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Preface

Proteins are synthesized in the cytosol but need to be transported to
proper cellular locations for their action. How this intracellular transport is
accomplished is one of the central issues in biology. We now know that this
process involves targeting sequences on the protein as well as machines
(multiprotein complexes) in the membrane that facilitate transport of pro-
teins across cellular membranes. Recently, we have seen dramatic advances
in our understanding of various machines involved in protein transport
across cellular membranes in prokaryotes and eukaryotes. This volume is
intended to bring together a diverse range of study involving molecular
machines for protein transport across membranes. While previous publica-
tions dealt more with targeting signals on the protein or biogenesis of
organelles, we tried to focus our attention on the machines that operate
to facilitate uptake of proteins across the membrane. Our hope is that the
volume will convey wealth of knowledge on diverse machines that function
in various cellular membranes to facilitate protein transport. Similarities
and differences of these systems are discussed.

Chapters are grouped into five different sections. Part I focuses on
bacterial membranes. First, machines involved in the membrane targeting
and transport through the inner membrane such as SRP, Sec, YidC, and Tat
are discussed. This is followed by the discussion on the machines in the
outer membrane. Protein transport into endoplasmic reticulum is discussed
in Part II. Topics in this section cover SRP and Sec as well as chaperones
such as BiP/ker2p and ERp57. Part III deals with the transport of proteins
into mitochondria and describes inner membrane and outer membrane
machines. TOM and SAM complexes as well as TIM complex are discussed.
Part IV describes protein transport into chloroplast in plants. TOC and TIC
complexes operate at the outer and inner envelope of chloroplast, respec-
tively. In addition, Sec and TAT pathways function to transport proteins
across the thylakoid membrane into the lumen. In the final section (Part V),
we discuss mechanisms of peroxisomal protein import.

Because unfolding is one of the important features of protein transport
process, two chapters (Chapters 5 and 13) discuss the significance of disul-
fide bond formation. In addition, some chapters include discussions on the
comparison of the Sec pathway that transports substrates in an unfolded
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state and the Tat pathway that transports substrates in a folded state. It is
also important to point out that similar transport mechanisms operate in
different systems. For example, SRP and Sec complexes are used in bacte-
rial systems as well as in the import into endoplasmic reticulum of eukary-
otic systems. The Tat machinery is present in bacterial systems as well as in
chloroplasts in plants. Chapters 3 and 18 contain discussions on this conser-
vation of transport machines and discussion on how studies in bacterial and
plant systems facilitated our understanding of this transport machine.

The idea for this volume was conceived by one of us (R.D.). We have
been able to bring this initial idea to publication in a short period of time.
This is in large part due to the effort of the contributors to prepare their
chapters in a timely fashion. We would like to thank the authors for making
this publication a reality. We also thank Tari Broderick and Renske van
Dijk for their expert help in the preparation of this volume.

Fuyuhiko Tamanoi

Ross Dalbey

Carla Koehler

April 20, 2007
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Department of Molecular Microbiology

Institute of Molecular Cell Biology

Vrije Universiteit

1081 HV Amsterdam, The Netherlands

I. Introduction

In all organisms, genetic messages are translated primarily by cytosolic
ribosomes, yet the translation products end up in a variety of cellular
locations. Nascent polypeptide chains emerging from the ribosomal exit
are facing a pool of chaperones, folding catalysts, and targeting factors,
which efficiently partition between proteins that need to be folded in the
cytosol and proteins that need to be transferred into or through mem-
branes. In Gram-negative bacteria, proteins destined for the secretory
apparatus are equipped with an N-terminal extension called the signal
peptide (reviewed in [1]). The signal peptide directs the secretory proteins
(periplasmic and outer membrane proteins) into the SecB pathway, where,
during or after translocation through the inner membrane (IM), the signal

3THE ENZYMES, Vol. XXV ISSN NO: 1874-6047
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peptides are cleaved off by signal peptidases. Most inner membrane pro-
teins (IMPs) lack a cleavable signal peptide. They are anchored into the IM
by hydrophobic a-helical transmembrane (TM) segments. These TM seg-
ments may also act as targeting signals in which case they are recognized by
the signal recognition particle (SRP) that directs the polypeptides to the Sec
complex at the IM (reviewed in [2, 3]). In contrast to translocation of
unfolded proteins across the IM via the Sec system, the twin-arginine
translocation (TAT) system can only transport proteins that are completely
folded (reviewed in [4]).

The decision on a protein’s destiny is probably made early during its
synthesis on the ribosome, since both SRP and chaperones such as trigger
factor (TF) bind close to the ribosomal exit site where they can associate
with the emerging nascent chain. In this chapter, we will focus on the
different stages of SRP-mediated protein targeting in bacteria—from
the synthesis on the ribosome to the final handover of the protein to the
SecYEGcomplex in the IM—and on the complexity of interactions between
the newly synthesized polypeptides and cellular factors that control their
destiny.

II. TheRibosome

Protein synthesis is catalyzed by the ribosome, a highly conserved mac-
romolecular complex present in all living cells [5]. Both the small and large
subunit of the ribosome is composed of RNA and proteins. The small
subunit mainly decodes genetic information [6, 7], while the large subunit
is responsible for peptide elongation and protein release. Peptide bond
formation occurs in the peptidyl transferase center (PTC) [8, 9].

A. THE RIBOSOMAL TUNNEL

Crystal structures of archaeal and eubacterial large ribosomal subunits
[8–12] show a long tunnel running from the PTC to the ribosomal proteins
L23/L24/L29 at the surface of the ribosome. It has been suggested that this
is the normal exit path from the ribosome for nascent peptides [10]. How-
ever, some polypeptides may leave the PTC via the interface of the two
ribosomal subunits [13]. In addition, three-dimensional cryo-electron
microscopy (EM) maps of the ribosome reveal several side branches of
the tunnel that may reflect alternative exit sites [14, 15]. Nevertheless,
cross-linking studies suggest that nascent chains, irrespective of their future
destination, exit the ribosome near L23 [16–19].
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The length of the main tunnel is about 100 Å, and its diameter varies
from 10 to 20 Å. The inner surface of the tunnel consists mainly of rRNA,
but nonglobular parts of the ribosomal proteins L4 and L22 also contribute
[9, 10]. The resulting surface is largely hydrophilic and uncharged, thus
facilitating the passage of all kinds of peptide sequences [10]. A long
b-hairpin loop of L22 lies approximately parallel to the tunnel axis, making
this ribosomal protein the largest protein contributor to the inner surface of
the tunnel. The ribosomal proteins L23, L24, and L29 flank the exit of the
tunnel.

The tunnel was initially thought to be a narrow passage through a rigid
structure that precludes significant protein folding [10]. Structural studies,
however, suggest that the ribosome is rather dynamic and adopts different
functional conformations [15, 20–22]. In addition, several reports have
demonstrated that nascent proteins fold to various degrees inside the
ribosome [23–26]. Consequently, the ribosomal tunnel must expand consid-
erably during protein synthesis to accommodate folded nascent polypep-
tides [24, 27]. However, this view has been questioned by Voss et al. [28]. On
the basis of geometric analysis of the ribosomal tunnel in Haloarcula
marismortui, it was proposed that the tunnel is not wide enough to accom-
modate folded polypeptides larger than a-helices [28].

Although the ribosomal tunnel wall has a ‘‘nonstick’’ character [10],
certain nascent chains can interact with the tunnel, thereby causing transla-
tional pausing (reviewed in [13, 29, 30]). One striking example is the SecM
protein [31]. SecM includes a 17 amino acid sequence motif that can block
protein elongation and create a stalled ribosomal complex in the absence of
a functional protein export system. It was demonstrated by fluorescence
resonance energy transfer (FRET) that the SecM C-terminus adopts a
compact conformation on synthesis of the arrest motif, which appeared
essential for the translocation arrest and which was specifically induced
by the ribosome [26]. It was proposed that translation arrest by SecM results
from series of reciprocal interactions between the ribosome and the
C-terminal part of the nascent SecM polypeptide. On the basis of cryo-
EM reconstructions of pretranslocational and SecM-stalled Escherichia coli
ribosome complexes, Mitra et al. [32] also suggested that SecM induces a
cascade of ribosomal conformational changes that lock the mRNA-tRNA
complex on the ribosome, such that elongation is stalled [32]. It was previ-
ously shown that SecM-mediated elongation arrest can be bypassed by
mutations in the 23S rRNA or in L22 at a constriction area in the tunnel,
which might act as a discriminating gate [31]. Taken together, the cryo-EM
and the biochemical data suggest that nascent chain interactions and struc-
tural rearrangements in the ribosomal interior affect translation rates of
nascent polypeptide chains.
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B. SENSING NASCENT SECRETORY AND MEMBRANE PROTEINS IN

THE TUNNEL?

As discussed above, nascent peptides may have specific interactions
already in the ribosome tunnel, which may regulate translation. In addition,
specific interactions and conformational changes in the ribosome may be
sensed and transduced to the surface of the ribosome influencing down-
stream interactions and topogenesis of the protein synthesized [13, 29, 30].
In concreto, future TM segments may be recognized already inside the
ribosome. These intraribosomal contacts may have a profound impact on
downstream processes such as the extraribosomal contacts with chaper-
ones, targeting factors, and translocon components (reviewed in [33]).
A fluorescence quenching study from the Johnson group has indicated
that, in eukaryotes, a TM segment inside the ribosome induces conforma-
tional changes in the Sec translocon in the endoplasmic reticulum (ER)
membrane [34]. How is the presence of a TM segment at the entrance of the
ribosomal tunnel signaled to the exit site of the ribosome, and sequentially,
causes a conformational change in the translocon?

This question has been addressed by using a combined FRET analysis
and cross-linking approach [25]. It was found that nascent secretory pro-
teins are fully extended inside the eukaryotic ribosome, whereas nascent
membrane proteins (containing a TM segment) are folded into a more
compact (presumably a-helical) structure [25]. Furthermore, it was demon-
strated that nascent membrane proteins cross-linked to proteins L17 (the
eukaryotic homologue of the E. coli L22) and L39 (not present in prokary-
otes but partly replaced by L23) inside the ribosomal tunnel, while nascent
secretory proteins did not [25]. It was proposed that the acquisition of
a-helical structure by TM segments inside the ribosome is sensed by pro-
teins L17 and L39 and signaled to the lumenal side of the Sec translocon,
causing a closure of the translocon by the luminal chaperone Bip. In this
way, the permeability barrier is maintained during membrane insertion of
the nascent chain (reviewed in [35]). It has also been suggested that the
Sec translocon itself is capable of maintaining the membrane barrier,
being sealed either by a plugging domain of the closed translocon or by a
translocating nascent chain inside the translocon (reviewed in [36]).

In E. coli, specific contacts of a TM segment in the ribosome have not
been observed. L4, L22, and L23 are found cross-linked to nascent chains of
the IMP Lep (irrespective of the presence of a functional TM segment;
Figure 1.1), the secretory protein PhoE, and the cytoplasmic protein
RpoB [17]. In contrast to the eukaryotic situation, in which both secretory
and membrane proteins are cotranslationally targeted by the SRP to the
Sec complex in the ER membrane, the targeting of secretory proteins in
E. coli occurs mainly via a posttranslational SRP-independent process that
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involves the cytosolic chaperone SecB (Section V). Because cotranslational
insertion at the E. coli Sec translocon seems to occur predominantly for
IMPs, the interaction with the ribosome-nascent chain (RNC)–SRP com-
plex might be sufficient to prime the Sec translocon for the membrane
integration process. Alternatively, the translocon-associated protein YidC
(not present in the ER), which specifically interacts with the TM segments
of IMPs at an early stage of synthesis, can fulfil such a function. It should
also be noted that a BiP homologue is not present in the E. coli peri-
plasm and other plugging devices have not been described. Therefore,
TM signaling in E. coli may not be critical at this stage.

