACP). The specificity of this enzyme usually determines 
the final chain length of the product emerging from the plastids. For most plant 
and algal species, this is a C16 or C18 fatty acid, however in some species such as 
 California bay, the major fatty acid produced is lauric acid (C12:0) [158]. Biodiesel 
with medium chain fatty acids (C10 to C12) (MCFAs) has improved cold flow 
properties. Hence, isolating acyl-ACP thioesterase specific for this type of fatty 
acids is of great biotechnological interests [38]. Production of MCFAs has been 
achieved via transgenic expression of shorter-chain specific thioesterases in oilseed 
crops [32, 158] as well as in the diatom Phaeodactylum tricornutum [119]. This 
remains to be demonstrated for green microalgae.

The released free fatty acids are ultimately activated to form CoA esters by 
a long-chain acyl-CoA synthetase (LACS) and subsequently exported to the 
 endoplasmic reticulum (ER) where they serve as substrates for various acyl-CoA 
dependent acyltransferases. Silencing of members of the acyl-CoA synthetase 
 proteins led to lipid secretion in yeast [130] as well as in cyanobacteria [81]. 
Three acyl-activating enzyme homologues have been identified in the Chlamydo-
monas genome, and two of those have been found to be associated with oil bodies 
[107, 113]. These enzymes thus serve as potential targets for directing lipid secre-
tion in eukaryotic microalgae.
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19.4.4  Triacylglycerol Biosynthesis

The best known TAG biosynthetic pathway involves the sequential acylation of 
sn-glycerol-3-phosphate (G3P) with three acyl-CoAs catalyzed by three distinct 
 acyltransferases (Fig. 19.3). It is initiated by G3P acyltransferase (GPAT) to produce 
lysophosphatidic acid (LPA), which is then further acylated by LPA acyltransferase 
(LPAT) to form phosphatidic acid (PA). Phosphatidic acid phosphatase (PAP) catalyzes 
the removal of the phosphate group from PA to generate sn-1,2-diacylglycerol (DAG), 
the central intermediate of all glycerolipids. The last and committed step to oil synthe-
sis is catalyzed by acyl-CoA:diacylglycerol acyltransferase (DGAT). This enzyme has 
been subjected to intensive studies, including overexpression,  directed evolution and 
quantitative trait loci mapping [18, 139, 172]. In Chlamydomonas, homology searches 
identified five type-2 DGATs (encoded by DGTT1–5) and one type-1 DGAT (DGAT-
1). DGTT1 exhibits increased transcript abundance in N-starvation conditions, and it 
has been demonstrated to be able to complement a yeast quadruple mutant deficient for 
TAG synthesis [14]. Engineering strategies  involving overexpression of DGTT1 alone 
or in combination with other enzymes might be a possible way to increase oil content.

Fig. 19.3  Pathways of fatty acid synthesis and lipid assembly as targets for genetic engineering 
studies. The scheme of the subcellular organization of lipid metabolic pathways is based on that 
of plants, unless specific experimental evidence is provided for algal species. Names of enzymes 
are in italic, and those enzymes described in this chapter are highlighted in red. Lipid-X means 
that the exact substrate for this enzyme is unknown. ACCase acetyl-CoA carboxylase, ACP acyl 
carrier protein, CoA coenzyme A, DAG diacylglycerol, DGAT diacylglycerol acyltransferase, FAS 
fatty acid synthase, ER endoplasmic reticulum, FAT fatty acyl-ACP thioesterase, G3P glycerol-
3-phosphate, GPAT glycerol-3-phosphate acyltransferase, LACS long chain acyl-CoA synthetase, 
LPA lysophosphatidic acid, LPAT lysophosphatidic acid acyltransferase, MLDP major lipid droplet 
protein, PA phosphatidic acid, PDAT phospholipid:diacylglycerol acyltransferase, PAP phospha-
tidic acid phosphatase, TAG triacylglycerol
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An alternative reaction important for oil synthesis is catalyzed by phos-
pholipid:diacylglycerol acyltransferase (PDAT) contributing to TAG synthesis us-
ing phosphatidylcholine as an acyl donor and sn-1,2-diacylglycerol as an acyl ac-
ceptor [28, 171]. Contrary to all three acyltransferases described above, PDAT does 
not require acyl-CoA as donor. Therefore, its reaction is often termed acyl-CoA in-
dependent pathway. PDAT has been well characterized in both plants and yeast [28, 
171]. A homolog of this enzyme is present in Chlamydomonas and has lately been 
shown to be important for TAG accumulation as insertional null mutants ( pdat1–1 
and pdat1–2) accumulate 25 % less TAG compared to the parent strain [14]. This 
evidence for a trans-acylation pathway in TAG synthesis in Chlamydomonas was 
corroborated by the observation that cell lines carrying PDAT-directed amiRNA si-
lencing constructs accumulate up to 30 % less TAG compared to the wild-type strain 
[168]. However, as pdat mutants exhibit reduced, but not abolished TAG accumu-
lation, DGTT1 must also contribute to oil synthesis [14]. The same overlapping 
function of PDAT and DGAT has been demonstrated in the model plant Arabidopsis 
thaliana [171] in which minor reductions in oil content could be observed in either 
of the single mutants, whereas the double mutation is embryo-lethal.

