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-PREFACE --

F or cells to function properly, correct protein localization is essential. 
This is true for both prokaryotes, i.e., Bacteria and Archaea, where 
proteins may be directed outside the confines of the cytoplasm to take 

up residence in the plasma membrane or beyond, as well as for eukaryotes, 
which also have to ensure that selected proteins are correctly distributed 
between the various organelles found inside the cell. Such non-cytoplasmic 
proteins must, therefore, be effectively recognized and targeted to their des
ignated subcellular locations, where translocation across one or more mem
branes takes place. Across evolution, cells have developed complex systems 
dedicated to the transfer of proteins across a variety of biological membranes. 
In this volume, aimed at both the newcomer seeking an introduction to the 
subject and the expert wanting to keep abreast of recent discoveries in the 
field, the reader will learn about various aspects of protein translocation across 
a variety of membranes. 

Translocation of exported proteins in each of the three domains of Life 
is the focus of the first four chapters. In Chapter 1, recent findings and 
outstanding questions regarding protein translocation across the membrane 
of the endoplasmic reticulum, the first step on the eukaryal secretory path
way, are presented. Chapter 2 provides insight into the latest discoveries in 
bacterial Sec-dependent translocation. In Chapter 3, current understanding 
of protein translocation in Archaea is discussed. Chapter 4 reveals how struc
tural biology joins genetics and biochemistry as experimental approaches 
being employed to better understand translocation through the Sec 
translocon. 

Indeed, as we learn more about protein translocation, previously hid
den aspects of the process are being uncovered. Chapter 5 addresses strate
gies adopted by Bacteria for the integration of membrane proteins from a 
structural perspective. In Chapter 6, the twin arginine transport system, a 
more recently-defined translocation system largely employed for the transit 
of folded and complexed proteins across the membrane, is discussed. Chap
ter 7 describes how the endoplasmic reticulum exploits the Sec-based 
translocon for retrograde translocation of defective proteins back into the 
cytosol, where they undergo proteasome-based degradation. 

Finally, several chapters examine the manner by which proteins are 
imported into different cellular organelles. Playing central roles in cellular 
metabolism, the chloroplast, mitochondria and peroxisome obtain most, if 
not all, of their proteins from sites of synthesis in the cytoplasm. Chapter 8 
addresses how protein translocation into and across the membranes surround
ing the chloroplast and the various sub-compartments contained therein 
takes place. Chapter 9 considers how proteins are delivered from outside the 
mitochondria into either the matrix or the inter-membrane space, as well as 
how outer and inner membrane proteins are inserted. In Chapter 10, current 



understanding of one of the least-well described protein import systems, 
namely that of the peroxisome, is considered. 

With biological investigators now able to simultaneously address nu
merous complex processes at the cellular, system and even entire organism 
levels, a more thorough understanding of protein translocation is essential. 
This volume represents a step in that direction. 

Jerry Eichler 
Department of Life Sciences 

Ben Gurion University 
BeershevUy Israel 



CHAPTER 1 

Protein Translocation Across 
the Endoplasmic Reticulum Membrane 

Ramanujan S. Hegde* 

Abstract 

P roteins to be secreted from eukaryotic cells are delivered to the extracellular space after 
trafficking through a secretory pathway composed of several complex intracellular 
compartments. Secretory proteins are first translocated from the cytosol into the endo

plasmic reticulum (ER), after which they travel by vesicular trafficking via various intermediate 
destinations en route to the plasma membrane where they are released from the cell by exocyto-
sis. By sharp contrast, secretion in prokaryotes involves the translocation of proteins directly 
across the plasma membrane. While these two systems are superficially dissimilar, they are 
evolutionarily and mechanistically related. This relationship between the prokaryotic and eu
karyotic systems of secretion forms the backdrop for this chapter focused on protein transloca
tion into the ER. In the first part of this chapter, the essential steps and core machinery of ER 
translocation are discussed relative to evolutionarily conserved principles of protein secretion. 
The last section then explores the concept of regulation, a poorly understood facet of transloca
tion that is argued to be evolutionarily divergent, relatively specific to the ER, and likely to be 
most highly developed in metazoans. 

Reductionistic View of ER Translocation 
The eukaryotic secretory pathway is thought to have evolved by a series of steps that were 

initiated by specialization of the prokaryotic plasma membrane (Fig. 1). This specialized region 
of membrane was then expanded, internalized, and eventually subdivided into many compart
ments. Hence, the lumenal space of compartments in the secretory pathway is topologically 
equivalent to the extracellular space, and the transport of proteins across the prokaryotic plasma 
membrane is directly analogous to transport into the ER. Both processes face the same basic 
challenges: (a) substrates to be transported need to be recognized, (b) selectively targeted to 
the site of transport, (c) vectorally translocated across the membrane, and (d) maintain a 
permeability barrier during these events. At the most fundamental level, these obstacles must 
have been solved in even the earliest life forms. This realization, together with the evolutionary 
relationship between the eukaryotic ER and bacterial plasma membrane, suggests a substantial 
conservation of the core principles of secretory protein translocation. Thus, assorted data using 
various model substrates from multiple systems (e.g.. Bacteria, Archaea, yeast, and mammal) 

*Rannanujan S. Hegde—Cell Biology and Metabolism Branch, NICHD, 18 Library Drive, 
BIdg. 18T, Room 101, National Institutes of Health, Bethesda, Maryland, U.S.A. 
Email: hegder@mail.nih.gov 

Protein Movement Across Membranesy edited by Jerry Eichler. ©2005 Eurekah.com 
and Springer Science+Business Media. 
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Figure 1. Evolution of the eukaryotic secretory pathway. Steps (1) through (4) depict successive stages in 
the generally accepted view of eukaryotic secretory pathway evolution from a prokaryotic ancestor. The 
cytoplasm is shown in gray, and translocons for protein secretion are depicted by cylinders with the 
direction of polypeptide transport indicated by an arrow. Note the relationship between secretion across 
the bacterial plasma membrane (in stage 1) and translocation into the ER (in stage 4). Diagram 4a shows 
a more detailed view of the mammalian secretory and endocytic pathways, with the primary pathways 
of protein traffic indicated by arrows. Essentially all of these pathways have been discovered to be 
regulated in a manner that allows some, but not other substrates to be trafficked in appropriate amounts 
to meet the changing demands of the cell. Notable examples include quality control at the ER, exit from 
the ER, sorting at the Golgi, regulated exocytosis, and endocytic sorting and degradation. By contrast, 
translocation into the ER (open arrow) is often regarded as a constitutive process where the presence of 
a signal sequence in a protein predetermines its entry into the ER. 
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and multiple approaches (biochemical, genetic, and structural) have often been consolidated 
into unifying models of protein translocation that are extrapolated to all systems. While this 
provides a convenient framework for understanding protein translocation in general, it is ap
parent that further experiments will be required to either validate or revise the models for each 
individual system. 

Basic Principles 
Secretory and membrane proteins destined for the secretory pathway are recognized by 

the presence of hydrophobic domains in either signal sequences or transmembrane segments. 
N-terminal signal sequences (typically --15-35 amino acids long) contain a hydrophobic core 
of at least 6 residues, while transmembrane segments have a hydrophobic stretch of between 
16-25 residues. Aside from hydrophobicity, sequences used for the segregation of secretory 
and membrane proteins have no other features in common.^' Indeed, the requirements are so 
degenerate that signals and transmembrane domains from prokaryotic and eukaryotic pro
teins are often ftinctionally interchangeable,^ and a surprising 20% of random sequences 
can at least partially mediate secretion from yeast. Despite this tremendous diversity, signal 
sequences direct substrates into one of only two main translocation pathways in eukaryotes. 
In the cotranslational pathway (studied most extensively in the mammalian system), sub
strates are translocated across the membrane concurrent with their synthesis by 
membrane-bound ribosomes. In the post-translational pathway (studied primarily in the yeast 
system), the substrate is fully synthesized in the cytosol first, and translocated in a 
ribosome-independent fashion. 

In cotranslational translocation, emergence from the ribosome of the first hydrophobic 
domain (either the signal sequence or transmembrane segment) allows its recognition in the 
cytosol by the signal recognition particle (SRP).^'^The complex of SRP and the ribosome-nascent 
chain (RNC) is then targeted to the membrane by an interaction with the SRP receptor (SR). 
At the membrane, the signal sequence is released by SRP, the RNC is transferred to the translocon, 
and the SRP-SR complex is dissociated. Thus, the targeting cycle culminates with delivery of 
the RNC to the translocon and recycling of components of the targeting machinery (SRP and 
SR) for the next substrate. 

Nascent chains that are cotranslationally targeted to the translocon must then engage the 
translocation channel, mediate its opening, and be transported through it across the membrane. 
The central component of the translocation channel is the evolutionarily conserved 
heterotrimeric Sec6l complex. ' The Sec61 complex, which has a high affinity for ribo
somes,^^ provides a docking site for RNCs without the need for other components. However, 
docking of an RNC at the translocon is not sufficient to initiate translocation. Rather, engage
ment of the channel requires a functional signal sequence (or transmembrane domain), whose 
association with the Sec61 complex represents a second substrate recognition event during 
cotranslational translocation. 

This second recognition step may serve a ^proofreading' purpose to ensure that no non-
signal-containing substrates that inadvertently target to the channel can engage it. More 
importantly, binding of the signal to the Sec61 complex triggers at least three essentially 
simultaneous changes in the RNC-translocon complex: (a) an increase in stability of the 
interaction between the RNC and translocon, (b) insertion of the nascent chain into the 
translocation channel, and (c) opening of the translocation channel towards the lumen. 
Upon successful completion of these steps, the substrate resides in a continuous path run
ning from the peptidyl transferase center in the ribosome, through the translocation chan
nel, and into the ER lumen.^ '̂ '̂̂ ^ From this point, continued protein synthesis is thought 
to result in 'pushing' of the nascent chain through the channel and across the membrane. 
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Hence, the architecture of the RNC-translocon complex '"̂ ^ biases the direction of nascent 
chain movement, thereby harnessing the energy of protein synthesis to simultaneously drive 
translocation. 

Post-translational translocation operates in several qualitatively different ways. In eukary-
otes, this pathway has been studied most extensively in yeast, where a seven protein Sec com
plex at the ER membrane and the lumenal chaperone BiP (known as Kar2p in yeast) have been 
identified as the essential translocation apparatus."^ '̂̂ "^ This Sec complex can be conceptually 
(and experimentally) divided into two sub-complexes: the trimeric Sec61 complex (homolo
gous to the mammalian Sec61 complex), and the tetrameric Sec62/63 complex. The Sec61 
complex presumably forms a similar channel in the post-translational SQC complex as it does in 
the cotranslationaJ translocon."^^ This means that the remaining components (the Sec62/63 
subcomplex and BiP) must fulfill the functions otherwise provided in cotranslational translo
cation by the targeting machinery (SRP and SR) and ribosome, neither of which are involved 
in post-translational translocation. 

Consistent with this idea, the Sec62/63 complex (but not BiP) is essential for signal se
quence recognition by the Sec61 complex. ̂ '̂̂ '̂̂ ^ Thus, the Sec complex, by selectively binding 
signal-containing substrates, mediates targeting to the translocon in a single mechanistic step 
that replaces the series of targeting reactions involving the ribosome, SRP, SR, and translocon. 
Once substrate is bound to the Sec complex, the Sec61 translocation channel is thought to be 
engaged and opened in a similar fashion to the signal-mediated gating step in cotranslational 
translocation. The substrate would then need to be moved unidirectionally through the Sec61 
channel across the membrane. 

Since vectorial movement of the substrate through the channel cannot exploit the energy 
of protein synthesis (as during cotranslational translocation), the actual transport step needs to 
occur differently. This function of biasing the direction of polypeptide movement is provided 
by BiP, a chaperone that binds the substrate on the lumenal side of the translocation channel to 
prevent its back-sliding into the cytosol.̂ '̂"̂ '̂"̂ '̂̂ ^ Subsequent rounds of binding and release, 
stimulated by ATP hydrolysis, allows BiP to act as a molecular ratchet to drive substrate trans
port into the lumen. The ATPase activity of BiP is regulated by Sec63p, a J-domain contain
ing component of the Sec complex, which presumably also serves the function of recruiting 
BiP to the translocation channel."^ '̂̂ ^ Thus, the substrate is largely 'pulled' across the mem
brane from the lumenal side in the post-translational pathway, in contrast to being 'pushed' 
from the cytosolic side in cotranslational translocation. 

A comparative analysis of these basic features of eukaryotic cotranslational and 
post-translational translocation reveals an important central theme (Fig. 2). It has become clear 
that the actual channel through which the polypeptide is translocated acts as a relatively passive 
conduit. It only acquires its functionality for substrate recognition and vectorial transport upon 
interaction with various binding partners. In cotranslational translocation, a key binding part
ner is the ribosome which acts to mediate translocon assembly, 'primes' the Sec61 complex for 
signal recognition, and couples the energy of protein synthesis to translocation. In 
post-translational translocation, the key binding partner is the Sec62/63 complex which, like 
the ribosome, facilitates translocon assembly, allows signal sequence recognition, and provides 
the driving force for translocation by recruiting and regulating the function of BiP at the trans
location site. Indeed, even in the bacterial system, the homolog of the Sec61 complex (termed 
the SecY complex) interacts with the cytosolic SecA ATPase that both receives the substrate at 
the channel and drives its subsequent translocation across the membrane.^ Thus, the highly 
conserved Sec61 channel can be exploited in several markedly different ways by various 
coassociating partners that mediate protein translocation across the eukaryotic ER or prokary-
otic plasma membrane. ' 
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Mammalian Co-translational Yeast Post-trans!ationai 

Figure 2. Pathways of ER protein translocation. The principal machinery and steps of the eukaryotic 
cotranslational and post-translational pathways are shown on the left and right, respectively. The compo
nents of each pathway that are conserved in all organisms (in both prokaryotes and eukaryotes) are shaded, 
and include the signal sequence, ribosome, SRP54 (along with a portion of its associated SRP RNA), SRa, 
and the Sec61 complex. Various other components that ftinction in each pathway are also shown. The GTP-
and GDP-bound states of the cotranslational targeting machinery are displayed with 'T ' and 'D ' respec
tively. The center two diagrams depict the comparable 'committed' stages of the two pathways to illustrate 
that in both, the Sec61 complex serves the same passive role as the channel while the associated components 
ftmaion to keep the polypeptide unfolded and move it vectorally into the lumen. 

Molecular Details 
Signal sequence recognition and targeting is understood in the greatest molecular detail 

for the cotranslational (i.e., SRP-dependent) pathway in eukaryotes. This is largely because 
the remarkable evolutionary conservation of this pathway from Bacteria to mammals has 
allowed the experimental results from multiple systems and approaches to be combined. In 
higher eukaryotes, SRP is a ribonucleoprotein composed of six proteins (named by their 
apparent molecular weights: SRP72, SRP68, SRP54, SRP19, SRP14, andSRP9) a n d a - 3 0 0 
nucleotide RNA (termed 7SL RNA or SRP RNA).^^'^^ Of these components , SRP54 and a 
portion of the RNA are directly involved in both signal sequence recognition and the inter
action with SR. Indeed, these two components define the minimal SRP that can be found in 
all organisms of every kingdom of life.^ In almost all Bacteria, only these two components 
are found, indicating that thev can perform all of the recognition and targeting functions 
necessary for translocation.^''^ 

Structural analysis of SRP54 homologues from several organisms ^' ^ has revealed that it 
is universally organized into three functional segments: the M, N , and G domains. Of these, 
the M domain recognizes signal sequences via a deep, hydrophobic groove lined by the flexible 
side chains of several methionines. Phosphates of the RNA backbone are near one end of this 
groove, and may interact with basic residues that are often (but not always) adjacent to the 
hydrophobic core of signal sequences and transmembrane domains. These and other conserved 
features of SRP54 help to explain how it can accommodate a wide range of signal sequences 
whose only common feature is a hydrophobic segment, and why signals from diversely differ
ent organisms are often interchangeable. 

In addition to signal sequence recognition, the other essential function of SRP is its inter
action with SR to ensure the targeting of nascent secretory and membrane proteins to the 
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translocon. The tight coordination of the series of interactions that imparts unidirectionality to 
the targeting phase of translocation is through the regulated GTPase activities of SRP and SR. 
The GTPase component of SRP resides in the G domain of SRP54 (see ref 35). In eukaryotes, 
SR is a heterodimer of a and p subunits, both of which are GTPases.^^'^^ Of these, SRa is 
highly conserved from prokaryotes to mammals and, together with SRP54 and SRP RNA, 
represents the minimal targeting machinery found in all organisms. Detailed mechanistic 
and structural analysis of this minimal SRP pathway, mosdy using the model bacterial system, 
has revealed the essential aspects of their regulation during cotranslational targeting. 

In the current working model, free SRP in the cytosol is in the GDP-bound state. Its 
association with the ribosome stimulates GTP binding, and subsequent association with the 
signal sequence inhibits GTP hydrolysis.^^'^^ Thus, the signal-SRP-ribosome ternary complex 
is likely to be in the GTP-bound state. Although less direct evidence exists for SRa, it is thought 
that its association with a vacant translocon at the membrane (directly in the case of prokary
otes, and indirectly via SRp in eukaryotes) may similarly allow GTP binding and prevent GTP 
hydrolysis. Thus, the SR-translocon complex would also be in the GTP-bound state. The 
GTP-bound forms of SRP54 and SRa have a high affinity for each other, allowing the deliv
ery of signal-containing RNCs to the close proximity of an appropriately vacant translocon. ' 

The interaction between the GTPase domains of SRa and SRP54 stimulate the hydroly
sis of GTP by each other (thereby acting as GTPase activating proteins, or GAPs, for one 
another).^ The change in conformation that accompanies this GTP hydrolysis results in a 
weakening of the interaction between SRa and SRP54, allowing this complex to be dissociated 
for another round of targeting.^ '̂ '̂̂ ^ Many of the molecular details of this generally appealing 
scheme remain to be elucidated. For example, SRP RNA,^ '̂̂ ^ as well as the translocon^ '̂̂ '̂  and 
the ribosome, clearly facilitate aspects of SRP-SR interactions and their GTPase activities. 
However, the precise mechanisms remain elusive at the present time. The recently emerging 
wealth of structural information on SRP and SR should help to illuminate the molecular de
tails of this framework. 

Beyond these essential functions performed by the minimal components, the significandy 
more complex eukaryotic SRP and SR are likely to confer additional functionality and advan
tages to the cell. One such eukaryotic-specific feature is the slowing of translation upon signal 
sequence binding by SRP, a phenomenon termed 'elongation-arrest'. The mechanism ap
pears to involve occlusion of the elongation factor binding site on the ribosome by the SRP9 
and SRP 14 subunits of SRP. The resulting decrease in translational rate serves to increase the 
time available for targeting to the translocation channel before excessive polypeptide synthesis 
precludes cotranslational transport. While translational attenuation by SRP is not essential for 
translocation, it appears to be physiologically important under at least some growth condi
tions in vivo.^^ Whether the other subunits of SRP (SRP68, SRP72, and SRP19), each of 
which is important for assembly (particularly SRP 19) and stability of the complete particle,^^ 
confer yet additional functionality to eukaryotic SRP remains largely unknown. Similarly, SRP, 
a homolog for which does not exist in prokaryotes, is likely to provide the bridge that further 
regulates the coordinated transfer of RNCs from SRP to the translocon. This appears to be 
accomplished by the regulation of SRP GTPase activity by both the ribosome ^ and the 
translocon, with accompanying conformational changes that are suggested to affect the 
RNC-SRP54-SRa-SRp interactions.^^ 

Signal sequences and transmembrane domains are also recognized by the translocon at the 
membrane in all modes of translocation. '̂ '̂'̂ '̂̂ ^ The purpose of this recognition is two-fold. 
First, it provides a mechanism for discriminating translocation substrates from other proteins. 
This is the sole discriminatory step in post-translational translocation, and a secondary (or 
'proofreading') step in cotranslational translocation. Second, signal recognition by the translocon 
is essential for its opening (or gating) in preparation for substrate transport. ' Since the core 
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of the translocation channel in both co- and post-translational translocons of both prokaryotic 
and eukaryotic cells contains the Sec61 complex, the basic mechanism of signal recognition at 
the membrane in all cases is presumed (but not yet demonstrated directly) to be mechanisti
cally similar. Hence, this step would appear to be a point of convergence for both co- and 
post-translational translocation pathways in different organisms. Indeed, recognition of signals 
(and transmembrane domains) by the Sec6l translocation channel is likely to be as ancient and 
evolutionarily conserved as signal recognition by SRP. Yet, the Sec6l-mediated recognition 
step, by striking contrast to SRP-mediated recognition, is very poorly understood. This is in 
part because the membrane proteins involved in translocon signal recognition are significantly 
more difficult to manipulate and study, relative to the cytosolic SRP. However, if one is allowed 
some degree of extrapolation across species, a general framework and a few mechanistic details 
of signal recognition by the translocon can be compiled. 

Cross-linking studies in both mammalian and yeast systems suggest that the signal se
quence binds to a site that is at the interface of the Sec6l channel and the surrounding lipid 
bilayer.^ '̂̂ '̂ Detailed analysis of the regions of yeast Sec6lp that interact with the signal 
sequence of a model substrate (prepro-a-factor) has implicated transmembrane helices 2 and 7 
as forming the binding site. These same two helicies of the bacterial SecY complex were also 
observed to interact with a synthetic signal peptide in detergent solution."^^ All of these find
ings from the mammalian, yeast, and bacterial systems can now be reconciled with the crystal 
structure of an archaeal SecY complex.^^' This structure revealed that helicies 2 and 7 are 
indeed adjacent to each other and provide a lateral exit site from the proposed pore within SecY 
to the lipid bilayer. Thus, it seems reasonable to conclude that in all systems, signal sequences 
(and transmembrane domains) of translocation substrates are recognized by a site in Sec61/ 
SecY that is composed of the two transmembrane helicies (2 and 7) that line the lateral exit site 
from the translocation channel. 

In addition to this 'generic' signal recognition site in Sec61, it is clear that other 
Sec61-associated components are also involved in signal recognition in many cases. These ad
ditional components may, directly or indirecdy, stabilize signal sequence-Sec61 interactions for 
at least a subset of substrates. In cotranslational translocation, these additional components 
include the TRAM protein^'^'^ and the tetrameric TRAP complex.'^^ In both cases, these acces
sory translocon components are required in a signal sequence-dependent manner for the trans
location of some, but not other substrates. TRAM has been directly implicated in interacting 
with the hydrophilic region that direcdy precedes the hydrophobic core of a signal peptide. 
The role of TRAP is less clear, but it may act indirectly by stabilizing the Sec61 channel with 
which it directly interacts. In post-translational translocation, the Sec62/63 complex is abso
lutely required for signal sequence recognition by the Sec6l complex. The mechanism is not 
yet clear, but it may be a combination of direct signal sequence interactions (e.g., with Sec62, 
which has been implicated in cross-linking studies^^'^^'^^), or indirect effects as a consequence 
of stabilizing the Sec6l translocon.^ 

The features of the signal that determine the need for these additional components are not 
well-studied, nor are the mechanisms by which they facilitate recognition. Furthermore, whether 
yet other components are also involved in substrate-specific aspects of signal recognition is also 
not known. Numerous proteins, particularly in the mammalian system, have been identified to 
be at or near the site of translocation. These include proteins with known functions (such as 
the multi-protein oHgosaccaryl transferase complex^^ or five protein signal peptidase com-
plex^^), as well as many others whose functions are not known.^^-^^ While none of these are 
absolutely essential for translocation of at least the simplest model substrates, it is not known 
whether they play essential or stimulatory roles in translocation of select substrates. As was 
exemplified by the TRAP complex, the functions of such accessory factors may elude detec
tion^^ unless the proper substrate is examined.'^^ 



Protein Movement Across Membranes 

Maintaining the Membrane Permeability Barrier 
During protein translocation, the membrane permeability barrier to the passage of small 

molecules should not be compromised. How this is achieved remains a matter of considerable 
debate. It is clear, however, that resolving this issue will require information about the architec
ture of the translocon, the structure of its individual constituents, and how they are assembled 
and changed during the functional translocation cycle. This will provide critical information 
about the nature of the translocation pore, its size, how it might be opened and closed, and 
how its permeability to small molecules can be controlled both during and in the absence of 
substrate translocation. At present, such structural and organizational information about the 
translocon and the pore are only beginning to emerge, leaving the mechanism of membrane 
permeability maintenance unresolved. 

The first experimental studies to begin addressing the issues of pore size and membrane 
permeability were in the mammalian cotranslational system. In these experiments, transloca
tion intermediates were assembled in which the substrate contained within it a fluorescently 
labeled amino acid at a defined position. The fluorophore was then used as a probe of both the 
environment surrounding the nascent chain^^ and the accessibility of this environment to ex-
ogenously added molecules capable of quenching the fluorophore. ^ ̂ '̂ '̂̂ ^ The ability to control 
substrate length (and hence, the stage of translocation), the position of the probe, and the size 
and location of the fluorescence quenchers allowed various parameters of the translocon to be 
deduced. From these studies, the pore sizes of inactive versus engaged translocons were mea
sured to be -8-10 A and -40-60 A, respectively.^^ Preventing the passage of small molecules 
through this pore depended on alternately sealing the channel with either a ribosome on the 
cytosolic side or BiP on the lumenal side.̂ ^"^^ Sequences in the nascent polypeptide are pro
posed to choreograph the dynamics of channel gating by the ribosome and BiP to allow sub
strate transport without small molecule leakage. Recently, an electrophysiological approach 
also suggested that purified Sec61 complex in lipid bilayers may contain pores as large as 60 A 
that can be blocked by BiP.̂ "̂  

Although the model derived from the fluorescent probe approach is internally consistent 
and compatible with many other biochemical experiments in the mammalian cotranslational 
system, several arguments against it have been raised. In one experiment, the inability to detect 
folding of even a small domain while it is inside the translocon^^ seemed at odds with the 
proposed 40-60 A pore size.^ '̂̂  However, it is not clear how generalizable the results from 
either approach are since in each case, a single (and different) substrate has been examined to 
measure pore size. In other experiments, structural studies using cryo-electron microscopy (EM) 
of RNCs bound to the translocon failed to see a tight seal between the ribosome and transloca
tion channel that was expected from the fluorescence quenching studies. ' However, an 
inability to see density by cryo-EM can be difficult to interpret since it could be due to in
creased flexibility in those regions of the structure, loss of ancillary translocon components 
upon solubilization and sample preparation, or sample heterogeneity. Thus, cytosolic or mem
brane components in addition to the ones visualized by cryo-EM may form the putative seal 
between the ribosome and membrane. Indeed, several abundant membrane components have 
been identified associated with the translocon (some with large cytosolic domains such as pi80)^ 
whose functions remain unclear. Thus, there are some potentially plausible ways to reconcile 
much of the seemingly conflicting data gathered on membrane permeability and translocon 
architecture of the mammalian cotranslational system. 

More problematic, however, is the argument that the proposed mechanism involving the 
ribosome and BiP during mammalian cotranslational translocation does not shed light on how 
the permeability problem is solved in other modes of translocation or in bacterial systems. In 
the post-translational pathway, the ribosome is not involved in translocation, precluding a role 
for it in maintaining the permeability barrier. In Bacteria, it is unclear what would serve the 
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function of the lumenal gate proposed for BiP in the mammalian system. Because of these 
difficulties, a more generally applicable and evolutionarily conserved solution to the perme
ability barrier problem has been sought. The most insight into such a putatively conserved 
mechanism comes from interpretation of the recent high resolution crystal structure of an 
archaeal SecY complex.^^' 

In this structure, a single SecY complex was found to form a channel-like structure with a 
very small pore flanked on the lumenal and cytosolic sides by funnels. The narrow constriction 
between these two funnels is only --5-8 A in diameter and lined by several hydrophobic resi
dues that together form the *pore ring.' If the channel formed by a single SecY complex is the 
functional pore through which the substrate is transported, the small size and flexibility of the 
'pore ring' side chains would then form a relatively snug fit around a translocating polypeptide. 
This mechanism of translocation would solve the permeability problem because the nascent 
chain itself can occlude the channel during translocation. Furthermore, another small segment 
of the SecY protein (termed the *plug* domain) appears to occlude the pore in its inactive 
state. Thus, no additional components would be required to maintain permeability except 
the Sec61/SecY complex, which forms the channel in all modes of translocation. 

The theoretical and experimental evidence that the translocation pore is indeed formed 
within a single SecY or Sec6l complex, despite its oligomerization into a larger structure,'^ ' 
is reviewed in detail elsewhere.'̂  '̂  In essence, it is argued that a hydrophilic pore cannot be 
formed at the interface of multiple SecY complexes unless they 'face' each other, a configura
tion the authors of the structural work consider unlikely based on experiments examining the 
bacterial SecY complex.̂ '̂̂ ^"^ Whether this proves to be true in all translocation systems, and 
hence explains the permeability problem, remains to be investigated. The alternative explana
tion is that in eukaryotic systems, the basic unit of translocation has evolved into a more mal
leable oligomeric structure in which the pores of multiple Sec61 complexes can indeed be 
combined to form a larger translocon that changes to meet the demands of the substrate. 

This explanation would necessitate additional protein complexes that facilitate this reor
ganization and new mechanisms to solve the permeability problem. While this might seem 
unnecessarily complicated, it is not unreasonable given the existence of numerous 
eukaryotic-specific translocation components whose functions remain largely unknown (such 
as Sec62, Sec63, TRAM, or TRAP, among many others) At present, the choice among the 
different views depends largely on where a philosophical line is drawn. On the one hand is the 
tremendous degree of evolutionary conservation of the most fundamental features of protein 
translocation that has allowed information across multiple kingdoms to be combined into 
explanations applicable to all systems. On the other hand is the equally powerful feature of 
evolution to forge new biological principles using the same basic constituents. Clearly, the 
former is justified when one considers examples such as the SRP pathway, while the latter is 
strikingly exemplified by the evolution in eukaryotes of mechanisms to 'pull' nascent chains 
across the membrane from a system initially designed to 'push' such chains from the cytosolic 
side. Ultimately, experimental results will be needed to resolve these issues and determine the 
degree to which evolution has been conservative versus inventive in shaping eukaryotic protein 
translocation across the ER. 

Regulation of Translocation 
The evolution of a complex endomembrane system in eukaryotes (Fig. 1) provides several 

advantages to the cell, some of which are more obvious than others. These advantages include 
increased capacity, quality control, quantity control, and regulation. In this last section, ex
amples of the ways in which the development of a multi-compartment secretory pathway has 
been exploited in complex eukaryotic organisms is discussed as a means of illustrating a general 
principle of regulated biological processes. This principle is then used to develop a rational 
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framework for how and why eukaryotic protein translocation is Ukely to be a highly regulated 
process. And finally, the (albeit limited) data on translocational regulation is compiled into 
some potential mechansims by which ER protein translocation can be controlled in a 
substrate-specific manner. 

The first advantage of compartmentalization, increased capacity, is a direct consequence 
of the substantially increased surface area of membrane across which a protein can be translo
cated. In the most extreme instance, the ER is expanded to almost completely fill the cells of 
highly secretory tissues such as the exocrine pancreas. The increased surface area (and hence 
capacity) conferred by the secretory and endocytic pathways is one reason (among many) that 
eukaryotic cells can be substantially larger than prokaryotes. The other three advantages are 
inter-related, and all a direct consequence of the fact that secretion in eukaryotes is a multi-step 
process that begins, not ends with translocation across the membrane. Thus, upon transloca
tion, the protein is still available to a eukaryotic cell before its secretion, while in prokaryotes, 
translocation is largely synonymous with exit from the cell. This availability has been thor
oughly exploited to confer several important advantages to eukaryotes. 

The most important advantage is the opportunity for quality and quantity control: since 
a translocated protein in eukaryotes is not lost to the extracellular space, there is time to impose 
a 'recall' in instances where the protein is not desired. Hence, if a protein is not matured or 
assembled properly, it is rerouted for degradation (i.e., quality control), thereby avoiding 
the potentially detrimental consequences of misfolded or incomplete secretory and membrane 
proteins. This has almost certainly facilitated the evolution of very complex secretory proteins 
(such as apolipoprotein B) or multi-component membrane protein complexes (such as the 
T-cell receptor). Similarly, regulated degradation after translocation allows the abundance of 
secretory or membrane proteins to be modulated in response to need (i.e., quantity control, 
exemplified by HMG-CoA reductase^^^ or apolipoprotein B̂  ). Furthermore, the intracellu
lar compartmentalization of secretion allows secretory and membrane proteins to be stored 
until they are needed,'^^ at which point they can be rapidly delivered to selected regions of the 
cell surface by exocytosis. Thus, secretion of extracellular proteins or surface expression of 
membrane proteins can be rapid, quantal, and temporally and spatially regulated. These ex
amples illustrate an important general principle: the disadvantages of increased cost and lower 
efficiency of a more complex, multi-step process (e.g., the secretory pathway) can be offset by 
the benefits of a greater degree of regulatory control. Thus, potentially regulatory aspects of the 
secretory pathway are likely to be most thoroughly developed in systems where control, and 
not just energetic cost, is of the utmost importance. 