Although the ribosomal signaling of an upcoming TM segment may be
less relevant in E. coli, a recent cryo-EM analysis of eubacterial trans-
locon-bound RNC complexes versus free translating and nontranslating

P-site
tRNA

L4

40 Lep

L23

L22

FIG. 1.1. The molecular environment of 40Lep in the ribosomal tunnel. The 40 amino acid

residues nascent Leader Peptidase [Lep] (blue) and TM segment (red) is stretched from P-site

tRNA (salmon pink) to the ribosomal exit site, and makes contact in the tunnel with ribosomal

proteins L22 (yellow), L4 (green), and L23 (orange). (Reprinted from The Journal of Cell

Biology [17].) (See color plate section in the back of the book.)
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ribosomes showed that the ribosome adopts different conformations at
the polypeptide exit on, first, recognition of a TM segment in a nascent
FtsQ polypeptide, and second, binding to the translocon [37]. Positions of
ribosomal elements—proteins L23/L29 and 23S rRNA hairpin h59—on one
site of the exit site (forming one of the main connections with the translo-
con) remain fixed. In contrast, ribosomal elements on the other site of the
exit site—forming another connection with the translocon and comprising
proteins L4, L22, L24, and rRNA—display significant movement on recog-
nition of a TM segment and binding to the translocon [37]. On the basis of
these results, the authors propose a model in which conformational changes
in the Sec translocon may be modulated by the ribosome through interac-
tions of ribosomal RNA and proteins in the tunnel with a TM segment of a
nascent peptide that will influence rRNA and protein dynamics at the
ribosomal exit site [37].

C. L23 AT THE EXIT SITE

The ribosomal protein L23, localized at the tunnel exit, plays a crucial
role in the coordination of targeting and membrane insertion of IMPs. First,
it is located adjacent to most, if not all, nascent peptides the moment they
leave the ribosome [16–19, 38, 39]. Second, it serves as a docking protein for
SRP [39, 40] and for TF [41, 42], an abundant cytosolic chaperone adjacent
to most emerging nascent chains. Third, L23 is a major contributor to the
junction between the ribosome and the Sec translocon during cotransla-
tional membrane insertion in E. coli, yeast, and mammals [14, 43, 44].

III. Chaperones and Targeting Factors at the Ribosomal
Tunnel Exit

A. SRP–RIBOSOME INTERACTION

SRP can bind to all ribosomes. It has significant affinity for both nontran-
slating ribosomes (KD �80 nM in eukaryotes and prokaryotes) and ribo-
somes that carry a nascent chain either inside the ribosome (KD �8 nM in
eukaryotes) or outside the ribosomal tunnel exposing a targeting signal
(KD �0.2 nM in eukaryotes) [45–47]. The increase in binding affinity of
SRP to ribosomes carrying a nascent chain inside the exit tunnel (before it
emerges from the ribosome) over empty ribosomes [46] could provide a
plausible mechanism to actively recruit SRP to the ribosomal peptide exit
site. The recruitment of SRP to the ribosomal exit may help to increase the
local concentration of SRP and might explain how SRP can function
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efficiently, despite its low abundance in E. coli cells. In this way, SRP is
allowed to scan and detect nascent chain targeting signals as soon as
possible, thereby minimizing the chances that the polypeptide chain
would become too long for efficiently targeting to the translocon [46, 48].
In vitro photo cross-linking experiments, however, suggest that SRP is not
recruited to the ribosomal exit inE. coli in response to the presence of a TM
segment inside the ribosomal tunnel. Nascent polypeptides carrying the
first TM segment of the IMP Leader peptidase (Lep) in the exit tunnel
did not induce SRP cross-linking to an arbitrary (nonhydrophobic)
upstream sequence exposed outside the ribosome [17].

Cross-linking studies have revealed that L23 functions as an attachment
site for the E. coli SRP on the ribosome [39, 40]. Likewise, the mammalian
SRP54 could be cross-linked to L23a and L35, which are homologous to
bacterial L23 and L29, respectively [49], and the yeast SRP54 could be
coimmunoprecipitated specifically with L25, the homologue of bacterial
L23 [50]. Combined, these data suggest that the ribosomal docking site
for SRP is conserved. A three-dimensional cryo-EM map of the mamma-
lian SRP bound to an active ribosome with a nascent secretory protein has
been presented [51]. The structure reveals that the S-domain of SRP (con-
taining the SRP core which is involved in signal peptide binding) contacts
the large ribosomal subunit near the nascent chain exit site and that the Alu
domain reaches into the elongation factor-binding site of the ribosome, in
keeping with its elongation arrest activity. The structure suggests that the
main connection between the S-domain and the ribosome is formed by
SRP54 and L23a/L35. The tip of the SRP54 N-domain forms the contact
with these ribosomal proteins, whereas the M-domain is located at the
ribosomal exit site. This strategically positions SRP54 to scan emerging
polypeptides for the presence of signal peptides (reviewed in [52]).

B. TF–RIBOSOME INTERACTION

As mentioned above, the E. coli L23 protein functions as an attachment
site not only for SRP but also for TF. TF is an abundant cytosolic protein of
which a part is associated with the large ribosomal subunit in a 1:1 stoichi-
ometry [53], and which possesses both chaperone and peptidyl-prolyl
cis/trans isomerase (PPIase) activities [54–56]. As a bona fide chaperone,
TF binds to unfolded substrate proteins, prevents their aggregation, and
promotes their refolding [56–59]. The TF substrate-binding motif is com-
posed of eight consecutive residues in which aromatic and basic residues are
favored and acidic residues are disfavored [60]. On average, the TF-binding
motifs appear every 32 amino acids in any protein and are mostly buried in
the native protein structure [60]. Evidence has revealed that TF cooperates
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in the folding of newly synthesized proteins with the downstream DnaK
(Hsp70) chaperone, and that such cooperative functions were critical for
bacterial survival [61–66]. As stated above, TF also displays a PPIase
activity in vitro [55]. However, the presence of prolyl residues in both
peptides or protein substrates does not significantly contribute to TF
binding [60, 67], and the in vivo relevance of this activity remains to be
determined [59, 65].

TF is the first chaperone to meet nascent polypeptides emerging from
the ribosomal tunnel [16, 17, 19, 68–70]. TF was shown to cross-link to
nascent polypeptides as short as 44 amino acid residues in length [17].
Binding of TF to substrates is critically dependent on their ribosomal
attachment since the affinity for unfolded polypeptides in the absence of
ribosomes is rather low (KD �1 mM) [57, 67, 71]. TF binds with a similar
affinity to vacant ribosomes (KD �1 mM), but with slow kinetics compared
to TF–polypeptide binding [53, 60, 72–74]. Consistent with previous data
showing that complexes formed between TF and RNCs are highly salt-
resistant [68], a study showed that the affinity of TF for ribosomes carry-
ing nascent cytosolic substrates greatly increases, up to 20-fold, with
increasing nascent chain length [74]. During translation, additional TF
molecules are recruited to translating ribosomes, which appears to be
dependent on the ability of TF to bind to the large ribosomal subunit [64].
The data suggest a ‘‘cycling’’ mechanism where TF interacts with the
nascent chain and dissociates from the ribosome on growth of the nascent
substrate. After release of TF from the ribosome, TF comigrates with the
nascent chain, and new TF molecules bind to the same ribosome to interact
with downstream substrate sequences [64].

E. coli TF is composed of three domains: the N-terminal domain (amino
acids 1–144), the central PPIase domain (amino acids 145–247), and the
C-terminal domain involved in TF chaperone function (amino acids
248–432) [75–77]. Ribosomal attachment is mostly mediated by a highly
conserved GFRXGXXP motif, termed ‘‘TF signature,’’ in the N-terminal
part of TF [41, 77]. The structure of E. coli TF bound to ribosomes has been
modeled from the crystal structures ofE. coliTF and theN-terminal fragment
of E. coli TF bound to Haloarcula ribosomes [78]. The chimeric structure
offers detailed insight into the exit portal. Noticeably, TF arches over the
nascent chain exit site, forming an extended, hydrophobic cavity, which was
proposed to shield nascent chains from aberrant intra- and intermolecular
interactions [78]. In agreement with this model, Hoffmann et al. [79] have
described the protection of rather large nonnative polypeptides from proteo-
lytic cleavage by ribosome-bound TF inE. coli [79]. However, this protective
effect appeared to depend on the nature of the nascent chain [80]. It should be
noted that the composed structuremight substantially differ from the genuine

10 RONALD S. ULLERS, ET AL.



situation in a number ofways. First, the TF–ribosome complex lacks a nascent
chain, which may alter the orientation of TF domains with respect to each
other and the ribosome. Second, protein L23 in eubacterial ribosomes
exposes an elongated loop, which is not present in archaeal L23, that pene-
trates from the subunit exterior into the tunnel wall, and whichmay affect the
interaction with TF [22, 81]. Third, protein L24, which is shorter in archaeal
ribosomes, contacts TF on the E. coli ribosome, and may diminish the pro-
posedmolecular cradle of TF [82]. Clearly, more structural data from homol-
ogous systems are needed to clarify the position of TF on the large ribosomal
subunit, and the structural rearrangements it might undergo on the synthesis
of a polypeptide chain.

C. INTERPLAY BETWEEN TF AND SRP ON THE RIBOSOME

The role of TF in protein targeting and folding is not clear. It has been
suggested that TF plays a discriminatory role in the targeting process by
interacting specifically with the early mature region of secretory proteins,
thereby reducing the affinity of their mildly hydrophobic signal peptide for
SRP [38, 70]. This would select secretory proteins for subsequent interac-
tion with the downstream chaperone SecB. However, other studies suggest
that TF binds to the nascent chain by default and that only SRP can confer
targeting specificity because of its high affinity for newly synthesized,
strongly hydrophobic targeting sequences in nascent IMPs [83, 84]. Inves-
tigations on the molecular contacts of short nascent polypeptides in the
E. coli cytoplasm emphasizes the fact that interaction of nascent chains
with TF near the ribosomal exit site at L23 occurs by default irrespective of
the length and nature of the polypeptide chains ([17, 19]; Figure 1.2). The
data also indicate that SRP specifically interacts with a hydrophobic TM
segment of nascent IMPs, when the first TM segment is barely exposed
outside the ribosome, and not with a mildly hydrophobic signal peptide of
nascent secretory proteins, effectively contending TF. Apparently, IMPs
are selected by SRP for cotranslational targeting at a very early stage during
biogenesis [17, 19]. Interestingly, it was found that the N-terminus of
nascent IMP chains [19], and artificial TM segment-bearing substrates [18],
remain in close contact to the ribosomal exit site during growth of the
nascent proteins, suggesting a tethering of the nascent chains to the ribo-
some, so that they can efficiently interact with factors like the ribosome-
bound SRP. When the nascent chains reach a certain length, contact with
SRP is lost, giving room for TF to protect the nascent polypeptides against
aberrant interactions, until a second TM segment of sufficient hydropho-
bicity comes along [18, 19]. The second TM segment may provide an
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additional chance for SRP-mediated targeting as demonstrated for poly-
topic ER membrane proteins [85, 86], and/or may mediate the contact of
Ffh with upstream hydrophobic sequences [18].

The precise interplay between SRP, TF, and emerging nascent chains at
the E. coli ribosome is not known. TF and SRP can bind simultaneously to
ribosomes in in vitro experimental systems, which suggests separate binding
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DnaK- and/or GroEL-machinery
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FIG. 1.2. Model for the first contacts of nascent polypeptides in the E. coli cytosol. The

schemes represent the bottom part of the 50S subunit where the nascent chain leaves the

ribosome. The polypeptide exit tunnel is shown in dark gray. A nascent chain is represented by

a black solid line and is positioned inside the tunnel. At the exit region of the tunnel the

ribosomal protein L23 is depicted in dark gray. TF binds L23 and arches over the exit site. SRP

also associates with L23, sometimes simultaneously with TF. SRP is shown here in light gray,

comprising Ffh and 4.5S RNA (black colored coiled strand). Most likely, TF must undergo a

substantial change in conformation and orientation to allow the SRP to access the nascent IMP.