As well as their acylation to glycerol, fatty acyl chains are modified by fatty acid-
modifying enzymes including desaturases, epoxidases, elongases, and hydroxylases. 
Desaturases catalyze the reduction of a C-C bond to form a C=C bond in an existing 
acyl chain [135]. The number of double bonds in a fatty acid molecule plays a determi-
nant role in its final utility. For example, biodiesel containing a too high proportion of 
saturated fatty acids turns to gel even at ambient temperatures. On the other hand, when 
too many unsaturated fatty acids are present, the biodiesel will have a good cold flow 
but will be prone to oxidation. Desaturases have long been used as targets to engineer 
fatty acid compositions in higher plants [79, 95, 135]. Four desaturases have been char-
acterized in Chlamydomonas [23, 82, 128, 169] and many more have been identified 
based on sequence homology searches. Molecular manipulation of these desaturases 
constitutes a promising way to engineer fatty acid composition in Chlamydomonas.

19.4.5  Accumulation of Oil Bodies

After a certain amount of TAGs has accumulated in specific domains of the ER or 
the plastid, oil bodies or lipid droplets bud off and form distinct subcellular organ-
elles. Oil bodies are spherical organelles consisting of a neutral lipid core enclosed 
by a membrane lipid monolayer coated with proteins [74]. Oil body biogenesis 
and its associated proteins have been well studied in yeast [26, 27], as well as in 
plant oilseeds [73]. Only recently, compositions of lipid body-associated proteins 
have been analyzed in Chlamydomonas and > 200 proteins have been identified 
[107, 113]. One protein of ~ 28 kDa is the most abundant of these and was thus 
named major lipid droplet protein (MLDP). MLDP has been postulated to play a 
similar structural role as oleosin in oilseeds. Besides MLDP, numerous metabolic 
enzymes ( acyltransferases, lipases) or trafficking proteins are also present, indicat-
ing the dynamic nature of Chlamydomonas oil bodies. The knowledge about oil 
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body-associated proteins provided by these studies represents a rich source for the 
exploration of oil accumulation mechanisms in general, and also elucidates biotech-
nological targets. For example, either N- or C- terminal fusion of a desired protein 
to MLDP could potentially direct it to oil bodies, as has been demonstrated for 
oleosins [10].

One unique feature of Chlamydomonas oil bodies is that they are not only present 
in the ER (as is true for most organisms studied), but also in the plastid [40, 55]. This 
has been shown by Transmission Electron Microscope (TEM) and is further support-
ed by the strong enrichment in C16 fatty acids at the sn-2 position in both TAGs and 
chloroplast membrane lipids (but not in extra-plastidial lipids). This finding has im-
plications for our overall understanding of the subcellular organization of glycerolipid 
metabolism and of the specificities of key lipid metabolic enzymes involved. A plastid 
TAG synthesis pathway could provide additional advantages because engineering of 
lipid metabolic pathways could be achieved via a synthetic biology approach based 
on manipulation of the plastid genome. Unlike the still-problematic transgene expres-
sion in the C. reinhardtii nuclear genome [131], it is a well-established technique in 
the plastid genome and transgene expression can reach very high levels (over 70 % 
of total protein) [114]. Transgenes can be delivered to the plastid genome via biolistic 
bombardment and they are integrated by homologous recombination [31, 105]. Suc-
cessful introduction of a 50 kb DNA fragment into the plastid genome of tobacco has 
been reported [1]. This opened up the possibility of introducing several genes simul-
taneously in the plastid genome using a synthetic biology approach.

19.4.6  Transcriptional Regulation of TAG Biosynthesis

WRINKLED1 (WRI1), belonging to the APETALA2-ethylene responsive element-
binding protein (AP2-EREBP), family is the only transcription factor identified in 
regulation of fatty acid synthesis in Arabidopsis [7, 21] and maize [137]. It has also 
been implicated in regulating oil synthesis in other species such as oil palm [13]. 
Overexpression of WRI1 leads to a large increase in seed oil content in maize [137] 
and in tubers [69]. No WRI1 homolog could be identified in the genome of Chlam-
ydomonas, but comparative transcriptomic studies have led to identification of two 
regulatory proteins, NRR1–1 (nitrogen responsive regulator) [14] and an stress-
induced lipid trigger [167]. Overexpression or silencing of the genes encoding these 
proteins led to altered cellular oil content, but the exact mechanism and downstream 
target(s) of these proteins remain to be tested.

19.5  Closing Remarks

Plastids are the power house of all photosynthetic cells. Photosynthesis converts the 
abundant energy of the sun into high-energy electrons and chemical energy equiva-
lents. Accordingly, chloroplasts of microalgae are sources of valuable  compounds 
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such as molecular hydrogen, starch and lipids. Recent studies of H2 and lipid 
 metabolic pathways in microalgal models have led to significant advances in our un-
derstanding of the molecular and biochemical mechanisms [66, 94, 104]. Currently, 
the vast majority of studies on microalgal biofuel are focused on understanding and 
boosting the generation of H2 and the accumulation of TAGs [20, 66, 83, 84]. In our 
view, generation of oil is only the first step toward the engineering of algal cell fac-
tories. Production of value-added fatty acid-derived molecules such as alkanes, free 
fatty acids, wax esters and fatty alcohols will constitute the next major step. At the 
moment, significant effort has been put on analyzing the H2 and lipid metabolism of 
the model microalga C. reinhardtii. However, the genomes of around ten microalgal 
species have been sequenced so far, and many more are currently being sequenced. 
Intensive efforts are underway to develop molecular genetic tools for Chlamydomo-
nas and other algae. For example, the occurrence of homologous recombination in 
Nannochloropsis sp. has been reported [85]. This development, together with our 
knowledge gained through examining model systems, should aid in the master design 
of an ideal algal cell factory for the production of industrially desirable molecules.
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