In which organisms is the highest premium placed on precise control of secretory and 
membrane protein biogenesis? The answer is multicellular organisms, whose fitness depends 
not only on the health of individual cells, but equally (or perhaps even more) on the ways those 
cells interact, communicate, and fiinction as complex units. Such communication and interac
tions are intimately dependent on secreted and cell surface proteins whose amounts at the right 
time and place must be carefully regulated. Thus, completely healthy individual cells in a 
complex organism can nonetheless lead to failure of the organism if they do not fiinction 
coordinately in extremely precise ways. Countless examples of this idea can be found in human 
physiology and disease, including the regulation of blood pressure, reproductive cycles, stress, 
appetite, and weight regulation. It should, therefore, come as no surprise that each and every 
step in the secretory pathway that has been examined was discovered to be regulated to tightly 
control the levels of secretory and membrane proteins in response to cellular and organismal 
needs (Fig. 1). Will protein translocation prove to be any different, once more complex (and 
subtle) aspects of this process have received experimental attention? Almost certainly not. 

How then might one conceptualize a framework for translocational regulation that 
can guide future investigation? At the outset, it is instructive to consider analogies to other 
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regulatory systems for common themes that can be applied to translocation. In this vein, a 
grossly simplified discussion of transcriptional promoters and their regulation is useful̂ ^ '̂̂ ^^ 
(although similar arguments can be made equally well with any other regulatory process). In 
transcription, sequence features that are common to all promoters are accompanied by se
quence elements that are unique to each individual promoter.^ ̂ ^ Thus, each promoter is unique, 
but contains at least some common elements that allow it to be recognized as a promoter per se. 
The common elements allow a core (or 'general') machinery to mediate transcription,^ ®'̂ ^̂  
while the unique elements impose requirements for additional machinery that regulate the 
recruitment or activity of the core components. ' The combinatorial expression or modifi
cation of the unique machinery can dramatically influence the activity of any given promoter. 
By regulating individual components of the unique machinery in a temporal or cell type-specific 
manner, transcriptional regulation of individual promoters can be achieved independently of 
each other. Thus, sequence diversity of promoters combined with diversity in the components 
that recognize them allows selective regulation of genes that all, nonetheless, use a commonly 
shared core machinery for transcription. 

Applying this general idea to translocation allows at least one mechanism of regulation to 
be conceptualized. Here, signal sequences are viewed as loosely analogous to promoters, and 
the evolutionarily conserved components of the translocation machinery (i.e., SRP, SR, and 
Sec6l complexes) are analogous to the core transcriptional machinery. Signal sequences are 
indeed extremely diverse, with each substrate containing an effectively unique signal, while 
nonetheless sharing certain common, recognizable features.^' The common features of the 
signal appear to be the elements that are recognized by the core machinery, such as SRP54 and 
the Sec6l complex. The unique features of the signal appear to impose additional constraints 
on signal function by requiring the presence of additional factors at the translocation site such 
as TRAM or the TRAP complex.^ These additional components can be modified (e.g., by 
phosphorylation ^^^'^^^), which potentially may selectively modulate their activity (although 
this has yet to be examined). Thus, even using only the limited information that is currently 
known, one can easily envision the basic elements of a substrate-specific system of translocational 
regulation (Fig. 3): (a) diversity in structure and fimction of signal sequences that share a bare 
minimum of common features, (b) diversity in 'accessory' components that influence recogni
tion by a core translocation machinery of some, but not other signals, and (c) selective changes 
in expression or modification of the 'accessory' components that could affect the outcome of 
translocation for some, but not other substrates. 

This view of regulating translocation by the combinatorial fiinctions of accessory compo
nents can be readily expanded to incorporate the many other factors at or near the site of 
translocation whose functions remain elusive. In the mammalian system, these include Sec62, 
Sec63, pi 80, p34, a TRAM homolog, and yet unidentified proteins observed by cross-linking 
studies. Each of these components could potentially play stimulatory (or inhibitory) roles in 
the translocation of selected substrates, with the specificity encoded in the sequence diversity of 
the signal. Such accessory components can not only be modified, but themselves regulated at 
steps such as alternative splicing or differential expression ^ to influence their fimction. 
Thus, there exist more than enough sources for modulatory activities to theoretically provide 
exquisite specificity in the regulation of signal sequence fiinction, and hence translocation. 

Initial evidence that protein translocation can indeed be modulated in a substrate-selective, 
cell-type specific way has recendy been provided by quantitatively examining the efficiency of 
signal sequence fimction in vivo.^^^ Not only were different signal sequences found to have 
different efficiencies within a given cell type, but they also varied independently in a cell 
type-specific manner. For example, one signal sequence was observed to be significantly more 
efficient than another signal in a particular type of cell; in a different cell type, the two signals 
were found to be equally inefficient. Thus, the entry of proteins into the ER is not necessarily 
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Figure 3. Conceptual framework for translocational regulation. One potential mechanism for regulating 
the translocation of secretory and membrane proteins into the eukaryotic ER is shown. Here, the se
quence diversity of signals can be exploited to selectively influence the translocation efficiencies, and 
hence functional expression, of some but not other secretory pathway proteins. The key discriminatory 
step is proposed to occur at the translocon, whose modification or composition would affect its selectivity 
for the range of signal sequences that it can recognize to initiate translocation. Thus, the encoding of a 
signal sequence in a protein is not viewed as a guarantee of its entry into the secretory pathway; rather, 
the signal is a provisional 'license' for translocation that is contingent on the translocon, whose functional 
state can be modified in response to cellular need. Panel A shows a representative sample of several signal 
sequences from human secretory proteins. Note the wide diversity of amino acid sequence, composition, 
length, and charge of the N-terminal domain preceding the hydrophobic sequence. Panel B illustrates 
the concept of translocational regulation described above. In this example, several substrates that differ 
in their signal sequences are either accepted (arrow) or rejected (square) by each of the hypothetical 
translocons. Note that the selectivity is altered upon changes in either the modification state (left) or 
composition (right) of the translocon machinery. 



Protein Translocation Across the Endoplasmic Reticulum Membrane 13 

a constitutive process predestined by the sequence of the substrate. Rather, it is dependent on 
and potentially regulated by the machinery that mediates its translocation. 

Consistent with this view are the numerous examples in which secretory pathway proteins 
are also found in alternative locations (summarized in ref 118), the extent of which can vary in 
a cell type-specific manner. The mechanistic basis or physiologic relevance of these observa
tions is not yet clear, but at least some of these examples are likely to be a consequence of 
translocational regulation. Clearly, modulating translocation not only provides one means of 
quantity control (i.e., the ability to change the abundance of the protein in the secretory path
way), but also a mechanism to generate an alternative form of the same protein in another 
compartment, where it could potentially serve a second function. Examples of proteins that 
may have such alternative functions in different compartments have been suggested (see ref 
118 for a summary). The degree to which translocational regulation is beneficially utilized for 
the generation of functional diversity or quantity control of secretory pathway proteins re
mains to be investigated. 

Conclusions 
The eukaryotic translocation pathways contain a very well-recognizable core machinery 

whose identity and mechanisms of action are remarkably well-conserved across all kingdoms of 
life. The signal sequences and transmembrane domains that engage this machinery are essen
tially indistinguishable when comparing the prokaryotic versus eukaryotic populations of sub
strates. Despite these similarities in substrate clientele, the core translocation machinery has 
been embellished at every conceivable step during the evolution of eukaryotes (Fig. 2). The 
reasons for this increase in complexity, which are probably varied and numerous, remain poorly 
understood. One general explanation may be that a higher premium is placed in more complex 
organisms on fidelity of protein biogenesis. Not only are proteins generally more complex and 
multi-domained in eukaryotes, but the consequences of their misfolding may be more detri
mental in cells whose proper function depends on a larger set of intersecting biochemical path
ways. This may be particularly important in highly differentiated cells of multi-cellular organ
isms that must live long periods of time without replacement by cell division. Thus, very tight 
control of targeting and translocation, with contingencies for errors at each step, may provide 
subtle advantages to eukaryotes that outweigh the costs of increased complexity and energy 
expenditure. A more important reason for the multiple layers of complexity during eukaryotic 
translocation may be to facilitate cellular control at each step. This general theme of embellish
ing a basic process to allow for regulation is seen in virtually every other cellular process such as 
transcription, translation, or cell division. By adding accessory components whose activities 
can be used to modulate a core machinery, a biological process such as transcription can be 
changed in response to cellular demand or environmental conditions. If and how protein trans
location can be regulated remains essentially unexplored at the present time, but is envisioned 
to utilize themes common to other biological regulatory processes. This concept of translocational 
regulation represents a fertile area for future research in this field. 
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CHAPTER 2 

Preprotein Translocation through the Sec 
Translocon in Bacteria 

Antoine P. Maillard, Kenneth ICY. Chan and Franck Duong* 

Abstract 

The Sec translocase or translocon is the essential and ubiquitous system for protein 
translocation across or into the membrane. The core channel, the SecYE complex, is 
conserved across biological kingdoms and most of the polypeptide chains which are 

routed to extracellular or membrane locations in Bacteria use this pathway. Biochemical and 
genetic approaches have yielded a substantial body of information about functional aspects of 
Sec-mediated translocation and this information has recently been enriched with structural 
data at atomic resolution. This chapter reviews previously acquired facts and concepts concern
ing the Sec translocase of Bacteria in light of recent structural results and considers implica
tions of these findings. 

Introduction 
In E. coliy components of the Sec pathway were identified during the mid-1980s using 

elegant genetic screens. Conditional-lethal mutations associated with a generalized 
protein-secretion defect or mutations restoring translocation of proteins with secretion-defective 
leader peptides allowed the identification of most of the Sec components. The translocation 
pathway was then successfully reconstituted in vitro in the early 1990s to allow biochemical 
dissection of the subreactions of the translocation event. It was shown that targeting of the 
protein substrate to the translocase is mediated by the dedicated chaperone SecB or by the 
signal recognition particle (SRP). The biochemical analysis showed further that the translocon 
is comprized of a membrane-embedded SecYE channel complex and a peripheral SecA 
ATPase which functions as a motor to drive translocation (Fig. 1). Genomic analysis revealed 
that SecYE is highly conserved in Baaeria, Archaea and eukaryotes.^^'^ ̂  Isolation of large amounts 
of SecYE complex or its eukaryotic homolog, the Sec6lay complex, allowed for further bio
chemical, biophysical and structural analysis. Both complexes copurify with a small subunit, 
SecG and Sec6iP respectively, although these subunits do not share obvious homology. Ad
ditional components, such as the heterotrimeric complex SecDFyajC and the proton motive 
force (PMF),^^ were found to contribute to the Sec pathway but in vitro reconstitution experi
ments demonstrated that SecA, SecE and SecY are necessary and sufficient for the basal activity 
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Figure 1. Model for preprotein translocation across the cytoplasmic membrane. See text for details. 

of the translocase. '̂ ^ The following paragraphs describe in finer detail more recent findings 
and address current questions on the bacterial translocation system. 

The SecYEG Translocon at the Atomic Level 
Biochemical, biophysical and electrophysiology studies established early on that the Sec 

complex serves as the channel through which preproteins traverse the membrane. The recent 
solution of the two-dimensional' '̂ ^ and three-dimensional'^ structures of SecYEG (-75 kDa) 
and Sec YEP from the bacterium E. colt and the archaeon M. jannaschii, respectively, provide 
structural support and new insight into the translocation mechanism. As a full chapter on the 
Sec channel structure appears elsewhere in this book (see Chapter 4), only a brief description 
is given here (Fig. 2). The SecY subunit consists of two sub-domains, the transmembrane 
segments TM1-TM5 and TM6-TM10, arranged like a clamp and related to each other by a 
two-fold pseudo-symmetry axis. The essential SecE subunit docks its TM helix across the 
interface of the two SecY domains, clamping them together. The proposed translocation channel 
is located in the center of the SecY subunit which is filled by a short distorted helix (TM2a, 
termed the plug) extending halfway to the center of the membrane. Movement of the plug 
would yield a continuous aqueous channel through which preproteins would be translocated. 
Halfway across the membrane plane, the channel is also constricted by a ring of six hydropho
bic amino acid residues. This ring is proposed to seal the channel but would also widen just 
enough, probably by shifts in the helices forming the channel, to allow the passage of a polypep
tide chain. The small Seep subunit (SecG-like subunit) is peripherally attached and makes 
limited contact with SecY, consistent with its nonessential role in translocation. A groove 
situated between the TM segments at the edges of the two SecY halves (interface between 
TM2 and TM7) is accessible to the lipid bilayer. As the other sides of SecY are contacted by 
the SecE and Seep subunits, this groove may form a lateral gate for release of TM segment of 
membrane protein. 

Binding and Orientation of the Leader Peptide into the Translocon 
Leader peptides consist of a short positively charged N-teminal region followed by a 

central hydrophobic core and a leader peptidase cleavage site. The physicochemical properties 
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Figure 2. Structure of the SecYEG complex. The structure of the Sec complex from M. jannaschii (PDB: 
1RHZ) viewed from the periplasmic side. The two halves of Seca/SecY (TM1-TM5 and TM6-TM10) are 
shown in dark and pale tone respectively. Both halves form a clamp that might open between TM2b and 
TM7 to deliver transmembrane proteins. TM2a plugs the channel and may move toward SecE and away 
from the channel cavity, yielding a passage way for a translocating polypeptide. 

of leader peptides are essential for correct interaction with the translocon, such that the N -
terminus of the leader peptide stays in the cytosol while the hydrophobic core crosses the 
membrane. Insertion of the leader peptide into the channel at an early stage of translo
cation has been thoroughly analyzed by photo-crosslinking technologies. Wi th photoreactive 
probes positioned at single sites along the leader peptide, it was shown that the opposite 
sides of the hydrophobic core contact T M segments 2 and 7 of the SecY subunit.'^'^''^ Each 
residue of the leader peptide could also be cross-linked to phospholipids, suggesting that the 
binding site is located at the interface of the protein channel and the lipid phase. These 
earlier experiments are now supported by the atomic structure of SecY which reveals that 
T M 2 and T M 7 are located at the interface of the two SecY halves, adjacent to the pore 
channel and accessible both from the lipid and cytoplasmic side of the membrane.^^ More
over, the sequences of T M domains 2 and 7 are well-conserved, suggesting a similar mecha
nism of leader peptide recognition across evolution. Binding and orientation of the leader 
peptide into the translocon also involves specific charged residues in the cytoplasmic and 
periplasmic loops of SecY. Site-directed charge-reversal mutat ions indicated that these con
served amino-acyl residues functionally interact with charged residues in the N- te rminus of 
the leader peptide in order to set its correct topology in the channel. '^^ T h e residues imme
diately after the signal sequence were found in contact with the SecY subunit but not with 
lipids, support ing a model in which the polypeptide chain inserts in a loop-like configura
tion into the channel. 

Opening of the Translocation Channel 
Pioneering experiments showed that the addition of synthetic leader peptides to the cy

toplasmic side of reconstituted E. coli membrane bilayer opens aqueous pores detectable by 
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conductivity measurements. The model derived from the atomic structure predicts that two 
movements may occur in order for the channel to open and to accommodate the leader and 
attached polypeptide.^^ First, the plug domain may move away from its blocking position in 
the protein channel and second, the N- and C-terminal halves of SecY may move apart to 
create a lateral opening of the translocation pore necessary to embrace the polypeptide chain. 
Alternatively, a diaphragm-like movement of the TM segments would widen the pore sufR-
ciently to allow insertion of the polypeptide chain. Although these putative movements await 
experimental support, some earlier experiments are in favor of these models. It was shown 
that unique cysteines introduced in the domain of SecY forming the plug (TM2a) and at the 
C-terminal end of SecE can form a disulfide bridge. Since these two cysteines are 20A apart 
in the closed channel structure, the observed cross-link is now explained by the movement of 
the plug away from the center of the channel. Moreover, the disulfide bridge formation had a 
dominant lethal affect, as expected if the channel was locked into a permanently open state 
by the covalent modification. Other possible experimental support is provided by Prl mu
tants, a collection of mutations in SecY or SecE which up-regulate the activity of the translocase. 
Since these mutations allow secretory proteins with defective or even deleted leader peptides 
to be transported, they may mimic the effect of signal sequence binding. A previous study 
indicated that the Prl mutations increase the conformational flexibility of the translocon, 
and the atomic structure shows that most of the mutations are located in the center of the 
channel, particularly on the internal side of TM7 and in the plug. ̂ ^ Thus, it is postulated the 
Prl mutations could increase the dynamics of the plug movement or facilitate widening of the 
pore during initiation of translocation, and therefore reduce the requirement for a functional 
leader peptide. 

Translocation Pause 
Short hydrophobic stretches in the mature domain of preproteins induce a transient pause 

in the translocation movement which leads to the formation of translocation intermediates 
across the channel. Deletion or relocation of these hydrophobic segments significantly alters 
the pattern of intermediates, while increasing the length and hydrophobicity of the stretch can 
lead to complete translocation arrest.^ '̂ ^ These observations suggest that the mechanism in
volved during translocation pause and translocation arrest are probably similar. The atomic 
structure shows that the channel is shaped as an hourglass with a constriction of hydrophobic 
residues in its center. It is proposed that the hydrophobic ring may form a seal around the 
translocating polypeptide chain while the hourglass shape may serve to limit the contact of the 
chain with the channel walls. ̂ ^ While this organization may minimize the energy required for 
polypeptide movement through the membrane, it may also serve in the recognition of hydro
phobic stretches. If the length and hydrophobicity of the stretch is sufficient to span the mem
brane, the protein is eventually released into the lipid phase of the membrane.^^' The TM 
segment of a nascent membrane protein has been shown to move from the aqueous interior of 
the channel to the hydrophobic environment of the lipid bilayer. '̂̂ ^ The atomic structure 
shows that the TM2/TM7 interface is the only possible escape for lateral release of TM seg
ments of membrane proteins in transit through the translocon. 

The Quaternary Structure of the SecYEG Translocon 
The understanding of the translocation channel is further complicated by the fact that 

SecYEG exists as dimeric and tetrameric assemblies. Low resolution electron microscopy (EM) 
images of purified mammalian, yeast and bacterial translocon all revealed the oligomeric state of 
the Sec complex.^^' ^ The stoichiometry of these assemblies was then established using various 
biochemical and biophysical investigations such as crosslinking, sedimentation analysis and 
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blue-native gel electrophoresis. ^ In the SecYEG dimer, SecE is located at the interface of the 
protomers, such that the TM2/TM7 interfaces are pointed in opposite directions and toward 
the lipid bilayer. This is the organization seen in the 2D crystal structure, ̂ ^ which is also sup
ported bv a cysteine crosslinking study showing that the two SecE subunits are close to one 
another. The organization of the Stc protomers within the tetrameric assemblies is unknown. 
It is argued that two dimers, each with an organization similar to that observed in the lattice of 
the two-dimentional crystals, may associate in a side-by-side manner to form a tetramer. ^ Such 
organization leaves the lateral gates oriented toward the lipid bilayer but other configurations 
are, nonetheless, possible. Since evidence for the existence of SecYEG as a monomer in the 
membrane is lacking, it is unclear why the SecYEG complex exists as an oligomer while a single 
copy of SecYEG seems to form the translocation channel. The central depression seen in the 
oligomeric ring-like structure was initially postulated to form a translocation pore.^^' ^ In the 
2D crystals, the dimeric translocon presents a funnel-like cavity formed by adjacent protomers 
and closed on its periplasmic face.̂ '̂  It is now proposed that the pore-like structure formed by 
the tetramer or the cavity observed within the dimer in fact reflect a depression at the interface 
of the protomers rather than a true translocation channel. 

Dynamic Behavior of SecYEG Oligomers 
It is also unclear whether the Sec complex undergoes transitions in its oligomeric status as 

part of the translocation event. Native electrophoresis experiments show that SecYEG dimers 
reversibly dissociate into monomers in a detergent-dependent manner ^ and a protein 
concentration-dependent equilibrium between Sec tetramers and monomers exists, as detected 
by analytical centrifugation. ^ However, such dynamic association of Sec protomers takes place 
in detergent solution and may be different once the SecYEG complex is embedded in the 
phospholipid bilayer. The reconstitution of membranes containing active SecYEG involves the 
dilution of detergent and thus prompts the formation of dimers. ^ The same is true for the 
growth of 2D crystals and only dimeric assemblies formed in the crystallized membrane. 
Moreover, subunit exchange studies and fluorescence resonance energy transfer experiments ^ 
failed to observe any exchange of the protomeric components within the membranous oligo
mer. Altogether, these observations argue that the translocon may not experience rearrange
ments in its oligomeric status per se, although translocation-related dynamic changes may 
occur. Indeed, cysteine-scanning mutagenesis identified enhancement of the interhelical SecE 
contact at the initiation of translocation, suggesting that translocation residts in a rearrange
ment of SecE molecules within the SecYEG oligomer. Electron microscopy analysis of 
proteoliposome-reconstituted, detergent-solubilized dimeric SecYEG revealed that binding of 
SecA with nucleotides lead to the recruitment of two SecYEG dimers to form the tetrameric 
SecYEG assembly. ^ Similarly, reconstitution of the mammalian translocon ring structure re
quired the presence of ribosomes for recruitment of individual Sec6l eukaryotic complexes. ^ 

Atomic Structure of the SecA Translocation Motor 
The SecA ATPase (--100 kDa) interacts with the SecYEG channel to drive translocation. 

In addition to its high affinity for SecYEG, ^ SecA also interacts with numerous ligands: leader 
and mature regions of preproteins, acidic phospholipids, SecB, nucleotides, Mg,"̂ ^ Zn"̂ ^ and its 
own mRNA.^^ Accordingly, the crystal structure of SecA from B. subtilis reveals a complex 
multidomain protein (Fig. 3).^^ The motor ATPase domain is made up of two RecA-like folds 
(termed nucleotide binding folds, NBF) similar to those found in superfamily 1 and 2 helicases.^^ 
The interface between NBFl and NBF2 forms the nucleotide binding site. Three other do
mains are linked to the ATPase domain: the preprotein cross-link domain (PPXD), helical 
wing domain (HWD), and helical scaffold domain (HSD).5i The PPXD domain can be 
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Figure 3. Modular structure of SecA. Ribbon representation of i9. subtilis SecA (PDB: 1M74). See text for 
an introduction to NBF1, NBF2, HSD, HWD, PPXD and CTD domains. Above SecA, a fit-to-scale sketch 
represents the monomeric translocon inside the hydrophobic bilayer of the cytoplasmic membrane. The 
channel inside the translocon has an hourglass shape with the characteristic dimensions indicated. 

cross-linked to the leader and mature domain of preprotein. ' The H S D domain contains a 

long a-helix acting as a connection between the motor and translocation domains of SecA. The 

H W D domain is an insertion in the H S D domain and seems to be flexible and loosely linked 

with the rest of the molecule. The extreme C-terminal region (CTD) is also flexible and has 

been shown to bind lipid, Zn ^ and SecB.^^'^ Recently, comparison of the atomic structures of 

monomeric and dimeric SecA revealed that SecA monomerization generates relative move

ment of the PPXD, H S D and H W D domains such that a potential preprotein-binding groove 

forms at the surface of SecA^^ (see below also). 

Binding of the SecA Motor to the SecYEG Channel 
The regions of interaction between SecA and SecYEG remain to be characterized. Ligand 

affinity blotting experiments indicate that SecA binds to the first 107 amino acid residues 

of SecY^^ and intergenic suppressor studies suggest that the C-terminal cytoplasmic loop 
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(between TM8 and TM9) and the C-terminal tail of SecY are important for SecA interac
tion.^^ Mutations in the C-terminal tail do not abolish the binding of SecA, but prevents 
its activation. ̂ ^ Similarly, random targeted mutagenesis identified residues in the cytoplas
mic loop TM8/TM9 as indispensable for productive SecA-dependent translocation, but their 
effect on SecA binding is unknown. The sequences of SecA that interact with SecYEG are 
also poorly defined. Extragenic suppressors of SecY mutations map all over SecA molecules. 
Ligand afifmity experiments identified the C-terminal third of SecA as the SecYEG-interacting 
domain.^^ In contrast, characterization of the binding constant of truncated SecA deriva
tives indicate that the N-terminal domain comprizing the ATPase motor is responsible for 
the interaction with SecYEG ^ but both domains may contribute to optimal binding of 
SecA to the SecYEG complex. Moreover, the stoichiometry of the SecA-SecYEG association 
is largely unknown (see below). 

How Does SecA Use ATP to Catalyze Translocation? 
The SecYEG-bound SecA ATPase activity is stimulated by a translocation-competent 

preprotein.^ This activity, termed SecA translocation ATPase, is responsible for the preprotein 
translocation reaction. In vitro reconstitution shows that the initiation step requires ATP bind
ing but not its hydrolysis. This initial event leads the leader peptide and attached polypeptide 
to cross the channel in a loop-like configuration such that it can be processed by a signal 
peptidase at the periplasmic face of the membrane. Continued translocation then requires ATP 
hydrolysis which causes cycles of binding and the release of the preprotein from SecA. ' ^ 
Under appropriate in vitro conditions, it has been shown that translocation is a stepwise proccess, 
corresponding to translocation steps of 20-30 amino acid residues of the polypeptidic chain. ' 
The mechanism by which the energy of ATP binding hydrolysis at SecA is converted into the 
movement of preproteins across the membrane has been related to the SecA transmembrane 
mobility at SecYEG, called the insertion-deinsertion cycle.*̂ ^ This model is based on the obser
vation that SecA becomes protected from added protease under the conditions of active 
preprotein translocation. ' Several regions of SecA are indeed accessible for chemical modi
fication from the periplasmic side of the membrane. The membrane insertion-desinsertion 
of SecA is regulated by ATP and repeated cycles of these movements has been proposed to drive 
the stepwise movement of preprotein across the membrane. Whether SecA truly inserts into 
the translocon and across the membrane, and how the ATP-derived energy is coupled to the 
preprotein movement, remains controversial and not yet fiilly understood. What is clear is that 
SecA undergoes conformational changes that are coupled to its interaction with ligands and 
driven by the ATPase cycle. By analogy to the helicase working mechanism,^^ the two RecA-like 
domains of SecA may move relative to one another during the ATPase cycle, creating domain 
movements which may be propagated via the long a-helix (HSD) to the other SecA domains 
to generate preprotein motion.^^'^ Steady-state tryptophan fluorescence anisotropy spectros
copy suggests that nucleotide-free SecA is in a domain-dissociated conformation which may 
have high aiFinity for SecYEG.̂ ^ In contrast, nucleotide binding would result in the presenta
tion of compact conformations with low affinity. Thus, both SecA conformational changes and 
variation in SecYEG-affinity would provide the driving force for translocation to occur. 

The SecA Monomer-Dimer Equilibrium 
An understanding of the SecA mechanism seems further complicated by the fact that 

SecA exists in solution as a dimer in equilibrium with a small fraction of monomers.'^^' The 
dimeric organization maximizes the buried solvent-accessible surface area and intermolecular 
protomeric contacts, but the interface between the SecA dimer is not extensive.^ '̂̂ '̂  The equi
librium can be shifted towards the monomeric state by relatively small changes in the SecA 
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primary sequence or incubation conditions7^'^^ An early study based on fluorescence reso
nance energy transfer experiments and involving heterodimers with one ATPase-inactive sub-
unit has suggested that the SecA dimer is the active species in translocation/ but this view has 
been recently challenged. Acidic lipids, which are essential for SecA activation were found to 
induce dissociation of the dimer/'^ Furthermore, synthetic signal peptides can induce 
monomerization of SecA while a mutant that fails to dimerize retains some translocation activ-
ity/'̂ ''̂ ^ Finally, the rotation of the PPXD domain, which generates a large groove probably 
involved in preprotein binding, occurs upon monomerization of SecA. Altogether, these re
cent observations suggest that the active form of SecA may be monomeric or that SecA 
monomerization may be critical at some stage of the translocation reaction. The oligomeric 
state of SecA during translocation and when bound at SecYRG remains, however, to be deter
mined. Recent native electrophoresis and analytical centrifugation experiments suggest that 
detergent-solubilized and stabilized dimeric SecYEG can bind both monomeric and dimeric 
SecA with a stoichiometry modulated by nucleotides.^^'^^ The variability in the stoichiometry 
of the SecYEG-SecA complex might carry significant implications. It is now hypothesized that 
the mechanism by which SecA mediates protein translocation may resemble the mechanism by 
which helicases mediate unwinding of nucleic acid duplexes.̂ " '̂̂ ^ Two distinct mechanisms, 
called the inch-worm model and the active rolling model, can be envisioned. According to the 
'inchworm' mechanism, the SecA monomer is the functionally active species: cycles of ATP 
binding and hydrolysis would trigger localized conformational changes in the SecYEG-bound 
SecA monomer, leading to processive feeding of the polypeptide through the channel. Accord
ing to the 'rolling* model, ATP-driven cycles of SecA monomerization-dimerization would 
mediate the processive passage of preprotein: a free SecA monomer may bind a new segment of 
preproteins before reassociating with the SecYEG-bound SecA monomer. In both models, a 
SecYEG-bound SecA monomer would be maintained in close association with the channel 
throughout the translocation process. 

The Translocase Makes Use of the Proton Motive Force 
Preprotein translocation is strongly stimulated by the PMF, both with native membranes 

and with purified and reconstituted SecYEG translocase. ' Several subreactions of the translo
cation process seem to be simultaneously affected by the PMF. Earlier studies have shown that 
PMF can drive forward movement of preprotein translocation intermediates when SecA is no 
longer associated with the polypeptidic chain. '̂ The A\|/ and ApH components of the PMF 
may act on the preprotein itself via some sort of electrophoretic or folding effect on the polypep
tide chain in transit. ̂ ^ The binding of leader peptide to the cytoplasmic membrane and its subse
quent insertion in the translocation channel may also be optimized by the PMF. Alternatively, 
or in addition, the PMF may directly modify the conformation of the translocation channel and 
its subsequent interaction with the translocation partners. Indeed, the Prl mutations which may 
alter the conformation of the channel render the in vivo and in vitro translocation less 
PMF-dependent, suggesting that Prl mutations may mimic the effect of the PMF.̂ ^ Further
more, the PMF accelerates the conformational changes of SecA that occur during translocation 
and the stimulatory effect of the PMF is more obvious at low SecA concentrations. The same 
Prl mutations, which decrease the PMF-dependency of translocation,^ also increase the affinity 
of SecA for SecYEG.̂ ^ It is thus possible that the PMF could change the conformation of the 
channel such that it modifies the dynamics of the SecYEG-SecA association. 

Additional Subunits Make the Translocase Holo-Enzyme 
In contrast to SecA, SecY and SecE, the SecG subunit is not essential for cell viability 

and translocation and is not conserved outside the bacterial kingdom. ̂ ^ SecG is a 12-kDa 
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protein with two TM segments connected via a short apolar cytosoUc segment.^ '̂ ^ This 
small subunit enhances the translocation rate and this enhancing effect is particularly seen in 
vitro. SecG is not needed for the high-affinity binding of SecA to SecYE but it readily stimu
lates SecA activity. ̂ '̂̂  The in vivo contribution of SecG is clearly observed only when SecA 
function is compromised by mutations or when SecA activity may become more critical for 
translocation such as at low temperatures, in the absence of SecDF, in absence of acidic 
phospholipids, or at low transmembrane PMF.^^'^^ It has been shown that SecG exists in two 
inverted topological states in the membrane and interconversion between these states is linked 
to the SecA membrane insertion reaction.^^ SecG may enhance translocation and SecA ac
tivity by acting on the conformation of the translocation channel. However, the atomic 
structure shows that SecG is located at the periphery of the SecYE complex^ ̂  and EM pic
tures apparently indicate that SecG is not required for the formation of the SecYE ring-like 

40 
Structures. 

The core SecYE also associates with the SecDFyajC heterotrimeric membrane protein 
complex. ̂ '̂̂ ^ SecD and SecF present sequence similarity, each spanning the membrane six 
times and possesing a large periplasmic loop between the first and second transmembrane 
segments.^^^ In B. subtilisy SecD and SecF are even fused into one large polypeptide.^^^ YajC, 
a small single transmembrane protein, exists in tight complex with SecDF^^'^^ and its gene is 
located in the same operon. Altogether, these observations suggest that the role of these three 
proteins is somehow linked but their true function remains largely unknown. In vivo, the 
absence of SecDF, but not YajC, severely affects cell viability and the efficiency of protein 
translocation.^^ In vitro, the stimulatory effect of SecDFyajC is obvious only when mem
branes are depleted for SecG, suggesting that the stimulatory function of SecG covers that of 
SecDFyajC in the reconstituted system. ̂ ^ Interestingly, the level of SecG in membranes is 
decreased upon SecDFyajC depletion and recovered to a normal level when SecDFyajC is 
expressed, suggesting that a coordinated balance between these stimulatory subunits exist. 
At low translocation rates, it has been shown SecDFyajC increases the formation and accu
mulation of preprotein translocation intermediates in transit across the channel. These 
translocation intermediates are then propelled forward after energization of the membrane 
by the PMF. This result suggests that SecDFyajC may serve to coordinate the action of ATP-
and PMF-driven translocation. ̂ ^̂  SecDFyajC has also been shown to modulate the behaviour 
of SecA toward stabilization of the membrane-inserted conformation. Since Archaea con
tain SecD and SecF homologues while a SecA homologue is absent, this later effect may 
be indirect and rather caused by the stabilization of the translocation intermediate. Fi
nally, it has been proposed that SecD plays a role in protein release following the transloca
tion event. ̂ ^̂  

Concluding Remarks 
Genetic and biochemical studies have provided the first elementary and essential insight 

into the mechanism of preprotein translocation. Structural studies have resulted in a signifi
cant advance of our understanding and allowed further interpretation of previously obtained 
experimental data. As discussed in several places in this chapter, many aspects of the transloca
tion reaction are accompanied by dynamic conformational changes and transient associations. 
The combination of advanced biochemical tools together with high-resolution structural ap
proaches will soon allow for an exact description of the relation of structure to function, lead
ing to detailed knowledge about the mechanism of protein translocation across and into the 
cytoplasmic membrane. Finally, further challenges include the description of translocon func
tion integrated in the larger context of the cell physiology, and its cross-talk with the other 
translocation systems present in the cell envelope. 
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CHAPTER 3 

Protein Translocation in Archaea 

Jerry Eichler* 

Abstract 

While the process of protein translocation has been extensively addressed in Bacteria 
and Eukarya, little is known of how proteins cross the membranes of Archaea, the 
third domain of Life. Analysis thus far suggests the hybrid-like nature of the archaeal 

protein translocation system, combining selected aspects of the bacterial and eukaryal processes 
together with Archaea-specific features. The archaeal translocation apparatus simultaneously in
corporates homologues of system components found either in Bacteria or Eukarya but not in 
both, yet seemingly does not include other important elements of these two systems. Moreover, 
certain facets of the archaeal protein translocation process appear specific to this domain, possibly 
reflecting adaptations to the extreme environments in which Archaea exist. 