An a-helical signal sequence (SS) is shown as a light gray colored cylinder and an a-helical TM
segment/signal anchor (SA) sequence as a white colored cylinder. The nascent chains exit the

ribosome in a looped conformation with the N-terminus tethered near L23. Nascent 77RpoB

(cytosolic) and 53PhoE (outer membrane protein) exclusively contact L23 and TF. In contrast,

77FtsQ (IMP) also contact SRP. On growth of the nascent IMP, the TM segment is transiently

sequestered near the exit site by SRP (right middle scheme; ‘‘108FtsQ’’). On further elonga-

tion, both the TM segment and downstream sequences lose contact with SRP to the benefit of

TF (right bottom scheme; ‘‘�128FtsQ’’). Most likely, the SRP is released from the ribosome at

this stage, giving room to TF. (Reprinted from The Journal of Biologycal Chemistry [19].)
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sites on L23 [47, 73]. This implies that the orientation of SRP and TF toward
the exit site must be flexible and able to respond quickly to passing sequ-
ences or sequences still hidden in the ribosome [82]. Structures of homolo-
gous ribosome/TF/SRP complexes bearing nascent chains of different
nature are needed to gain more insight into the topogenic and conforma-
tional changes of all partners near the nascent chain exit site on the ribo-
some. Note that in vivo SRP is at least �100 times less abundant than TF
and ribosomes, and needs to be recruited to ribosomes translating IMPs.
It is unclear how TF that is already docked at L23 influences this process.

Cryo-EM studies define the E. coli L23 region near the exit site also as
the main connection between the ribosome and the SecYEG complex [44].
Both TF and SRP must be released from L23 to allow its transfer to SecY at
the membrane. The SRP receptor FtsY might induce dissociation not only
of SRP but also of TF. SRP is released in a conserved GTP-dependent
reaction on direct intimate contact between Ffh and FtsY (reviewed in
[87]). Also TF was released from vacant ribosomes by FtsY in an in vitro
binding assay [73], although this was not confirmed in a comparable study
[47]. Furthermore, it was described that FtsY does not interfere with TF
binding to ribosome-associated nascent chains in an in vitro cross-linking
assay [18]. Hence, it is not yet clear how and when TF is released from L23.
Because binding of L23 to TF and SecY seems mutually exclusive, TF could
prevent the unproductive association of ribosomes that do not carry a
nascent IMP with the Sec translocon by obstructing the L23 component
of the ribosome–translocon junction site. Interestingly, inactivation of
the TF gene accelerates the translocation of secretory proteins and sup-
presses their dependence on SecB, whereas overproduction of TF retards
their translocation [88]. Whether these effects are related to an altered
localization of the translating ribosomes remains to be determined.

D. THE NASCENT POLYPEPTIDE-ASSOCIATED COMPLEX

It seems relevant to discuss here the nascent polypeptide-associated
complex (NAC), a heterodimeric protein complex composed of an a- and
a b-subunit, present in archaea and eukaryotes, because it shares properties
with bacterial TF [89]. Although NAC has no structural homology to TF,
NAC binds like TF to vacant ribosomes and contacts nascent polypeptide
chains emerging from translating ribosomes [90, 91]. NAC was shown to
bind via the N-terminal segment of the b-subunit to protein L25, the
homologue of L23, on the yeast ribosome, where it can interact with nascent
polypeptide chains [50, 92]. It was demonstrated that bacterial TF can bind
in vitro to L25 on the yeast ribosome, where it cross-links to short nascent
polypeptide chains translated in vitro by yeast ribosomes [93]. Interestingly,
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however, TF cannot compensate for the loss of NAC function in vivo [50],
suggesting divergent functions of NAC and TF. Interestingly, the a-subunit
of NAC was shown to interact with SRP [50], which may point to a role for
NAC in the protein-targeting process. However, such a role for NAC
remains controversial. It has been proposed that NAC influences the fidelity
of the cotranslational targeting of nascent chains to the ER membrane [90].
Binding of NAC to signal-less nascent chains would prevent them from
interacting with SRP [94]. This was emphasized by the finding that deletion
of NAC results in a pronounced growth defect at 37 �C and an induction of
the unfolded protein response (UPR) pathway, which is indicative for
the accumulation of misfolded proteins in the ER [50]. In addition, binding
of NAC to the ribosomal exit of RNCs or ribosomes would prevent their
interaction with the protein-conducting channel in the ER membrane
[94, 95]. However, other groups found that neither the extent nor
the kinetics of ribosome binding to microsomes were altered by the
presence or absence of NAC, and they concluded that NAC has no direct
role in the targeting process [96, 97]. Clearly, these contradictory views await
further investigation to solve the role ofNAC, if any, in the protein-targeting
process.

E. THE HSP70–RAC TRIAD

In addition to NAC, eukaryotic cells possess another major ribosome-
associated chaperone system that can interact cotranslationally with nascent
chains. This system is composed of two Hsp70 members, namely Ssb and
Ssz, and Ssz’s Hsp40 cochaperone Zuo (reviewed in [98]). Ssz and Zuo form
a complex called ribosome-associated complex (RAC), which stimulates the
ATPase activity of Ssb and forms together with Ssb the so-called ribosomal
chaperone triad [99]. The ribosomal attachment site for the Ssb/Ssz/Zuo
chaperone triad is unknown. Ssb can contact, however, short nascent chains
[100], suggesting that the location on the ribosome of the chaperone triad is
near the polypeptide exit site. Strikingly, it has been shown that, in spite of
the structural dissimilarity with the Ssb/Ssz/Zuo chaperone system, TF can
compensate for the loss of the yeast triad in vivo [93]. TF can partially
restore the cation-sensitive and cold-sensitive phenotype of yeast cells lack-
ing Ssb/Ssz/Zuo [93]. How TF accomplishes this is not known.

IV. SRP-MediatedTargeting

Signal peptides of target proteins are specifically recognized by SRP as
they emerge from the ribosome. On TM segment binding, the RNC–SRP
complex is targeted to the Sec translocon through a specific interaction
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between SRP and its receptor, FtsY. The transfer of the RNC to SecY at the
Sec translocon is coordinated by the combined action of SRP and FtsY
(Figure 1.3).

TF

L23

SRP

+FtsY

+2GTP

IM

YidC Sec
translocon

2GDP + Pi

ADP + Pi

SecB

SecA ATP

Lep

FIG. 1.3. Model of the SRP- and SecB-targeting pathways in E. coli. SRP binds to a

particularly hydrophobic targeting signal (represented by a white bar) in nascent proteins at

L23 near the nascent chain exit site on the large subunit of the ribosome. TF, a cytosolic

chaperone that also docks at L23, has a more general affinity for nascent proteins and may

influence the interactions of the SRP. FtsY binds to the RNC–SRP complex and supports

targeting to the IM through its affinity for SecY and lipids. The nascent protein is transferred to

the Sec translocon in a GTP-dependent reaction. The membrane factor YidC mediates IMP

assembly both in conjunction with and independently from the Sec translocon. SecB binds to

the mature region of presecretory proteins containing a mildly hydrophobic signal peptide

(represented by dashed bar), and guides this cargo to the Sec translocon that is identical or

similar to the translocon reached via the SRP-pathway. Via a direct interaction with

membrane-bound SecA the precursor proteins are relocated to the membrane. During or

after translocation, the signal peptide is cleaved off by Leader peptidase (Lep).
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A. GENERAL FEATURES OF SRP

The SRP was first identified in mammalian cells, in which it targets
proteins to the membrane of the ER. The E. coli SRP targets proteins to
the IM and is one of the simplest known SRPs (Figure 1.4). It consists of one
protein (Ffh, SRP54 homologue) [101, 102] and a 4.5S RNA, which is
important for Ffh stability [103], and which is probably directly involved
in TM segment binding [104]. The most conserved part of the SRP RNA,
the domain IV (helix 8 in eukaryotes), binds to Ffh (SRP54). Ffh consists of
three domains, the a-helical N-domain, the G-domain (nucleotide-binding
domain; GTPase domain), and the C-terminal M-domain (methionine-rich,
a-helical domain involved in RNA interaction and signal peptide binding).
The N-domain is a four-helix bundle which is tightly connected to the
G-domain, forming a distinct structure, commonly referred to as the NG
domain [105]. The G-domain shows the classical GTPase fold and contains
four conserved sequence motives (GI–GIV). These motifs are involved in
nucleotide binding. The SRP GTPases form a distinct subfamily within the
superfamily of small GTPases [106].

The mammalian SRP is more complicated and sophisticated in function.
It consists of six protein subunits (SRP72, 68, 54, 19, 14, and 9) and is
arranged on a 7SL RNA scaffold. SRP can be divided into two functional
domains: the Alu domain and the S-domain. SRP14 and SRP9 bind to one
end of the 7SL RNA to form the Alu domain, which functions to pause
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translation. This feature of SRP is thought to prevent aggregation of fully
translated membrane proteins in the cytosol. The remaining four proteins
at the other end of the 7SL RNA form the S-domain. It comprises the most
conserved part of SRP, namely SRP54 and helix 8 of the 7SL RNA.

It has been shown that the much smaller E. coli SRP, which lacks both
SRP9 and SRP14, is unable to arrest in vitro translation of a heterologous
IMP, even though it did bind to its N-terminal TM segment [107]. This is
consistent with the notion that SRP-induced translation arrest in eukar-
yotes is dependent on the Alu domain. However, indirect evidence has
been presented suggesting the existence of SRP-mediated translation arrest
in E. coli, even though the mechanism is still not understood [108].

B. SIGNAL PEPTIDE BINDING TO THE M-DOMAIN

Signal peptides of target proteins are specifically recognized by SRP as
they emerge from the ribosome. Typical signal peptides have a tripartite
structure with a 9- to 12-residue-long hydrophobic stretch in the middle
[109] that adopts an a-helical conformation. Although for binding to SRP
the hydrophobic part of the signal peptide is crucial [83, 84], the flanking
regions may also contribute to the interaction ([110]; Section V). On the
basis of cross-link and mutagenesis data [111–113], theM-domain of Ffh has
been implicated in signal peptide binding. The M-domain is made up of five
a-helices and is characterized by an atypically high percentage of methio-
nine residues [113, 114]. The structures of SRP54 from Sulfolobus solfatar-
icus alone and in complex with the RNA [115] indeed indicate a binding site
for signal peptides, which is in agreement with the binding site suggested
from the E. coli and Thermus aquaticus structures [104, 116]. a-Helices
in the M-domain line a hydrophobic groove, which in the absence of a
signal peptide is closed to protect the groove from aqueous solvent. On the
ribosome, the hydrophobic groove is opened to allow the signal peptide
to bind (reviewed in [52]). It has been proposed that the human M-domain
forms a slightly different signal peptide-binding site than the one derived
from the structures described above (reviewed in [2, 117]), suggesting differ-
ences in specificity of signal peptide recognition between eukaryotes and
prokaryotes.

C. THE SRP RECEPTOR FtsY

The protein FtsY has been identified as the SRP receptor (SR) in E. coli
[118]. FtsY is the homologue of SRa in the mammalian SRP receptor,
and consist of three domains, the N-terminal acidic domain (A-domain)
and the N- and G-domains that are homologues to the N- and G-domains of
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protein Ffh. The SRP receptor in mammals consist of two proteins, SRa and
SRb [119–121], which are both GTPases. SRb serves as a membrane anchor
for SRa and is believed to be involved in the signal peptide release from
SRP54 [122–124]. In contrast to SRa, E. coli FtsY is evenly distributed
between the cytosol and the IM [118]. The function of the cytosolic form of
FtsY is still unclear, although one study suggests it may be involved in
the release of the chaperone TF from the ribosome [73]. Although com-
plex formation of SRP and FtsY already occurs in the cytosol in vitro,
FtsY requires the context of the IM to ensure faithful transfer of the signal
peptide to the translocon [125]. The association of FtsY with the membrane
involves both lipids [126, 127] and the translocon component SecY [128].
Both A and NG domains of FtsY have an affinity for the membrane.
Intriguingly, evidence from the Bibi laboratory argues that the NG domain
expressed alone is fully functional despite less efficient membrane localiza-
tion [129]. A mechanism by which nascent chain release is coordinated on
its interaction with the translocation channel has been suggested. It has
been proposed that FtsY binding to the membrane occurs initially through
phospholipid binding, followed by targeting to the Sec translocon via an
interaction with SecY [127, 128]. The interaction of FtsY with SecY could
then induce conformational changes in FtsY to induce the subsequent
release of the signal peptide from SRP [128].