Introduction 
First identified on the basis of their unique 16S ribosomal RNA secondary structure and later 

delineated by genomic comparisons, Archaea represent a separate branch of the phylogenetic tree 
that also includes Bacteria and Eukarya. ̂ ''̂  While Archaea have been shown to be distributed 
across a wide range of biological niches,^ these microorganisms remain best known as 
extremophiles, able to thrive in extremes of temperature, pH and salinity, as well as other harsh 
environments. As such, the archaeal plasma membrane must not only retain its structural 
integrity in the face of drastic physical surroundings, but also perform a variety of biological 
activities, including nutrient uptake, cell division, bioenergy production and protein secretion. 
Hence, better understanding of how membrane-based functions are performed in Archaea 
would not only describe molecular strategies employed by archaeal membranes in response to 
extreme conditions, but could also provide new insight into the processes themselves. 

In Archaea, a variety of proteins must traverse or insert into the plasma membrane. As in 
Bacteria and Eukarya, translocation of such proteins requires that they be identified as destined 
to reside beyond the cytosol and then be delivered to membranous translocation sites where 
they traverse the membrane. However, unlike our relatively advanced understanding of protein 
translocation in the other two domains of Life, '̂̂  litde is known of the steps involved in archaeal 
protein translocation. ' In the following, the current state of understanding of the archaeal 
protein translocation process is considered. 
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Archaeal Signal Peptides 
Across evolution, proteins destined for export are usually synthesized as precursors, bear

ing a cleavable N-terminal signal peptide involved in directing such proteins to the 
membrane-localized translocation machinery. As archaeal signal peptides have only been 
experimentally confimed in a limited number of examples, it remains unclear what 
Archaea-specific signal peptides look like. Examination of known and predicted archaeal signal 
peptides reveals similarities to identified signal peptides from both Eukarya and Bacteria. As 
such, archaeal preproteins heterologously expressed in Bacteria and Eukarya are effectively se
creted. ' Furthermore, since archaeal signal peptidase I, the enzyme responsible for signal 
peptide cleavage, may function in a manner analogous to the eukaryal enzyme (see below), 
it can be argued that archaeal signal peptides more closely resemble their eukaryal counter
parts. In contrast, it has been suggested that archaeal signal peptides are more similar to those 
employed by Gram-positive Bacteria.' ̂  Alternatively, archaeal signal peptides may incorporate 
a hybrid of bacterial and eukaryal traits. Bioinformatic analysis of proposed Methanococcus 
jannaschii and Sulfolobus solfataricus signal peptides suggests the presence of a Eukarya-like 
cleavage site together with a Bacteria-like charge distribution, combined with a unique, 
Archaea-specific hydrophobic region. '̂ ^ In other species, however, different rules may ap
ply.'̂ ^ Moreover, the existence of signal peptides bearing unique archaeal traits cannot be dis
missed. Such signal peptides would likely have been overlooked in those earlier studies relying 
on similarities to identified eukaryal and bacterial signal peptides. Indeed, archaeal flagellin 
proteins contain uncharacteristic signal peptides."^^ Finally, whereas signal peptides of the Stc 
system are thought to predominate in Archaea,̂ '̂"^ '̂̂ ^ studies addressing the halophilic archaea 
Halobacterium sp. NRC-1 have proposed that use of signal peptides recognized by the twin-
arginine translocation (Tat) system predominates in this species. ' 

Archaeal Protein Translocation: A Co- or Post-Translational Event? 
In Archaea, the relation of protein translation to protein translocation is not known. In

deed, evidence supporting both post- and cotranslational translocation systems have been pre
sented. 

In considering the biosynthesis o^Halobacterium salinarum bacterioopsin, the apoprotein 
form of the multi-membrane-spanning light-driven proton pump bacteriorhodopsin, evidence 
favoring a cotranslational translocation system has been presented. Original support for the 
interplay between translation and translocation was provided by experiments showing 
co-sedimentation of 7S RNA, a component of the signal recognition particle (SRP, see below), 
and bacterioopsin mRNA with membrane-bound polysomes, as well as puromycin-induced 
release of 7S RNA from the polysomes. Later in vivo kinetic labeling experiments confirmed 
the cotranslational insertion of the N-terminal region of the protein, but also revealed the 
post-translational insertion of the C-terminal region. '̂ '̂  On the other hand, heterologous 
expression of a chimeric fusion protein including bacterioopsin in Haloferax volcanii revealed 
the need for the seventh and final transmembrane domain for membrane insertion, suggesting 
bacterioopsin insertion to take place post-translationally. 

In experiments aimed at discerning the temporal relation between translation and secretion 
in Archaea, H. volcanii cells were engineered to express chimeric secretory precursors containing 
the signal peptide of the major secretory protein of this species i.e., the surface layer glycoprotein, 
fused to different reporter proteins. "̂^ By following secretion of the chimera either in the absence 
and presence of an antibiotic inhibitor of archaeal protein synthesis, it was concluded that trans
lation and secretion occur independentally of each other. The ability of Archaea to secrete pro
teins in a post-translational manner is intriguing, given the apparent absence of an archaeal ho-
mologue of SecA, the ATPase that drives post-translational translocation in Bacteria. '̂̂  Finally, 
the archaeal Tat system may also translocate proteins in a post-translational manner. 
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Table 1. Components of the SRP pathway 

SRP 

SRP Receptor 

Eukarya 

7S RNA 
sRNA-85 (trypanosomes) 
SRP54 
SRP19 
SRP72 
SRP68 
SRP14 
SRP9 
SRP21 (yeast) 
SRP43 (chloroplast) 

SRa 
SRp 

across evolution 

Bacteria 

6S RNA {B. subtilis) 
4.5S RNA (E. coli) 
SRP54 
HBsu {B. subtilis) 

FtsY 

Archaea 

7SRNA 

SRP54 
SRP19 

FtsY 

The SRP Pathway and Ribosome Binding in Archaea 
The coupling of protein translation to protein translocation in Eukarya and Bacteria is me

diated by SRP and the SRP receptor. ' In Archaea, SRP is comprised of 2 protein components, 
i.e., SRP54 and SRP 19, together with an SRP RNA that is highly similar to its eukaryal homo-
logue (Table 1). Despite an overall low extent of sequence conservation, archaeal SRP RNA can 
assume a secondary structure essentially identical to that of folded human SRP RNA, with the 
archaeal molecule being distinguished by the presence of helix 1, formed upon pairing of the 5' 
and 3' ends, and the absence of helix 7. ^̂  Indeed, archaeal SRP54, SRP 19 and SRP RNA are 
organized into a complex strikingly reminiscent of the better-characterized mammalian SRP. 

Recent reconstitutions of SRP and SRP sub-complexes from several different strains have 
allowed for more detailed study of the archaeal particle. ̂ '̂̂ ^ For instance, as in mammals, 
archaeal SRP19 interacts with SRP RNA so as to facilitate SRP54 binding to SRP RNA.̂ '̂̂ "̂  
However, in contrast to the eukaryal mode of SRP assembly, interaction between SRP RNA 
and SRP54 is not entirely SRP19-dependent in Archaea, with significant amounts of binding 
taking place without SRP 19.^ '̂̂ ^ This situation has allowed for an assessment of the role of 
SRP 19 in SRP assembly. It is thought that interaction of SRP 19 with SRP RNA helix 6 leads 
to positional or folding changes in SRP RNA helix 8, leading, in turn, to increased SRP54 
binding.̂ '̂̂ "^ The ability of SRP RNA and SRP54 to interact in the absence of SRP 19 could 
reflect a need for a more stable SRP in Archaea, possibly related to the extreme environments 
inhabited by these microorganisms. 

Whereas archaeal SRP is reminiscent of its eukaryal counterpart, the archaeal SRP recep
tor is more similar to FtsY, the bacterial SRP receptor. Like its bacterial homologue, archaeal 
FtsY exists in both a soluble and membrane-associated form. "̂  Given the apparent absence 
of a membranous FtsY receptor in Archaea (as in Bacteria), the manner by which FtsY interacts 
with the membrane remains, however, unclear. In Escherichia coli, membrane binding of FtsY 
is thought to be mediated via clusters of lysine and arginine residues situated close to the 
N-terminus of the protein. ^' ^ Examination of FtsY sequences from a variety of archaeal spe
cies has also revealed the presence of clusters of positively-charged residues at the beginning of 
the protein. In the case of halophilic Archaea, however, far fewer of such residues are 
detected, suggesting that archaeal FtsY may rely on additional portions of the protein for 
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membrane association. Indeed, it has been shown that the C-terminal NG domain of//, volcanii 
FtsY is capable of membrane binding. 

At some point during the SRP protein targeting cycle, SRP interacts with its receptor, 
irrespective of the mode of receptor interaction with the membrane. In the eukaryal system, 
the membrane-localized receptor binds a tertiary ribosome-nascent polypeptide-SRP complex. 
In Bacteria, the order of events leading to the interaction between SRP and FtsY remains an 
open question. ^̂  Similarly, the interplay between archaeal SRP and FtsY is poorly defined. In 
the hyperthermoacidophilic zxc\i2iG3iAcidianusambivalens, the formation of a soluble SRP54-FtsY 
complex, as well as the membrane binding ability of both SRP54 and FtsY, were reported. ̂ ^ In 
contrast, the membrane binding of //. volcanii SRP54 was shown to be FtsY-dependent. ^ In 
light of this apparent discrepancy, additional study of the interactions that occur within the 
archaeal SRP pathway are clearly called for. Moreover, it should also be noted that the in vitro 
membrane-associating behavior of archaeal SRP54 may not reflect the in vivo behavior of the 
intact ribonucleoprotein particle. 

Regardless of the order of binding events, the SRP pathway is responsible for targeting 
selected translating ribosomes to the membrane. In eukaryal cotranslational protein transloca
tion, SRP delivers a subset of translating ribosomes to the ER membrane through the affinities 
of SRP for its membranous receptor ' and of the ribosome for the Sec61p-based 
translocon. '̂ ^ While understanding the behavior of a bacterial cotranslational translocation 
pathway is currently the focus of substantial efforts, bacterial ribosomes have also been shown 
to specifically bind to SecYEG complexes.^^'^' In recent in vitro studies, the ability of func
tional ribosomes to bind to SecYE-based sites in the haloarchaea //. volcanii was shown, con
firming the binding of ribosomes to the translocon in all three domains of Life.̂ ^ Indeed, the 
afiinity of archaeal ribosome binding was similar to that measured in Eukaya and Bacteria. 
Moreover, the non-translating bound haloarchaeai ribosomes remained membrane-associated 
even following washes with solutions containing up to 3 M KCl. This is in striking difference 
to the binding profile of eukaryal and bacterial ribosomes, where bound ribosomes are readily 
released by low salt levels, and likely reflects the highly saline nature of the cytoplasm in 
halophilic archaea. '̂ ^ 

The Archaeal Translocon and Other Auxilliary Proteins 
In Eukarya, secretory and membrane proteins cross the ER membrane at the translocon, 

a membrane protein complex based on Sec61apY proteins,^ while in Bacteria, translocation 
transpires at the homologous SecYEG complex.̂ "^ While these proteins form the core of the 
translocon, additional proteins may participate in the translocation event. Analysis of com
pleted archaeal genomes together with the isolation of genes encoding translocon and related 
components from other species reveals an archaeal translocation apparatus that can be best 
described as a mosaic of the eukaryal and bacterial complexes (Fig. 1). 

Like other SecY/Sec6la proteins, archaeal SecY proteins cross the membrane 10 times 
and thus likely comprise the protein-conducting channel of the translocon. Although named 
after the bacterial homologue largely due to historical reasons, reported archaeal SecY sequences 
are far more reminiscent of eukaryal Sec61a proteins than of bacterial SecY. ' ' ^ Similarly, 
phylogenetic comparisons reveal that archaeal SecE is closer to the eukaryal version of the pro
tein i.e., Sec6lY. Indeed, relying on the similarity of the S. solfataricus secEgene with eukaryal 
Sec6lY sequences, together with the similar positions of archaeal and bacterial secE genes within 
their operons, the homology between bacterial SecE and eukaryal Sec6lYwas uncovered. 

Along with the core Sec YE complex, the bacterial translocon also includes SecGy 
while in Eukarya, Sec61 (i exists in complex together with Sec61 aY-̂  Unlike the clear similari
ties between SecYE and Sec61aY polypeptides, respectively, SecG and Sec61p are seemingly 
not homologous ' and as such, apparendy fulfill distinct translocation functions. '̂̂ "̂  In 
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Figure 1. Known components of the Sec translocation pathway in Archaea. A schematic portrayal of those 
components of the Sec pathway identified either through complete genomic analysis, isolation of individual 
genes, or via protein expression or purification. 

Archaea, neither SecG nor Sec61p were originally detected, although more advanced 
PSI-BLAST searches later identified sequences corresponding to an archaeal version of Sec61 p. 

Apart from sequence comparisons, however, little is known of archaeal SecYEp at the 
protein level. Complementation of a temperature-sensitive secY E. colt mutant with the 
Methanococcus vanielii SecY-encoding gene allowed for growth at non-permissive tempera
tures,^^ reflecting not only the ability of an archaeal SecY to functionally replace its bacterial 
counterpart, but also that the archaeal protein is active in a lipid environment different from 
the ether-based phospholipids that comprise the archaeal membrane. In the haloarchaea H. 
volcanic chimeric proteins containing SecYE proteins have been isolated and shown to be 
stably expressed and exclusively localized to the plasma membrane. Most recently, the 3D 
crystal structure of the M. jannaschii SecYEp complex was solved, offering the first 
high-resolution glimpse at the structure of the translocon. For a detailed description of the 
structure of the archaeal translocon, the reader is directed to the chapter by CoUinson in this 
volume (see Chapter 4). 

In Bacteria, SecYEG can be found as part of a larger complex that includes SecDF. 
Some, but not all, completed archaeal genomes contain SecDF homologues, as is also the case 
in Bacteria.^^' A comparison of SecDF sequences reveals that the bacterial and archaeal ver
sions of each protein present similar membrane topologies and positioning of conserved se
quence elements, although the makeup of these conserved motifs can be sharply divided along 
Archaea-Bacteria lines. While the role(s) of SecDF in protein translocation have yet to be 
clearly defined, these components have been reported to modulate the in vitro 
membrane-associating behavior of SecA, the ATPase component of the bacterial protein trans
location apparatus. '̂̂ ''̂ ^ Hence, given the apparent absence of SecA in Archaea,^'^ the distinc
tiveness of conserved sequence elements in archaeal and bacterial SecDF could reflect differ
ences in the functions of these proteins in each domain. 

Along with SecDF, SecYEG can be co-isolated with YidC,^ a member of a protein family 
involved in the insertion of bacterial, mitochondrial and thylakoid membrane proteins.^^' ^ 



38 Protein Movement Across Membranes 

YidC has also been shown to catalyze Sec-independent membrane protein insertion.^^ While 
studies have proposed the existence of members of the YidC/Oxal/Alb3 protein family in 
Archaea,« '̂̂ 5 ^^^ 

extent of similarity of the archaeal proteins to known family members is 
relatively low. The putative archaeal YidC proteins are generally smaller than their bacterial 
counterparts yet display a similar topology, as has been reported to be the general case for 
archaeal transport proteins.^ 

The eukaryal translocon can also be found in association with other translocation-related 
components, including the translocon-associated protein complex^^ and the translocating 
chain-associated membrane protein.^^To date, no archaeal homologues of these proteins have 
been identified. 

Sec-Independent Protein Translocation in Archaea 
Some, but not all, Archaea also encode for homologues of TatA/E, TatB and TatC,̂ '̂"^ '̂̂ ^ 

components of the Sec-independent twin-arginine translocation (Tat) pathway, employed for 
the translocation of folded proteins, often in complex with co-factors. Specifically, sequenced 
genomes from the archaeal sub-division Crenarchaeota all contain genes encoding these com
ponents, whereas the same genes are detected in only some genomes of Euryarchaeota^ the 
second major sub-division of Archaea. Moveover, various strains arc predicted to express 
differing numbers of Tat pathway components. Genome-wide searches for substrates bearing 
Tat system signal peptides, readily identified and distinguished from Sec system signal peptides 
by the presence of a twin arginine-based motif, amongst other traits, also predicts differing 
degrees of usage of this system in Archaea.•̂ '̂ ''̂ '̂̂  '̂ ^ For example, such analyses predict the Tat 
pathway to be the predominant protein translocation system of halophilic archaea. "̂'"̂  It has 
been argued that extensive use of the Tat system by haloarchaea would allow secretory proteins 
to first assume their final tertiary structures in the highly saline cytosol of such species and only 
then traverse the plasma membrane, thereby avoiding potential folding mishaps. On the other 
hand, genomic analysis oi Methanopyrus kandleri AVI 9 predicts an apparent absence of Tat 
system substrates, despite the presence of TatA/E-encoding genes. 

Signal Peptide Cleavage in Archaea 
At some later stage in the protein translocation event, the signal peptide that served to 

target a protein for translocation is removed by the actions of type I signal peptidase. While 
sequence alignment reveals that all type I signal peptidases contain five regions of sequence 
homology, termed boxes A-E,^ '̂̂ '̂ the catalytic mechanism and oligomeric status of the en
zyme has not been maintained across evolution (Fig. 2). In Bacteria, enzymatic activity relies 
on a catalytic dyad comprising Box B Ser90 and Box D Lysl45 {E. coli numbering) residues. In 
the eukaryal type I signal peptidase, the strictly conserved lysine is replaced by a histidine 
residue. ̂ '̂̂ '̂̂  Indeed, site-directed mutagenesis studies argue against a role for lysine residues 
in the catalytic mechanism of the eukaryl enzyme.^^ Thus, the catalytic mechanism of the 
eukaryal version of signal peptidase remains unknown. Differences in catalytic mechanism are 
also reflected in the unique pharmacological profiles of bacterial and eukaryal signal pepti
dases. The bacterial and eukaryal enzymes can further be distinguished by the fact that whereas 
bacterial signal peptide functions as a single polypeptide, the eukaryal enzyme exists as part of 
a multi-subunit complex. 

Signal peptide cleavage in Archaea represents yet another example of the mosaic nature of 
archaeal protein translocation discussed above, with the archaeal signal peptidase combining 
various bacterial, eukaryal and archaeal traits. For example, while the archaeal enzyme has re
placed the conserved lysine of the bacterial serine-lysine catalytic dyad with a histidine residue, 
as in Eukarya, the archaeal signal peptidase appears to function independently, like its bacterial 



Protein Translocation in Archaea 39 

Bacteria 
HZIZH HIK ] -

Archaea 
H H~s—H H 
-c >r^~H HZHZH 

Eukarya 
HZZ H Z H X HZHZH J- 1 

Box A Box B Box C Box D Box E 

Figure 2. Comparison of type I signal peptidase across evolution. Schematic representation of signal pep
tidase from Bacteria, Archaea and Eukarya. On the left, homology boxes A-E are shown, as are the conserved 
serine and lysine residues of the catalytic dyad of the bacterial enzyme, or their replacements in the archaeal 
and eukaryal enzymes. On the right, the struaure (depiaing domains I and II) and oligomeric status of the 
enzyme in each phylogenetic group is schematically shown. 

counterpart. Analysis of available archaeal signal peptidase sequences also reveals that a small 
number of the archaeal enzymes encode for a region termed domain 11.̂ ^ Domain II corre
sponds to a stretch found between sequence homology boxes D and E, and that, in the E. coli 
enzyme, folds into a large structure positioned on top of the catalytic core formed by boxes 
B-E.̂ ^ The function of domain II and the reason for it being present in only some archaeal signal 
peptidases remains unclear. Still, the fact that some archaeal signal peptidases (e.g., Thermoplasma 
acidophilum) contain a domain II region whereas others do not could reflect an evolutionary 
scenario in which primitive archaeal type I signal peptidases originally contained domain II, 
however, during subsequent diversification, this region may have been lost in many strains. 

At the protein level, only limited number study on archaeal signal peptidases have been 
conducted. It one study, type I signal peptidase from the methanoarchaea Methanococcus voltae 
was cloned and then expressed and characterized in a bacterial host. Following heat inactiva-
tion to eliminate background activity of the native bacterial enzyme, the heterologously-expressed 
archaeal signal peptidase was shown to effectively cleave a truncated version of the M. voltae 
surface-layer glycoprotein, a natural substrate of the enzyme in this strain. Signal peptidase 
activity in H, volcanii membranes has also been addressed in vitro (Fine A, Irihimovitch I, 
Konrad Z, Eichler J, unpublished observations), where the ability of the enzyme to cleave the 
signal peptide of a reporter precursor was shown to be unaffected by standard protease inhibi
tors, as previously reported for eukaryal and bacterial signal peptidases. The activity of the 
archaeal enzyme was also shown to be insensitive to 55'-penem, an anti-bacterial signal 
peptidase-specific reagent. 

The signal peptidase responsible for the removal of signal peptides from methanoarchaea! 
preflagellins, the precursor form of proteins comprising the flagella, has also been addressed.^'^ 
Unlike secretory preproteins, archaeal preflagellins bear signal peptides similar to those found 
on the precursor forms of bacterial type IV pilins, cell surface-associated structures involved in 
a variety of cellular processes. It was subsequently shown that prepilin type IV signal pepti
dases could also cleave signal peptides from sugar binding proteins, and possibly other pro
teins, in S. solfataricus. The reason why such signal peptides would be employed by non-flagellar 
exported S. solfataricus preproteins is unclear. 
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The Driving Force of Archaeal Protein Translocation 
For a complete portrayal of protein translocation in Archaea, a description of the driving 

force of the system is required. However, as is the case for many aspects of archaeal protein 
translocation, little is known of the energetic considerations of the process. In a cotranslational 
translocation model, GTP-dependent elongation of ribosome-associated nascent polypeptides 
could provide the driving force for translocation. Such nascent chain-bearing ribosomes woiJd 
be delivered to the translocon via the SRP targeting pathway, in a manner similar to what takes 
in Eukarya. By contrast, the driving force of post-translational archaeal translocation is more 
difFicult to predict. Given the unlikelihood that elevated levels of ATP would be sequestered at 
the cell surface, it is improbable that Archaea rely on chaperones to pull polypeptides out of the 
cytoplasm, as is in the case in post-translational translocation into the ER or mitchondria. 
Indeed, many archaeal species fail to encode Hsp70 proteins, a family of molecular chaper
ones that act to coordinate ATP hydrolysis with post-translational translocation in various 
systems. ̂ ^̂ '̂ ^ As noted above, genome-based searches have failed to detect an archaeal SecA 
homologue. Given the high degree of conservation amongst bacterial and chloroplast SecA 
sequences, the apparent absence of an archaeal SecA homologue would argue against a 
Bacteria-like post-translational translocation process in Archaea. The existence of an archaeal 
structural homologue of SecA, undetectable through current sequence-based searches, how
ever, cannot be discounted at this time. 

Conclusions 
Thus far, preliminary steps have been made towards a detailed description of archaeal 

protein translocation at the genetic, biochemical, structural and cell biology levels. Such efforts 
will surely benefit from the upcoming release of additional archaeal genome sequences and by 
investigations into other aspects of archaeal biology. Indeed, as new and improved molecular 
tools for working with a wide range of archaeal strains become available, it should become 
possible to reconstitute archaeal protein translocation in vitro. The clearer picture of archaeal 
protein translocation that will come from such studies will not only advance our understand
ing of the translocation process across evolution, but will also help decipher the molecular 
strategies adopted by extremophilic organisms in overcoming the challenges of their environ
ments. Finally, the availability of a well-characterized archaeal protein export system will has
ten realization of the enormous commercial potential associated with the large-scale produc
tion of industrially-useful extremophilic archaeal proteins. 
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CHAPTER 4 

Structure of the SecYEG Protein 
Translocation G)mplex 

Ian Collinson* 

Abstract 

P rotein transport through and into biological membranes is a process of fundamental 
importance in all living organisms. In eukaryotes, protein translocation through the 
endoplasmic reticulum is carried out by a membrane protein complex called Sec61, 

usually while associated with ribosomes. In Bacteria and Archaea, protein translocation through 
and into the cytosolic membrane is conducted by the homologous SecY complex. In Escheri
chia coliy SecYEG consists of three polypeptides associating with either ribosomes or the 
partner ATPase SecA, which drive the translocation reaction. The structure of the SecY com
plex has been determined in a closed conformation. SecY encapsulates the central protein 
channel formed by the two halves of the subunit, closed by a short plug domain and a ring of 
hydrophobic residues. In combination with previous results, the atomic structure has led to 
models of how the complex might move during the reaction cycle, but events and conforma
tional changes associated with the engagement of substrate and the partner protein are not 
understood. This chapter will review the recent structural results relating to the 
protein-conducting channel. The implications of these findings will be described in the con
text of the mechanism through which proteins pass across and into the membrane. The 
nature of the interaction with substrate and translocation partners will be discussed together 
with the possible movements that occur during the reaction cycle. 

Proteins destined for secretion, membrane integration or organellar import contain sig
nal sequences that direct them to the membrane. Once there, transport machines receive and 
translocate the substrate protein appropriately across or into the membrane. These essential 
reactions are controlled by an array of assemblies, which ensure that the proteins find the 
correct compartment. The Sec complex is the only protein channel conserved throughout 
biology. ' Depending on the organism and type of substrate, the Sec complex cooperates 
with various partners to pull or push the substrate polypeptide by post- and cotranslational 
mechanisms."^ 

In Bacteria and Archaea, the SecY complex (SecYEG/SecYEP) is composed of three 
membrane proteins and conducts proteins through or into the cytosolic membrane.^ The 
E. coli SecY, SecE and SecG subunits each have 10, 3 and 2 trans-membrane domains, 
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Figure 1. Comparison of the membrane-bound E. coli SecYEG and M. jannaschii Sec YEP structures. On 
the left side, the E. coli structure is shown from the cytoplasmic views with the helices numbered; SecY 
(1-10), SecE (el-e3) and SecG (gl and g2). The same view of the M. jannaschii complex is shown on the 
right. The latter complex lacks el, e2 and gl. The white arrows indicate the possible movements ofTM 1-5 
with respect to TM6-10 during the protein translocation reaction. 

respectively. As in eukaryotes, the prokaryotic Sec complex can associate with substrates 
during their synthesis from the ribosome, which may then thread the polypeptide through 
the channel during protein synthesis. Bacteria possess an additional pathway, whereby the 
newly synthesized substrate protein is maintained in an unfolded conformation, engaged by 
the ATPase SecA and delivered to the translocon.^ A series of reactions follows, during which 
ATP is used to drive the passage of protein through the SecY complex. The mechanism of 
this driving reaction remains the subject of investigation (see below). In contrast, the path
ways followed by the translocating polypeptide chain and conformational changes that might 
be adopted by the channel have recently been clarified. Hence, concerning the SecY complex 
itself, there is now a wealth of available genetic, biochemical and structural data,^'^ such that 
our understanding of the transport process through SecYEG is more advanced than of any 
other system. 

The first pictures of the translocon were derived from electron micrographs of indi
vidual molecules; these were averaged to visualize ring-like structures of both the mamma
lian^ and bacterial^^ complexes, each reminiscent of the other. Further studies showed the 
same pore complexes bound and aligned to the polypeptide exit site of the ribosome. 
The resolution, however, was insufficient to resolve the individual Se^cG 1 complexes of the 
assembly. Later crystallographic work resolved the complex in much more detail. The me
dium resolution structure of dimeric E. coli SecYEG was determined by electron 
cryo-microscopy,^'^ while a detergent-solubilized monomer of the related SecYEp from M. 
jannaschii was solved at atomic resolution by X-ray crystallography^ (Fig. 1). The former 
structure was resolved from 2D-crystals, which could be imaged directly, and from the best 
flat and tilted images, the three-dimensional structure could be resolved by computer pro
cessing. Importantly, the structure determined was in its native state, that is, bound to the 
membrane, meaning that the structure is likely to be in its active state. In practice, 2D-crystals 
are grown by the addition of detergent-solved lipids to the purified complex. Sometimes, 
detergent removal by dialysis results in the efficient incorporation of the complex into the 
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Figure 2. Model of the membrane-bound Exoli SecYEG dimer. The dimer is viewed from the side with its 
cytoplasmic surface uppermost shown. In dark grey is SecY, and in light grey are SecE and SecG. 

bilayer such that under appropriate conditions, crystalline patches form in the plane of the 
membrane. These are the same procedures used for the reconstitution of the Sec complex 
prior to in vitro translocation activity measurements, except that the protein : lipid ratio is 
varied accordingly. The structure obtained in this manner revealed a dimer of SecYEG 
complexes bound in a * back-to-back' fashion (Figs. 1 and 2). 

As is typical for 2D-crystallographic projects, the resolution obtained is lower than is 
obtainable from classical X-ray diffraction analysis of 3D-crystals. As 2D-crystals are im
aged using microscopy, both amplitude and phase structure factors are measured directly, 
alleviating the need to solve the phase problem. This means, unlike in the case of X-ray 
crystallography, that low and medium resolution structures can be readily solved. The at
tainable resolution is restricted by the crystals themselves and the nature of the data collec
tion, which limits further the resolution perpendicular to the membrane. In spite of these 
drawbacks, the detail in the map was good enough to identify all of the trans-membrane 
a-helices, but not to assign them or to locate the positions of individual amino acids and 
their side chains. At the dimer interface there was a cavity open to the cytoplasmic face and 
closed by two highly tilted helices from each monomer, identified correctly as the essential 
trans-membrane domain 3 of SecE. The same helices have been shown to efficiently cross-link 
to one another, ̂ ^ consistent with their close proximity at the dimer interface. There is also 
an area of low density surrounded by bundles of tilted trans-membrane helices in the middle 
of each monomer, which turned out to be the closed protein channel. Two peripheral outer 
lying helices were later identified as the nonessential N-terminal trans-membrane domains 
1 and 2 of SecE. 

The second translocon structure was determined by X-ray crystallography of a related 
complex from Methanococcus jannaschii. The resolution obtained was 3.2 A, enough to build 
an atomic model of the complex (Fig. 1). The structure determined was of the monomeric 
form from 3D-crystals grown in detergent solution. This is a radically different approach than 
that employed for 2D-crystallography, described above. Here, high concentrations of deter
gent are present in the crystallization mix and the protein is likely stripped of all lipids. Com
bined, these effects may have perturbed the structure of the complex, especially given that the 
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E. coli complex is known to dissociate from its active dimeric state to the monomeric form 
upon removal of lipids and addition of high concentrations of detergent. As there has been 
little functional analysis of the archaeal complex either in vivo or in vitro, the SecYEp prepara
tion was not assayed for translocation activity. The availability of a structure of the E. coli 
homologue for comparison was, therefore, important. The two structures are indeed very simi
lar, indicating that the high-resolution crystal structure is meaningful and reflects an active-like 
state. However, the archaeal structure is monomeric, in contrast to the low- and 
medium-resolution structures of the mammalian and bacterial Sec61/Y complexes. 