D. INTER- AND INTRAMOLECULAR COMMUNICATION BETWEEN THE

SRP COMPONENTS

It has been shown that binding of SRP54 to the ribosome increases the
affinity of SRP54 for GTP [130]. Since signal peptide binding and GTP
binding occur at distinct domains in SRP54, a communication between the
protein domains in the SRP core must exist [131]. A model has been put
forward to describe the conformational changes of the SRP core triggered
by the interaction with external binding partners, like the RNC and the
SRP receptor, and suggest a mechanism for the communication of signal
peptide binding in theM-domain to the GTPase domain of SRP54 [52, 131].
Before binding to the ribosome, the ‘‘free’’ SRP is likely to adopt a compact
structure with the G-domain of SRP54 interacting with RNA helix 8.
A direct contact between residues of the M- and N-domains is present,
and the M-domain is ‘‘closed’’ and incapable of signal peptide binding
[115]. In the free state, GTP affinity of SRP54 is low. When bound to a
ribosome with or without the presence of a signal peptide, the SRP core
adopts the ‘‘open’’ conformation observed in the cryo-EM structure [51]. As
a signal peptide binds into the hydrophobic groove of SRP54M, a sequence
of conformational changes occur in the SRP core. The flexible linker region
connecting the M- and G-domain is suggested to play a central role in this
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conformational rearrangement. One consequence of the structural changes
in all three domains of SRP54 is that SRP is now able to bind GTP with
higher affinity that renders SRP competent for targeting of the RNC to the
translocon via a specific interaction with the SRP receptor SRa/FtsY
(reviewed in [52, 131]).

How are the two GTPases synchronized? GTP binding to SRP54 (Ffh)
and SRa (FtsY) is a prerequisite to complex formation, and GTP hydrolysis
leads to complex dissociation [132]. The GTPases of Ffh and FtsY stimulate
each other on complex formation [133], and therefore, they have been
proposed to act as GTPase-activating proteins (GAPs) for each other
[134]. Crystal structures of the interacting NG domains of bacterial SRP
and SR (Ffh and FtsY from T. aquaticus) in the presence of a nonhydrolyz-
able GTP analogue [135, 136] show that both N-domains rearrange toward
the G-domains and that the complex forms an active site at the interface of
the two proteins. The individual nucleotide-binding sites are so closely
intertwined that the two nucleotides are hydrogen-bonded to each other.
On complex formation the NG domains undergo major rearrangements,
resulting in conformations suitable for hydrolysis of GTP. However, GTP
hydrolysis by SRP and SR must be blocked until the signal peptide is
released in order to prevent dissociation of the complex before the RNC is
delivered to the translocon. Data suggest that complex formation between
SRP and FtsY occurs at the Sec translocon (and not in the cytosol before the
RNC has reached the translocon), based on the finding that in vitro binding
of FtsY to SecY was stabilized by blocking the GTP hydrolysis and was
independent on the presence or the absence of SRP [137]. OnGTP hydroly-
sis, the signal peptide is released and the complex dissociates. It is, however,
not clear how the release of the signal peptide by the SRP M-domain is
communicated to the GTPase domains of both SRP and SR to allow GTP
hydrolysis. However, several biochemical studies have shown that the inter-
face between the N- and G-domain may play an important role in the
transmission of information between signal peptide binding by the
M-domain and the GTPase [138, 139]. In addition, structural studies
revealed that there is flexibility between the protein domains in the SRP
core, and suggest that the linker region between M- and G-domain is
involved in interdomain communication (reviewed in [52, 131]).

V. Selectionof Protein for SRP-MediatedTargeting

In mammalian cells, SRP is the only known dedicated targeting factor to
guide both presecretory proteins and membrane proteins to the Sec trans-
locon in the ER membrane [140]. How the bacterial cell selects the
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substrates for SRP-mediated targeting is not entirely clear. Considerable
evidence indicated that the preferred substrates for targeting by SRP are
IMPs (reviewed in [2]). Biogenesis of most IMPs in E. coli is strongly
hampered at decreased cellular concentrations of SRP components.
In addition, genetic screens designed to identify components involved in
the biogenesis of IMPs, yielded mutations in all known components of the
SRP targeting route [141, 142]. Furthermore, cross-link studies of in vitro
synthesized short nascent IMPs in homologous systems demonstrated
cotranslational recognition of TM segments by SRP [17, 19, 39, 70, 84]. In
addition, in vitro targeting of nascent IMPs to the IM appeared to be
dependent on the presence of SRP [143].

SRP-independent posttranslational targeting or targeting at a late stage
during translation in E. coli is fulfilled mainly by the SecB pathway
(Figure 1.3). The SecB chaperone, which is only present in Gram-negative
bacteria, interacts with the mature moiety of secretory proteins containing a
cleavable signal peptide, and keeps them in an unfolded, translocation
competent state [144]. In addition to maintaining preproteins in a translo-
cation competent conformation, SecB also participates in directing prepro-
teins into the translocation pathway by its specific interaction with the
membrane-bound ATPase SecA [145]. After the precursor proteins have
been located at the membrane through the SecB–SecA interaction, they are
released from SecB and transferred to the SecA–translocon complex for
further translocation over the IM [146]. It should be noted that the absence
of SecB in E. coli does not significantly affect cell growth [147], and many
proteins are exported equally well in secB mutants (reviewed in [148]).
However, the absence of SecB was shown to result in the aggregation
of secretory proteins in the cytoplasm, and deletion of secB affects the
targeting kinetics of secretory proteins [147].

The apparent specificity of the E. coli SRP is explained by a preference
of Ffh for the relatively hydrophobic targeting signals present in nascent
IMPs, as suggested by in vitro cross-linking studies [17, 19, 70, 84]. Consis-
tently, a signal peptide of a secretory protein can be recognized by SRP
when its hydrophobicity is increased, rerouting the fused passenger proteins
via the SRP pathway [83, 149–152]. Interestingly, a single replacement of a
helix-breaking glycine residue by a helix-promoting leucine residue in the
hydrophobic core of the PhoE signal peptide, a SecB-dependent outer
membrane protein, also promoted SRP binding [149]. This suggests that
the structure of the signal peptide may be relevant for SRP binding as well.
Despite its apparent specificity for IMPs, the E. coli SRP may also play a
modest role in bacterial protein export. Results obtained from a screen
for native E. coli signal peptides, which direct fused reporter proteins to
the SRP pathway and therefore can enhance cotranslational processing,
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suggest that about 10% of all periplasmic proteins are exported via the
SRP pathway [153]. One example of a native E. coli protein that is recog-
nized by SRP is the periplasmic enzyme DsbA that contains an unusually
hydrophobic signal peptide [154].

Hydrophobicity does not appear to be the only key feature for selection
by the SRP. Interestingly, it was shown that the bacterial autotransporter
Hbp [155] is transported over the IM via the SRP/SecA/SecYEG pathway.
Autotransporters contain unusual long but not particularly hydrophobic
signal peptides. The C-terminal half of the long signal peptide resembles a
classical signal peptide comprising well-defined N, H, and C regions, but
with an uncommonly high net positive charge in the N region, which may
play a role in SRP RNA-signal peptide binding [110, 155]. The significance
of the N-terminal extension of the long signal peptide is not clear but a role
in targeting pathway selection has been suggested [156]. The N-terminal
extension might rout presecretory proteins into a posttranslational target-
ing pathway by exerting an inhibitory effect on their interaction with SRP,
TF, and the SecYEG translocon [156]. On the other hand, removal of
the N-terminus of the autotransporter Hbp had little effect on targeting
pathway specificity (Jong and Luirink, unpublished results).

A. SRP-MEDIATED TARGETING IN E. COLI OCCURS COTRANSLATIONALLY

Considerable evidence indicate that SRP-mediated targeting and inser-
tion of IMPs occur in a cotranslational fashion [154, 157]. The affinity
of E. coli ribosomes for the Sec translocon supports the existence of a
cotranslational insertion mechanism in E. coli [158]. Moreover, a cryo-EM
reconstruction of the dimeric E. coli SecYEG channel tethered to a
ribosome-nascent FtsQ complex has been reported, again supporting the
cotranslational mode of IMP insertion [44]. Also in agreement with
the cotranslational targeting of IMPs by SRP, cross-link studies of in vitro
synthesized nascent IMPs demonstrated recognition of the TM segment in
short nascent IMPs by the SRP [17, 19, 39, 70, 84]. When the in vitro
translation system is supplemented with inverted membrane vesicles, SRP
is released from the nascent chain in a reaction that requires FtsY and GTP
[125, 159]. On release, the short nascent chain is transferred to the Sec
translocon components [70, 125].

Cotranslational targeting of IMPs may start very early during biogenesis
when the first TM segments are barely exposed outside the ribosome. It has
been shown that interactions with SRP and SecYEG already occur when
the first TM segment is not completely exposed outside the ribosome [17].
In principle, this result suggests that nascent IMPs can be handed over from
SRP to the translocon at an early stage during biogenesis, as in eukaryotes.
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It remains to be established whether in vivo, in the absence of translation
arrest and given the speed of prokaryotic translation, the translocon is
reached at such an early phase in the biogenesis of IMPs.

Independent support for a cotranslational role of SRP was previously
presented [150]. A hybrid LamB–LacZ construct that is normally targeted
via the SecB pathway and jams the Sec translocon by posttranslational
folding of the LacZ moiety was rerouted into the SRP pathway by increas-
ing the hydrophobicity of its signal peptide. The hydrophobic signal peptide
provoked SRP-dependent, presumably cotranslational, secretion into the
periplasm and thereby prevented lethal jamming of the Sec translocon by
the hybrid protein.

Collectively, the data are suggestive of cotranslational targeting and
membrane insertion of SRP-dependent IMPs.

B. HOW IMPORTANT IS SRP FOR BACTERIA?

With respect to the different targeting pathways, how crucial is SRP for
bacterial cell survival? In E. coli, Ffh, 4.5S RNA, and FtsY are essential for
growth, which seems in agreement with the essential nature of many of its
substrate IMPs (reviewed in [160]). Although both Ffh and 4.5SRNA are not
abundant, E. coli cells can cope with a drastic reduction even of this limited
supply of SRP components, partly because efficient IMP targeting prevents a
toxic accumulation of aggregated proteins in the cytoplasm [157]. In reducing
levels of SRP, the cells react to this toxic accumulation by increasing the levels
of the heat shock regulated proteases Lon and ClpQ [157]. Notably, a sub-
stantial fraction of the IMPs inserts correctly under SRP-deficient conditions
[161, 162], suggesting alternative targeting mechanisms. The hydrophobic
domains in the IMPs might contribute to spontaneous targeting to the Sec
translocon. Also, ribosomes may support cotranslational targeting through
their affinity for the Sec translocon (section V.A).

Bacteria may differ in their dependence on SRP-mediated targeting.
Analysis of the extracellular proteome of Bacillus subtilis strains with
conditional SRP expression suggests that Bacillus SRP is also required for
the targeting of most secreted proteins [163, 164]. Notably, signal peptides
in B. subtilis, a Gram-positive bacterium, are generally longer and more
hydrophobic, which is critical for signal peptide recognition by the
B. subtilis SRP [165]. Consistent with a primary role for the Bacillus SRP,
a SecB homologue supporting posttranslational targeting is not present in
this organism [166].