Both the 2D and 3D structures show the protein conduction channel, which is held 
closed between two pseudo-symmetric domains of the large SecY subunit. The channel, 
formed in the centre of a monomeric complex, is blocked by a short plug domain and a ring 
of hydrophobic residues.^ The channel lining is quite well-conserved and also forms a hotspot 
for a collection of/>r/ mutants that have effects (usually positive) on the translocation reac
tion.^ The structure of the SecY complex also revealed the location of the signal sequence 
binding site, identified by cross-linking to lie between trans-membrane domains TM2b and 
7 of SecY. The site is situated adjacent to the channel and between the two lobes formed by 
each half of the SecY subunit.^ An analysis of the size of the protein pore in the active 
mammalian translocon revealed that it might open up to a diameter of up to 60 A. ̂ ^ If true, 
this is an incredibly large opening requiring enormous conformational changes within the 
complex. 

The mechanism of channel gating and the rearrangements required to bind and translo
cate protein are not clear. The channel might open by the movement of the N- and C- terminal 
domains of SecY like a 'crab's claw' about a hinge between the two halves (Fig. 1). SecY is 
clamped together by a peripheral subunit SecE, holding the structure closed. The two addi
tional peripheral trans-membrane helices of SecE look like they might reinforce its embrace 
around the two potentially moving halves of SecY.'̂ '̂  In addition, it appears that the displace
ment of the plug to a new position in the structure would be required for translocation to 
occur. These movements are probably different, depending on whether the complex transports 
substrate domains through or into the lipid bilayer. It should be noted, however, that although 
these models are based on the high-resolution structure of the complex,^ they lack detail. In
deed, several of the implications remain speculative, particularly because the channel was crys
tallized in its closed state, in its (inactive) monomeric form and without its interacting part
ners. The proposed movement of the plug away from the central blocking position to a location 
close to the C-terminus of SecE nonetheless does have experimental support from the identifi
cation of an in vivo cross-link of the plug to this open position.'^ 

The structures of ribosomes ' and of SecA, ' both reaction partners of the Sec 
complexes, have also been determined. In spite of these advances, not much is known about 
the interaction between them. The low resolution structures of ribosome-Sec61 complexes 
lack the detail required to localize and examine the sites at the interface. ̂ ^ Archaea do not 
possess the SecA partner and thus may rely more on the cotranslational mode of protein 
translocation for their Sec-dependent export requirements. The large cytosolic loops of Af. 
jannaschii SecYEP presumably involved in interactions with ribosomes are visible, but how 
they do so is unclear. 

In Bacteria, the nature of the interaction of SecYEG with the partner SecA during 
post-translational translocation is also not fully understood. The recent determination of the 
atomic structure of monomeric SecYEP has allowed for the building of an E. coli homology 
model (Bostina, Mohsin, Kuhlbrandt, Collinson, unpublished results). In this structure, the 
predicted positions of the large two cytoplasmic loops and C-terminus of SecY are ideally 
poised for an interaction with an approaching SecA. 
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Various models have been proposed to describe the mechanism of SecA-driven protein 
translocation. '"̂ ^ A multi-step process involving several rounds of ATP hydrolysis by SecYEG 
and membrane-associated SecA thrusts the polypeptide chain through the protein channel. ^ 
For each round of the reaction, it is thought that about 5 kDa of protein is pushed into the 
complex and through the membrane. There have been suggestions that SecA at least partially 
inserts itself (and substrate protein) through the SecYEG complex. "̂ '̂"̂ ^ Based on these and 
other findings, models have been proposed that translocation occurs by the threading of the 
chain across the membrane, in a manner reminiscent of a sewing machine. 

In its current state, the nature of the SecYEG structure, which lacks large internal cavities, 
seems to suggest that it would be unlikely for SecA or a 30 kDa domain of the protein to insert 
into the SecY complex or to traverse the entire membrane in this way. Like other channels and 
transporters, the Sec complex has effected a hydrophilic constriction of the membrane in order 
to minimize the considerable movements that must be required in a reaction like this. More 
likely, the conformational changes experienced by SecA will be subder. In reality, we currently 
lack detail concerning the nature of the interactions and conformational changes that occur 
between these components during the early or later stages of the post-translational reaction in 
Bacteria. Reports of the enzymology and oligomeric state of the SecYEG-bound SecA have 
failed to produce a consensus on the basic mechanism of action; for example, the stoichiometry 
of the associated partners has not been clearly defined. This is pardy because the interac
tion and the activity of the pair has only been addressed using reconstituted membranes and 
cannot easily be studied in solution. Recent work even suggests that the stoichiometry of the 
associated translocation pair might vary.^ '̂ The latter study has identified two forms of a large 
translocation assembly: one, in the presence of the nonhydrolyzable ATP analogue, AMPPNP— 
(SecYEG)2SecA2; and another in the absence of added nucleotides—(SecYEG) 2SecAi.̂ '̂  Whether 
or not this variability is important and varies during the reaction cycle remains to be seen. 

The oligomeric state of the active SecY complex also lacks agreement; monomers, 
dimers ' and tetramers have all been implicated in the translocation reaction. The ap
parent fact that an oligomeric form of the complex is found in membranes and is active 
and yet the monomeric form of the SecY complex constitutes the protein channel^ is a paradox 
that remains unsolved. It may be that the environment of the membrane promotes the oligo-
merization of the complex, as is the case for the E. coli complex.'^'^ A dimeric and back-to-back 
arrangement is consistent with the lateral release mechanism for integrating trans-membrane 
domains, as the two gateways face away from one another and toward the lipid bilayer. The 
experimentally-determined E. coli structure has been used as a guide to fit the high resolution 
M. jannaschii structure (Bostina, Mohsin, Kuhlbrandt, CoUinson, unpublished results), allow
ing for this arrangement of dimers to be reconstructed. A side view of the atomic model of this 
dimeric arrangement of membrane-bound E. coli SecYEG is shown in Figure 2. It should be 
noted that another protein factor, YidC, is absolutely essential for the integration of a handful 
of membrane proteins. YidC seems to be loosely-associated with the translocon ' and might, 
therefore, bind to the proposed sites of the lateral release of gateways to facilitate the partition
ing of trans-membrane a-helices into the lipid phase of the membrane. The arrangement of 
dimers would be consistent with this idea. 

Tetramers of the SecY complex have also been observed.^ '̂  '̂  In addition, Driessen and 
coworkers observed a SecA-induced tetramerization of the complex.^ Elsewhere, however, 
neither the monomer nor tetramer associate with SecA, with tetramers only being visualized 
when the complex was present at unnaturally high concentrations. ' In contrast, the 
ribosome-bound complex appears as though it is larger than a dimer. '̂̂  An earlier study also 
reported that the Sec61 complex oligomerizes in membranes following the addition of ribo-
somes. Such oligomers were reported to be made of 3-4 copies of the complex. 
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Given that the translocon channel seems to be active as an oligomer, it is unclear whether 
or why the presence of multiple active sites is necessary for activity. Stability is a possible expla
nation. The size of monomeric SecYEG is about 70 kDa, compared to 200 kDa for the SecA 
dimer, or ^2 MDa for the ribosome. Perhaps the SecYEG dimer or tetramer might be needed 
to provide a big enough platform for the association of these large molecules. Alternatively, the 
interaction between two SecYEG monomers at the dimeric interface may bring about confor
mational changes essential for SecA and substrate binding and for subsequent translocation 
reactions. There are some indications that this may indeed be the case (Bostina, Mohsin, 
Kuhlbrandt & Collinson, unpublished results). Finally, there may be some unusual regulatory 
or allosteric features of translocation that could only be provided by more than one copy of the 
SecYEG heterotrimer. The apparent need and variability in the oligomeric associations and 
stoichiometry of SecYEG, SecA and ribosomes, although puzzling, might have important im
plications for the translocation reaction and may be a consequence of the need to suit different 
modes of translocation and substrate. The requirement for the initiation of translocation is 
likely to be different for post- and co-translocational modes and could explain why there is an 
apparent preference for dimers and tetramers, respectively. The contacts that occur at dimer or 
tetramer interfaces in the membrane would presumably be different and might modulate the 
structure of the Sec complex to allow for the translocation of different substrates driven by 
different partner complexes. 

Future work will focus on these problems to further our understanding of the gating 
mechanism of the translocation reaction. The key will be to identify in detail the nature of 
interactions and dynamics that occur between the channel, partners and substrate protein dur
ing the engagement of the reaction. The consequences of this reaction, the conformational 
changes that occur and the energetics that drive the passage of protein appropriately through 
and into the membrane, are all presently poorly understood and require further insight. 
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CHAPTER 5 

Membrane Protein Insertion in Bacteria 
from a Structural Perspective 

Mark Paetzel and Ross E. Dalbey* 

Abstract 

M embrane proteins are inserted into the lipid bilayer in Bacteria by two pathways. 
The Sec machinery is responsible for the insertion of the majority of the membrane 
proteins after targeting by the SRP/FtsY components. However, there is also a class 

of membrane proteins that insert independent of the Sec machinery. These proteins require a 
novel protein called YidC. Recently, the structural details of the Sec machinery have come to 
light via X-ray crystallography. There are now structures of the membrane-embedded Sec 
protein-conducting channel, the SecA ATPase motor, and the targeting components. Struc
tural information gives clues to how a polypeptide is translocated across the membrane and 
how the transmembrane segments of a membrane protein are released from the Sec complex. 
Additionally, the structures of the targeting components shed light on how substrates are se
lected for transport and delivered to the membrane. 

Introduction 
Membrane proteins are ubiquitous in nature and comprise around 30% of the total pro

teins within the cell. Membrane proteins play vital functions for the cell. They act as receptors 
where they are involved in transmitting information from the extracellular environment into 
the interior of the cell. Membrane proteins also ftinction as transporters to move sugars, amino 
acids and other energy-rich molecules and ions into the cell. Other ftinctions of membrane 
proteins include energy harvesting and energy transduction roles in photosynthesis and oxida
tive phosphorylation, as well as functions in lipid synthesis and catabolism. Given the wide 
variety of functions, there is a diversity of membrane protein structures. However, generally 
almost all integral membrane proteins in the inner membrane of Bacteria have helical trans
membrane segments that range from 20 to 30 residues in length, with tryptophan and tyrosine 
residues being enriched near phospholipid headgroups and the connecting loops between heli
cal transmembrane segments tend to be short. In this review, we will bring the reader up to 
date on the latest developments in bacterial membrane protein biogenesis with a focus on 
structural aspects of the targeting and translocation components that facilitate insertion. 

In the field of membrane protein biogenesis, there are at least four main problems: (1) 
How do membrane proteins with hydrophobic surfaces avoid aggregating in the cytoplasm? 

*Corresponding Author: Ross E. Dalbey—Department of Chemistry, The Ohio State University, 
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Figure 1. Schematic depiction of the two known membrane protein integration (assembly) pathways. A) 
The Sec-dependent pathway (the heterotrimer SecDFyajC and the ATPase SecA are not shown). B) The 
YidC pathway. The PDB coordinates used for the large ribosomal subunit from Deinococcus radiodurans ^ 
were 1NKW, the PDB coordinates used for SecYEp from Methanococcusjanaschii, ^ were 1RHZ. The PDB 
coordinates used for Ffh from Sulfolobussolfataricm and FtsY from Thermus aquaticuP"^ were IQZW and 
1RJ9, respectively. The program PyMol was used to make this figure. 

(2) How are hydrophilic domains translocated across the membrane? (3) How are hydrophobic 
domains integrated into the membrane? (4) Wha t are the energetics of membrane protein 
insertion? Not surprising, there are proteins that catalyze the targeting of proteins to the mem
brane and the insertion into the lipid bilayer. In Bacteria, there are two pathways used for 
membrane protein insertion; the Sec pathway and YidC pathway. The majority of proteins use 
the Sec pathway for insertion (Fig. lA). A subset of proteins insert by a Sec-independent path
way involving YidC (Fig. IB). 

The goal of understanding the molecular events involved in membrane protein assembly 
is not only of significant scientific interest in the membrane biogenesis area but is essential for 
the understanding of the disease states that result when these events go wrong."^'^ 
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Insertion by the Sec Translocase-Mediated Pathway 
Many membrane proteins inserted by the Sec pathway are targeted to the membrane by 

the evolutionarily-conserved Signal Recognition Particle (SRP) route. In this pathway, the 
cytosolic component SRP, comprised of Ffh and the 4.5S RNA, '̂  binds to the membrane 
protein and targets the protein to the SRP receptor, FtsY. SRP binds to the hydrophobic 
region of the membrane protein as it emerges from the ribosomal tunnel (Fig. lA). Then, the 
ribosome/mRNA/nascent membrane protein/Ffh complex is targeted to FtsY associated with 
the membrane. 

Insertion of a protein into the membrane is initiated by a cleavable signal peptide or a 
noncleaved transmembrane segment. The transmembrane segments are integrated into the 
membrane and the hydrophilic domains are either translocated across the membrane or remain 
within the cytoplasm. The membrane protein uses the Sec translocase for insertion into the 
membrane and translocation of hydrophilic domains across the membrane (Fig. lA). In E. coli, 
the Stc translocase is comprised of the SecYEG protein-conducting channel and the trimeric 
SecDFYajC complex (for review, see ref 6). The protein YidC interacts with the hydrophobic 
regions of membrane proteins during the insertion of the protein into the membrane. In some 
cases, the membrane-associated ATPase SecA is required for the translocation of large hydro
philic domains of membrane proteins.^'^^ 

Targeting 
The targeting components Ffh and FtsY are important for the insertion of membrane 

proteins as depletion of Ffh and FtsY within the cell has been shown to inhibit the insertion 
of a variety of membrane proteins. The SRP component Ffh in E. coli is homologous to the 
54 kDa subunit of the eukaryotic SRP,̂  ^ comprised of 6 polypeptides and a 7S RNA compo
nent.^ Ffh exists in complex with a 4.5S RNA instead of the 7S RNA seen in the eukaryotic 
complex. SRP Ffh has been shown to bind to signal peptides of exported proteins and hydro
phobic segments of membrane proteins. ' For membrane proteins containing multiple 
hydrophobic regions, it may be sufficient for Ffh to bind to the first hydrophobic domain 
and target the protein to the membrane. Efficient membrane targeting of proteins which 
have hydrophobic surfaces is important as it prevents aggregation in the aqueous cytoplasm. 
The SRP receptor in Bacteria (FtsY) is simpler than the SRP receptor (SR) in eukaryotes, 
which contain two subunits, SRa and SRp. The membrane-associated FtsY is homologous 
to the SRa subunit. Both FtsY and Ffh are essential bacterial proteins. ̂ '̂̂ ^ Ffh has been 
shown to form a complex with FtsY, in a GTP-dependent manner. Following GTP hy
drolysis, the Ffh and FtsY complex disassembles from the targeted nascent protein and the 
nascent chain can insert into the Sec machinery. Interestingly, it has been found that the 
GTPase activity of Ffh is stimulated by FtsY^^ while the GTPase activity of FtsY is stimu
lated by Ffh. 

In order to provide insight into the protein targeting mechanism, it is very useful to 
obtain structural knowledge of the targeting components. Ffh contains three domains, i.e, 
the amino-terminal N domain, the GTPase G domain and the methionine-rich M domain 
(Fig. 2A). '̂ ^ The M domain is connected to the N and G domains by a flexible linker. The 
crystal structure of the M domain from Thermus aquaticus reveals a hydrophobic groove 
lined with methionine residues that has been proposed to bind to the signal peptide or the 
membrane anchor domain of the nascent polypeptide.^^ Interestingly, a crystal structure of 
the E. coli Ffh domain with domain IV of the 4.5S RNA suggests that the signal sequence 
recognition domain is comprised of both protein and RNA (SRP)(Table lA).^^ A structure 
of the complete SRP54 (Ffh) in complex with helix 8 of the SRP RNA component revealed 
the overall juxtaposition of the M, G and N domains relative to each other. Numerous 
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Figure 2. A) A ribbon diagram of the overall structure of the SRP core from the archaeon Sulfolohus 
solfataricus. The structure reveals the interdomain communication between the N domain, the G domain, 
the M domain and helix 8 of SRP RNA. The RNA is shown in a stick diagram. The PDB coordinates 1QZW 
and the program PyMol were used to make this figure. B) A ribbon diagram with transparent surface 
showing the heterodimeric complex of the signal recognition particle protein Ffh and its receptor FtsY from 
Thermus aquaticus?^ Ffh is rendered in a darker shade and FtsY is shown in a lighter shade. The bound GTP 
analogue molecules are shown in van der Waal s spheres. The N-terminal domains (N domain) and the GTP 
binding domains (G domain) for each protein are labeled. The PDB coordinates 1RJ9 and the program 
PyMol were used to make this figure. 

structures are available for the N G domains of Ffh from archaeal homologs. These structures 
have been solved both in the presence and absence of G D P or non-hydrolyzable G T P ana
logs (see Table IB). The N domain is comprised of a four-helix bundle, which is closely 
associated with the G domain (Ras-like GTPase) that has a core made up of a five-stranded 
P-sheet surrounded by a-helices. The G domain also contains an Insertion Box Domain 
(IBD) which is unique to the SRP GTPases. A similar structural arrangement is found in the 
N and G domains of ^ . coli FtsY (SRoc), which has been solved to 2.2A resolution. 

The structure of the catalytic core (N and G domains) formed by the Ffh/FtsY complex 
from T. aquaticus has been solved to 1.9 A resolution in complex with the non-hydrolyzable 
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Table 1A. SRP protein/RNA complex structures 

PDB 
ID Source Method Description 

R Resolution 
Value [A] Reference 

1DUL E. coli 

1 H 0 1 E. coli 

X-ray Domain IV of 4.5 S RNA, 0.199 
M domain of Ffh 

X-ray 4.5S RNA, M domain 
of Ffh 

0.151 

1 0 Z W S. solfataricus X-ray The complete SRP 54 (Ffh) 0.340 
with helix 8 

1.8 

1.5 

4.1 

Batey et a I 
2000^^ 

Batey et a! 
2001 ^^ 

Rosendal 
e ta l2003^^ 

GTP analog GMP-PCP.̂ '̂"^^ The structures show that Ffh and FtsY form a quasi-two-fold 
symmetrical heterodimer having interaction surfaces both in the N domains and the G do
mains but with the majority of the protein-protein interactions occur between the G domains 
(Fig. 2B). Comparison with structures of the uncomplexed proteins shows there are major 
conformational changes that occur upon formation of the heterodimer. Binding of GTP versus 
GDP results in small structural adjustments in the free proteins." '̂̂  The structures reveal that 
the 3' OH of the GTPs are essential for Ffh/FtsY association, activation and catalysis. The 
structures show that there is a shared composite active site containing the two GTPs at the 
interface, explaining why binding of Ffh to FtsY is GTP-dependent and why the complex 
disassembles after GTP hydrolysis. The structural rearrangement upon complex formation 
results in bringing catalytic residues in the IBD loop into the active site. The only interactions 
at the active site between the GTPases occur between the nucleotides. The GTP molecides are 
aligned head to tail such that the y-phosphate of each GTP is hydrogen-bonded to the other 
GTP's ribose 3' OH group. Hydrolysis of the GTP releases the y-phosphate. This essentially 
breaks the contact between the active sites and the GTP substrate and initiates the Ffh/FtsY 
dissociation. All the three-dimensional structural information for bacterial and archaeal SRP 
targeting components currently available is listed in Table 1A-C. The Signal Recognition Par
ticle Database (SRPDB) (http://psyche.uthct.edu/dbs/SRPDB/SRPDB.html) provides up to 
date access to alignments of the SRP and SR sequences and phylogenic analysis of these pro
teins and RNAs. 

The ftinction of the SRP/FtsY domains become more clear upon structural analysis. Not 
only do the structures shed light on how the SRP Ffh M domain binds to the signal peptide, 
but they also deepen our understanding into why Ffh and FtsY act as each others GTPase 
activating protein. The structures of the Ffh/FtsY (NG domain) complex reveal that Ffh and 
FtsY interact via the NG domains with the two GTPs forming a composite active site and 
explains why the targeting of ribosome nascent chain-bound Ffh to FtsY requires GTP (Fig. 
5A). The transfer of the nascent membrane protein to the SecY complex cannot take place 
until Ffh bound to FtsY dissociates from the nascent chain. This only occurs after GTP has 
been hydrolyzed from Ffh and FtsY. 

Translocation/Insertion 
After targeting to the membrane, the hydrophobic signal anchor of the nascent mem

brane protein inserts into the SecYEG channel. The hydrophilic region of the membrane polypep
tide is translocated through the Sec complex to the other side of the membrane and the mem
brane anchor region leaves the channel laterally. How the ribosome-bound membrane-targeted 
protein is transferred to the SecYEG channel is not known. One possibility is that there is a 
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direct interaction between FtsY and the translocation machinery, which then faciUtates the 
insertion of the targeted protein into the SecYEG channel. The chloroplast FtsY forms a large 
complex that includes SecY and Alb3, the chloroplast YidC homolog.^ A very active area of 
research addresses the mechanism by which membrane proteins enter the channel and translo
cate their hydrophilic regions across the membrane. What part of the SecYEG complex does 
the hydrophobic domain of the membrane protein bind to? How is the hydrophobic segment 
of the inserting membrane protein released from the Sec machinery and integrated into the 
bilayer? How does the Sec machinery perform these translocation and integration functions 
while maintaining a tight seal to prevent exchange of ions and solutes across the membrane? 

In Bacteria, the Stc components SecY and SecE form the minimum translocation machin
ery.̂ "̂  SecYEG is sufficient to insert the membrane protein FtsQin vitro."̂ ^ Although SecDF is not 
essential for insertion, it does facilitate translocation. SecG also promotes protein translocation 
but is not essential for insertion. ' In some cases, SecA uses the energy of ATP hydrolysis to 
promote translocation of the hydrophilic domain of a membrane protein across the membrane. 

The SecA-driven translocation of hydrophilic domains of membrane proteins most likely 
occurs in steps of 20 to 25 amino acid residues, as shown for the exported protein proOmpA."^ 
By this same mechanism, the SecA bound to a membrane protein inserts into the membrane 
upon ATP binding, taking with it a segment (20 to 25 residues) of the polypeptide domain to 
be translocated. Following ATP hydrolysis, SecA dissociates from the membrane protein and 
returns to the cytoplasmic side of the membrane. By repeated cycles of SecA insertion and 
deinsertion, the polypeptide domain of the membrane protein is moved across the membrane. 

Structure of SecA 
SecA is a multifaceted protein. It binds to phospholipids, ATP, SecY, signal peptide, the 

mature domain of exported proteins, and SecB (for review, see ref 30). For membrane proteins, 
SecA is believed to bind to the hydrophobic domain (analogous to a signal peptide), and a part 
of the hydrophilic domain to be translocated. SecA belongs to the group of ATPases that show 
similarity to the DEAD-box helicases.̂ ^*^^ 

Crystal structures are available for SecA from Bacillus subtilis (Fig. 3A) (Table 2)^^ and Myco-
bacterium tuberculosis.^ These were solved both in the apo-form and in complex with AD P. Both 
studies were consistent with an antiparallel physiological dimer which was seen in solution by 
FRET experiments. Interestingly, the packing interactions are different in the two structures. B. 
subtilis SecA has also been crystallized under conditions that result in a monomeric form of the 
SecA (Fig. 3B) which adopts a more open conformation than the dimeric form. Previous bio
chemical studies had shown that interaction with SecY, acidic phospholipids or signal peptides 
induces SecA into a monomeric form^ with significant conformational changes. The mono
meric crystals also gave improved resolution, diffracting to 2.2 A resolution and revealing inter-
pretable electron density for most of the molecide (Fig. 3B). The structure of SecA can be thought 
of as having two separate regions, the motor region and the translocation region. The motor 
region is made up of two nucleotide-binding fold domains (NBFl and NBF2) and the transloca
tion region is made up of the preprotein crosslinking domain (PPXD), the helical wing domain 
(HWD) and the helical scaffold domain (HSD). From the crystal structures, the binding of ADP 
does not appear to change the structures of the NBF domains. The major difference between the 
dimeric (Fig. 3C) and monomeric (Fig. 3B) forms of SecA is a result of an approximately 60° 
rotation of the PPXD and a rotation of the HWD and HSD of approximately 15°, resulting in 
the formation of a large groove between the PPXD, HSD and HWD. This groove is postulated to 
be the peptide-binding site. In all the crystal structures of the entire SecA protein available so far, 
there has not been experimental electron density for the C-terminal zinc-binding domain. The 
structure of this zinc-binding domain alone has been solved in solution by NMR. ' It has also 
been solved by X-ray crystallography in complex with the targeting protein SecB. 
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Figure 3. A) A ribbon diagram with transparent surface showing the closed form of SecA from Bacillus 
subtilisP B) A ribbon diagram with transparent surface showing the open monomeric form of SecA from 
Bacillus subtilisP The nucleotide-binding fold 1 domain (NBFl), the nucleotide binding fold 2 domain 
(NBF2), the helical scaffold domain (HSD), the preprotein cross-linking domain (PPXD) and the helical 
wing domain (HWD) are labeled. The bound ADP is shown in van der Waals spheres. The deep groove 
proposed to be the signal sequence binding domain is pointed out with an arrow. PDB coordinates 1TF5 
and the program PyMol were used to make this figure. C) A Ca trace diagram showing the dimeric closed 
state of the SecA protein from Bacillus subtilis?^ The bound ADP is shown in van der Waals spheres. PDB 
coordinates 1M74 and the program PyMol^^ were used to make both Figure 3A,C. 

Structure o f the SecYE^ C o m p l e x 
A central question in the membrane protein biogenesis and protein export field asks what 

are the structural and mechanistic characteristics of the protein-conducting SecYEG machin
ery. 2 D electron microscopy studies provided the first clues to this question. T h e oiigomeric 
forms of SecYEG complex from E. colt and B. subtilis are dimers. However, there are some 
tetramers that form when SecA is bound. A three-dimensional structure of the Escherichia 

coli SecYEG complex was initially reported from cryo-electron microscopy analysis of 2 D crys
tals. The results suggested that SecYEG was a dimer with a closed cavity at the interface 
between the two monomers. 
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Table 3. SecYEG structures 

PDB R Resolution 
ID Source Method Description Value [A] Reference 

1RH5 M. jannaschii X-ray Double mutant 0.242 3.2 Van Den Berg et al 
2004^7 

1RHZ M. jannaschii X-ray Wild-type 0.254 3.5 Van Den Berg et al 
2004^7 

a E. coli Cryo-EM n/a 8.0 Breyton et al 2002"^^ 

a. The electron density file of a SecYEG dimer wi th the non-crystallographic symmetry imposed is 
available from the Supplementary Information from the Nature webpage (http://www.nature.com). 

Low-resolution cryo-EM studies have also been performed on the ER Sec translocon. 
These studies revealed an oligomeric Sec61 complex ^ and a ribosome-Sec61 complex with the 
pore of the Sec61 complex aligning with the exit tunnel located within the large ribosomal 
subunit. It was suggested that the central part of the Sec61 complex represented an aqueous 
pore because previous studies using fluorescently-labeled polypeptide chain positioned within 
the translocation channel suggested the chain to be in an aqueous environment. ^ Additionally, 
the size of the aqueous channel was determined to be 40 to 60 A. 

Then came the big surprise in 2004 with the X-ray crystal structure of the SecY complex 
(SecYEP) from Archaea ^ (Table 3). The crystal structure of the heterotrimeric SecYEP com
plex was solved to 3.2 A resolution in the presence of the detergent diheptanoylphosphatidyl 
choline (Fig. 4A). The archaeon Methanococcus janaschii was chosen as the source of the Sec 
components, based on the stability and crystallizability of the complex after screening proteins 
from 10 different species. The structure shows that the SecY (Sec61a subunit) protein consists 
of 10 transmembrane segments with the helices packed such that the protein makes two sym
metrical halves with both the amino- and carboxy-termini facing the cytoplasm (transmem
brane segments 1-5 and 6-10 form the symmetrical halves). The Sec6ip and SecE(Sec6lY) 
subunits each have one transmembrane segment with the amino terminus facing the cytoplasm 
(Fig. 4A). Surprisingly, the structure suggests that the translocase pore resides at the center of 
one copy of the heterotrimeric SecYEp. As mentioned above, previous biochemical and 
cryo-electron microscopy evidence had suggested that the pore may be assembled from mul
tiple copies of SecYEp. A cross-section of the channel reveals an overall shape of an hourglass 
with a ring of isoleucine residues that lines the constriction point (approximately 3 A in diam
eter) near the center of the membrane. Interestingly, the structure of the channel, which is 
presumably in the closed state, reveals a small helix that sits on top of the pore and plugs the 
channel. The extremely small diameter of the pore suggests that the transmembrane segments 
of SecYEp would go through a significant rearrangement in the open state to accommodate a 
substrates in the process of translocation. Further conformational changes would be needed for 
the a-helix of the inserting membrane protein to escape the channel and partition into the 
lipids of the membrane. The authors propose a ribosomal binding surface for the homologous 
eukaryotic translocon, and a binding site for the SecA ATPase in Eubacteria. ^ There is ap
proximately 50% sequence similarity in the eubacterial and eukaryotic genes SecYE and Sec61ay, 
respectively. Sec6lp and SecG show no sequence similarity. 

A model can be proposed, based on the structure of the SecYEP complex and biochemi
cal data, on how the hydrophobic transmembrane helix of a membrane protein binds to the 
SecYEp complex. The helix would bind to the SecYEP complex in a manner analogous to 
how binding of a signal peptide of an exported protein was proposed. ^ Binding would cause 
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A. 
|. ^ f Cytoplasm 

Membrane 

Outside 

B. 
TM6 

TM5 

Fig;ure4. A) A ribbon diagram showing the heterotrimeric complex of SecYEp from the archaeon Methanococcus 
jannaschii. The SecY (or Sec61 a subunit), SecE (or Sec61 y subunit) and Sec61P subunit (no sequence 
similarity to SecG) are labeled. The orientation of the channel is shown relative to the phospholipid bilayer 
it resides in. PDB coordinates 1RHZ and the program PyMol were used to make this figure. B) A ribbon 
diagram showing the top (cytoplasmic) view of the SecYEp channel (light grey). The transmembrane 
segments TM2 and TM7, proposed to be part of the exit route for the substrates hydrophobic segments, 
are rendered in a dark shade and labeled. The short helical plug in the center of the channel is also labeled. 
A black dot designates the possible positions of a signal peptide. 

dissociation of the plug from the pore, thereby allowing initiation of the steps of transloca
tion to proceed (Fig. 4B). In the case of a membrane protein containing one hydrophobic 
transmembrane helix, binding would allow the hydrophilic flanking region to pass through 
the channel in a manner that needs to be defined in the future. For a membrane protein that 
is cotranslationally inserted into the membrane, the ribosome is most likely bound to the 
SecY complex and the energy driving translocation is derived from protein synthesis (Fig. 
5B). For SecA-dependent translocation of the hydrophilic domain, the ribosome of the na
scent membrane protein complex would have to detach from SecYEG in order for SecA to 
bind to SecYEG and initiate translocation of the hydrophilic region in steps of 20 to 25 
residues (Fig. 5C). How this is achieved is not clear. SecA could lead to translocation of the 
polypeptide chain by a region of SecA itself moving through the channel. However, it is hard 
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Targeting 

Mtffnbf4n# 

l » i f 

B. 

SecYEG S«cve<5 

Translocation of Hydrophilk Domain - SecA-independent 

fevlG 

Translocation of Hydrophilk Domain - SecA-dependent 

Membrane MemtKane 

SecYEG VKtC SecVBS YWC 

Lateral Release of Hydrophobic domain 

Figure 5. A schematic depiction of the possible individual steps of membrane protein assembly. A) Targeting 
of the nascent protein to the membrane. The Ffh-bound nascent chain is targeted to the membrane in a 
GTP-dependent manner by the interaction of the Ffh NG domain with the NG domain of FtsY. B) 
SecA-independent translocation of a hydrophobic domain. Translocation of the chain within the channel is 
driven by the energy of protein synthesis. C) SecA-dependent translocation of a hydrophilic domain. The 
binding of SecA to the protein chain drives translocation of a loop across the membrane. D) Release of the 
hydrophobic domain from the SecYEG complex. After release of the hydrophobic segment from the SecYEG 
channel, the transmembrane segment is stabilized by YidC. See the text for details of the individual steps. 

to imagine how this could occur with a monomeric SecYEG complex. Or SecA itself does not 
penetrate the Sec complex. Alternatively, SecA could simply bind to the SecYEG channel. 
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thereby causing a conformational change in the SecY complex that opens the channel to 
allow translocation of the polypeptide chain. 

Lateral Integration, Assembly and Folding 
Recent studies have focused on how membrane proteins laterally integrate into the mem

brane bilayer after inserting into the SecY complex and then assemble into their three-dimensional 
structure. Van der Berg et al hypothesized that the substrate's hydrophobic transmembrane 
helices may escape from the channel via the interface between the two symmetrical halves of the 
SecY protein. The structural information, along with previous photocrosslinking data, sug
gests that newly assembling transmembrane domains (anchor segment) of membrane proteins 
may insert between SecY transmembrane segments TM7 and TM2 (Fig. 4B) which make up a 
lateral gate (along with TM8 and TM3) through which the newly assembling transmembrane 
segments may partition into the surrounding lipid. The insertion between TM7 and part of 
TM2 would also trigger an opening of the channel structure allowed by a proposed -15° hinge 
motion between TM5 and TM6 (the connection point between the two pseudo-symmetrically 
related halves of the SecY molecule). The hinge motion of the structure would allow for a pro
posed 15-20A by 10-15A pore opening for the insertion of the anchor segment loop. However, 
the process may be mediated by YidC specifically recognizing transmembrane regions of mem
brane proteins in E. colli' ^ YidC has been suggested to function as an assembly site for hydro
phobic regions of mannitol permease (MtlA). Muller and coworkers showed that hydrophobic 
domain 3 of a nascent Mtl membrane protein inserts at the SecY/YidC interface while the 
hydrophobic domain 1 and 2 are still in contact with YidC. ̂ ^ Therefore, after the hydrophobic 
region leaves laterally from the SecYEG complex it may interact with YidC which would stabi
lize the hydrophobic region until it integrates into the membrane (Fig. 5D). 

Even more recently, the best evidence thus far for YidC playing a role in folding of a 
membrane protein was presented. Nagamori et al showed that lac permease, which spans the 
membrane twelve times, inserts quite normally when membranes contain deficient levels of 
YidC. However, the inserted lac permease under YidC-depleted conditions appears to be 
aberrantly folded as monoclonal antibodies that specifically recognize certain periplasmic loops 
of lac permease are impaired in their binding. 

The role of YidC in the insertion of Sec-dependent proteins varies, depending on the mem
brane protein being studied. For membrane proteins such as Lep and FtsQ, which have large 
C-terminal domains, YidC does not play an important translocation role.^ However, YidC is 
required in vivo for insertion of the Sec-dependent a and b subimits of the FIFQATP synthase. 

Presently, effort is needed to solve the structure of YidC so as to reveal key features of the 
protein such as whether YidC has channel or transporter properties. To provide information 
about the region of YidC important for its membrane insertase function, we have studied a 
detailed collection of deletion and substitution mutants.^^ YidC is a 60 kDa integral mem
brane protein with six transmembrane segments. Transmembrane regions two, three and six 
are important for activity and contain residues that are critical for membrane insertase activity. 
It will be necessary to determine which parts of YidC constitute the substrate-binding region 
and how the transmembrane segments within the protein interact. In addition, the oligomeric 
structure of YidC will also need to be determined within intact membranes. The formation of 
a structure of YidC within intact membrane would explain why some purified YidC appears as 
a dimer upon blue native polyacrylamide electrophoresis. It should be noted that Oxal, the 
mitochondrial homolog of YidC, is a tetramer. 

Insertion by the Novel YidC Pathway 
The second route by which proteins can insert into the membrane is by the YidC pathway 

(for review, see ref 58) (Fig. IB). Strong evidence for the evolutionarily-conserved nature of 



Membrane Protein Insertion in Bacteria from a Structural Perspective 67 

this insertion pathway was obtained when it was discovered that the Sec-independent phage 
M l 3 procoat and Pf3 coat proteins require YidC for membrane insertion.^^'^^ Previously, the 
YidC homologs in mitochondria and chloroplasts (Oxal and Alb3, respectively) were found to 
play a role in membrane protein insertion in these organelles (for review, see re£ 60). YidC 
plays a direct role in the membrane insertion process as it comes into contact with Pf3 coat 
protein during membrane insertion of the phage protein. ^ Both M13 procoat and Pf3 coat 
protein do not require the SRP pathway for insertion. 

To date, the only endogenous E. coli protein that has been discovered to require YidC and 
insert by a Sec-independent mechanism is subunit c of the FIFQATP synthase. ' ^ In vivo and 
in vitro studies have demonstrated that subunit c inserts independent of the Sec translocase 
and does not require the SRP targeting components for insertion (see ref 62 for a differing 
opinion). Unlike the M l 3 procoat and Pf3 coat proteins, insertion of subunit c does not re
quire the proton motive force across the membrane. Yet, like the M l 3 procoat and Pf3 coat 
proteins, subunit c is small in size and has short translocated regions. What structural features 
render a protein completely dependent on YidC for its membrane insertion are not known. 

It is not clear whether YidC acts alone in intact cells or whether there are other proteins 
which make membrane insertion more efficient or regulate insertion by this pathway. Interest
ingly, the mitochondrial homolog Oxal has recently been shown to bind to the ribosome, '̂ 
specifically to the large ribosomal protein Mrp20 (homologous to the L23 E. coli protein). 
This raises the question of whether YidC also binds to the ribosome in E. coli. 

Conclusions and Future Questions 
During the last few years, we have seen the first three-dimensional structures of the 

membrane-localized protein-conducting channel, its ATPase motor, and the SRP targeting com
ponents Ffh and FtsY. These structures have provided tremendous insight into the role these 
proteins play in membrane protein biogenesis. However, there are limitations to the current 
work because they do not provide information on the dynamic nature of the components during 
the translocation process. Despite significant advances in this area, we are only now beginning to 
understand how membrane proteins are assembled within the lipid bilayer. 

To understand how the membrane protein inserts into the lipid bilayer and folds into a 
stable and active conformation, it will be necessary to shed light on how the protein partitions 
into the membrane, where the helical transmembrane segments associate to form the trans
membrane domain of the protein. This will require a multidisciplinary approach involving 
biophysical studies, structural analysis as well as cell biology, genetics and molecular biology. 

The recent availability of the three-dimensional structures of the proteins and protein 
complexes involved in membrane assembly now provides the opportunity for detailed 
structure-function studies and for molecular dynamics simulation analysis which could pro
vide important insights into the mechanism of this very dynamic molecular machinery. 
Cryo-electron microscopy experiments with 2D crystals will also be helpful in the understand
ing of the movements within this system. 

To provide a deeper understanding of the membrane insertion mechanism, it will be 
necessary to examine how membrane proteins interact with the Sec machinery at an atomic 
level. Thus, future directions include determining the three-dimensional structure of Sec com
plex intermediates, such as the SecYEG complex with a bound membrane protein, signal pep
tide or in complex with SecA as well as with the channel in the open state. Elucidating the 
structures of the eubacterial SecDFyajC complex and YidC may help to provide clues as to 
their functional roles in membrane protein translocation and membrane protein assembly. 
Also needed are high-resolution structures of a signal peptide bound to the M domain of Ffh of 
the SRP and the complete Ffh-FtsY structure. Other open questions remaining in this field 
which will require biochemical, biophysical and genetic methodologies to answer are: How are 
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membrane proteins integrated into the lipid bilayer after they leave the Sec complex and what 
is the role of YidC in this process? Does YidC have a general chaperone-like ftinction to help 
fold membrane proteins? Answering these questions is essential to obtaining a complete pic
ture of how proteins are assembled into the membrane. 
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CHAPTER 6 

The Twin-Arginine Transport System 

Frank Sargent, Ben C. Berks and Tracy Palmer* 

Abstract 

The twin-arginine transport (Tat) system is a protein-targeting pathway found in the 
cytoplasmic membranes of many eubacteria, some Archaea, and the chloroplasts and 
mitochondria of plants. It is apparendy not a feature of animal physiology. Substrate 

proteins are targeted to a membrane-bound transport apparatus by N-terminal signal peptides 
harbouring a distinctive Win-arginine* amino acid sequence motif, and, most remarkably, all 
substrate proteins are transported in a fully folded conformation. Model systems most com
monly used to study the fundamentals of Tat transport are the Gram-negative eubacterium 
Escherichia coli, the Gram-positive eubacterium Bacillus subtilisy and thylakoid membranes de
rived from pea or maize chloroplasts. Here, we have attempted to integrate our knowledge of 
the key aspects of these well-characterized Tat protein transport pathways, to carve-out some 
shared principles between systems, and arrive at a broad consensus covering the physiology and 
biochemistry of Tat transport. 

Traffic on the Tat Pathway 
The majority of substrates that are exported by the bacterial Tat pathway are proteins 

containing redox-active cofactors.^ Strong evidence suggests that such proteins acquire their 
cofactors, and therefore attain a folded conformation, in the cytosol prior to export (reviewed 
in ref 2). Indeed, cofactor binding is usually taken as a prerequisite for Tat export since some E. 
coli enzymes are not exported before this process is complete. It should be noted, however, 
that export of someTat-dependent enzymes has been observed even when cofactor-insertion is 
blocked^ and there are ever-increasing reports of bacterial Tat substrates that are devoid of 
prosthetic groups. The existence of cofactor-lacking, but still fully folded. Tat substrates 
serves to highlight that transport of folded proteins is the raison d'etre of the Tat transporter. 
Conversely, there is now very strong evidence that the bacterial Tat system is incapable of 
transporting unfolded proteins. ̂ ^ These elegant experiments utilized E. coli alkaline phosphatase 
(PhoA), a protein that requires the formation of two disulfide bonds for correct folding and 
activity, as a Tat substrate. Tat-targeted PhoA was only transported when expressed in a mutant 
strain with an oxidizing, rather than the normal reducing, cytoplasm. This indicated that PhoA 
transport requires disulfide bond formation, and thus protein folding. As such, the Tat trans
porter exerts a quality control mechanism that rejects unfolded substrates. A list of the 27 
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Table 1. Escherichia coli Tat substrates grouped according to cofactor type 

Iron Sulfur clusters 

• HyaA [NiFe] hydrogenase-1 subunit 

• HybO [NiFe] hydrogenase-2 subunit 

• FHybA electron transfer from hydrogenase-2 

• NapG electron transfer to nitrate reductase 

• NrfC electron transfer to nitrite reductase 

• YagT subunit of a Mo-dependent enzyme? 

• YdhX NrfC homolog? 

Molybdopterin Guanine Dinucleotide (MGD) 

• TorA TMAO reductase catalytic subunit 

• TorZ TMAO reductase-2 catalytic subunit 

M G D and Iron Sulfur clusters 

• NapA nitrate reductase catalytic subunit 

• DmsA DMSO reductase catalytic subunit 

• YnfE DMSO reductase homolog 

• YnfF DMSO reductase homolog 

• FdnG formate dehydrogenase-N catalytic subunit 

• FdoG formate dehydrogenase-O catalytic subunit 

Molybdopterin 

• YedY unknown 

Plastocyanin-related proteins 

• CueO multi-copper oxidase 

• Sufi homologous to CueO 

[Cu ligands absent] 

Other / no obvious cofactor 

• YahJ Fe-dependent hydrolase? 

• WcaM biosynthesis of colanic acid 

• YdcG glucans biosynthesis? 

• YcdB unknown 

• YcdO unknown 

• Yael phosphodiesterase? 

• AmiA cell wal l amidase 

• AmiC cell wal l amidase 

• FhuD ferrichrome binding protein 

known or predicted Tat substrates from E. coli (which has a complete proteome of over 4,000 
polypeptides) is given in Table 1. 

The Twin-Arginine Signal Peptide 
Proteins destined for export by the Tat pathway are synthesized with specialized N-terminal 

signal peptides bearing a conserved SRRxFLK Win-arginine' motif The arginine side-chains 
are essentially invariant although a very low number of signal peptides that disobey this rule, 
by the conserved substitution of one arginine by lysine, have been discovered in both prokary-
otes and plants.^ ̂ '̂ ^ A number of site-directed mutagenesis experiments have confirmed the 
central importance of the arginine residues: For example, a complete export block was ob
served when the twin-arginine residues of the signal peptide of the Wolinella succinogenes [NiFe] 
hydrogenase were replaced with twin glutamines,'^ and transport of the glucose-fructose oxi-
doreductase (GFOR) from Zymomonas mobilis was prevented when the arginines were mu
tated to lysines. 

One of the most heavily exploited bacterial twin arginine signal peptides is that of the 
trimethylamine A^-oxide (TMAO) reductase (TorA) from E. coli. The TorA signal peptide has 
been attached to green fluorescent protein (GFP),^^'^^ Colicin V,̂ ^ PhoA,^^ OEC23,^^ LepB,^^ 
MalE,^^ dimethyl sulfoxide reductase,'̂ '̂  hydrogenase-2,^^ and GFOR."^ Interestingly, the na
ture of the passenger protein to which the TorA signal is attached seems to have an influence on 
the operation of the Tat motif at the molecular level. For example, a mutant SRA!RFLA TorA 
Tat motif was incapable of transporting the native TMAO reductase to the periplasm, how
ever TorA signals carrying this very sequence still directed export ofbothGFP^^ and Colicin 
V. This is a quite remarkable, important and puzzling phenomenon, and the mechanism by 
which passenger proteins exert influence on signal peptide activity remains unknown. 
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Table 2, Tat signals from E. coli molybdenum-containing proteins 

Protein Enzyme N-Terminal Signal Peptide 

FdnG 
FdoG 

YagT 

YedY 

TorA TMAO reductase 
TorZ TMAO reductase-2 

DmsA DMSO reductase 
YnfE DMSO reductase-2 
YnfF DMSO reductase-3 

Nap A nitrate reductase 

MNNNDLFQA] 

MIREEVMTLJ WRREFIKHS GJAAGAL WTSAAPLPAVJA 

VLKTKlPDAVLAAEV^BMGl^yK^'^^^GG^AMASSALTLPFSRlAHA 

\SM:'ri^VKSTAJGSLALAAGGFS'LBFTL,imAAA 

|SRRSL1«(KT SALGSLALASSAFTLFF S QMVRA 
MSKNERMVGI 

MKIHTTEALMKAEI 

formate dehydrogenase-N 
formate dehydrogenase-O 

MSNQGEYPEDNRVGKHEPHDLSLJ 

MKKNQFLKESDVTAESVFFMJ 

MKLteRRSFf^KAN^ VAAAAAAAGLSVPGVARAWG 

myvmMQZP^J^CAGGMAGTTVAALGFA^KQALA 

MOVSRROFFKICA GGMA GTTAAALGFAV S VAL A 

[TRRDL I K VSAA TAA TA l/K^PHSTLAASV 

s^SiSLO^rUHALGISA TALSLBHAAHA 

Residues contributingtothetwin-arginine motif are bold underlined, side-chains of the signal peptide 
h-regionsare italicized, conserved proline residues are shown in bold, and the signal peptide n-regions 
of variable sequence are boxed. 

Outwith the twin-arginine motif, Tat signal peptides have a few other distinguishing fea
tures. N-terminal to the Tat motif Ues the signal peptide *n-region* that is very variable in 
sequence and normally polar in character. C-terminal to the Tat motif there always exists a 
hydrophobic *h-region' of 15-25 amino acids that is often punctuated by a conserved proline 
residue preceeding a short polar 'c-region' which completes the signal peptide. ̂ '"̂ ^ The majority 
of prokaryotic and plant twin-arginine signal peptides are proteolytically cleaved following the 
transport event, the exception being the Rieske Fe-S protein in which the signal peptide h-region 
ultimately forms a transmembrane helix through the lipid bilayer. 

To date, the functional importance of the signal peptide n-regions has not been exten
sively explored. It is notable that signal peptides for proteins binding similar cofactors (even 
those from different biological systems) exhibit striking sequence conservation in addition to 
the twin arginine motif (for example, the [NiFe] hydrogenase signal peptides aligned in Berks 
et al ). Interestingly, signal peptide sequence conservation between related Tat substrates is 
often located in the signal peptide n-region, and this region is also the most variable in se
quence and length between unrelated passenger proteins (Table 2). 

Ante-Transport Events 
Tat transport is not just a post-translational event, it is a crucial biosynthetic step in as

sembly of a Tat substrate. All Tat substrates must at least be fully folded before Tat transport is 
attempted. In the case of bacterial redox enzymes, it is very important that Tat transport does 
not take place before cofactor-insertion is complete, and in some cases, before a signal-less 
partner protein that must be *piggy-backed' through the Tat translocase has docked. For these 
reasons a system of ^proofreading' Tat transport has been postulated since the Tat translocase 
was first described.^ The phrase ^proofreading' in the context of Tat transport is taken to mean 
the monitoring or checking of the state of assembly of a Tat substrate before export. It is fair to 
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say that the phrase Equality contror would have been the preferred description of this process. 
However, 'quality controF has been used to describe a mechanism by which the Tat apparatus 
itself accepts or rejects substrates presented for transport. ^ 'Proofreading' therefore describes 
early ante-transport events where Tat substrates are being prepared for export while 'quality 
control' describes a late ante-transport event where substrates 'pass or fail' at the final check
point. Tat transportation is the point of no return. Thus, for certain complex Tat substrates, the 
proofreading system is very important. 

There is some evidence that twin-arginine signal peptides show specificity towards their 
native passenger proteins and their native host organism. GFOR, for example, is efficiently 
exported in the Z. mobilis bacterium but not when heterologously expressed in E. colt. Replace
ment of the GFOR Tat signal with that of ^. colt Tor Ay however, allows transport of the chi
mera in E. coli} Similarly, the chloroplast OEC23 protein was not exported when expressed 
in E. colF^ unless the TorA signal was substituted for the native Tat signal peptide. ̂ ^ These 
observations suggest that Tat signal peptides are not universally recognized by different Tat 
translocases. However, to complicate the picture further, it should be noted that Tat signals 
from Desulfovibrio vulgaris are active in E. coli}^ 

There are also some indications that Tat signal peptides may be specific for particular 
enzymes within the same organism. For example, replacement of the signal peptide of ^. coli 
DmsA by that of £. coli TorA impaired Tat transport of the modified DMSO reductase.̂ "^ 
The molecular basis for this observation was originally not at all clear. However, a recent 
study of the Tat-dependent [NiFe] hydrogenase-2 isoenzyme may provide some belated ex
planation. As with the DMSO reductase experiment, assembly and activity of the hydroge
nase-2 were severely impaired when the native signal peptide was swapped for that of TorA. 
However, this loss of function phenotype could be almost completely compensated for by 
overproduction of the TorD protein."^^ This suggests that TorD interacts with the TorA sig
nal peptide. TorD is a 200 amino acid cytoplasmic protein that had previously been shown 
to be required for the efficient insertion of molybdopterin into TorA. Since cofactor inser
tion into TorA is required before Tat transport can proceed,^ the intimate link between co-
factor insertion and Tat transport provided by TorD might have been spotted earlier. How
ever, since the TorA signal peptide is not essential for cofactor loading,^^ TorD was not 
widely expected to bind a twin-arginine signal peptide. Two-hybrid experiments confirmed 
that TorD binds directly to the TorA signal peptide,^^ while genetic and biochemical experi
ments confirmed a second, as-yet uncharacterized, binding site somewhere on the TorA en
zyme itself "̂ '̂̂ ^ Genetic experiments implicate the TorA signal peptide n-region as a recogni
tion factor for TorD."^^ This would make some sense, as the twin-arginine motif itself is so 
highly conserved between all Tat substrates that this is unlikely to be the principle feature 
that a very specialized chaperone like TorD would recognize. The TorA signal peptide n-region 
is unique to TorA and, therefore, may help TorD to specifically recognize the TorA signal 
peptide. The binding of the TorA precursor by TorD seems to prevent premature targeting 
until all other assembly processes are complete—the very definition of an archetypal 'proof
reading chaperone' on the Tat pathway. The ability of TorD to contribute significantly to the 
biosynthesis of an otherwise alien hydrogenase enzyme is quite surprising, and suggests that 
the proofreading mechanism employed by TorD can replicate almost exactly that of the 
native hydrogenase system. No known homologs of TorD are required for hydrogenase as
sembly. However, sequence analysis suggests TorD is homologous to DmsD.^^ DmsD has 
been shown to be essential for DMSO reductase assembly and to bind to the DMSO reduc
tase twin-arginine signal peptide.^^ The original experiment of swapping the DmsA signal 
peptide for that of TorA would, therefore, also have removed an essential biosynthetic pro
tein from the assembly process resulting in low DMSO reductase activity."̂ "̂  
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e. Tate 

Figure 1. Prediaed struaures and topologies of Tat translocase components, a) the TatA protein as present 
in resting E. coli or thylakoid membranes;^ b) alternative topology of the E. ro//TatA protein as derived from 
PhoA fusions in living cells;^^ c) a coexisting pool of water-soluble TatA proteins has been reported in B. 
subtilisp^ d) the TatB protein; and e) the polytopic integral membrane protein TatC recendy confirmed to 
possess 6 transmembrane segments. 

At this juncture it is not clear whether such a chaperone-mediated proofreading mecha
nism is in operation for other Tat substrate proteins. However, it is interesting to note that the 
structural operons for many bacterial redox enzymes exported by the Tat pathway contain extra 
accessory genes that might encode such proteins. 

Tat Translocon Components 
In general, three classes of membrane protein have been identified as components of the 

Tat translocase: TatA (also calledTha4 a n d T h a 9 in the plant system), TatB (Hcf l06 in plants), 
and TatC (Fig. 1). Genes encoding the three Tat components have been identified in a wide 
range of organisms and mutations impair transport of all protein bearing twin-arginine sig
nal peptides. Genes encoding Tat components are often duplicated^^ and E. coli, for example, 
produces two functional homologs of TatA (from the tatA and tatE gcncs^^). TatA-class pro
teins are predicted to comprise a membrane-spanning a-helix at the N-terminus, immediately 
followed by a cytoplasmically-located amphipathic helix and then a C-terminal region of vari
able length (Fig. la) . In most biological systems, TatA is bound to membranes, ' probably 
via the N-terminus, although the overall topology^ may be more complicated (Fig. l b ) . B. 
subtilis contains three copies of TatA and studies of one of these (TatAj^^) suggests a portion of 
the protein may be soluble in the cell cytoplasm (Fig. Ic). 
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TatB-class proteins share a similar overall structure to TatA (Fig. 1). Studies in E. col?' 
and plants^^ indicate that TatB has a function in Tat transport that is distinct from that of TatA. 
The evolutionary link between TatA- and TatB-type proteins is so close, however, that some 
organisms, for example B. subtilis^ contain no identifiable TatB homolog at all. In these cases, 
close inspection of the TatA protein sequence suggests the conserved features of both TatA and 
TatB have been combined in a single peptide indicating that the role of TatB may have been 
integrated with that of TatA."̂ '̂"̂ ^ 

The TatC protein is highly hydrophobic and is predicted to have six transmembrane heli
ces, with the N- and C-termini located on the cytoplasmic face of the membrane (Fig. 1). 
TatC proteins show the highest level of amino acid conservation of all the Tat translocase 
components, with eight amino acids strictly conserved throughout the prokaryotic and eu-
karyotic TatC homologues. ^ 

Phylogenetic analysis indicates that the bacterial tatA-y tatB-, and /ar̂ C-class genes very 
frequently show genetic linkage to each other but do not consistently cluster with any other 
types of genes. This suggests that TatABC probably form the only components of the Tat 
transport system. Indeed, overexpression of the tatABCgenes alone results in a marked increase 
in protein flux through the E. coliT2it system both in vivo and in vitro. 

It is becoming clear that two separate large Tat complexes exist both in resting thylakoids 
and E. colt membranes—a TatA complex containing a low amount of TatB, and a complex 
containing equimolar amounts of the TatB and TatC proteins together with low and variable 
amounts ofTatA.^^' ' ®'̂ ^ Both complexes seem to be of the order of 400-700 IcDa, implying 
multiple copies of each Tat component are present. Expression studies suggest that the ratio of 
TatA:TatB production is approximately 25:1, which is in good agreement with the levels of 
TatA and TatB found in membranes and in isolated TatAB complexes. The membrane-bound 
TatAB complex from E. coliy which has been purified to apparent homogeneity, forms a large 
annulus when visualized by negative stain electron microscopy containing what may be a par
tially blocked cavity. Purified TatBC complexes, on the other hand, are oval-shaped under 
negative stain electron microscopy and do not contain an internal cavity of note.^^ 

Signal Peptide Recognition 
The conserved twin-arginine motif within Tat signal peptides must be recognized by the 

Tat translocase for transport to proceed. The fact that Tat signal peptides are generally inacti
vated by mutating one or both motif arginines suggests the amino acid make-up of any binding 
pocket on the Tat translocase may also contain very highly conserved side-chains. It was origi
nally speculated that the distinctive topologies of TatA- or TatB-class proteins might enable 
them to serve as 'receptors' for Tat substrates.^ Indeed, this theory is borne-out to some extent 
by studies in B. subtilis that suggest a cytoplasmic pool of water-soluble TatA interacts with 
precursor proteins. ̂ ^ However, the primary sequence identity amongst these families of pro
teins is low and there are no conserved polar amino acids that might be expected to interact 
with the twin arginines of the signal peptide. Moreover, a pool of water-soluble TatA has not 
been reported during extensive studies of the E. coli system or the thylakoid pathway. In these 
systems, the TatC protein has emerged as the prime candidate for initial signal peptide recogni
tion. Many of the conserved residues in TatC fall within a loop region between helices two and 
three which is exposed on the cis side of the membrane. On this basis, it has been proposed 
that TatC may be the component of the transporter which recognizes the signal peptide. Fur
ther support for this contention came from a biophysical study of signal peptide binding to 
isolated TatBC complexes. The most compellingly current evidence for the location of the 
signal binding site stems from recent in vitro experiments using isolated E. coli membranes 
containing elevated levels of Tat translocase components. Using site-specific photocrosslinking 
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technology, Alami and coworkers ^ were able to comprehensively demonstrate that side-chains 
within the twin-arginine motif of a Tat signal peptide were recognized direcdy by the TatC 
protein. Moreover, this motif recognition event was shown to be the first step in protein trans
port, the signal next being handed from TatC to TatB. '^ Thus, the TatBC complex is a 
membrane-located signal-binding module, a conclusion that is borne-out by complementary 
in vitro experiments with plant thylakoids.^^ As discussed below in more detail, interaction of 
the signal peptide with TatBC is probably via a *loop' or 'hairpin structure in which the ex
treme N-terminus of the signal peptide remains on the cis side of the membrane throughout 
the transport process. 

Protein Translocation 
The unique role of the Tat system in post-translational transport of fully folded and as

sembled proteins means that three-dimensional structures of Tat substrates are important con
siderations when devising translocation theories. The smallest known Tat substrate is the 9 kDa 
high-potential iron-sulphur protein (HiPIP) of Chromatium vinosum, which has a maximum 
diameter of approximately 30A^^ whilst the largest, E. coli formate dehydrogenase-N (FdnGH), 
has a diameter of around 70A.^ Thus, the Tat translocase must be capable of exporting sub
strate proteins that vary greatly in cross-sectional area and still maintain a tight seal in order to 
prevent leakage of protons and other ions across the cytoplasmic membrane during transport. 

Negative-stain electron microscopy of the isolated E. coli TatAB complex results in the 
visualization of annular structures with a central cavity of 65A in diameter. The diameter of 
this cavity is of an appropriate order of magnitude to accommodate a folded Tat substrate 
protein and in vitro experiments suggest this TatA-rich complex could be the transport channel 
itself. Initially using isolated thlyakoids, and more recently with E. coli membrane vesicles, 
it was shown that the TatBC unit, once loaded with substrate and in the presence of a 
protonmotive force (PMF), associated with the TatA complex. Indeed, the E. coli in vitro ex
periments suggested that the twin-arginine signal peptide itself also moved close to TatA at this 
point, but only following initial recognition by TatBC. ^ 

Thus, the experimental evidence points to a model in which the membrane-bound TatA 
complex is a protein-conducting channel, transiently interacting with the TatBC signal-binding 
module in a protonmotive force-dependent manner to facilitate substrate transport." '̂̂ ^ Clearly, 
transport of substrates by the Tat pathway is a dynamic event. Indeed, it has been reported that 
the C-terminal domain of TatA may, under some circumstances, be exposed at the periplasmic 
face of the membrane (Fig. lb) and this raises the possibility of a dramatic 'flipping' of TatA 
topology, possibly during the transport event. 

Energy Transduction 
It is likely that protein transport through the Tat channel is energized solely by the 

protonmotive force. While signal peptide recognition and binding by TatBC occurs effi
ciently even in the presence of protonophores, subsequent docking of the TatA complex is 
completely dependent upon PMF. '̂̂ ^ In E. coli. Tat transport rates can be boosted in vivo 
by overproduction of the phage shock protein—a membrane protein believed to be linked to 
PMF maintenance.^^ Moreover, Alder and Theg,^^ in in vitro studies of Tat transport in 
isolated thylakoid membranes, concluded that transport of a single OEC17 substrate pro
tein was associated with retrograde transport of 80,000 protons. The number of protons 
involved seems extraordinarily large, and (at 3.66 protons required to synthesize 1 ATP) 
perhaps represents the equivalent of 22,000 ATPs lost to the chloroplast or plant cell. Could 
the bacterial Tat system operate to similar specifications? The energetics of the E. coli system 
have never been extensively tested, however assuming the volume of an E. coli cell is --2 X 
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10'^^ litres (a cylinder of r = 0.25 jim and h =\ fim) with an ATP concentration of-5 mM, 
the total amount of ATP in an E. coli cell is --1 X 10'̂ ^ moles or only --600 individual mol
ecules of ATP. Thus, despite the low level of predicted Tat transport sites in the membrane, '̂ ^ 
and even given an efficiently respiring cell, it may not be possible to perform bacterial Tat 
transport to such an energetically taxing regimen. 

It should be noted, however, that Finazzi and coworkers studied in vivo (as opposed to 
in vitro) Tat transport in chloroplasts from various sources but could find no dependence on 
the ApH component of PMF. The reasons for this observation are unclear. However a broad 
conclusion that could be made is that in vitro Tat transport assays may behave slightly differ
ently to the situation in vivo. As Finazzi et al point out, in vitro Tat transport is slow, incom
plete, and for the bacterial system requires massive overproduction of Tat components. In 
contrast, in vivo Tat substrate precursors are processed so efficiently that they are difficult to 
detect, multiple Tat substrates are transported together without competition issues, the levels 
of active translocases, especially in Bacteria, is very low, and the energetic burden to the living 
cell is effortlessly balanced. Clearly, whilst we have witnessed recent great leaps in our under
standing of protein transport, we have only scratched the surface with respect to learning the 
intricacies of the workings of the Tat translocase. 

Post-Transport Events 
Tat transport is very often not the final event in the biosynthesis of many proteins using 

this pathway. In most cases, the twin-arginine signal peptide must be removed, its job now 
complete. In addition, some Tat substrates contain transmembrane segments that must be 
integrated into the lipid bilayer and many more Tat targeted proteins are found to be homo- or 
hetero-oligomers upon purification. These final assembly steps probably occur after transloca
tion and we will discuss each of them here in reverse order. 

Long before the bacterial Tat translocase was described, Tat-dependent periplasmic redox 
enzymes have been isolated and characterized. The E. coli formate dehydrogenase-N, for ex
ample, is encoded by three genes—-fiinGHI. The FdnG catalytic subunit binds a molybdopterin 
cofactor and an Fe-S cluster and is synthesized with a twin-arginine signal peptide. FdnG 
forms a tight complex with the FdnH Fe-S which, in turn, is associated with the Fdnl sub-
unit—an integral membrane cytochrome ^. The crystal structure of formate dehydrogenase-N 
shows that the FdnGHI units oligomerize to form a (FdnGHI)3 complex.^ Numerous other 
examples of homo-oligomerization of Tat substrates exist (reviewed by Berks and colleagues^), 
including the homo-tetramer GFOR from Z. mobilis. The rationale for post-translocational 
rather than pretranslocational oligomerization is two-fold. Firstly, the Tat channel itself must 
ultimately be limited in terms of size of a potential Tat substrate. And secondly, oligomeriza
tion prior to transport would result in precursor proteins brisding with signal peptides which 
might complicate the transport process. How then does the cell prevent oligomerization before 
transport? The obvious physical difference between Tat precursors and mature proteins is the 
presence of the signal peptide and it has been suggested that the uncleaved signal itself might 
hinder oligomerization.^^ This theory arose from inspection of the (FdnGHI)3 *trimer-of-trimers' 
structure in which the FdnG extreme N-terminus was found to be completely buried at the 
trimer interface. The presence of three 33 amino acid peptides in this region would undoubt
edly disrupt any attempts at trimerization. Alternatively, specific signal-binding chaperones 
(e.g., TorD) or other cytoplasmic chaperones might be required for this process. This may 
partly explain why GFOR could not be heterologously exported by E. coli until an endogenous 
signal peptide was employed. 

As an interesting aside to this discussion, it is notable that some Tat-dependent proteins 
form stable periplasmic complexes with proteins targeted by alternative routes. The bacterial 
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periplastnic nitrate reductase system, for example, comprises a Tat-targeted molybdoenzyme 
(NapA) and a non-Tat-targeted f-type cytochrome (NapB) that form a NapAiBi complex. It is 
arguably astonishing to consider that the cell must coordinate translation, different export 
pathways, and cofactor biosynthesis and insertion pathways for two very different proteins and 
still somehow arrive at an active NapAB enzyme with perfect 1:1 stoichiometry. 