In E. coli, the majority of the membrane proteins seem to be cotransla-
tionally targeted by SRP to the Sec translocon, though this awaits confirma-
tion by proteomic analyses. Subsequently, the nascent IMPs move from the
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translocon into the lipid bilayer. In recent years, it has become clear that the
IMP YidC not only assists in this process but also mediates the insertion of
at least some IMPs independent of the Sec translocon (reviewed in [167–169].
Substrates of this Sec-independent/YidC-dependent pathway include small
phage coat proteins and the endogenous subunit c of F1F0-ATPase (reviewed
in [167]). Targeting of the phage M13 procoat and Pf3 coat proteins occurs
independent of the SRP [151, 170]. F0c, on the other hand, must be delivered
at YidC cotranslationally [171, 172], and may require SRP for proper target-
ing [172], although this remains controversial [171, 173]. It is unknown
whether YidC is at any stage connected with the ribosome during insertion
and assembly of F0c. Interestingly, the YidC homologue Oxa1p does bind
ribosomes during cotranslational protein insertion inmitochondria [174, 175].
However, YidC was unable to complement for the loss of Oxa1p in mito-
chondria unless it was fused to the ribosome-binding domain of Oxa1p
suggesting that YidC has no affinity for ribosomes [176]. Irrespective of the
mechanism, cotranslational targeting to YidC is likely to facilitate the assem-
bly of F0c in the IMand prevent aberrant intra- and intermolecular contacts in
the cytoplasm that may lead to aggregation [172].

In Streptococcus mutans, the SRP pathway seems to play a less important
role in membrane protein targeting. Mutations in ffh, ffs, or ftsy, encoding
Ffh, SRP RNA, and FtsY, respectively, resulted in acid sensitivity but not in
loss of viability [177, 178]. Surprisingly, elimination of one of the two YidC
homologues present in S. mutans, YidC2, resulted in a similar stress-
sensitive phenotype [178]. Mutants lacking both YidC2 and SRP compo-
nents were more severely impaired in growth than the single deletions
suggesting overlapping and compensatory targeting pathways [178]. This
suggests an alternative YidC2-dependent cotranslational targeting mecha-
nism in S. mutans, perhaps similar to the role of Oxa1p in cotranslational
targeting in mitochondria.

VI. ConcludingRemarks

The genetic and biochemical data concerning the SRP-targeting pathway
in E. coli, together with the recently available structures of most of the
‘‘players in the field,’’ have significantly expanded our knowledge of
the functions of these players and of the interplay among these protein
complexes. In E. coli, SRP binds to the large ribosomal subunit compo-
nent L23 where it interacts with hydrophobic TM segments in nascent IMPs
emerging from the ribosome. On binding of a TM segment by the SRP
M-domain, a series of conformational changes in the SRP core are signaled
to the SRP G-domain, so that GTP can bind with higher affinity. At the IM,
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the RNC–SRP complex associates in a twin-like formation with GTP-
loaded FtsY bound to SecYEG and lipids. At the SecYEG translocon,
the SRP–FtsY complex dissociates on GTP hydrolysis and the TM segment
inserts via SecYEG/YidC into the lipid bilayer. Most IMPs are inserted into
the IM via the SRP/SecYEG/YidC pathway. However, recently it has
become clear that some IMPs use alternative pathways for IM insertion.

Despite these recent advances, several pressing issues need to be
addressed. Among those, additional structural investigations of the inter-
actions between modules of the same species are crucial and need to be
carried out. Indeed, small structural differences among protein complexes
in the three kingdoms of life may have significant impacts on the con-
clusions we can draw regarding protein folding and protein targeting.
For example, the precise interplay between SRP and the chaperone TF
on the E. coli ribosome is still largely unclear. More structural data are
required to get a better view of the conformation of TF bound to ribosomes
carrying a nascent chain and of the complexity of SRP–TF binding at the
ribosome in the presence of a nascent IMP. These approaches will undoubt-
edly shed light on the fascinating relationship between chaperones
and targeting factors during the early events of protein targeting to the
E. coli IM.
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I. Abstract

The Sec machinery facilitates protein translocation membrane insertion
and into biological membranes of organisms from all three domains of life.
The mechanism of the cotranslational mode of translocation is conserved
across the domains, whereas the components involved in posttranslational
translocation differ. In addition, significant differences are observed in the
composition of the Secmachinery within the bacterial domain. Here, we will
review these differences in an evolutionary context, and discuss the latest
insights into the structure and dynamics of the translocon and the bacterial
motor protein SecA, with emphasis on their oligomeric state(s) during
protein translocation.

II. Introduction

Every cell contains at least one membrane that separates the cytoplasm
from the extracellular environment and its intracellular organelles. Embed-
ded within these membranes is a variety of different transport systems that
selectively allow passage of molecules, thereby enabling the cell to carefully
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control the (bio)chemical composition on both sides of the membrane.
Proteins are the largest and most complex molecules that are transported
across membranes, and several different transport systems exist that can
handle this class of substrates. The Sec machinery is the only protein
transport system that is conserved across all three domains of life. It enables
protein translocation across the cytoplasmic membrane of bacteria and
archaea, the endoplasmic reticulum (ER) membrane of eukarya, and the
thylakoid membrane of photosynthetic eukarya [1].

A property that distinguishes the Sec machinery from other transport
systems is its ability to transport substrates toward two different cellular
compartments: the aqueous environment on the trans side of the membrane
or the hydrophobic environment of the membrane itself. In line with
that property, the spectrum of substrates that is transported by the Sec
machinery ranges from highly hydrophobic to highly hydrophilic proteins.
The only feature that all substrates have in common is a hydrophobic
N-terminal signal sequence or a transmembrane segment (membrane anchor
signal) that ensures substrate recognition and initiation of the translocation
process.Most signal sequences are cleaved off by a signal peptidase to convert
the preprotein into the mature form, whereas N-terminal transmembrane
segments remain attached to the substrate.

The most conserved part of the Sec machinery is the ‘‘translocon,’’ a
membrane integrated channel that allows the passage of the (pre)proteins
across the hydrophobic lipid bilayer [2]. All translocons consist of three
evolutionarily related subunits, but nevertheless archaeal and eukaryotic
translocons can be distinguished from bacterial and thylakoid translocons
on the basis of their amino acid sequences [3]. The translocon can associate
with different partners to mediate two conceptually different modes of
protein translocation: cotranslational and posttranslational translocation.
The first is mainly employed for the insertion of integral membrane proteins
(IMPs), and the latter mainly for translocation of secretory proteins [4].
Cotranslational translocation requires the translocon to associate with the
ribosome, allowing a direct coupling between synthesis and translocation of
the (pre)protein [5]. This process is conserved in all domains of life [6]
and driven by ongoing protein synthesis at the ribosome. To prevent synthe-
sis of membrane proteins in the cytoplasm, ribosome nascent chain com-
plexes (RNCs) are targeted to the translocon via the signal recognition
particle (SRP) in conjunction with its membrane-bound receptor (SR) [7].
In eukaryotes, protein synthesis is slowed down or arrested until the nascent
chain has been transferred from SRP to the translocon [8]. For more details
on the mechanism of SRP-dependent targeting, the reader is referred to one
of the reviews that have appeared [9, 10].

Posttranslational protein translocation occurs by definition after protein
synthesis has been completed and requires the translocon to associate with
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a motor protein to provide the driving force for the translocation reaction.
In this mode of translocation, the Sec machineries in the various domains of
life differ substantially from each other. Posttranslational translocation in
bacteria and chloroplasts is driven by the cis-acting ATPase SecA [11],
whereas in ER membranes it is driven by a trans-acting Hsp70-like ATPase
termed BiP or Kar2 [12]. Given this topological difference, the molecular
mechanism underlying posttranslational translocation is expected to differ
largely between the ER and the bacterial cytoplasmic membrane. Post-
translational protein translocation has also been suggested to occur in
archaea, but these organisms lack a SecA homologue and no apparent
energy source is available for a trans-acting motor protein.

III. Outline

The overall mechanisms of the two modes of protein translocation have
been unraveled by groundbreaking studies in the early nineties, employing
reconstituted systems from Escherichia coli and Saccharomyces cerevisiae.
The last 5 years have led to a tremendous increase in our insights into
the structural basis of protein translocation through the elucidation of
high-resolution crystal structures from individual components [13–17]
and low- to medium-resolution electron microscopy (EM) structures of
a variety of functional complexes [18–21]. These structural and biochemical
data have yielded detailed insights into the molecular mechanism under-
lying protein translocation. This review presents an overview of our current
understanding of the structural dynamics of the bacterial Sec machinery
during protein translocation. We will focus on conformational changes
that occur within the translocon, how they might be induced by (pre)
proteins, the ribosome or SecA, and we will highlight major unresolved
questions. Some of these issues have received considerable attention in
reviews [2, 22–24], and therefore additional emphasis will be on two issues
that have not been addressed extensively, that is variations that are
observed between Sec machineries of different bacteria and the contro-
versy concerning the oligomeric state(s) of the translocon and SecA during
protein translocation.

IV. Variationand Evolutionof theSecMachinery

A. THE CANONICAL BACTERIAL SEC MACHINERY

In addition to the motor protein SecA and the three translocon proteins
(SecY, SecE, and SecG), the Sec machinery of the vast majority of bacteria
consists of YidC, SecD, SecF, and YajC. YidC is involved in the insertion of
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IMPs into the lipid bilayer by contacting the transmembrane segments
of nascent IMPs shortly after they leave the SecYEG translocon [25].
In addition, YidC functions independently of SecYEG in the integration of
small IMPs such as the FoC subunit of ATP synthase and the bacteriophage
coat protein M13 [26]. The mitochondrial YidC homologue Oxa1p from
S. cerevisiae has been shown to directly interact with the ribosome [27, 28]
but thus far ribosome binding has not been demonstrated for YidC, while the
cytoplasmic domain of Oxa1p implied in ribosome binding is absent in YidC.

With the exception of some lactic acid bacteria, all completely sequenced
bacterial genomes encode for the proteins SecD, SecF, and YajC. SecD-
FYajC forms a trimeric complex that is involved in protein translocation
and associates with SecYEG [29, 30]. Two studies have indicated that
SecDF might be both functionally and physically coupled to SecG
[31, 32], but the exact function of SecDFYajC has remained elusive [33].
It has been proposed that SecDFYajC is involved in release of preproteins
from the translocon, regulation of SecA cycling, and maintenance of the
proton motive force. The latter proposal has been shown to be based on a
polar effect of the growth conditions used with a SecDF depletion strain,
rather than on the functional defects of the depletion of SecDF itself [34].
Further experiments are required to (dis)prove the other proposed func-
tions of SecDF. In contrast to SecD and SecF, YajC is not required for cell
viability. YajC alone has been shown to exist as a homooligomeric complex
in the inner membrane of E. coli [35], but the functional importance of
this complex is unknown.

B. EVOLUTIONARY HISTORY OF THE E. COLI SEC MACHINERY

Although the most intensively studied bacterial Sec machinery is that
from E. coli, some characteristics of this system are not representative for
the vast majority of bacteria. There are at least three components that
distinguish the E. coli Sec machinery from that of other bacteria: SecB,
SecM, and SecE. The tetrameric cytoplasmic protein SecB is a secretion
specific chaperone that prevents intracellular aggregation of (pre)proteins
[36]. SecB slows down the folding of preproteins by binding to their mature
region [37], and it targets them to the extreme C-terminus of SecYEG-
bound SecA [38]. Once translocation of the preprotein has been initiated,
SecB is released from the translocon and able to start a new targeting cycle
[11]. SecB is not essential for cell viability [39], but it is thought to be
required for translocation of a subset of (pre)proteins [40]. Thus far, no
clear amino acid motifs have been identified that render (pre)proteins SecB
dependent [41], but it has been shown that SecB-binding sites are enriched
in aromatic and basic residues [42].
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The second component that distinguishesE. coli frommost other bacteria
is SecM, a small regulatory protein (formerly known as gene X) that is
encoded directly upstream of SecA [43]. Under secretion-deficient condi-
tions, SecM induces a pause in translation of the secM–secA messenger
RNA by means of an arrest sequence in its C-terminus [44] that is sensed
by the interior of the ribosome [45]. This results in prolonged exposure of
the SecA ribosome-binding site and consequently an upregulation of the
amount of cellular SecA. In addition, SecM is involved in localizing
the expression of SecA to the vicinity of SecYEG [46]. SecM contains a
signal sequence at its N-terminus, and thus the ribosome carrying a secM–
secAmessenger and the arrested nascent chain is targeted to the translocon.
The SecA molecules that are subsequently synthesized in the vicinity of
SecYEG are more active in protein translocation than SecA molecules that
are synthesized without a functional secM gene in cis [46]. This SecA
population possibly corresponds to the ‘‘membrane integral’’ form of
SecA [47, 48]. SecM is not required for cell viability provided that sufficient
SecA is supplied in trans [43].

SecE is the third component that distinguishes E. coli from many other
bacteria; E. coli SecE consists of three transmembrane segments (TMSs),
whereas most of its homologues are single spanning membrane proteins
[49]. The additional two TMSs might specifically facilitate protein translo-
cation at low temperatures, since E. coli cells containing a variant of SecE
lacking these two TMSs are cold sensitive for growth [50].

An extensive genome analysis has revealed that SecB, SecM, and SecE
with three TMSs are not unique toE. coli as they are present in several other
proteobacteria, but not in any other bacterial divisions [51]. It is tempting to
speculate that an optimized Sec machinery could be particularly beneficial
to the frequently pathogenic proteobacteria, but it should be noted that the
microbial genome-sequencing projects are strongly biased toward patho-
genic organisms in general. Interestingly, the genomic distribution of SecB,
SecM, and SecE with three TMSs reveals a part of the evolutionary history
of theE. coli Secmachinery. By combining the genomic distributionwith the
phylogenetic relationships between the proteobacterial subdivisions in
which each component is present (Figure 2.1), it was revealed that the Sec
machinery has most likely evolved in the following successive steps: within
the proteobacteria, the canonical Sec machinery (containing only SecYEG,
SecA, SecDFYajC, and YidC) was first supplemented with SecB, then SecE
was extended with two TMSs, and finally SecM was introduced. Hence, the
E. coli Sec machinery represents the end product of a stepwise evolutionary
process. Intermediate compositions with only SecB or SecB in combination
with a three TMS-containing SecE are also observed, but neither the
extended SecE nor SecM is ever observed without SecB, and SecM is
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never observed without extended SecE. It has been proposed that both SecE
with three TMSs and SecM could specifically improve SecB-dependent
protein translocation by maximizing the amount of SecYEG-bound SecA
that forms the receptor for preprotein–SecB complexes. This can be accom-
plished in two ways: (1) by increasing the affinity of SecA for SecYEG (via
SecE) or (2) by carefully regulating and localizing the expression of SecA
(via SecM) [51]. Further biochemical studies are required to investigate the
possible synergistic contribution of SecB, SecM, and extended SecE to
protein translocation.What should be kept inmind is that the Secmachinery
of the model organism E. coli is of much greater complexity than that of
most other bacteria.

C. SEC PARALOGUES

Noncanonical compositions of the Sec machinery-containing paralogues
of one or more components are also observed in many bacteria. Several
genomes of organisms belonging to the divisions Actinobacteria (e.g.,
Mycobacterium tuberculosis) [52] and Firmicutes (e.g., Listeria monocyto-
genes and Streptococcus gordonii) [53, 54] encode for paralogues of SecA,
and few of those bacteria encode for paralogues of SecY, SecE, and/or
SecG as well. The genomes of the proteobacteria Gluconobacter oxydans
and Francisella tularensis encode for SecB paralogues [51]. The genomic
distribution of these paralogues has not yet been investigated in an

FIG. 2.1. Genomic distribution of accessory features of the Sec machinery in proteobacteria

in combination with bacterial phylogeny. The distribution suggests that the Sec machinery

has evolved in a stepwise fashion by sequentially acquiring SecB, the SecE extension, and

SecM [51].
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evolutionary context, and SecA2 is the only paralogue that has been
studied genetically. It has been shown in both M. tuberculosis [55] and in
L. monocytogenes [56] that SecA2 is important for pathogenicity but not
for viability. These observations have led to the speculation that the acces-
sory Sec machinery components of these Gram-positive bacteria might be
functional equivalents of the pathogenicity related Type II–IV secretion
systems found in many Gram-negative bacteria [56]. The thus far identi-
fied SecA2-dependent substrates do not have any functional character-
istics in common. However, several substrates contain an atypical signal
sequence or become glycosylated before translocation [56–62]. Interest-
ingly, some SecA2-dependent substrates do not contain a signal sequence
at all [55, 56]. It will be of great interest to investigate these and other
features that distinguish SecA2 and the other paralogues from the canonical
Sec machinery.

V. SecAStructure,Function,andDynamics

A. THE INVOLVEMENT OF SECA IN COTRANSLATIONAL

PROTEIN TRANSLOCATION

The motor protein SecA is one of the largest and most complex bacterial
proteins. It consists of multiple domains and it interacts with nearly all
the other components involved in protein translocation: (pre)proteins,
SecYEG, SecB, nucleotides, the cytoplasmic membrane, and possibly the
ribosome. Although co- and posttranslational translocation reactions are
mostly studied as individual pathways in S. cerevisiae and E. coli, respec-
tively, there are several indications that the two pathways overlap. Most
IMPs are translocated cotranslationally, but several IMPs contain large
extracytoplasmic domains that are translocated in a SecA-dependent man-
ner [25, 63–66]. This implies that SecA and the ribosome can either bind to
the translocon simultaneously or that they can bind alternating to the
translocon. Although simultaneous binding of SecA and the ribosome to
SecYEG is structurally difficult to envisage (see chapter 2.VI), it has been
shown that ribosomes and SecAdo not compete for binding to SecYEG [67].
In addition, it has been demonstrated that SecA has a low but intrinsic
ribosome-binding capacity, either alone [68, 69] or in conjunction with
SecYEG [67]. Interestingly, ATP hydrolysis by SecA appears to induce
the release of the ribosome from the translocon [67]. In this context, it
should be stressed that during translocation of a large extracytoplasmic
domain of an IMP by SecA, the ribosome would remain tethered to the
translocon via the nascent chain rather than being truly released. The latter
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would favor rebinding of the ribosome to the translocon for cotransla-
tional continuation of the translocation process. Taken together, the
co- and posttranslational protein translocation pathways are likely to be
intertwined. Therefore, in vitro membrane protein insertion studies with
SecA-dependent membrane proteins of varying topologies are eagerly
awaited to further unravel this intricate process. In particular, special atten-
tion should be paid to the role of YidC and SecDFyajC during membrane
insertion of SecA-dependent IMPs.

B. THE OVERALL MECHANISM OF POSTTRANSLATIONAL

PROTEIN TRANSLOCATION

In contrast to its possible role in cotranslational protein translocation,
the role of SecA in posttranslational translocation is understood in
much more detail due to extensive biochemical studies with purified
components. This has resulted in the following widely accepted working
model (Figure 2.2): in SecB-containing organisms, the cycle of posttransla-
tional translocation starts with binding of a (pre)protein–SecB complex
to SecYEG-bound SecA [11], on which the preprotein is transferred to
SecA [70]. In organisms lacking SecB, the preproteins either bind directly
to SecYEG-bound SecA, or are targeted to the translocon via binding
to cytoplasmic or lipid-bound SecA. The subsequent binding of ATP to
SecYEG-bound SecA induces a conformational change that results in
insertion of the signal sequence into the translocon, and release of SecB
(if present). At the same time, SecA is thought to insert partially into the
translocon [71], and around 2.5 kDa of the mature domain of the preprotein
is translocated [72, 73]. ATP hydrolysis results in release of the (pre)protein
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FIG. 2.2. Schematic representation of posttranslational protein translocation in E. coli.

See text for details.
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from SecA and deinsertion of SecA from the translocon, in a step that can
be inhibited by the commonly used antibacterial compound azide [74].
Next, rebinding of SecA to the partially translocated polypeptide chain
can drive the translocation of another 2.5 kDa of the mature preprotein
domain [72, 73]. Depending on the length of the (pre)protein, multiple
cycles of ATP binding and hydrolysis and SecA binding and release are
required to completely translocate the substrate across the membrane.

C. STRUCTURE OF THE SECA PROTOMER

The working model described above is still rather abstract, but our
insight into the molecular details of the mechanism has become increasingly
clear due to the availability of crystal structures from SecA [13, 17, 75],
SecB [14, 15, 76], and an archaeal SecYEG homologue [16]. Three different
crystal structures of SecA are available, two from B. subtilis and one from
M. tuberculosis. The actual motor function of SecA, that is conversion of
chemical energy into movement, is initiated by a ‘‘DEADmotor’’ core that
is also present in DNA/RNA helicases [77]. The DEAD motor consists of
two similarly folded domains that are referred to as nucleotide-binding
folds (NBF1 and NBF2), each resembling the recombination protein
RecA. At the interface of these two domains a single ATP molecule can
be bound and hydrolyzed, which induces the conformational changes in
SecA that ultimately results in the translocation of preproteins. SecA
interacts with preproteins via the preprotein-binding domain (PBD, also
referred to as ‘‘preprotein cross-linking domain’’ (PPXD) [78]) that is
inserted into the amino acid sequence of NBF1 (Figure 2.3A), but forms a
separate domain in the SecA structure [79, 13] (Figure 2.3B). The remain-
der of the SecA structure can be subdivided into four regions: the helical
scaffold domain (HSD), the helical wing domain (HWD), the C-terminal
linker (CTL), and the SecB-binding domain ‘‘SecAc.’’ The HSD forms a
long scaffold to which NBF1, NBF2, the PBD, and the HWD are
connected, the HWD is a loosely attached domain with unknown function,
and the CTL forms the connection with SecAc at the extreme C-terminus
[13] (Figure 2.3A and B).

1. Oligomeric State of SecA

In order to understand the working mechanism of any protein on a
molecular level, it is not only essential to know its structure and the exact
location of the interaction sites for all its ligands but also to elucidate the
functional oligomeric state of the protein itself. The oligomeric state of both
SecA and SecYEG during protein translocation has become a controversial
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the (pre)protein-bound state [75]. The conformational changes with respect to the structure
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topic, and the complexity of the matter is schematically depicted in
Figure 2.4. In an attempt to enlighten both discussions, we will address the
topics individually, starting with SecA. For clarity, we have grouped the
experimental data according to the following three subquestions:

I. What is the oligomeric state of soluble SecA?
II. What is the oligomeric state of SecYEG-bound SecA?
III. What is the oligomeric state of translocation-engaged SecA?

2. The Oligomeric State of Soluble SecA

It has been shown with various techniques that purified SecA exists in a
dynamic equilibrium between a monomeric and a dimeric form, and the
dissociation constant (KD) has been estimated to be around 0.1 mM under
physiological conditions [80]. The cellular concentration of SecA is �8 mM
[81], and thus SecA is expected to be largely dimeric in vivo. Higher order
SecA oligomers have also been reported, but only under nonphysiological
conditions or with truncated SecA mutants [17, 82]. Three reports have
shown that translocation ligands can induce monomerization of SecA
dimers, which raises the question whether the cellular predominant SecA
dimer is also the functional state. Fluorescence- and cross-linking studies
with purified SecA have shown that themonomer–dimer equilibrium can be
shifted toward the monomer by the addition of certain lipids or detergents
[83, 84], or signal peptides [83, 85], although a different view has been

depicted in (B) are indicated by arrows. (D) Crystal structure of dimeric SecA from B. subtilis

that most likely represents the physiologically active dimer [13]. The two intradimeric HSD–

HSD contacts that are maintained during protein translocation are depicted in red [95].