The next post-transport event to consider is membrane protein integration. Recently, a 
subset of Tat substrate proteins have been revealed to be genuine integral membrane proteins 
containing at least one hydrophobic a-helix that completely spans the lipid bilayer. ' 
Compelling evidence for the existence of Tat-dependent membrane proteins in Bacteria came 
again from E. colt formate dehydrogenase-N in which the Tat-dependent FdnH subunit was 
shown to contain a single transmembrane segment at its extreme C-terminus.^ Subsequent 
biochemical work identified a further four such *C-tail anchored' Tat substrates in E, coli and 
analogous proteins are widespread in Bacteria and plants. ^ 

There are two possible mechanisms of membrane protein biosynthesis by the bacterial Tat 
translocase. Firstly, C-tail-anchors could behave as *stop-transfer' domains. In the stop-transfer 
model, the hydrophobicity of the C-terminal helix would cause a stalling of the transport 
process as the helix passes through the Tat pore and the extreme C-terminus of the helix would, 
therefore, not enter the Tat channel. The now channel-located hydrophobic helix would then 
move laterally into the lipid bilayer. It is worth considering that such a stop-transfer model 
would probably require a channel-clearing mechanism. It is possible such a 'stop-transfer' 
mechanism would require additional proteinaceous components in order to operate. However, 
none have so far been identified. It should be noted that under certain experimental conditions 
Tat-dependent membrane proteins have actually been recovered as soluble periplasmic inter
mediates. ' While non-specific proteolytic degradation of the C-tail anchors could not be 
discounted in these experiments, it should perhaps be considered that periplasmic intermedi
ates may play a role in the mechanism of Tat-dependent membrane protein biosynthesis. Inte
gration could instead proceed by an alternative 'periplasmic reentry' mechanism and in this 
model no clearing of the Tat channel would be necessary since the entire enzyme, including the 
C-terminal helix, would be exported to the periplasm. The C-terminal tail-anchor would then 
associate with the inner membrane from the periplasmic side. The fact that Tat-dependent 
transmembrane segments are flanked by apparendy random charged and hydrophilic side-chains 
suggests that any re-entry mechanism would also need to be protein-mediated. 

As well as C-tail-anchored proteins, a second class of Tat-dependent integral membrane 
protein has been identified. The Rieske Fe-S protein of the cytochrome ^(^complex of the 
chloroplast thylakoid membrane is targeted in a Tat-dependent manner with the uncleavedTat 
signal peptide doubling as a N-terminal signal-anchor. Indeed, sequence and mutagenic analysis 
suggests that the analogous Rieske proteins found in the cytochrome hc\ and ^(^complexes of 
many Bacteria may be assembled in the same way. '̂̂ '̂ 

Regardless of the integration mechanism employed, post-translational integration of mem
brane proteins is not without logistical problems. It may be necessary, for example, to prevent 
the hydrophobic transmembrane regions from engaging in non-specific aggregation processes 
prior to transport and final integration. In the case of Rieske-type N-terminal signal-anchors, 
the reduced hydrophobicity of the Tat signal anchor, when compared to standard transmem
brane helices, would preclude any recognition by the signal recognition particle normally in
volved in membrane protein biosynthesis."^^ This should prevent mistargeting of most Tat sub
strates. However, we can find no significant differences in the overall hydrophobicity index 
between Tat-dependent C-tail-anchors and Sec-dependent transmembrane segments. ^ In this 
case, masking of the exposed hydrophobic helices could be another possible role for 
enzyme-specific accessory proteins. 



80 Protein Movement Across Membranes 

Figure 2. Targeting and transport by the Tat system. This model is based on in vitro work with E. colt 
membranes and chloroplast thylakoids. '̂̂ ^ Step J, a Tat substrate is targeted to the membrane-bound Tat 
translocon by its signal peptide. The signal peptide initially interacts with TatC by forming a loop. Step 2, 
the passenger protein is transported. The event is energized by retrograde transport of protons. The signal 
peptide may remain inside the channel at this point with its N-terminus remaining on the cis side of the 
membrane. Step 3, lateral transfer of the signal into the lipid phase may occur inducing the signal peptide 
to adopt an a-helical conformation. For N-terminal signal-anchored proteins (e.g., Rieske) this is the end 
of the assembly process. Step 4, forsignals bearing C-terminalAxA motifs, the signal peptide is finally cleaved 
off by a membrane-embedded protease (LepB in E. colt). 

The existence of signal-anchored Tat substrates may also give some insight into the mecha
nism of the most common post-transport event—signal peptide cleavage. Most bacterial Tat 
signal peptides contain a conserved AxA amino acid motif (or an acceptable variation thereof) 
at the C-terminus.' This is the recognition site for LepB-type signal peptidases (*type V) '^ and 
use of a LepB-specific inhibitor in E. coli demonstrated unequivocally that this enzyme does 
indeed remove the Sufi twin-arginine signal peptide. ^ E. coli LepB comprises a globular 
serine protease domain anchored to the periplasmic face of the cytoplasmic membrane by two 
N-terminal transmembrane helices. The active site pocket is on the "underside" of the pro
tease domain and has been envisaged to 'skate' on the surface of the bilayer among the lipid 
headgroups. Signal peptide cleavage can, therefore, only occur, it seems, if the AxA motif is 
correctly oriented in the membrane. Cleavage would be impossible (not to mention undesir
able) in the cytoplasm before export and would be difTicult if the freshly transported precur
sor was free-floating in the periplasm. The most likely mechanism (which would also be in 
line with non-Tat soluble and integral membrane proteins processed by LepB) would involve 
initial insertion of the Tat signal peptide into the translocase in a 'loop' or 'hairpin' orienta
tion^ with N - and passenger-linked C-termini on the same side of the membrane (Fig. 2). 
Tat transport of the passenger domain would then result in a protein anchored by its N-terminal 
signal and probably still within the Tat channel (Fig. 2). Signal peptidases, including LepB, 
have never been copurified with any type of protein transport channel and, given the near 
pleotropic nature of signal cleavage in E. coli, it seems very unlikely that LepB would interact 
directly with the Tat tranlocase. In our model, the uncleaved signal would escape laterally 
through a 'gate' in the Tat channel and become a bona fide signal anchor in the lipid bilayer 
(Fig. 2). In this model, we envisage this hypothetical side gate would be identical to that used 



The Twin-Arginine Transport System 81 

to integrate Tat-dependent transmembrane helices. Indeed, for signal-anchored Rieske Fe-S 
proteins this would be the final step in targeting. Lipid-embedded Tat signals would be 
expected to almost spontaneously form into a-helical structures and this is certainly the 
case for the Rieske Fe-S protein, where the structure is known. For all other Tat substrates, 
however, we finally have lipid-embedded Tat signals with AxA motifs correctly located within, 
or close to, the headgroups (Fig. 2). Cleavage would quickly follow. It is conceivable, there
fore, that the apparently specialized mechanism of Tat-dependent transmembrane segment 
integration is arguably very intimately linked to the fundamental process of signal peptide 
cleavage. 

Concluding Remarks 
In the past 6 years we have witnessed the first wave of research into the Tat transport 

system. The basic components have been defined and vital tools, such as in vitro assays and 
purification protocols, have been developed. Now the race is well-and-truly underway for the 
first structural information on this transport system which, once available, will spark the ea
gerly awaited new wave of Tat research where we will begin at last to understand the mecha
nism of this most remarkable molecular machine. 
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CHAPTER 7 

Retro-Translocation of Proteins Across 
the Endoplasmic Reticulum Membrane 

J. Michael Lord'*' and Lynne M. Roberts 

Abstract 

M any proteins synthesised in the q^osol are translocated across or inserted into the 
endoplasmic reticulum (ER) membrane. These proteins include not only those 
resident in the ER itself, but others destined for post-ER destinations such as the 

Golgi complex, lysosomes or secretion into the extracellular environment. Proteins that fail to 
fold or assemble correctly are detected by the quality control system of the ER and are disposed 
of by a process known as ER-associated degradation. Degradation does not occur in the ER 
itself Rather the aberrant proteins are exported from the ER for degradation by the ubiquitin/ 
proteasome pathway in the cytosol. This involves the retro-translocation of these proteins across 
the ER membrane. In this chapter we discuss our current understanding of the process of 
retro-translocation. 

A significant proportion of the proteins synthesised by ribosomes in the cytosol are 
translocated across or inserted into the membrane of the endoplasmic reticulum (ER). These 
proteins include not only the luminal and membrane proteins resident in the ER itself, but 
also others that are transported beyond the ER, such as secretory, plasma membrane, lysoso
mal and Golgi proteins.^ All use the same passive conduits to cross or insert into the ER 
membrane: protein-conducting channels termed translocons."^ Conserved heterotrimeric mem
brane proteins known as Sec61p or the Sec61 complex in eukaryotes form oligomers that 
constitute the core of these translocons. Delivery of polypeptides into the ER occurs during 
or soon after their synthesis ' and, to ensure that translocated proteins become biologically 
functional, it is essential that they fold correctly and, if part of oligomeric complexes, as
semble correctly. These processes are facilitated by a range of soluble and membrane-associated 
molecular chaperones. Proteins fold and assemble into multimeric structures in step-wise 
fashion, assisted by sequential interactions with specific chaperones that may be ubiquitous 
or cell-type specific. The ER lumen also contains enzymes that can modify particular nascent 
proteins by catalyzing disulfide bond formation, glycosylation, and/or the addition of lipid 
anchors. Throughout the folding and maturation process, proteins are monitored by an elabo
rate and stringent ER quality control system that employs various folding sensors and mo
lecular chaperones to ensure *native' conformations are reached.^' On the whole, proteins 
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destined for post-ER locations are only allowed to exit the ER in transport vesicles when 
they pass this test of structural integrity. 

Mutations and missing subunits can lead to aberrandy folded proteins. Although some of 
these may be trafficked to lysosomes for degradation, most are not dispatched to their in
tended destinations, nor do they usually accumulate indefinitely. Initially it was believed that 
such proteins were degraded by proteases resident in the ER, but it is now accepted that 
misfolded proteins are exported from the ER and degraded by the ubiquitin/proteasome sys
tem in the cytosol. Terminally misfolded proteins must therefore undergo retro-translocation 
across the ER membrane before they can be tagged by ubiquitin and degraded. This aspect of 
ER quality control is known as ER-associated degradation (ERAD). It is a process that must 
be highly selective in order to distinguish between folding intermediates and those proteins 
that are terminally misfolded. 

ERAD leading to complete degradation is not an obligatory fate of aberrant ER proteins 
however. Some may accumulate or aggregate, a situation found in a variety of human dis
eases. ' Inefficient disposal in the cystosol can lead to the formation of accumulations of 
ubiquitinated proteins called aggresomes,^^ while inefficient retro-translocation or an over
whelming demand for it can lead to ER accumulations of heavily aggregated mutant proteins 
that form dilated ER cisternae known as Russell bodies.' ̂  

Ever changing demands placed on the ER have led to the evolution of regulatory mecha
nisms to constantly monitor and adjust the levels of available molecular chaperones. In this 
regard, accumulation of misfolded proteins in the ER will trigger a cellular stress-induced sig
nalling pathway known as the unfolded protein response (UPR)^ that up-regulates expression 
of genes encoding ER proteins.'^ Indeed, a regulatory link between ERAD and the UPR has 
been demonstrated.' The mammalian transducers of the UPR, i.e., PERK, ATF6 and Irel,'^ 
are kept inactive by interactions with chaperones such as BiP. PERK is a transmembrane kinase 
that phosphorylates eIF2 to attenuate global translation and relieve the load of continued pro
tein synthesis, and to arrest the cell cycle. ATF6 is a transmembrane-activating transcription 
factor that, upon ER stress, is transported to the Golgi where it becomes cleaved to release a 
cytosolic fragment. This is turn is transported to the nucleus to aaivate transcription. Irel is a 
transmembrane protein in which both a kinase and ribonuclease activity are contained in its 
cytosolic domain. Once activated by ER stress, Irel catalyses splicing of XBPl mRNA that 
encodes a transcription factor. The mammalian stress element is present in the promoters of 
UPR-targeted genes, many of which encode proteins that mediate ERAD. BiP is the master 
regulator of the activation of PERK, ATF6 and Irel through its interaction with their luminal 
domains. Under normal conditions, BiP maintains the UPR transducers in inactive form. Upon 
ER stress, BiP binds to unfolded proteins and is thereby titrated from Irel and PERK to allow 
their homodimerization and activation. Release of BiP from ATF6 allows its transit to the 
Golgi where it becomes proteolytically activated. This BiP-regulated activation therefore allows 
the protein folding capacity of the ER to be increased once chaperone insufficiency is sensed. 

The first abnormal proteins to be studied in terms of their cellular fate were orphan sub-
units of the T cell receptor.'^'^^ The mature antigen receptor is an oligomeric complex of 
transmembrane proteins on the surface of T cells. Individual subunits of the T cell receptor are 
synthesised at different rates so the amount of mature receptor is defined by the least abundant 
subunit. Partial complexes or free subunits did not appear on the cell surface but were found to 
be degraded in a non-lysosomal, pre-Golgi compartment, as noted above, initially thought to 
be the ER itself. ' However, the existence of a vigorous proteolytic system in an environment 
dedicated to the correct folding of proteins was difficult to reconcile. Cytosolic proteasomes 
were known to be a major site of protein degradation in the cell, with proteolytic substrates 
being marked for degradation by the covalent attachment of ubiquitin, catalyzed by 
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ubiquitin-conjugating enzymes."̂ "̂  The first indication that ER proteins might be degraded by 
the ubiquitin/proteasome system came firom genetic studies using yeast. In 1993, Sommer and 
Jentsch reported the integral membrane ubiquitin-conjugating enzyme Ubc6p was present at 
the cytoplasmic surface of the ER membrane. UBC6 loss-of-function mutants suppressed a 
protein translocation defect caused by a mutation in SEC61. They concluded that Ubc6p 
might mediate the cytosolic degradation of ER membrane proteins by the proteasome, and 
that this was the fate of the mutant Sec61p.'̂ ^ 

Support for the contention that abnormal ER proteins can be degraded by the proteasome 
has since come from many studies of aberrant membrane and soluble proteins (reviewed in re£ 
24). In some instances, however, normal proteins are retained and degraded by quality control 
as exemplified by the fate of wild-type and mutant cystic fibrosis transmembrane conductance 
regulator (CFTR). For reasons that are unclear, only 25% of native CFTR inserted into the ER 
membrane is trafficked to its site of function at the plasma membrane. The remaining 75% of 
the native protein is degraded in a pre-Golgi compartment. This compares with 100% degra
dation of the AF508 mutant CFTR that is found in most cystic fibrosis patients. The degrada
tion of both wild-type and mutant CFTR was shown to occur by the ubiquitin/proteasome 
padiway^^'^^ In certain circumstances, ERAD is responsible for the physiologically regulated 
degradation of native proteins. The classical example of this is in the regulation of cholesterol 
synthesis. Hydroxymethylglutaryl-coenzyme A reductase (HMGR) is a rate-limiting enzyme 
of the mevalonate pathway by which sterols such as cholesterol and other isoprenoids are syn
thesized. When high cellular cholesterol levels are evident, HMGR is degraded by the 
ubiquitin-proteasome pathway to prevent fiirther accumulation of this sterol. ' 

Certain viruses subvert ERAD as a strategy for immune evasion. For example, expression 
of the human cytomegalovirus (HCMV) genes US2 and USl 1 leads to the degradation of the 
host cell major histocompatibility complex (MHC) class I heavy chains. The viral gene prod
ucts cause the dislocation of MHC molecules from the ER membrane and their export to the 
cytosol where they are ubiquitinated and degraded. When the cells were treated with 
proteasome inhibitors, the dislocated MHC class I heavy chains accumulated in the cytosol as 
soluble, ubiquitinated, deglycosylated proteins.^^ 

Interestingly, while it was initially assumed that misfolded ER proteins would never exit 
this organelle, it has recently been shown that some misfolded/unassembled proteins can be 
cycled to the Golgi for subsequent retrieval prior to retro-translocation and degradation. 
Initial studies in yeast suggested that ERAD substrates requiring ER-to-Golgi transport for 
degradation were typically soluble proteins, whereas membrane substrates were retained in the 
ER before retro-translocation and degradation.^^'^^ This model may be an oversimplification 
based on study of a limited number of substrates. It has recendy been subjected to more rigor
ous testing, with the finding that cellular decision to statically retain the protein in the ER or 
subject it to ER-to-Golgi cycling prior to degradation does not depend on association with the 
membrane but rather on the site of the lesion causing misfolding. It has been shown that 
distinct topological domains of the substrate polypeptides were subjected to two sequential 
checkpoints. The first examines the cytosolic domain of ER membrane proteins. If a lesion is 
found in this domain, the protein is retained in the ER and rapidly degraded regardless of the 
state of other domains. Proteins passing this first check are then subjected to a second that 
examines the ER luminal domain. Proteins detected by this second checkpoint are sorted from 
correctly folded proteins and undergo ER-to-Golgi transport prior to degradation. While the 
first checkpoint is exclusive to membrane proteins, the second monitors both membrane and 
soluble proteins.^^ 

How is retro-translocation across the ER membrane to the cytosol achieved? Clearly the 
first step is to recognise that ERAD substrates are misfolded/unassembled and to target them 
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to the retro-translocation machinery. Misfolded proteins tend to expose hydrophobic regions 
that would be buried in the native conformation. During normal protein folding in the ER, 
resident molecular chaperones bind to transiently exposed hydrophobic regions to prevent 
unproductive interactions between these regions. ̂ ^ It is therefore not surprising that ER mo
lecular chaperones also bind ERAD substrates. ' It has been suggested that the role of ER 
chaperone binding is to prevent extensive aggregation of ERAD substrates, thereby maintain
ing them in a retro-translocation-competent state. If chaperones transiently bind to both 
wild type proteins in the act of folding and mutant proteins incapable of reaching their native 
conformations, a clear distinction must be made between the two. Precisely how this distinc
tion is made in all cases is unclear at present, but it may be determined by the time taken to fold 
correctly. That is, chaperones may associate with proteins long enough to allow the correct 
folding, beyond which any proteins remaining misfolded are delivered to the retro-translocation 
machinery. 

In mammalian cells, the calnexin cycle, that is responsible for effecting the folding of 
glycoproteins with N-linked oligosaccharides in the ER, utilizes a timing mechanism based on 
the structure of the glycan moiety (Fig. 1). '^ Core glycosylation in the ER results in the 
addition of an oligosaccharide consisting of two 7V-acetylglucosamine residues, nine mannose 
residues and three glucose residues ((GlcNac)2(Man)9(Glu)3) to nascent glycoproteins. Glu-
cosidases I and II in the ER lumen rapidly remove two of the three glucose residues from newly 
synthesised but unfolded glycoproteins. This allows the monoglucosylated glycan to interact 
with the ER membrane-bound lectin calnexin. Glucosidase II removes the remaining glucose 
and the glycoprotein is rapidly released from calnexin. If the released glycoprotein is correctly 
folded, it can leave the ER via the secretory pathway. If it remains imperfectly folded, it is 
recognised by an UDP-glucose:glvcoprotein glucosyltransferase (UGGT), a folding sensor, and 
is once more monoglucosylated. This allows iterative rounds of binding to calnexin to pro
vide further opportunities for folding. Terminally misfolded glycoproteins are marked for deg
radation by the action of mannosidase I which opportunistically removes one or more man-
nose residues to generate a (GlcNac)2(Man)8/7 form of the glycan. Mannose trimming lowers 
the activity of UGGT, ultimately reducing further interactions with calnexin. Indeed, studies 
support the idea that the mannose-trimmed protein can be extracted from calnexin by an 
a-mannosidase I-like lectin known as EDEM ' (ER degradation enhancing a-mannose-like 
protein) and diverted into the ERAD pathway. Mannosidase generation of the (GlcNac)2(Man)8 
glycan form is relatively slow, so only proteins that fail to fold correctly after a period of time 
are thought to be targeted for degradation in this way. However, not all glycoproteins fold with 
the same kinetics, so this timing may be flexible or it may be the case that multiple timers exist. 
Whether EDEM directly hands calnexin-selected ERAD substrates to the retro-translocation 
apparatus isn't known. Nor it is yet clear what timing mechanism operates for misfolded 
non-glycosylated proteins, and for the ER substrates in yeast where calnexin and UGGT are 
absent, even though the ERAD of glycoproteins is mannosidase 1 -dependent. Indeed, the 
calnexin/calreticulin cycle cannot be the only pathway for the ERAD of glycoproteins since 
mannosidase-dependent degradation can occur in some instances without calnexin or UGGT. ^ 

Other chaperones involved in targeting ERAD substrates to the degradation pathway 
include BiP, an Hsp70 family member that associates with unassembled immunoglobulin chains 
before their degradation. ' In yeast, mutations in the BiP homologue Kar2 block the degra
dation of several ERAD substrates. ̂ '̂̂ "̂  Protein disulfide isomerase (PDI), an ER luminal pro
tein with multiple functions,^^ is also involved in ERAD. Export from the ER of a cysteine-free 
misfolded secretory protein for cytosolic degradation in yeast required its interaction with PDI,^ 
although other proteins apparently require reduction of disulfide bonds to become substrates 
for ERAD.^^ Epslp, a novel yeast membrane protein belonging to the PDI family, was re
quired for ERAD of a mutant plasma membrane protein. ' 
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Figure 1. The calnexin-calreticulin quality control cycle in higher eukaryotes. Following the action of ER 
glucosidases, monoglucosylated glycoproteins with structural defects will bind the monoglucose-specific 
lectins, calnexin (shown) or soluble calreticulin that in turn interact with the thiol-disulphide oxidoreduc-
tase ERp57 (through which disulphide bonds may form). This binding of newly imported proteins with 
calnexin/calreticulin slows down their rate of folding but increases its efficiency. Release from calnexin 
occurs when glucosidase II cleaves the remaining glucose at which point correctly folded proteins will be 
permitted to exit the ER for the Golgi. Proteins that have not yet reached their native conformations will 
be detected by the folding sensor UDP-glucose:glycoprotein glucosyltransferase (UGGT) that can 
reglucosylate the protein. This allows a further interaction with calnexin/calreticulin in a cycle that may be 
repeated many times. If the protein fails to reach its native conformation by the time the slow acting ER 
a,2-mannosidase I removes a single mannose from the oligosaccharide, the GlciMan8GlcNAc2 glycan 
structure is recognised by ER degradation-enhancing 1,2-mannosidase-like protein (EDEM). This may 
target the glycoprotein for retro-translocation. 

After a protein is identified as an ERAD substrate, it is exported from the ER. Experi
ments showing mammalian ER export of dislocated M H C class I heavy chains mediated by the 
product of the H C M V US2 gene,^^ and studies with specific yeast mutants,^ '̂ ^ first suggested 
that export in both systems involved the Sec6l translocon. This appeared to involve a reversal 
of the process by which nascent secretory proteins are delivered into the ER lumen. Indeed, 
mutant forms of Sec61p itself are degraded by the ubiquitin-proteasome pathway, presumably 
after retro-translocation via functional Sec61 complexes. In order to fit into the channel, it 
seems likely that most substrates would be at least partially unfolded, for, even at its widest 
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Figure 2. Schematic of the ER-associated protein degradation (ERAD) pathway for soluble misfolded 
proteins in Saccharomyces cerevisiae. Newly made proteins are delivered through Sec61 p translocons into the 
endoplasmic reticulum lumen. They may be cycled through the Golgi (not shown) before being targeted 
to ER translocons by ER quality control proteins for retro-translocation to the cytosol. ER proteins including 
the chaperone Kar2p, mannose-binding lectins and several members of the protein disulphide isomerase 
family have been implicated in the turnover of soluble ERAD substrates. Membrane proteins (e.g., Hrd3p 
and Derlp (not shown)) are believed to target misfolded proteins to the translocon or its accessory protein 
(denoted by ?) The ubiquitin-conjugating enzymes (E2s) (Ubclp, Ubc6p and Ubc7p), and membrane 
bound ubiquitin ligases (E3s) (Hrdlp and DoalOp) are responsible for the polyubiquitination of internal 
lysyl residues of yeast ERAD substrates. Cue! p recruits soluble Ubc7p to the ER membrane. Ubiquitination 
of ERAD substrates on the cytosol ic surface of the membrane appears to be crucial for the retro-translocation 
process, most likely for the recruitment of other complexes such as proteasomes or the Cdc48p complex 
(Cdc48p/Nol4p/Ufdlp) that facilitate extraction from the membrane. The polyubuiquitin chains signal 
recognition, unfolding and degradation by proteasomes. PNGase is a cytosolic peptiderA'̂ glycanase that 
removes glycans from glycoproteins at some point prior to their degradation. For clarity, not all proteins are 
shown in the scheme. 

estimate (40-60A diameter), large glycoproteins would not be accommodated without some 
degree of unfolding. Precisely how ERAD substrates are brought to the Sec6l channel and 
threaded through it remains unclear. It also remains possible that translocons in distinct ER 
subcompartments are responsible for retro-translocation. 

Most substrates that are retro-translocated become polyubiquitinated during this process. 
Many of the components of this system have been identified in yeast and show that ubiquitin 
conjugating enzymes Ubcl , membrane-bound Ubc6, and Ubc7 are involved (Fig. 2). Muta
tions in these proteins result in the stabilization of particular substrates (reviewed in ref 61). 
These findings have given rise to the idea that polyubiquitin may provide the driving force for 
moving the proteins across the membrane by a ratcheting mechanism. Alternatively, extraction 
of ERAD substrates may be achieved by a different molecule. Several studies have implicated a 
protein complex at the ER membrane containing the yeast AAA-ATPase Cdc48 (p97 in mam
malian cells) and its partners Ufdl and Npl4, in the export process across the ER membrane. 
Cdc48 /p97 is able to participate in distinct cellular processes, membrane fusion or 
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ubiquitin-dependent protein degradation for example, by interacting with different adaptor 
proteins specific for a particular process. In the case of ubiquitin-dependent protein degrada
tion, the adaptor proteins are Ufdl and Npl4. ' ^ The rate of degradation of misfolded pro
teins is significantly reduced in yeast having mutations in Cdc48, Ufdl or Npl4. ' ^ 
Polyubiquitination, which occurs at the cytosolic surface of the ER membrane, has been shown 
necessary for the retro-translocation of some substrates.^^'''"^^ However, polyubiquitination 
does not appear to be required in all instances of retro-translocation, since certain protein 
toxins that exploit the ERAD machinery to reach their substrates in the cytosol avoid 
ubiquitination altogether, pardy to reduce the chance of being targeted to proteasomes,^ '̂'̂ '̂  
and misfolded yeast pro-a-factor does not require ubiquitination.^^ From further study in 
mammalian cells, it has been proposed that polyubiquitin does not serve as a ratcheting mol
ecule. Instead polyubiquitin may serve as a recognition signal, possibly for the 
downstream-acting p97-Ufdl-Npl4 complex that could be involved in either mobilising the 
dislocated substrate from other components in the membrane, in recruiting proteasomes to the 
membrane, or in the direct extraction of the protein from the membrane (reviewed in re£ 75). 
Release of at least some ubiquitinated substrates from the ER membrane to the cytosol occurs 
in a step that requires active proteasomes together with p97/Cdc48p and ATP.'̂  

Whilst general features of ERAD are beginning to emerge, it is unlikely a single pathway 
will be involved. How a protein is selected and presented to the translocons for retro-translocation 
may vary between substrates. ERAD substrates may interact with different ER chaperones, 
some of which may be cell- or substrate-specific, and they may require the presence of different 
auxiliary proteins. Their retro-translocation requirements may or may not require ubiquitination 
or active proteasomes. Indeed, for some proteins, there may be no absolute requirement for ER 
translocons at all.^^ Whether retro-translocation occurs only from particular subcompartments 
of the ER is also unknown at present, and the precise role of vesicular transport in presenting 
substrates for retro-translocation is unclear. Considerable research effort is now required to 
elucidate these features and to provide detailed mechanisms into the process of 
retro-translocation, its gating and regulation. 
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CHAPTER 8 

Chloroplast Protein Targeting: 

Multiple Pathways for a Complex Organelle 

Matthew D. Smith and Danny J. Schnell* 

Abstract 

P lastids, exemplified by chloroplasts, are a diverse group of essential organelles that 
distinguish plant cells. The biogenesis of these organelles is essential to plant growth and 
development, and relies on the import of >2500 nuclear-encoded proteins from the 

cytoplasm. The import of the large majority of these proteins is dependent on the Toe-Tic 
machinery of the chloroplast envelope. However, an ever increasing number of new pathways 
for targeting proteins to numerous chloroplast sub-compartments have been identified. Fur
thermore, it appears that the multiple targeting pathways and the regulation of import play 
direct roles in the differentiation and specific functions of distinct plastid types during plant 
growth and development. This chapter summarizes the state of the field, emphasizing the 
mechanisms of targeting proteins to and across the plastid envelope, and to chloroplast 
sub-compartments. 

Introduction 
The plastids correspond to a diverse group of essential organelles that are a distinguishing 

feature of plant cells. ̂  The most familiar type of plastid is the chloroplast, which houses the 
photosynthetic apparatus in green tissues. However, plastids are present in all plant cells and 
are the site of other equally important biochemical processes, including crucial steps in lipid, 
amino acid, starch, nitrogen and sulphur metabolism. Therefore, the biogenesis and mainte
nance of plastids in all tissues is essential to the growth and development of plants. 

Plastids are widely accepted to have originated from an endosymbiotic event when a primi
tive photosynthetic cyanobacterium was engulfed and maintained by a nucleated and 
mitochondriate cell. As part of the evolutionary transition from free-living cyanobacterium to 
sub-cellular organelle, the majority of plastid genes were transferred to the nuclear genome. 
The resulting genome of present-day semi-autonomous plastids in vascular plants encodes 
only --120 genes which are primarily involved in photosynthesis, and transcription and transla
tion of the plastid-encoded genes. Accordingly, the vast majority of plastid proteins (estimates 
range from 2500 to 3800 distinct proteins, accounting for --95% of all plastid proteins) are 
encoded in the nucleus and translated in the cytoplasm.^' To compensate for the massive gene 
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transfer, plastids have evolved a highly accurate protein trafficking system for identifying these 
proteins in the cytoplasm, targeting them to the plastid surface and translocating them across 
multiple distinct membranes to their final residence within the organelle/ This review will 
focus on the general mechanisms of protein targeting to and across plastid membranes and will 
highlight the recent discovery of the role of the import machinery during plastid development 
and differentiation. We will emphasize the mechanisms of targeting proteins to and across the 
plastid envelope and briefly summarize the pathways for protein targeting to the thylakoid 
membrane. 

General Features of Plastid Protein Import 
All plastids are surrounded by a double membrane envelope, which serves to separate the 

internal stroma from the cytoplasm (Fig. 1). In addition, several plastid types contain internal 
membrane systems, such as the thylakoid in chloroplasts. This complex architecture requires 
trafficking systems to target proteins to at least six suborganellar compartments; the outer and 
inner envelope membranes, the intermembrane space of the envelope, the stroma, and the 
thylakoid membrane and lumen (Fig. 1). The intricate structure of plastids requires that many 

Outer envelope membrane 
Intramembrane space 
Inner envelope membrane 

Stroma 

Thylakoid membrane 

Thylakoid lumen 

Chloroplast envelope 

Stroma 

Thylakoid 

Cytoplasm 

Figure 1. Morphology of chloroplasts. A) diagrammatic representation of a chloroplast illustrating the six 
sub-compartments of the organelle. B) transmission electron micrograph of an Arabidopsis thaliana leaf 
chloroplast. 
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proteins contain compound targeting signals that are read sequentially as the protein is tar
geted first to the envelope and subsequently to a final suborganellar location. The machinery 
for targeting to and across the envelope membranes appears to be unique to plastids and likely 
evolved in response to endosymbiosis/ In contrast, the trafficking systems of the thylakoid are 
conserved from their bacterial origin and have been adapted to target both nuclear-encoded 
and plastid-encoded polypeptides.^ 

The complexity of plastid trafficking systems is compounded by the dual genetic origin of 
the organelle and the considerable biochemical and morphological changes that occur during 
plastid development in different plant tissues. For example, many plastid protein complexes, in 
particular those involved in plastid genome replication, plastid gene expression and photosyn
thesis, contain subunits encoded by both nuclear and plastid genomes. As a consequence, the 
import and assembly of these hybrid complexes must be tighdy coordinated. In addition, the 
levels and compositions of imported proteins vary dramatically during plant development and 
in different plastid types. The most notable example is the development of chloroplasts from 
undifferentiated proplastids during plant greening (photomorphogenesis). In this instance, the 
expression of genes encoding photosynthetic proteins increases several orders of magnitude, 
and the protein trafficking system must adapt to accommodate the shift from a relatively low 
capacity system for targeting constitutively-expressed plastid proteins to one that can accom
modate the massive influx of specific photosynthetic cargo. Although this diversity of plastid 
form and fimction and their ability to undergo such dramatic interconversion is controlled by 
the nuclear genome, recent evidence indicates that the import machinery simply does not 
serve a housekeeping fiinction, but rather plays an active role in regulating plastid biogenesis 
and differentiation. 