(E) Crystal structure ofM. tuberculosis SecA. (See color plate section in the back of the book.)

FIG. 2.4. Schematic overview depicting the complexity of the debate concerning the oligo-

meric states of SecA and SecYEG. The experimentally demonstrated equilibria between the

different oligomeric states are indicated by arrows, and all the possible interactions are

indicated by dashed lines. See text for details.
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published, suggesting that signal peptides induce oligomerization of SecA
[84]. Lipid-bound SecA has been shown to exist mainly in a dimeric form
that can be dissociated on binding of nucleotides [86]. Although all these
studies underscore the dynamic and sensitive nature of the SecAmonomer–
dimer equilibrium, it remains questionable whether any of these observed
changes in oligomeric state are functionally relevant since no SecYEG nor
(pre)proteins were present in these studies.

3. The Oligomeric State of SecYEG-Bound SecA

The oligomeric state of SecA while bound to SecYEG detergent solution
has been addressed by native gel electrophoresis and gel filtration [87–89].
It was shown that both monomeric and dimeric SecA can bind to SecYEG,
provided that SecYEG is stabilized in a dimeric form either by covalent
linkage [88] or by an antibody [89]. Unstabilized SecYEG in detergent only
retains monomeric SecA after a preprotein has been trapped inside the
channel before solubilization of the membrane [88]. These results should be
interpreted carefully, however, since the monomer–dimer equilibrium of
SecA has been shown to be highly sensitive to detergents [83].

The oligomeric state of SecA bound to membrane-embedded SecYEG
has been addressed by chemical cross-linking [90] and surface plasmon
resonance (SPR) [91]. Dimeric SecA can be detected after binding to
urea-treated inverted membrane vesicles (IMVs) [90], but could not be
detected with SecYEG-containing proteoliposomes [83]. The concentration
of SecA added in the latter experiment however was far below physiological
(5 nM vs 8 mM), and thus the results obtained with the IMVs appear to be
more reliable. Chemical cross-linking of the population of SecA that copuri-
fies with IMVs revealed mainly SecA monomers [90], while the fraction of
SDS-resistant dimers dramatically increases on overexpression of SecYEG
[91]. SPR measurements also suggest that SecA is dimeric while it is bound
to membrane-embedded SecYEG, since wild-type SecA binds to SecYEG-
overexpressing IMVs similarly to a covalently cross-linked SecA dimer [91].
Taken together, these data indicate that both monomeric and dimeric SecA
can bind to SecYEG.

4. The Oligomeric State of Translocation-Engaged SecA

Activity assays are obviously the most relevant experiments to assess the
oligomeric state of SecAduring protein translocation. In order to investigate
the functional requirement of dimeric SecA, several studies have character-
ized SecA mutants with disturbed dimerization properties. Removal of the
N-terminal eight amino acids of SecA does not influence its oligomeric state
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[92], but SecA has been reported to be predominantly monomeric when
the first 11 amino acids are removed [90, 93, 94]. Alternatively, monomeric
SecA can be obtained by mutating 6 residues of a SecA truncate that lacks
70 residues from its extreme C-terminus [83]. It should be noted that these
monomeric SecA mutants are not incapable of dimerization per se, as the
mutations have shifted the monomer–dimer equilibrium in solution sub-
stantially toward the monomeric state [93]. In the two assays that measure
SecA activity, for example the in vitro preprotein translocation assay and
the precursor-stimulated SecAATPase assay, all monomeric SecA mutants
show either a very low activity or no activity at all. Although the low
residual in vitro activity has been interpreted as being significant in some
reports [83, 94], it seems more likely that the residual activity is caused by a
small fraction of SecA dimers that can still be formed or by traces of
copurified wild-type SecA from the expression host.

Activity assays with covalently dimerized SecA have yielded varying
results. SecA dimers cross-linked via endogenous cysteines located in the
SecB-binding domain (SecAc) [91] or via a pair of engineered cysteines
in the HSD (Arg637 and Gln801) [95] were shown to be nearly fully active in
protein translocation and preprotein-stimulated SecA ATPase activity.
Although these observations alone do not directly imply that SecA func-
tions as a dimer, it does show that monomerization is not required for
functionality as proposed earlier [83].

Perhaps the most convincing experiment that assesses the functional
oligomeric state of SecA-involved heterodimers of active and inactive
SecA monomers [96]. If SecA would function as a monomer, these hetero-
dimers are expected to have half the activity of wild-type SecA. However,
it was observed that these heterodimers are completely inactive, strongly
suggesting that SecA is functional as a dimer.

5. Summary of Oligomeric States SecA

Taken together from our point of view, the experimental data showing
that SecA dimers dissociate on binding of translocation ligands are not
necessarily related to protein translocation, since they might simply reflect
the sensitive nature of the monomer–dimer equilibrium. The data support-
ing the proposal that SecA functions as a monomer are in our opinion
either; obtained under conditions too distant from physiological; explain-
able by a conformational change of SecA, or misinterpreted. On the other
hand, the experimental data supporting the SecA dimer as a functional unit
are more convincing and more abundant. Furthermore, there are no exper-
imental data disproving a functional SecA dimer, whereas in vivo and
in vitro experiments in different laboratories demonstrate that monomeric
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SecA variants are inactive. Finally, it has been shown that SecB targets
preproteins to dimeric SecA, and that this targeting greatly stimulates the
efficiency of protein translocation [38]. Combined with the notion that
cellular SecA is predominantly dimeric, we assume that SecA functions as
a dimer in posttranslational protein translocation at SecYEG.

We speculate that the physiological relevance of the binding of mono-
meric SecA to SecYEG and the sensitive nature of the monomer–dimer
equilibrium could be related to (pre)protein targeting to SecYEG.
As mentioned above, in organisms lacking SecB, (pre)proteins might first
bind to cytoplasmic or lipid-bound SecA, and subsequently transferred to
the translocon. If one SecA protomer would remain permanently bound
to SecYEG, the dimerization of SecA could play a role in the initiation of
translocation via this SecB-independent targeting process.

D. STRUCTURE OF THE FUNCTIONAL SECA DIMER

With our current insight that SecA functions as a dimer, the next ques-
tion is at which side of a SecA protomer the intradimeric interactions take
place. Two interactions observed in various crystal structures have been
proposed to represent a physiological dimer interface [13, 17]. The overall
arrangement of both of these SecA dimers is very similar; the two elongated
SecA monomers are arranged side-by-side in an antiparallel fashion
(Figure 2.3D and E). This antiparallel arrangement is supported by fluores-
cence resonance energy transfer (FRET) [97] and cross-linking studies
[94, 95]. The difference between both dimers lies in the SecA surface that
contacts the neighboring protomer. The proposed B. subtilis dimer is rela-
tively compact and the dimer interface comprises a large surface (5442 Å2)
[13], whereas theM. tuberculosis dimer is relatively flat, comprises a smaller
surface (2822 Å2), and contains a cavity at the dimer interface [17]. One
dimer arrangement can be converted into the other by rotating each pro-
tomer �75� around its long axis. Although it is conceivable that such
rotations could play a role in the cycle of SecA-driven protein translocation,
the observation that a SecA dimer that is fixed in the B. subtilis arrange-
ment (Figure 2.3D) still supports efficient protein translocation [95] sug-
gests that at least the B. subtilis dimer is part of the conformational cycle
of SecA. Thus, it can be concluded that the HSDs of two SecA protomers
can be considered as a single scaffold domain in the SecA dimer, and that
none of the conformational changes that SecA undergoes during protein
translocation is severely hampered by the intradimeric HSD–HSD cross-
links. Whether the M. tuberculosis dimer arrangement (Figure 2.3E) also
represents a functional intermediate remains to be established.
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E. CONFORMATIONAL CHANGES WITHIN SECA

Several regions in SecA have been shown to be dynamic [13, 98–105], but
detailed structural information is only available on two conformational
changes: one that can be inferred from SecA’s similarity to helicases and
another that has been observed directly with X-ray crystallography [75].
As mentioned previously, the DEAD-motor core of SecA (NBF1 and
NBF2) is homologous to that of SFI and SFII helicases, and therefore the
nucleotide-induced conformational changes are assumed to be similar in all
three protein families. SecA has been crystallized with bound ADP and in
the nucleotide free state, but these structures differ only slightly in the
orientation of side chains that are involved in nucleotide binding. Unfortu-
nately, attempts to crystallize SecA in the functionally important ATP-
bound state have failed thus far. In addition to conformations that are
very similar to those of nucleotide free and ADP-bound SecA, the helicase
DEAD motors have been crystallized in two substantially different con-
formations. First, the SFII helicase MJ0669 has been crystallized without
nucleotides in an open conformation in which the two NBFs are separated
from each other by a large cleft [106]. Second, the SFI helicase PcrA has
been crystallized in the ATP-bound state in which the two NBFs have
undergone an �10� rotation relative to each other compared to the ADP-
bound state [107]. All three distinct conformations as observed in different
DEAD motors (open, closed, and closed-rotated) are assumed to underlie
the ATPase cycle of SecA as well. Given the observation that a SecA dimer
in which the two HSDs are cross-linked is still active, the relative reorienta-
tions of NBF1 and NBF2 that are required for ATP binding and hydrolysis
are apparently not influenced by these disulfide-bonded cross-links. When
the mobility of NBF1 is restricted by a disulfide cross-link to the HWD of
the neighboring protomer however, the SecA dimer is inactive [95].

The conformational change of SecA that has been visualized by X-ray
crystallography does not involve the DEAD-motor or nucleotide, and it
takes place in the opposite end of a SecA protomer [75]. B. subtilis SecA
has been crystallized in two different conformations, and a comparison of
both conformations reveals the followingmovements in a protomer: theHSD
and HWD undergo a small rotation, and the PBD undergoes a large (�60�)
rotation combined with a rigid body translation away from the HSD and
HWD (Figure 2.3B and C). This results in opening of a groove at the PBD–
HSD/HWD interface (Figure 2.3C) that has been proposed to form the actual
preprotein-binding site since its physicochemical characteristics are similar to
that of peptide-binding sites from other proteins with broad substrate specifi-
cities. Assuming that this conformation of SecA represents a (pre)protein-
bound state and knowing that B. subtilis does not contain a SecB protein
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it could represent either a SecYEG-bound form, a lipid-bound form, or a
soluble form. In the latter two cases, it might represent the earlier proposed
(monomeric) form of SecA that was suggested to be involved in SecB-
independent targeting of (pre)proteins to a SecYEG-bound protomer. As at
present it is unclear whether the observed conformational changes can take
place in the B. subtilis dimer arrangement, the conformation in the crystal
structure could also represent (one of) the SecYEG-bound SecAprotomer(s)
after receiving a (pre)protein. The location of the CTL that connects the
SecB-binding domain SecAc to the HWD suggests how binding of a SecB-
(pre)protein complex could bemechanistically coupled to the conformational
change in SecA (see chapter 2.V.F).

F. SECA–SECB INTERACTION

The interaction between SecA and SecB has been investigated in
great detail. Since an excellent review on the SecA–SecB interaction has
appeared [108], we will only discuss the most important findings and a
possible relation to conformational changes in SecA. It has been shown
that the extreme C-terminus of SecA (SecAc) contains a dedicated SecB-
binding site that is formed by a small cysteine-rich domain that chelates a
zinc ion [109]. This highly conserved domain is also found in organisms
lacking SecB, which might be related to the fact that the C-terminus is also
involved in lipid binding [110]. The SecAc domain is not resolved in any of
the available SecA crystal structures, but its structure has been determined
in isolation by NMR [111, 112] and in complex with Haemophilus influen-
zae SecB by X-ray crystallography [15]. The latter structure revealed that
two SecAc domains are bound to opposite sides of one SecB tetramer, on a
surface that was previously shown to be crucial for SecB-binding to SecA
[70, 113]. The SecAc domain is stabilized by the zinc ion that is coordinated
by three cysteines and one histidine, explaining why SecA mutants in which
these residues are either mutated [114] or cross-linked [91] are unable to
support SecB-dependent protein translocation.