Most Proteins Are Targeted to Plastids via Cleavable Transit Peptides 
The vast majority of nuclear-encoded plastid proteins are translated in the cytoplasm as 

preproteins, containing cleavable N-terminal extensions called transit peptides. Transit pep
tides are the signals that mark these proteins for delivery to plastids. ̂ ^ With rare exception, 
cleavable transit peptides are found on nuclear-encoded preproteins destined for all internal 
compartments of plastids (i.e., all compartments other than the outer envelope membrane). 
The majority of transit peptides can be classified as stromal transfer signals, as the preproteins 
of which they are a part are translocated across the double membrane envelope and delivered to 
the stroma (Table 1). Despite the ftinctional similarity in stromal transfer signals, they lack 
consensus structural features that clearly define them as transit peptides. ̂ ^ Transit peptides can 
vary from thirty to well over one hundred amino acids in length. ̂ ^ In general, they tend to be 
devoid of acidic residues and enriched in hydroxylated amino acids, resulting in a tendency to 
overall basic charge. In contrast to many mitochondrial presequences, transit peptides do not 
form amphipathic helices. Nonetheless, a number of algorithms have been developed to pre
dict the localization of nuclear-encoded plastid proteins based on the characteristics of their 
N-terminal sequences. ̂ "̂ '̂  Upon emerging into the stroma, the transit peptide is recognized 
and cleaved by the stromal processing peptidase, ' yielding a protein that can then be folded 
and/or assembled into a functional complex, or subsequently targeted to one of the other 
sub-chloroplast compartments. 

Molecular machinery located at the envelope membranes of chloroplasts is responsible for 
recognizing and translocating preproteins post-translationally from the cytoplasm into the or
ganelle in a process that requires both ATP and GTP.^ '̂̂ ^ In contrast to mitochondria, a mem
brane potential is not required for envelope translocation. Over the last decade, numerous 
components of the plastid preprotein import machinery have been identified (Fig. 2). The 
translocon at the outer envelope membrane of chloroplasts (Toe complex)"^^ is responsible for 



98 Protein Movement Across Membranes 

i 
Tod 59 

GTP 

Cytoplasm 

Outer membrane 

intermembrane 
space 

Stroma 

Inner membrane 

Figure 2. Schematic representation of components of the Toe and Tic translocon complexes involved in the 
recognition and import of preproteins from the cytoplasm into the stroma. These include core translocon 
components implicated in preprotein targeting (black), membrane translocation (white) and the translo
cation and maturation of preproteins in the stroma (dark gray). Additional proteins with unknown func
tions or proposed roles in facilitating or regulating import under specialized circumstances also are shown 
(light gray). 

recognizing plastid preproteins and initiating protein import into plastids. It acts coordinately 
with the Tic (translocon at the inner envelope membrane of chloroplasts) complex to complete 
translocation of preproteins from the cytoplasm across the envelope and into the stroma, thereby 
bypassing the possibility of mis-targeting to the intermembrane space. 
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Table 1, The architecture of preproteins and the multiple pathways for targeting to 
chloroplast sub-compartments 

Chloroplast 
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Initial Targeting and Translocation of Preproteins Is Mediated 
by the Toe Complex 

Four proteins have been identified in the Toe complex (Fig. 2). The essential core of the 
complex consists of two membrane-associated GTPases, Toc34 and Tocl59, and a p-barrel 
membrane channel, Toc75, with the numbers representing the molecular size of the proteins in 
kDa. These three components assemble into a large toroid-shaped structure of > 500 kDa to 
form the functional translocon. Toc34 and Tocl 59 mediate the initial binding of preproteins 
at the chloroplast surface via direct interactions with transit peptides. ̂ '̂̂ '̂  GTP binding and/or 
hydrolysis at the GTPases are required to initiate translocation of the preprotein across the 
outer membrane."^ '̂"^^ Toc75 comprises a major component of the protein-conducting chan
nel,"̂  ' ' and along with Tocl 59, appears to mediate outer membrane translocation.^ ' Toc64 
is the fourth potential protein of the Toe complex,^ however, it does not appear to be stably 
associated with the other Toe components,"^"^ and it is not required for import of plastid 
preproteins in a reconstituted system. ̂ ^ Toc64 homologues also are found in other sub-cellular 
compartments. Therefore, it is not yet clear what role Toc64 might play in plastid protein 
import. 

The GTP-binding domains (G domains) ofToc34 and Tocl 59 are homologous, and 
together, they define a unique subclass of GTPase that is distantly related to the classical Ras 
GTPase superfamily. Null mutants lacking the Tocl 59 or Toc34 families (see below) of 
GTPases are inviable,^^'^^ indicating that both GTPases are essential for plastid biogenesis. 
The role of GTP and the mechanism by which the Toe GTPases control the initial stages of 
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preprotein targeting remain areas of intense investigation. ^ Two major activities have been 
proposed. First, Toc34 and Toe 159 are proposed to form a gate that regulates access of 
preproteins to the translocation channel of the Toe complex. Considerable evidence suggests 
that GTP-regulated dimerization of the two GTPases underlies the mechanism of the gate. '̂ ̂  
In this scenario, the Toc34-Tocl59 heterodimer represents a closed gate that prevents access 
of inappropriate cytoplasmic proteins to the Toe translocation channel. ^ The binding of a 
preprotein containing an authentic transit peptide at the receptor sites on the Toe GTPases 
results in dissociation of the heterodimer and transfer of the preprotein from the initial 
receptor site into the Toe channel containing Toc75. The second proposed function of GTP 
is to provide the initial energy for insertion of the preprotein across the outer membrane. 
Alternative models have been proposed to account for the role of GTP at this stage. One 
model suggests that GTP binding at the GTPases is sufficient to transfer the preprotein into 
the channel."^^ The binding of an Hsp70-type molecular chaperone in the intermembrane 
space would provide the energy for translocation across the membrane. The chaperone would 
account for the ATP requirement of outer membrane translocation. The second model 
suggests that Toe 159 acts as a repetitive GTP-driven motor with repeated rounds of GTP 
hydrolysis driving outer membrane translocation.^^ This model is based on the observation 
thatTocl59 and Toc75 are sufficient to catalyze at least partial translocation of a preprotein 
in reconstituted proteoliposomes. However, GTP hydrolysis alone is insufficient to drive 
outer membrane translocation in isolated chloroplasts, a process that requires low levels of 
ATP hydrolysis in the intermembrane space."^ '̂ While there is a clear consensus that the 
activities of the GTPases are critical in mediating the recognition of preproteins and regulat
ing translocation, the exact mechanism by which GTP functions at the early stages of import 
remains to be precisely defined. 

Although Toc34 and Tocl 59 are the primary docking sites for preproteins at the chloro-
plast surface, several cytoplasmic factors also have been implicated in the targeting reaction 
(Fig. 2). A guidance complex has been identified in wheat germ extracts that appears to stimu
late preprotein import into isolated chloroplasts. The complex contains a cytoplasmic Hsp70-type 
chaperone and a 14-3-3 protein.'̂ ''̂  The Hsp70 chaperone presumably assists in maintaining 
preproteins in an unfolded state that is competent for membrane translocation, ^ although this 
has recently been challenged. 14-3-3 proteins are typically associated with kinase activities, 
leading to the proposal that a phosphorylation cycle might be involved in the targeting reac
tion. ' ' ' However, phosphorylation of import components or preproteins is not required 
for protein import in vitro or in vivo, leaving the physiological role of the guidance com
plex unresolved. A cytoplasmic form of Tocl 59 also has been detected. ̂ '̂̂ ^ This observation, 
coupled with the documented role of Tocl 59 GTPase activity in targeting it to the mem
brane, has led to the proposal that Tocl 59 might fimction as a cycling receptor by bind
ing to preproteins in the cytoplasm and delivering them to the Toe complex. To date, there is 
no direct evidence for such a function, and the nature of the soluble form of Toe 159 remains 
under investigation. 

Unlike Tocl 59 and Toc34, Toc75 has apparently been adapted from P-barrel membrane 
proteins that are commonly found in the outer membranes of Gram-negative bacteria, includ
ing cyanobacteria. Toc75 can form a membrane channel with a conductance sufficient to 
accommodate an unfolded polypeptide, supporting its role as a component of the Toe translo
cation channel. '̂ ^ Early import intermediates that are trapped at the stage of outer mem
brane translocation crosslink both toToc75 and to the membrane anchor domain of Tocl 59,-̂ 5'̂ ^ 
suggesting that both proteins are required to form a functional translocation channel. The 
participation of Toe 159 in membrane translocation provides a possible mechanism of direct 
coupling of GTP-regulated preprotein recognition with membrane translocation. 
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The Toe and Tie Transloeons Cooperate to Mediate Preprotein 
Transport from the Cytoplasm to the Stroma 

Upon emerging from the Toe complex, the preprotein is immediately engaged by com
ponents of the Tic translocon. Unlike the Toe translocon, which appears to be a relatively 
stable membrane complex, the Tic translocon is dynamic. ̂ ^ Tic components assemble in 
response to preprotein translocation by physically associating with the Toe complex to form 
functional import sites, referred to as supercomplexes, at envelope contact sites. ' Translo
cation across the inner membrane requires only stromal ATP hydrolysis. '̂ ^ As with outer 
membrane translocation, the ATP requirement is attributed to molecular chaperones located 
on the trans side of the membrane, in this case corresponding to the stroma. Although not 
directly demonstrated in plastids, the chaperones are proposed to bind preproteins and thereby 
drive unidirectional transport into the stroma in a manner analogous to that proposed for 
the mitochondrial Hsp70.^^ 

Four polypeptides of the inner membrane directly participate in import, as demon
strated by their ability to covalently cross-link to preproteins during inner membrane trans
location (Fig. 2). Tic22 is a resident of the intermembrane space, and this localization sug
gests that it might function in the assembly of the Tic complex or the Toe-Tic supercomplex.^^ 
Tic20 and Ticl 10 both have been implicated in the membrane translocation reaction. '̂ 
Tic20 is distantly related to bacterial branched-chain amino acid transporters and to the 
Tim 17/23 components of the mitochondrial inner membrane translocase.^^' It is a polytopie 
integral membrane protein that interacts with preproteins during translocation.^^ In addi
tion, anti-sense down regulation of Tie20 results in a specific defect in transport across the 
inner membrane. 

Ticl 10 is an abundant inner membrane protein and a fraction of it is found in associa
tion with Toe components under steady-state conditions, indicating a central role for this 
component in Tic complex function. ^ '̂ In vitro analysis of Ticl 10 has led to the proposal 
that it coordinates the late events in preprotein import.^^' The --95 kDa stromal domain of 
the protein possesses two critical activities. First, it contains a transit peptide-binding site 
adjacent to its membrane anchor segments. ^ This site is proposed to form the initial bind
ing site for the preprotein as it emerges from the Tic channel, thereby preventing it from 
slipping back into the intermembrane space. Ticl 10 also specifically associates with the stro
mal Hsp93 chaperone, and it is believed that the chaperone binds to the preprotein and 
provides the driving force for subsequent translocation.^^' Tic40 is a third integral mem
brane component of Tic complexes. Although its role in import is not essential, the fact that 
it possesses a domain similar to several cochaperone molecules suggests that it might play a 
role in coordinating the association of chaperones with preproteins during the late stages of 
import. In addition to assisting in translocation, the molecular chaperones likely facilitate 
folding of newly imported proteins in the stroma. Cpn60, the plastid GroEL homologue, 
also associates with import complexes, suggesting coordination between preprotein trans
location, processing and folding. Stromal Hsp70 has not been shown to directly participate 
in the import reaction, but it does associate with some nuclear-encoded thylakoid proteins 
to assist in their transit through the stroma from the envelope transloeons to the thylakoid 
membrane. "̂^ 

At least three other proteins have been implicated in preprotein translocation across the 
inner membrane (Fig. 2). Tic62, Tic55 and Tic32/IEP32 have all been identified as potentially 
being complexed with Ticl 10 and have been proposed to play regulatory roles in import. 
While Tic32 appears to be an essential protein in Arabidopsis,^ direct evidence for their roles 
in protein import or their regulation is still lacking for all three of these proteins. 
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Figure 3. Schematic representation of the four known pathways of protein targeting to the thylakoid within 
chloroplasts. See text for details. SPP, stromal processing peptidase, TPP, thylakoid processing peptidase, 

Thylakoid Proteins Are Targeted by Pathways Conserved 
from Prokaryotes 

Nuclear genes encode approximately 50% of thylakoid polypeptides. The process of pro
tein trafficking to the thylakoid is complex, comprising four different pathways (Fig. 3). As 
previously mentioned, these pathways all appear to be conserved from the secretion and inser
tion pathways that exist at the cytoplasmic membrane of prokaryotes.^ Thus, it appears that 
the conserved pathways of protein targeting were retained within plastids, but relocated to the 
thylakoid to maintain proper protein topogenesis as gene transfer occurred following endo-
symbiosis. Thylakoid biogenesis warrants an entire review on its own, and we will only summa
rize the salient features of these pathways in this review. 

All nuclear-encoded thylakoid proteins are first targeted to the stroma using transit pep
tides and the Toe-Tic machinery (Table 1, Fig. 3). The transit peptides of proteins destined for 
the thylakoid lumen are followed in tandem by lumenal targeting domains that are function
ally interchangeable with the signal sequences that target bacterial proteins for secretion (Table 
1)7"^ These signal sequences are -35 residues in length and are characterized by a hydrophobic 
core (-15 amino acids) flanked by relatively hydrophilic regions.'^ '̂ ^ Despite this consensus, 
lumenal targeting signals can be divided into two classes, representing two distinct targeting 
pathways. The two classes are distinguished by the presence of a twin arginine motif that im
mediately precedes the hydrophobic core of the signal sequence. Proteins lacking this motif 
utilize the cpSec-dependent pathway for targeting. Components of this pathway include 
orthologues of the soluble SecA targeting receptor and the SecY membrane translocon of Bac
teria. ̂ '̂ The cpSec pathway is driven by ATP hydrolysis and is utilized by proteins that are 
transported in an unfolded conformation (Fig. 3). Preproteins containing signal sequences 
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with the twin arginine motif utilize a pathway termed the cpTAT or A-pH pathway. The Hcf 106, 
Tha4 and cpTatC components of this pathway are comparable to theTatABC system of prokary-
otes.^^'^ The cpTAT pathway is distinguished by its ability to transport fully folded and/or 
oligomeric proteins using the pH gradient across the thylakoid as the sole energy source (Fig. 
3). It apparently evolved to handle the transport of proteins that require folding and the cata
lyzed attachment of cofactors in the stroma or bacterial cytoplasm prior to transport.^ 

The two remaining thylakoid targeting pathways are specific for integral thylakoid mem
brane proteins (Table 1). The cpSRP pathway is orthologous to the SRP-dependent pathways 
of Bacteria and the eukaryotic ER.̂ ^ Unlike the bacterial and ER SRP molecules, cpSRP does 
not contain an RNA component.^^'^ The major substrates for this pathway are the light har
vesting chlorophyll binding proteins (LHCPs) that form the antennae of the photoreaction 
centers. Segments comprised of at least one transmembrane domain target these polytopic 
membrane proteins to the thylakoid.^^ The signal is bound by the stromal cpSRP, and the 
proteins are targeted to the thylakoid via a GTP-regulated cognate interaction between cpSRP 
and its receptor at the membrane, cpFtsY (Fig. 3). Integration of LHCPs requires ALB3, an 
integral thylakoid membrane protein that is related to the Oxalp and YidC proteins that oper
ate in mitochondria and Bacteria, respectively.^ '̂̂ ^ The cpSRP pathway is also involved in the 
targeting of plastid-encoded thylakoid membrane proteins.^^ In this case, cpSRP acts 
cotranslationally to target nascent chain-ribosome complexes to the membrane in a manner 
analogous to the eukaryotic SRP that mediates cotranslational targeting to the eukaryotic en
doplasmic reticulum (Fig. 3). The final pathway for thylakoid targeting is referred to as the 
'spontaneous' pathway because it does not require a measurable energy input or proteinaceous 
components in the stroma or at the membrane. ̂ ^ The substrates for this pathway include 
subunit II of the chloroplast FQ ATP synthase and several photosystem II proteins.^^'^ Subunit 
II is synthesized with a bipartite targeting signal which is similar to those used in the cpSec and 
cpTat/ApH pathways. As is the case for the proteins targeted by the cpSec and cpTat/ApH 
pathways, the second part of the targeting signal for proteins inserted using the spontaneous 
pathway is cleaved by the thylakoid processing peptidase in the lumen (Fig. 3). 

Inner Envelope Membrane Proteins May Use Distinct Mechanisms 
of Insertion 

Our knowledge of the mechanism of targeting to the inner envelope membrane is based 
on studies of a very few proteins. The majority of these proteins contain a stromal-targeting 
transit peptide that is cleaved by the stromal processing peptidase (Table 1). The proteins are 
subsequently targeted to the inner membrane by signals contained within the mature por
tions of the proteins once the transit peptide has been removed. The signal for targeting to 
the inner membrane resides within one or more of the transmembrane domains of these 
proteins. Fusion proteins containing the transit peptide and transmembrane segments of 
Ticl 10 can be captured as stromal intermediates en route to the inner membrane, suggesting 
that the protein might first enter the stroma on the Toe-Tic pathway and then insert into the 
inner membrane from the stromal side. In contrast, no stromal intermediates are detected 
during the targeting of the TPT transporter, a polytopic inner membrane carrier protein. 
This result suggests that the protein is integrated into the inner membrane by lateral difFu-
sion of its transmembrane segments into the bilayer from the Tic translocon. The inner 
envelope protein IEP32/Tic32 has recently been proposed to use yet another pathway for 
targeting to the inner membrane. This protein appears to be targeted to chloroplasts by a 
novel mechanism that doesn't involve the Toe-Tic pathway or the use of a cleavable transit 
peptide, and may be inserted into the inner membrane directly from the intermembrane 
space with the assistance of Tic22.^ It is therefore possible that integration into the inner 
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membrane might involve distinct mechanisms depending on the substrate. In mitochondria, 
polytopic carrier proteins are integrated via an inner membrane translocase separate from 
that utilized by matrix proteins or other inner membrane proteins.^'^ The components that 
decode the signals for inner membrane integration have not been identified in plastids. There
fore, it remains to be seen whether the stromal, intermembrane space and lateral diffusion 
mechanisms truly exist and whether components distinct from the known Tic components 
are involved in targeting to the inner membrane. 

Outer Membrane Proteins Contain Intrinsic Uncleaved 
Targeting Signals 

The targeting of several outer membrane proteins have been studied, including the three 
core components of the Toe complex, Tocl59, Toc75 and Toc34, as well OEP14 (OEP7), a 
protein with a single a-helical membrane segment. With the exception of Toc75, these pro
teins do not contain cleavable N-terminal targeting signals, but rather contain intrinsic target
ing information within their mature portions (Table 1). 

OEP14 is a small protein of chloroplast outer envelope membranes that has been the 
subject of a number of studies on targeting to the outer membrane. The intrinsic targeting 
information is contained within its first 30 amino acids, which includes its transmembrane 
segment. Although OEP14 insertion does not require exogenous energy, a recent study 
demonstrates thatToc75 mediates targeting and insertion of OEPl4 . ' ^The insertion ofToc34 
and an additional outer membrane protein, DGDl, are also directed by signals encompassing 
transmembrane segments.^^''^^^ Although their insertion is not sensitive to pretreatment of 
chloroplasts with protease, it is possible that both of these proteins also utilize Toc75 for inser
tion because Toc75 is known to be protease resistant. GTP stimulates Toc34 insertion, presum
ably because nucleotide binding by the GTPase stabilizes a conformation that is more import 
competent.'^'-"" 

Toe 159 also is targeted to the outer envelope without a cleavable targeting signal. Target
ing occurs in two distinct stages. Specific binding at the chloroplast surface appears to be 
mediated bv its GTPase domain through an interaction with the homologous GTPase domain 
of Toc34. ' '̂ ^̂  Insertion of the membrane-anchor domain of Tocl59 into the outer mem
brane is a distinguishable step from binding that requires an interaction with Toc75. ' Un
like the previously mentioned outer membrane proteins, Tocl 59 does not contain an a-helical 
transmembrane segment. 

The identification of Toc75 as a component of multiple outer membrane insertion and 
translocation pathways suggests that it might provide a general pore for access into or across 
the outer membrane. In this scenario, association of Toc75 with different regulators (e.g., 
the Toe GTPases) would dictate the specificity of the pathway. It remains to be conclusively 
demonstrated whether the targeting pathways for outer membrane proteins and proteins 
destined for the plastid interior converge at Toe75 channels that are part of a translocon 
complex or whether outer membrane proteins utilize a pool of Toc75 in the outer envelope 
that is not associated with other Toe components.^^^ A significant fraction of Toc75 is not 
associated with the Toe GTPases, meaning sufficient additional Toc75 is available to medi
ate other targeting processes. 

The targeting pathway used to direct Toc75 itself to the outer membrane is unique 
among outer envelope membrane proteins. It is the only known example that is directed to 
the outer envelope membrane by a unique, cleavable and bipartite, N-terminal transit pep
tide.^ The N-terminal part of the transit peptide directs the protein to the stroma via the 
Toe-Tic machinery and is cleaved by the stromal processing peptidase, whereas the 
C-terminal part contains a poly-glycine motif that acts as a 'stop-transfer' signal and is 
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required for envelope targeting. The peptidase responsible for cleaving the C-terminal 
portion of the transit peptide has not been identified. Interestingly, a related Toc75 paralog 
that is also located at the outer envelope membrane of chloroplasts, OEP80, is not targeted 
by a cleavable transit peptide, nor does it appear to use the Toe-Tic apparatus. Rather, it uses 
intrinsic targeting information and appears to require proteinaceous components other than 
those of the Toe complex for its targeting. ̂ ^̂  

Targeting to the Intertnembrane Space Utilizes a Unique Pathway 
Tic22 is the only protein of the intermembrane space whose targeting has been studied. In 

fact, Tic22 is the only protein that has been conclusively shown to be a resident of the inter
membrane space of plastids. Using a series of chimeric proteins, it was shown that the cleavable 
N-terminal presequence of Tic22 is both necessary and sufficient to direct the protein to the 
intermembrane space, and that the import of Tic22 is an energy-dependent process.^^^ How
ever, a stromal protein that is known to use the Toe-Tic import pathway did not compete for 
import of Tic22 into isolated chloroplasts, indicating that Tic22 uses a novel, previously uni
dentified pathway (Table 1). The components of this pathway have not been identified, and it 
remains to be seen if all intermembrane space proteins use the same pathway. 

The Import of Specialized Proteins May Be Regulated 
The levels of most nuclear-encoded plastid proteins are tightly regulated at the level of 

transcription and/or translation. Therefore, there is not apparent need for regulation of the 
protein import process. However, there are two exceptions to this generality. NADPH-dependent 
protochlorophyllide oxidoreductase (POR) is a critical enzyme in chlorophyll biosynthesis, 
converting its substrate protochlorophyllide (Pchilde) to chlorophyllide in a light-dependent 
reaction. One isoform of this enzyme, PORA, plays a central role in plant development by 
controlling the availability of chlorophyll for the assembly of the photosynthetic apparatus 
during photomorphogenesis. Several reports indicate that the import of PORA is regulated in 
response to the availability of its substrate, Pchlide, within plastids of certain tissues.^ ̂ "̂ '̂  The 
strict coordination of PORA import and Pchlide accumulation may be necessary to prevent 
the accumulation of chlorophyll intermediates that can result in photo-oxidative damage of the 
organelle. There are conflicting reports as to whether or not PORA import relies on the Toe-Tic 
machinery or utilizes a unique import system. A complex in barley denoted the 
Pchlide-dependent translocon complex (Ptc) that includes the outer membrane proteins OEP16 
and aToc34-related protein has been implicated in PORA import (Table i).^ 1̂ ,119 

It also has been proposed that putative Tic complex components Tic62, Tic55 and now 
Tic32/IEP32 are involved in sensing the redox state of the chloroplast, and in turn regulating 
the translocation of certain preproteins. The import of members of at least two families of 
redox proteins (ferredoxin and ferredoxin-NAD(P)+ oxidoreductase) appear to be regulated in 
response to conditions that alter the redox state of plastids.'̂ '̂̂  ^ More work will be required to 
conclusively show that these putative Tic proteins are involved direcdy in the mechanism and/ 
or regulation of import of these proteins. 

Some Preproteins Destined for the Plastid Interior Might Be 
Synthesized without Transit Peptides 

Until recendy, all nuclear-encoded proteins destined for the interior compartments of 
plastids were thought to contain cleavable N-terminal transit peptides. However, a proteomic 
analysis of chloroplast envelopes and the power of bioinformatics recently led to the identifica
tion of ceQORH (chloroplast envelope Quinone OxidoReductase Homologue), a protein 
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associated with the inner envelope membrane that appears to be targeted to chloroplasts with
out the use of a 'classic' transit peptide (Table 1). This is the first example of a chloroplast 
protein targeted to an internal chloroplast subcompartment other than the outer envelope 
membrane that does not contain a cleavable transit peptide. More recendy it has been reported 
that IEP32/Tic32, also an inner membrane protein, is targeted to chloroplasts without the use 
of a cleavable transit peptide and independently of the Toe-Tic pathway/ It has been postu
lated that IEP32/Tic32 is inserted into the inner membrane from the intermembrane space, 
whereas ceQORH is thought to first enter the stroma before being inserted into the mem
brane. The exact nature of the targeting signals remains to be deciphered. It has been shown 
that a portion of the N-terminal is required in both cases, but in the case of ceQORH is not 
sufficient for directing the protein to the chloroplast. Further characterization of these path
ways and identification of other substrates will be of interest in the future. 

Multiple Import Pathways Are Essential for Plastid Biogenesis 
during Plant Development 

In vitro biochemical studies using chloroplasts isolated from seedlings of the model plant 
Pisum sativum (garden pea) led to the "general import pathway" hypothesis, which postulated 
that there existed one complex responsible for recognizing and translocating all classes of 
preproteins, at all stages of development, into all types of plastid. With the advent of the 
model ipXgjix. Arabidopsis thaliaruiy the use of molecular genetics and the availability of knockout 
mutants, this hypothesis has recently been challenged, and now seems unlikely. Indeed, the 
discovery of distinct import pathways and structurally distinct Toe complexes with preferences 
for specific classes of preproteins in chloroplasts of Arabidopsis seedlings has led to the sugges
tion that the import apparatus plays a direct role in the biogenesis and differentiation of plas-
tids. Therefore, a much more dynamic picture of the import apparatus is beginning to emerge. 

Multiple isoforms of the Toe GTPases that are regulated differentially in response to spe
cific developmental conditions have recently been discovered. The Tocl59 family consists of 
four genes in Arabidopsis: atTOC90, atTOC120. atTOC132, and atTOC159. ^̂ '̂ ^̂  atTocl59 
and atTocl20/132 represent functionally distinct preprotein targeting pathways.^^'' '̂̂ ^ These 
receptors differentially associate with the two Arabidopsis Toc34 isoforms, atToc33 and atToc34, 
to generate structurally-distinct Toe translocons.^^ 

In vivo analysis of Arabidopsis null mutants for each of the Tocl 59 family members indi
cates that atTocl59 is specifically required for the import of photosynthesis-related proteins 
during chloroplast biogenesis.̂ ^*^®'̂ ^ In contrast, atTocl20 and atTocl32 appear to be re
quired for the import of essential constitutively-expressed plastid proteins in all tissues. ' 
This hypothesis is supported by the fact that the receptors exhibit distinct specificities for 
different classes of preproteins in accordance with their roles in plastid biogenesis.^^'^^ The role 
of atToc90 is unclear because null mutants do not exhibit obvious phenotypes even in combi
nation with null mutants of other Tocl 59 family members.^ '̂ ^̂  Although atToc33 and atToc34 
can substitute for one another in vivo, they also appear to exhibit selectivity in binding to 
different preproteins. "̂ '̂̂  These data suggest that the combinations of Toe GTPases contrib
ute to the characteristic binding specificities of individual Toe complexes. 

The presence of structurally and functionally distinct plastid protein targeting pathways 
likely reflects the need to maintain balanced import of a diverse array of preproteins and the 
dramatic changes in substrate levels that occur during plastid development. In addition, these 
distinct pathways may be specialized to provide a level of regulation for the import of specific 
subsets of preproteins, a function that may be critical for the maintenance of basic plastid 
function regardless of the developmental state of the organelle. 



Chloroplast Protein Targeting 107 

Conclusion 
Components of the Toe and Tic translocon complexes that are responsible for the import 

of nuclear-encoded plastid proteins were first identified in the early-mid-1990s.^^'^^^ In the 
years since, many more components have been identified, and the molecular functions of many 
have been determined. However, partially due to the emergence of Arabidopsis as a model 
system, the sequencing of its genome and the availability of knockout mutants, the field re
mains one of intense and exciting investigation. Indeed, new putative Toe and Tic components 
continue to be identified, as do new pathways for targeting proteins to many chloroplast 
subcompartments. Furthermore, the discovery of distinct and specialized Toe complexes that 
are involved in the recognition and import of discrete sets of preproteins and may be involved 
in regulating the import of these proteins as part of the differentiation programs of different 
plastid types ensures that many more exciting discoveries in the field are still to come. 
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CHAPTER 9 

The Mitochondrial Protein Import Machinery 

Doron Rapaport* 

Abstract 

M itochondria are surrounded by a double-membrane system that defines four 
intra-organelle compartments: the outer membrane, the inner membrane, the 
intermembrane space and the matrix. Hundreds of nuclear-encoded mitochondrial 

proteins are synthesized as precursor proteins in the cytosol and have to be targeted to and 
imported into the mitochondria. To facilitate this import process, precursor proteins contain 
targeting and sorting sequences which are recognized and decoded by mitochondrial transloca
tion machineries. This chapter describes the mechanisms by which mitochondrial precursor 
proteins are targeted to the mitochondria, and sorted into the correct sub-mitochondrial com
partment. 

Introduction 
Mitochondria are unique organelles which harbor numerous metabolic pathways and supply 

cells with energy in the form of ATP. Recently, it was established that mitochondria are pivotal 
in controlling cell life and death. Furthermore, over the past 10 years, mitochondrial defects 
have been implicated in a wide variety of degenerative diseases, aging, and cancer. ̂  

Mitochondria are made up of the outer and inner membranes, which separate the inter
membrane space (IMS) and the matrix from the cytosol. Mitochondria have been estimated to 
be composed of over 1000 different proteins in mammalian cells and of about 700-800 pro
teins in yeast."̂ '̂  Only 1-2% of these proteins are encoded by the mitochondrial genome and 
synthesized within the organelle itself Therefore, importing precursor proteins into the or
ganelle and sorting them into the correct sub-mitochondrial compartment are essential pro
cesses for mitochondrial biogenesis and, thereby, for eukaryotic cell viability (Fig. 1). 

Most of our knowledge on the mitochondrial import machinery has been obtained study
ing the yeast Saccharomyces cerevisiae and the mold Neurospora crassa, but mitochondrial 
translocases from higher organisms such as mammals and plants contain components homolo
gous to the fungal subunits, and appear to have a similar overall structure. 

Most of the mitochondrial precursor proteins, especially those destined for the matrix, are 
synthesized with an N-terminal extension, the presequence (also known as matrix targeting 
sequence). Presequences were shown to be sufficient to direct proteins to the mitochondria. 
They are rich in positively-charged amino acid residues, ca. 15-50 residues long and have the 
potential to form amphiphilic a-helices. In contrast, all proteins of the mitochondrial outer 
membrane and some of the proteins destined to the inner membrane and the intermembrane 
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Figure 1. The mitochondrial protein import machinery. Mitochondrial precursor proteins interact ini
tially with the translocase of the outer mitochondrial membrane (theTOM complex). Precursor proteins 
are further transferred to various translocation and sorting complexes. Beta-barrel precursors are trans
ferred to the TOB complex in the outer membrane. Preproteins that contain a presequence are handed 
over to the TIM23 translocase at the inner membrane, whereas those inner membrane precursors that 
lack a presequence and contain multiple membrane-spanning segments are passed on to the TIM22 
translocase in the inner membrane. Oxal is required for the insertion into the inner membrane of a 
number of mitochondrially-encoded proteins as well as some nuclear-encoded ones. OM, outer mem
brane; IMS, intermembrane space; IM, inner membrane. 

space are devoid of a typical presequence. The targeting information in these proteins is rather 
contained in the protein sequence itself. 

Co- versus Post-Translational Import 
The question whether mitochondrial protein import occurs co- or post-translationally 

is still open. Supporting the cotranslational model is the observation that under normal 
growth conditions, fully synthesized, but unprocessed precursor proteins are essentially not 
detected in the cytosol, suggesting that they are translocated into mitochondria either very 
soon after synthesis or cotranslationally. Furthermore, when translation is inhibited by ad
dition of cycloheximide, yeast mitochondria are covered with ribosomes, suggesting that the 
ribosome-bound precursors are accumulated on the surface of mitochondria. Thus, it seems 
that the relative kinetics of translation and translocation probably determines the enrich
ment of polysomes encoding mitochondrial precursors on the organelle surface. On the 
other hand, convincing evidences for post-translational import also exist. First, many mito
chondrial precursor proteins synthesized in a cell-free system can be imported 
post-translationally into isolated mitochondria. Second, mitochondrial precursor proteins, 
accumulated in yeast cells by dissipating the membrane potential (AM') across the mitochon
drial inner membrane, can be subsequently chased into mitochondria by removal of the 
uncoupler. Taken together, the translation of mitochondrial precursor proteins in the cyto
sol is generally not coupled to their import into the organelle, and the vast majority of 
precursor proteins can be imported post-translationally. 

To ensure efficient import and to prevent aggregation of hydrophobic precursor pro
teins, cytosolic chaperones stabilize the precursors in an import-competent conformation. 
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These chaperones include Hsp70, Hsp40, nascent-associated polypeptide complex (NAC), 
ribosome-associated complex (RAC) and mitochondrial import stimulation factor (MSF)7'^^ 
Recently, a direct cooperation between cytosolic chaperones and the mitochondrial import 
machinery has been demonstrated to be part of the import pathway of precursors of metabo
lite carrier proteins.^^ 

The Translocase of the Outer Membrane as the Gate to the Organelle 
At the surface of mitochondria, precursor proteins are recognized by the translocase of the 

outer mitochondrial membrane (TOM complex) (Fig. 2). The TOM complex is involved in 
the import of all mitochondrial precursor proteins characterized so far. It has the capacity to 
insert some outer membrane proteins into or to translocate all other precursor proteins across 
the outer membrane. Import of preproteins into the inner membrane, matrix, and in some 
cases, the intermembrane space, requires the additional action of translocases of the inner mi
tochondrial membrane (TIM23, TIM22 and Oxal complexes). 

Within the TOM complex, components with domains that are exposed to the cytosol 
function as preprotein receptors. Tom20 andTom22 are involved in the translocation of most 
protein precursors, in particular those with presequences. '̂ ^ Another receptor, Tom70, forms 
a binding site for a more restricted set of precursor proteins, most notably the mitochondrial 
carrier family that is responsible for metabolite transport across the inner membrane. ̂ '̂̂ ^ The 
subunits Tom40, Tom22, Tom7, Tom6, and Tom5 are embedded in the outer membrane and 
form the TOM core complex, which is also called the general insertion pore (Fig. T^P'^^ 
Tom40 interacts with polypeptide chains in transit and is the major component of the 
protein-conducting pore.^^' Tom22 and Tom5 serve dual functions; they link the initial re
ceptors to the pore, thereby functioning as secondary receptors, and play a role in the integrity 
of the complex.^^'^^ The two small components, Tom6 andTom7, play a structural role in the 
organization of the TOM complex. Tom6 forms the link between Tom40 and Tom22, while 
Tom7 destabilizes association of the various subunits of the TOM complex. 

Figure 2. The translocase of the outer mitochondrial membrane (TOM complex). The TOM complex 
contains import receptors, Tom20 and Tom70. These two receptors are loosely attached to the rest of the 
complex (the TOM core complex). The TOM core complex builds the protein conducting pore and contains 
Tom5, Tom6, Tom7, Tom22 and Tom40. The names of the Tom subunits reflect their molecular weights. 
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Translocation of Preproteins Across the TOM Complex 
Presequences interact initially with the primary receptor Tom20. The structure of a 

presequence in complex with the cytosolic domain of Tom20 suggests that the hydrophobic 
face of the helical presequence forms the contact with Tom20. The cytosolic domain of Tom22 
takes part in the formation of this surface binding site, termed the Cis site.*^̂ '̂  '̂ ^ Crosslinking 
experiments suggest that the presequence is already in the vicinity of Tom40 at this early stage 
of import. "̂ '̂̂  Movement of the presequence to the inner side of the outer membrane results in 
the formation of a second intermediate bound at the Trans site of the outer membrane. Un
folding of the translocating polypeptide chain, a process which is required for import into 
mitochondria, can occur at this stage. Interestingly, in vitro binding experiments have 
demonstrated that the isolated TOM complex can transfer presequences into the translocation 
pore."̂ ^ Thus, the TOM complex represents the minimal machinery for the recognition and 
partial translocation of precursor proteins. Both Tom40 and the C-terminal intermembrane 
space domain of Tom22 were suggested to bind the presequence at the Trans site. ' 
Binding of the preprotein to the Cis or Trans sites induces distinct structural alterations in 
Tom40, and influences the interactions of Tom6 with both Tom40 and Tom22.^^' "̂  

What is the driving force for translocating presequence-containing preprotein across the 
outer membrane? The translocation of mitochondrial presequences across the inner membrane 
requires a membrane potential across the inner membrane and ATP hydrolysis by matrix chap-
erones. In contrast, there is no membrane potential across the outer membrane, and the mem
brane potential across the inner membrane is not required to translocate the presequence across 
the outer membrane. ̂ ^ Furthermore, translocation across the outer membrane does not de
pend on ATP hydrolysis. The current model suggests that a chain of presequence binding sites 
with increased affinity towards the presequence provide the driving force for translocation 
across the outer membrane and ensures vectorial movement of the precursor protein. 

Insertion of Precursors of |3-barrel Proteins into the Outer Membrane 
A number of membrane-embedded p-barrel proteins made up from anti-parallel P-sheets 

constitute a distinct group of mitochondrial outer membrane proteins. * Other biological 
membranes that contain P-barrel proteins are the outer membranes of Gram-negative bacteria 
and of chloroplasts. This most likely reflects the evolutionary origin of mitochondria from 
an endosymbiont that belonged to the class of Gram-negative bacteria. 

The signals that target p-barrel precursor proteins to their sub-cellular location and the 
mechanism of their insertion into the membrane are only partially understood. '"̂ ^ In the case 
of mitochondria, the precursors are initially recognized by the receptor components of the 
TOM complex (Tom20 and Tom70). They are then translocated through the import pore of 
the TOM complex (Fig. 3).'̂ '̂'̂ '̂̂ ^ From the TOM complex, p-barrel precursors are transferred 
to the TOB/SAM complex.^^'^^ Recent reports suggest that the small Tim proteins in the IMS 
are involved in this transfer process. The major component of the TOB complex is Tob55 
(also known as Sam50 and Omp85). Tob55 is essential for viability of yeast cells and promotes 
the insertion of p-barrel proteins into the mitochondrial outer membrane. Tob55 has 
sequence similarity to the highly conserved bacterial protein Omp85 which was proposed to 
mediate the insertion of p-barrel proteins into the bacterial outer membrane.^^ Sequence analysis 
suggested that Tob55 homologues are found in the outer membrane of mitochondria of all 
eukaryotes.^ '̂ ^ Thus, the biogenesis of p-barrel proteins appears to be conserved from Bacteria 
to mammals. Electron microscopy and electrophysiological measurements suggest thatTob55 
forms pore structures within the membrane.^ 

The other known components of the TOB complex are the outer membrane proteins 
Mas37 and Tob38/Sam35 (Fig. 3). Mas37 interacts with Tob55 and plays an as yet undefined 
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Figure 3. Insertion of P-barrel precursors into the mitochondrial outer membrane. Precursors of P-barrel 
proteins are kept in the cytosol in an import-competent conformation by cytosoUc chaperones Uke Hsp70. 
They are initially recognized by the receptor components of the TOM complex before being translocated 
through the import pore of the TOM complex. From the TOM complex, p-barrel precursors are transferred 
to theTOB complex which mediates insertion into the outer membrane and consists ofTob55, Tob38 and 
Mas37. The major component, Tob55, forms probably pore structures within the membrane. 

role in the biogenesis of P-barrel proteins. ̂ '̂̂ ^ Tob38 is essential for viability in yeast and 
crucial for the biogenesis of mitochondrial P-barrel proteins.^^'^^ Together with Tob55, Tob38 
forms a functional T O B core complex and is essential for the integrity and function of the 
T O B complex.^^ 

Translocation of Presequence-Containing Preproteins Across 
the Inner Membrane 

Precursor proteins harboring a presequence are transferred from the T O M complex to the 
T I M 2 3 machinery (Fig. 4). This machinery is built from a membrane-embedded part and 
associated motor. The membrane-integrated portion is composed of three essential proteins: 
Tim50, T i m l 7 and T im23 . Tim50 spans the inner membrane once with the majority of the 
protein found in the IMS. As the presequence emerges from the T O M complex, it interacts 
wi thTim50, which mediates presequence transfer to the pore-forming component, T im23 . ' 
T im23 forms a dimer through its N-terminal domain which also binds presequences. T h e 
membrane potential across the inner membrane activates the channel formed by T im23 and 
exerts an electrophoretic force on the positively-charged presequence, thereby driving it across 
the inner membrane. ' T im 17 is tightly associated with T im23 and may regulate the channel 
activity of the latter. Its precise function, however, is not yet resolved. 

Some presequence-containing preproteins are destined to the inner membrane or the IMS. 
These proteins possess a hydrophobic membrane-spanning segment downstream of their 
presequence. Whereas the presequence portion of such proteins could be translocated into the 
matrix, the hydlrophobic sequence arrests as a stop-transfer signal, halting the subsequent trans
location of the rest of the protein molecule. These proteins are then released into the lipid 
bilayer where they stay as integral proteins. In the case of some proteins like cytochrome b2, 
M g m l and M c r l , the membrane-integrated intermediate is further processed by inner mem
brane-embedded peptidases which cleave ofF the transmembrane domain, thereby releasing a 
soluble domain into the IMS.^^''^ 
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Figure 4. Import of preproteins by the TIM23 pathway. The presequence is first recognized by the 
receptors of the TOM complex before being translocated through the import pore of the complex. As the 
preprotein emerges from the TOM complex, it interacts with Tim50 which mediates transfer of the 
precursor to theTim23-Tim 17 channel. MtHsp70 and the other components of the import motor ensure 
the complete translocation of the precursor protein into the matrix. 

The majority of presequence-containing preproteins are imported into the matrix. This 
import is mediated by both parts of theTIM23 machinery; the membrane-embedded portion 
and the ATP-driven motor apparatus associated with the former part at the matrix side of the 
inner membrane (Fig. A) 7^'^ The motor is composed of five proteins, all of them essential for 
viability of yeast cells. Tim44 makes contact with Tim23 and recruits three other components 
of the import motor to the translocation channel, mtFisp70 and the cochaperones Tim 14 and 
Tim 16 (also known as Paml8 and Paml6, respectively). The chaperone mtHsp70 binds to a 
polypeptide as it exits from the translocation channel. The vectorial movement of the polypep
tide chain across the inner membrane is achieved by repeated ATP-driven cycles of binding and 
release of mtHsp70 to Tim44 and to the polypeptide chain. "̂  For this function, Tim44 and 
mtHsp70 are dependent on three additional cochaperones, the nucleotide exchange factor 
Mgel, the J domain-related protein Tim 16 and the J domain-related Tim 16.''^'^^ Tim 14 is 
anchored to the inner membrane by a single transmembrane segment and exposes a J domain 
to the matrix side. It interacts with Tim44 and mtHsp70 in an ATP-dependent manner and 
stimulates the ATPase activity of mtHsp70. Thus, it allows rapid and efficient trapping of the 
precursor protein by mtHsp70. Tim 16 is required for the integrity of the import motor. 

Once the presequence is fully exposed to the matrix, it is cleaved by the mitochondrial 
processing peptidase (MPP), composed of two essential subunits. 
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Figure 5. Import of polytopic proteins by the TIM22 pathway. Polytopic inner membrane proteins 
contain internal import signals and are recognized initially by the Tom70 receptor. Their translocation 
across the outer membrane is assisted by the Tim9/Tim 10 complex which guides them to the TIM22 
complex. TheTIM22 translocase requires the membrane potential across the inner membrane to mediate 
the insertion of polytopic precursor proteins into the inner membrane. 

Insertion of Polytopic Proteins into the Inner Membrane 
The TIM22 import pathway mediates the import and insertion into the inner membrane 

of polytopic proteins like those of the mitochondrial carrier family and the import components 
T iml7 , Tim22 and Tim23 (Fig. 5).̂ '̂̂ ^ After their synthesis on cytosolic ribosomes, these 
precursor proteins are protected against aggregation by interaction with molecular chaperones 
which also help to direct them to the import receptor Tom70.^^'^^ From the receptor protem, 
the carrier precursor is transferred to the outer membrane translocation pore. Carrier precursor 
proteins, like other mitochondrial precursors with internal import signals, cross the T O M 

J . J 1Q 0 2 o e 

complex m a loop structure. ' 
Upon their exit from the T O M complex, these precursors interact with complexes of the 

'small Tim' components (Fig. 5). Tim9 and TimlO are two such proteins. These form a 
heterohexamer of about 70 kDa which contains three Tim9 and three TimlO molecules. 
Two other small Tim components, Tim8 and T i m l 3 , also form a heterohexameric complex in 
the intermembrane space.̂ ^'^^ In contrast to Tim9/TimlO, Tim8/Timl3 are not essential for 
viability, and seem to be involved in the import of only a limited number of precursor pro
teins.^ '̂ '̂̂ ^ The small Tim proteins were proposed to serve as chaperones that prevent the 
aggregation of the hydrophobic precursors in the IMS. They facilitate the transfer of precursors 
across the IMS and deliver them to the membrane-embedded TIM22 complex. 
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The TIM22 complex contains three integrated membrane proteins: Tim22, Tim 18 and 
Tim54. Tim22 is an essential protein, which has sequence similarity to Tim 17 andTim23. It is 
the core component of the TIM22 complex and was demonstrated to form pores in lipid 
bilayers with two distinct conducting states. The larger state may represent a conformation 
where two a-helices could be accommodated within the channel. Thus, it may be that sub
strates of Tim22 are inserted in a loop structure into the channel before being released into the 
lipid bilayer. The membrane potential across the inner membrane is the only external energy 
required for membrane insertion by the TIM22 complex. In contrast to the TIM23 complex, 
no requirement for ATP hydrolysis was reported. Finally, Tim 18 and Tim54 may stabilize the 
oligomeric structure of theTIM22 complex. 

The Oxal Machinery 
The Oxal protein belongs to an evolutionary conserved group of proteins called the Alb3/ 

Oxal AfidC family that perform an important function in catalyzing the insertion and assem
bly of membrane proteins in diverse biological systems like Bacteria and chloroplasts. Oxal 
mediates, by an unknown mechanism, the insertion into the mitochondrial inner membrane 
of mitochondrially- and nuclear-encoded proteins which are exported from the matrix. ̂ ^̂ '̂ "̂̂  
Nucleus-encoded proteins that use the Oxal pathway are initially completely imported into 
the mitochondrial matrix by the TOM-TIM23 pathway. They are then integrated into the 
inner membrane by a process which depends on Oxal. The Oxal-mediated insertion of 
mitochondrially-encoded proteins was suggested to be a cotranslational process. This insertion 
is facilitated by a direct interaction of the C-terminal domain of Oxal with mitochondrial 
ribosomes.'O^'^^ 

Concluding Remarks 
Mitochondria contain a complex machinery for import and sorting of mitochondrial pre

cursor proteins. All these precursors are initially recognized by the TOM complex at the outer 
membrane and are then further translocated by additional, multi-subunit sorting and import 
complexes until they reach their residential sub-mitochondrial compartment. The importance 
of these processes is demonstrated by the fact that many components of the involved translocases 
are essential for the viability of the eukaryotic cell. 

Despite the fast progress in the field in the last decade, many questions remain still unan
swered. Characterization of the internal targeting and sorting signals and understanding how 
are they are recognized by the mitochondrial machinery are just two of many such unresolved 
topics. Future studies in the field can address more clinically-oriented subjects, like potential 
involvement of import components in programmed cell death or dysfiinction of such compo
nents as potential causes of mitochondrial diseases. 
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CHAPTER 10 

Import of Proteins into Peroxisomes 

Sven Thorns* and Ralf Erdmaiin 

Abstract 

Pjcroxisomes are organelles equipped with enzymes for lipid metabolism and hydrogen-
peroxide-based respiration. Though many details of their metabolism are understood 
today, basic aspects concerning their biogenesis, including translocation of peroxisomal 

proteins into and through the peroxisomal membrane, still remain unknown. Nevertheless, 
the past years have brought forth a wealth of detailed information on the proteins required for 
proper biogenesis of peroxisomes. This review focuses on the basic principles and on recent 
developments in the field of peroxisome biogenesis. More comprehensive or specialized re
views can be found in the reference list.^ 

Introduction 
Peroxisomes are seemingly simple cellular organelles present in virtually all eukaryotes. 

They are surrounded by a single lipid bilayer and appear as spherical organelles, or, in a more 
detailed morphological analysis, as a reticular network. 

Peroxisomes are endowed with enzymes for fatty acid P-oxidation, hydrogen 
peroxide-producing oxidases and catalase, serving roles in respiration and defence against oxy
gen stress. In yeast, peroxisomes are involved in the biosynthesis of lysine and are the only site 
for (J-oxidation. Peroxisomes in mammals are additionally involved in plasmalogen biosynthe
sis. In plants, peroxisomes are the sites of photorespiration and the glyoxylate cycle. In trypano-
somes, glycolysis is exclusively localized to their peroxisomes. 

The importance of the study of peroxisomes is underscored by the existence of inborn 
human defects of peroxisome function. Many of these disorders have devastating effects on the 
life of the patient. Disorders of peroxisome function can be classified either as single enzyme 
disorders (such as phytanoyl-CoA hydroxylase deficiency and X-linked adrenoleucodystrophy) 
or as peroxisomal biogenesis disorders (PBDs). The latter group comprises diseases of the 
Zellweger spectrum, including Zellweger syndrome, neonatal adrenoleucodystrophy and in
fantile Refsum disease. PBDs are caused by defective transport of peroxisomal matrix or mem
brane proteins and can, therefore, be regarded as protein targeting diseases. For recent reviews, 
see references 8-10. 

Proteins required for the biogenesis of peroxisomes, collectively called peroxins, are en
coded by PEX genes. The first of these proteins have been identified in yeast and CHO cells 
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import of proteins into the peroxisomal matrix Targeting and insertion of peroxisomal 
membrane protems 

Figure 1. Models of the topogenesis of peroxisomal matrix and membrane proteins. 

through genetic screens.' ̂ '^ Today, proteomic studies' '^ and in vitro systems ' add to the 
tools available for understanding mechanisms of peroxisome targeting. The high degree of 
evolutionary conservation in peroxins across species has enabled a unified nomenclature for 
peroxins. As of 2004, the count goes up to 32 peroxins, with about 24 being highly con
served amongst species. 

Conceptually, import of soluble proteins into peroxisomes has been subdivided into the 
following steps: First, binding of the peroxisomal targeting signals (PTS) of import substrates 
to their respective cytosolic receptors Pex5p or Pex7p; second, binding of these receptor com
plexes to a docking complex at the peroxisomal membrane; third, dissociation of the 
receptor-cargo complexes and translocation of the cargo proteins across the peroxisomal mem
brane; fourth, recycling or removal of the receptors. We assume this conceptualization reflects 
a protein cascade of temporal and/or spatial steps in matrix protein import" '̂ (Fig. 1). 

The targeting of membrane proteins to the peroxisomal membrane is less well under
stood. It is known, however, that the farnesylated protein Pexl9p and the peroxisomal mem
brane protein Pex3p as well as a lesser-conserved Pexl6p protein play essential roles in this 
process. We will address the question of matrix protein import and PMP (peroxisomal mem
brane protein) insertion in turn. 

Matrix Protein Import 
Proteins that are to be targeted to the matrix of peroxisomes are encoded in the nucleus, 

synthesised on free ribosomes and subsequently imported into the peroxisome. Matrix pro
teins contain a C- or N-terminal peroxisomal targeting signal. 

After the discovery of the peroxisomal targeting of firefly luciferase,^^ the C-terminal trip-
eptide serine-lysine-leucine (SKL) was shown to be sufficient for directing a protein to peroxi
somes and still represents an efficient peroxisome targeting signal (PTS) for matrix protein 
import into peroxisomes in all species studied so far. PTS 1 is described as a C-terminal tripep-
tide of the consensus [SAC] [KRH] [LM]. Masking of the C-terminal PTS, e.g., by the addi
tion of GFP, abolishes peroxisomal localization, indicating that the signal has to be located at 
the very C-terminus. 

Interestingly, the first functional viral PTSl was recently identified in the YVA protein of 
rotavirus,"^^ a non-enveloped virus that causes gastroenteritis, killing 440,000 children annu
ally. It will be fascinating to learn how viral pathogenicity is related to peroxisome function. 
Putative PTSs have been identified in a number of viral proteins. 
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Pex5p is the soluble receptor for proteins bearing a PTSl. Pex5p consists of two domains. 
The N-terminal half contains WxxxF-repeats, yet otherwise has few conserved residues. This 
half is involved in targeting by binding to Pexl4p and in a number of other protein-protein 
interactions."^ '̂̂ ^ The C-terminal domain contains the tetratricopeptide repeats (TPR), which 
are involved in binding the PTSl (see ref. 30). TPRs are a-helical 34 amino acid repeats in
volved in protein-protein interactions. The crystal structure of the C-terminus of human Pex5p 
in a complex with a PTSl-peptide reveals that the two clusters of three TPRs almost com
pletely engulf the targeting peptide. ̂ ^ The seventh TPR is part of the hinge region between the 
two clusters. 

A second matrix protein peroxisomal targeting signal (PTS2) was first discovered in 
thiolase.̂ "^ PTS2 is found in considerably fewer proteins in all organisms. In Saccharomyces 
cerevisiae, for example, thiolase is the only known PTS2 protein, and in Caenorhabditis 
elegans, the PTS2 pathway seems to be completely absent. PTS2 is usually located 
within the first 20 amino acids of the protein and has recently been redefined as 
[RK][LVIQ]XX[LVIHQ][LSGAK]X[HQ][LAF], covering virtually all PTS2 vari
ants. Pex8p in yeast is a rare example of a protein carrying both PTSl and PTS2. 

PTS2-bearing proteins are recognised by their cytosolic receptor Pex7p.^ In 
lower eukaryotes, PTS2 targeting requires accessory proteins of the Pex20p-family 
(PexlSp and Pex21p in S. cerevisiacy Pex20p in Yarrowia lipolytica or Neurospora 
crassa^^). In mammals, Pex7p binds to the longer form of the two splicing variants 
of Pex5p, ' ^ making PTS2 import eventually dependent on Pex5p. In agreement with 
their common function, there is sequence similarity between the extension in Pex5L(ong)p 
and Pex20p.^2'̂ ^ 

The ^shuttle model' describes Pex5p and Pex7p as cycling receptors that bind their import 
cargo in the cytosol and transport it to the docking complex at the peroxisomal membrane. ' 
The ^extended shuttle model' accounts for entry of Pex5p into peroxisomes. ' Support for 
the shuttle model has also come from recent data showing a specific requirement of the 
N-terminus of Pex5p for its recycling. 

The docking complex in yeast includes peroxins 13,14 and 17. These peroxins are thought 
to provide the contact platform for the receptor complexes at the peroxisomal membrane. 
Pexl4p is a peroxisomal membrane protein ^ which binds to Pex5p and, in yeast, is dependent 
on Pexl3p for its localization at the peroxisomal membrane. 

Pexl3p is a peroxisomal membrane protein with both its termini exposed to the cytosol. 
The C-terminus contains a Src-homology 3 (SH3) domain, which binds Pexl4p and Pex5p. 
The structure of the SH3 domain has recently been solved by X-ray crystallography^"^ and by 
NMR spectroscopy, revealing separate binding sites for the type II SH3 ligand Pexl4p and the 
non-PXXP protein, Pex5p.^^ The docking complex, by its various binding sites, is thought to 
provide a template for sequential interaction of receptor-cargo complexes with the docking site 
and subsequent recycling of the receptors.^ 

As has recently been demonstrated, the PTSl import receptor Pex5p is modified by 
ubiquitination.^^ In cells deficient in the ubiquitin conjugating enzyme Pex4p/Ubcl0p^ or its 
membrane receptor Pex22p, Pex5p is modified by mono-ubiquitin, whereas in cells deficient 
in the AAA peroxins (see below), poly-ubiquitin chains predominate. Ubiquitination of Pex5p 
itself is dependent on the ubiquitin conjugation enzyme Ubc4p and takes place at the peroxi
somal membrane after the docking phase.^^ It seems likely that ubiquitination of Pex5p and 
Pexl8p are essential steps in peroxisome biogenesis. 

Pex2p, PexlOp and Pexl2p are PMPs with C3HC4 (RING) finger domains. The three 
peroxins interact with each other, and PexlOp and Pexl2p can also bind Pex5p. This latter 
interaction is thought to be required further downstream of docking. RING domain proteins 
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are often mediators of ubiquitin ligases, so it is an appealing speculation that these peroxins 
may be involved in ubiquitination of Pex5p and PexlSp. 

The interaction of the docking complex with the RING complex requires intraperoxisomal 
Pex8p, which appears to be an essential coordinator of the docking and the RING complex.^^ 
Pex8p alone can also interact with the PTSl import receptor. 

The peroxins Pexlp and Pex6p are ATPases of the AAA-type (ATPases associated with 
various cellular activities). AAA proteins, originally defined after the identification of Pexlp, 
constitute a growing family of hexameric proteins including members such as NSF or p97/ 
Cdc48p, involved in processing protein complexes and in membrane fusion, (see refs. 61, 62 
for review.) Pexlp and Pex6p interact with each other. There is a dispute as to whether Pexlp 
and Pex6p are associated with peroxisomes or different cellular structures, or peroxisomal 
precursors. Recently, Pexl5p has been identified as a peroxisomal membrane receptor for 
Pex6p in yeast. The membrane receptor for Pex6p in mammalian cells has been termed 
Pex26p.^^ 

Pexlp and Pex6p are the only ATPases among the peroxins. It is, therefore, likely that 
these proteins confer the ATP requirement for protein import into peroxisomes. Pexlp and 
Pex6p could be responsible for (i) separating the import receptor from its cargo immediately 
before import, or (ii) for recycling of the import receptor. It has also been suggested that the 
AAA peroxins (iii) are responsible for peroxisome fusion or serve as (iv) defining components 
of lipid ferries to the peroxisome.^ 

One of the most striking features of the import machinery for matrix proteins is its ability 
to import folded proteins and protein complexes. ^ Even gold particles, when coated with a 
PTS, can access the peroxisome. Furthermore, proteins without a PTS can be piggy-back 
transported into the peroxisome together with PTS-containing subunits after their oligomer-
ization in the cytoplasm. An especially remarkable import substrate might be the Nef protein 
from the HIV-1. This non-PTS protein is transported together with human thioesterase II into 
peroxisomes, so that Nef is localized to peroxisomes.^' A stably folded protein conformation, 
however, is not a precondition for import into peroxisomes.'^ 

Hsp70-homologues escort proteins while or after they are released from the ribosome 
and keep them in an extended conformation which facilitates transfer into cellular organelles. 
In spite of the ability of peroxisomes to import folded and oligomerized proteins, there is 
evidence for the involvement of Hsp70 proteins in matrix protein import.'' Hsp70 proteins 
might regulate the binding of the import receptor to its cargo.^^ Cochaperones of Hsp70 that 
belong to the J domain protein family regulate Hsp70 proteins. J domain proteins have been 
identified at the peroxisomal membrane ' and a yeast DnaJ protein is needed for matrix 
import in peroxisomes in an early, yet post-translational phase.^ 

Cargo association, together with receptor oligomerization, ' has stimulated the idea of 
high molecular weight cargo-receptor complexes forming before import. These complexes have 
been termed 'preimplexes", short for 'preimport complexes'. Preimplexes could 'configurate' 
import substrates before their import at the peroxisomal membrane. Their existence, however, 
is still unproven. 

There is now detailed knowledge on the protein factors involved in matrix protein im
port. The fundamental mechanism, however, of how proteins cross the peroxisomal membrane 
has yet to be discovered. Three models have been suggested. One suggests a permanent (static) 
pore in the peroxisomal membrane which allows the entry and exit of cargo. The dynamic pore 
model, in contrast, suggests that the pore components are recruited only after docking. This 
model envisions a signal-assembled translocon^^ which would consist of the docking and RING 
complexes, or parts thereof The third model suggests protein import by membrane internal
ization akin to endocytosis.^"^ Membranes woidd have to invaginate into the peroxisome, intro
ducing intracellular vesicles into the peroxisomes. 
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PMP Import and the Origin of Peroxisomes 
The membrane of peroxisomes contains proteins required for metabolite transport and 

peroxisome biogenesis. Like matrix proteins, most PMPs are believed to be post-translationally 
imported into peroxisomes.^ PMP topogenesis is independent of matrix protein import, ^ 
although matrix proteins require the above-mentioned PMPs for their import. Cells from 
Zellweger patients were found to contain ghosts, i.e., empty peroxisomal membranes that lacked 
most, if not all, matrix proteins. 

The proteins Pex3p, Pexl9p and Pexl6p are required for the biogenesis of the peroxiso
mal membrane. The absence or mutation of one of these proteins causes the absence of peroxi
somes and formation of peroxisomal ghosts in yeast^ as well as in man.^^ Whether peroxiso
mal ghosts solely represent aberrant vesicles of defective peroxisome biogenesis, or if they are 
related to a somewhat mysterious 'proto-peroxisome' is currendy under debate. 

Pexl9p^^ is a predominantly cytosolic protein that interacts with several PMPs and has 
been suggested to act as a soluble import receptor for PMPs^^'^^ and a chaperone that either 
supports integration of PMPs into the membrane^ ̂  or the assembly of PMP complexes in the 
membrane^ (Fig. 1). Recent evidence, however, is contradictory in that (1) Pexl9p has been 
demonstrated to capture PMPs in the cytosol and to target them to the peroxisomal mem
brane^ and (2) peroxisomal targeting of some PMPs is independent of Pexl9p binding. 
Pexl9p is a farnesylated protein with a highly conserved farnesylation motif (C-terminal CaaX), 
which is essential for proper Pexl 9p function. ̂ ^ The farnesyl group could be involved in mem
brane and/or substrate binding. Pex3p has recently been described as a receptor or docking 
factor for Pexl9p.^^ 

In comparison to matrix protein targeting signals, membrane targeting signals (mPTS) 
are more difFicult to identify. Pex3p, for example, has its transmembrane domain (TMD) at 
the N-terminus, close to or overlapping with the mPTS. Similarly, the targeting information 
of APX is thought to be constituted of the basic composition of a C-terminal stretch, rather 
than by a specific sequence.^ PMPs with a single TMD seem to carry a set of positively-charged 
amino acids next to a hydrophobic patch or the TMD.^^'^^ In proteins with several TMDs, 
cooperation of several regions seems to be required for membrane localization. A recent at
tempt to identify a more universal mPTS has been made by using peptide scans based on 
Pexl9p binding sites in Pexllp and Pexl3p. This approach has led to the identification of a 
'prediction matrix' for Pexl9p binding and membrane insertion.^^^ The new data demonstrate 
that the Pexl9p binding site, in conjugation with an adjacent transmembrane domain, func
tions as an mPTS for most PMPs. Moreover, these data underline the functions of Pexl 9p as a 
signal sequence receptor for peroxisomal membrane proteins. 

Pexl9p, however, has also been associated with cellular effects that might not directly 
relate to peroxisomes. These include an interaction with the renal type Ila sodium-dependent 
phosphate cotransporter^^^ and down-regulation of p53 by interaction with the tumor sup
pressor protein ARF in mouse,^^ but not in humans.^^^ 

The idea that peroxisomes bud off from the ER dates back to the early days of peroxisome 
research^ '̂ ^̂  and has recently been supported by work showing that peroxisomes originate in 
the vicinity of the ER. Originally, the discovery that most peroxisomal proteins are synthesised 
on free ribosomes has led to a rejection of ER-based scenarios in favour of a model suggesting 
that peroxisomes proliferate by 'growth and division'.^ In line with this model, it has been 
shown that inactivation of parts of the sec-dependent secretion pathway does not affect peroxi
some biogenesis,^ '̂̂ '̂  arguing in favor of ER-independent models. ER-independent models 
would rely on 'proto-peroxisomes' as a basis for peroxisome biogenesis. These are either 'back-up' 
peroxisomes, derived from peroxisomes to ensure their proliferation, or they are derived from 
other cellular membranes. On the other hand, there is now good evidence that certain peroxi
somal proteins can reach the peroxisome via the ER.̂ ^ '̂̂ ^^ 
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In conclusion, we have to envisage a model of peroxisome biogenesis in which a given 
peroxisome has received its proteins from three different sources: (1) by import of cytosolic 
proteins, (2) by transport of proteins through the ER, and (3) from another peroxisome by 
division. 

Peroxins are well-conserved throughout evolution, however, we know very little on how 
the peroxisomes have themselves evolved, and to what extent peroxins and the mechanisms 
of peroxisome biogenesis have been conserved throughout evolution. Obviously, more detailed 
knowledge on the evolution of peroxisomes would help to understand their biogenesis and vice 
versa. The peroxisome was one of the last cellular organelles to be discovered. It may also be the 
last whose mechanism of biogenesis is to be deciphered. 
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