The approximate position of the SecB tetramer bound to SecA in the
B. subtilis dimer arrangement has been estimated by docking of the SecB–
SecAc complex onto the SecA structure [108]. It seems likely however
that on binding of a preprotein–SecB complex to SecA, the transfer of
the (pre)protein requires (or induces) a substantial conformational change
in SecA [70]. This conformational change possibly corresponds to the one
that is observed by X-ray crystallography [75]. Binding of SecB to the highly
mobile SecAc domain could displace the CTL that connects SecAc to
the HWD. Since the CTL is part of the PBD-hinge region in the closed
conformation of SecA and it meanders partially underneath the PBD
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(Figure 2.3B), this displacement could directly induce the observed rigid
body movement of the PBD that results in opening of the proposed (pre)
protein-binding groove (Figure 2.3C). Furthermore, CTL displacement
could be directly responsible for the small rotation of the HWD/HSD that
coincides with opening of the groove. Although B. subtilis does not contain
SecB, it has been shown that E. coli SecA undergoes a similar conforma-
tional change [75]. In organisms lacking SecB, displacement of the CTL is
expected to be induced by an alternative mechanism. This could involve the
interaction of SecAc with lipids [110] or binding of SecA to SecYEG [115].

G. SECA–MEMBRANE INTERACTION

A detailed understanding of SecA binding to the membrane is funda-
mental for understanding the molecular mechanism of SecA-driven protein
translocation. However, whereas binding of SecA to E. colimembranes has
been studied extensively, surprisingly little is known about the region(s) of
SecA that interact(s) with the membrane. The lipid-binding region of SecA
has been localized to its C-terminal 70 amino acids [110], but the SecYEG-
binding region of SecA has not been identified in detail. Far western
experiments using SecA fragments mapped the SecYEG-binding region
to the N-terminal part of the SecA protomer, comprising both NBFs and
the PBD [116]. Moreover, binding experiments with SecA fragments have
demonstrated that the same N-terminal region of SecA comprises the high-
affinity SecYEG-binding site, whereas the remaining C-terminal one-third of
SecA does not bind to SecYEG [116]. However, the exact SecYEG interac-
tion sites within the N-terminal region have not been determined yet. The
relatively new technique of cysteine-directed cross-linking in combination
withmass spectrometry appears to be themost suitable biochemical approach
to identify the exact regions in SecA that interact with SecYEG. In addition,
medium- and high-resolution structural studies on SecYEG–SecA complexes
will contribute to answering this critical question.

VI. SecYEGStructure,Function,andDynamics

A. STRUCTURE OF THE SECYEG PROTOMER

The structure–function relationship of the translocon has been exten-
sively studied inE. coli and S. cerevisiae. The recently solved high-resolution
translocon structure from the archaeonMethanococcus jannaschii [16] was a
major breakthrough in the field. Despite the fact that archaeal translocon
subunits are more similar to eukaryotic than to bacterial ones [3], they are
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commonly named after the bacterial subunits. Since no significant sequence
similarity can be detected between SecG and its archaeal counterpart
Sec(61)b [117], the eukaryotic nomenclature is applied to the latter, result-
ing in the hybrid term SecYEb. In agreement with its universal conservation,
the overall structure of M. jannaschii SecYEb is nearly identical to that of
E. coli SecYEG [118]. The two complexes differ only slightly in conforma-
tion [119], and the E. coli translocon contains three additional TMSs com-
pared to that from M. jannaschii: two from SecE (section IV) and one
from SecG. The center of the complex is formed by SecY, whereas SecE
and SecG are located at the periphery (Figure 2.5A and B). The structure of
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FIG. 2.5. Structure of SecYEb from M. jannaschii [16]. (A) Cytoplasmic view showing the

arrangement of transmembrane segments in different colors. SecE is depicted in purple, Secb
in pink. Sides referred to as ‘‘front’’ and ‘‘back’’ are indicated. (B) View from within the plane

of the membrane showing the two cytoplasmic loops that extend into the cytoplasm and have

been shown to interact with the ribosome and SecA: C4 and C5, connecting TMS6 with TMS7

and TMS8 with TMS9, respectively. (C) Back-to-back dimer arrangement of SecYEb proto-

mers as observed for E. coli SecYEG in two-dimensional crystals [118]. The N-terminal halves

of SecY are depicted in blue, the C-terminal halves in red, and SecE and Secb in purple and

pink, respectively. (See color plate section in the back of the book.)
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M. jannaschii SecYEb consists of two distinct domains that are similarly
folded. Each domain is composed of a bundle of five TMSs, formed by the
N- or C-terminal half of the SecY sequence, respectively. The two halves of
SecY are held together by SecE: the conserved TMS of SecE crosses the
membrane diagonally [120], and contacts both SecY halves at the same side
where they are connected by the extracytoplasmic loop between TMS5
and TMS6. This side of the SecYEG protomer is referred to as the
‘‘back.’’ The amphipathic cytoplasmic helix of SecE [121] runs parallel to
themembrane surface along the C-terminal half of SecY (Figure 2.5A). Two
of the cytoplasmic loops of SecY protrude far into the cytoplasm: the C4
loop connecting TMS6 with TMS7, and the C5 loop connecting TMS8
with TMS9 (Figure 2.5B). The extracytoplasmic loops on average are con-
siderably shorter, and two of those fold back into the membrane region:
theE4 loop connecting TMS7with TMS8, and theE1 loop connecting TMS1
with TMS2. The latter is highly conserved, folds back between the two SecY
halves, and is referred to as the ‘‘plug’’ domain [16].

At first sight, there is no obvious region in the channel that is large
enough to allow passage of unfolded proteins. For this reason, it has been
concluded that the structure represents the closed conformation of Sec-
YEb. However, on the basis of two domain structure of the channel and
the observation that signal sequences of (pre)proteins can be cross-linked
to TMS2 and TMS7 [122–124] at the domain interface, it was proposed that
insertion of the signal sequence between TM2 and TM7 results in separa-
tion of the two halves of SecY and displacement of the ‘‘plug’’ that blocks
the proposed pore from the extracellular side and that the substrates pass
through the center of the channel [16]. Molecular dynamics simulations
have revealed that the opening that is created by this mechanism is indeed
large enough to allow passage of unfolded and even a-helical proteins [125].
In the opened state, nascent IMPs (and signal sequences) could leave
the translocon laterally toward the lipid bilayer via the TMS2–TMS7 inter-
face. The possible mechanisms by which SecA or the ribosome could
induce channel opening will be discussed below, but first we will address
the oligomeric state(s) of the translocon.

1. Oligomeric States of SecYEG

As outlined above for SecA, knowledge of the functional oligomeric
state of a protein is of fundamental importance for understanding its
mechanism of action. Also the oligomeric state of SecYEG is heavily
debated (Figure 2.4). In an attempt to enlighten this discussion, we will
give an overview of the relevant experimental data. For clarity, we have
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subdivided the assessment of the oligomeric state of SecYEG into three
subquestions:

I. What is the oligomeric state of SecYEG in the absence of ligands?
II. What is the oligomeric state of SecYEG with bound SecA?
III. What is the oligomeric state of SecYEG with a bound ribosome?

2. Oligomeric State of SecYEG in Absence of Ligands

The oligomeric state of SecYEG in the absence of ligands has been
addressed with several cross-linking studies and fluorescence resonance
energy transfer (FRET). All these studies indicate that at least two copies
of SecY [126–128], SecE [129, 130], and SecG [131] are present in a single
complex. However, whether such an oligomeric complex contains two or
more copies of each subunit can not be distinguished. More accurate infor-
mation on the oligomeric state of purified SecYEG has been obtained in
detergent solution by density centrifugation [132], analytical ultracentrifu-
gation [133], gel filtration [89], native gel electrophoresis [87], and negative
stain EM [132, 134, 135]. Several of these studies indicate that SecYEG
exists in a dynamic equilibrium between monomers, dimers, and larger
oligomers. The latter group includes presumed trimers, tetramers, and
pentamers. Similar results were obtained with SecYEG reconstituted into
lipid bilayers [130].

The observation of trimeric/tetrameric purified SecYEG complexes, per
se, does not necessarily imply that these oligomeric states are also functionally
relevant. Concerning this aspect three critical comments should be given.
First, most of the experimental conditions that addressed the oligomeric
state of SecYEG involve high concentrations of (overexpressed) SecYEG,
and thesemight lead to nonphysiological distributions of the oligomeric states
[136]. Second, the removal of SecYEG from a potential ‘‘supercomplex’’ with
SecDFYajC and/orYidC in themembrane [29, 33, 137]might expose surfaces
onSecYEGthat in absence of these subunits could forman interaction site for
self-association. Third andmost importantly, the oligomeric state of SecYEG
during protein translocation, that is with bound ligands, might differ from
that in a ‘‘resting’’ state.

3. Oligomeric State of SecYEG with Bound SecA

SecA has been shown to bind to both dimeric [88, 89] and tetrameric
SecYEG [130, 134], but not to SecYEG monomers [88, 89]. Binding of
SecA induces a shift in the SecYEG equilibrium from monomers to dimers
and tetramers, both in detergent solution [89] and in lipid bilayers [130]. In
addition (membrane insertion of) SecA has been shown to increase the
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amount of SecYEG dimers and proposed tetramers at the expense of
SecYEG monomers [130, 134]. Constitutive SecYEG dimers that were
created by covalent linkage [88] (N. Nouwen, unpublished data) or via
disulfide cross-linking [127] were shown to be active in posttranslational
protein translocation. Taken together, all these data indicate that in con-
trast to an earlier proposal [138] SecYEG functions in posttranslational
translocation as an oligomeric complex. The exact oligomeric state however
is difficult to assess, as pro- and contraarguments can be given for both
dimers and higher order oligomers.

4. Oligomeric State of SecYEG with a Bound Ribosome

The oligomeric state of the translocon is not necessarily the same during
the post- and cotranslational translocation modes. The oligomeric state of
the translocon during cotranslational translocation has been studied in
both bacteria and eukarya, mainly by EM. Early EM studies of rough ER
membranes revealed the existence of large ringlike particles that were
estimated to contain three to four translocons [135]. Importantly, the for-
mation of these particles from purified and membrane-reconstituted
translocons was induced by the addition of ribosomes. Several subsequent
cryo-EM studies on eukaryotic ribosome-bound translocons revealed that
irrespective of the presence of an arrested nascent chain, similarly sized
particles bind to ribosomes [18, 20, 21, 139, 140, 141]. Recently, however,
a cryo-EM reconstruction of an E. coli ribosome-bound translocon was
presented that was estimated to consist of only two SecYEG protomers,
despite the fact that the overall size of this translocon is similar to the other
reconstructions [19]. Given the universal conservation of cotranslational
protein translocation and the observation that the ribosome–translocon
interaction is conserved across the three domains of life [142], it seems
unlikely that this difference reflects a property that distinguishes the bacte-
rial translocon from its eukaryotic counterparts. A conclusive assessment
of the oligomeric state of the ribosome-bound translocon is limited by the
medium resolution of the currently available cryo-EM structures.

5. Summary Oligomeric States SecYEG

Taken together, the oligomeric state of SecYEG during both co- and
posttranslational protein translocation is at least dimeric, but the exact
number of protomers constituting an active translocon remains controver-
sial. Biochemical data assessing the oligomeric state of SecYEG during
cotranslational translocation in particular and higher resolution three-
dimensional structures of ribosome-bound translocons are eagerly awaited
to resolve this critical issue.
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B. ARRANGEMENT OF SECYEG PROTOMERS WITHIN AN

OLIGOMERIC ASSEMBLY

Since the oligomeric state of SecYEG during both co- and posttrans-
lational translocation is at least dimeric, it is relevant to assess the
arrangement of SecYEG protomers within a dimeric assembly. By fitting
the high-resolution structure of M. jannaschii SecYEb into a previously
solved three-dimensional reconstruction of E. coli SecYEG based on two-
dimensional crystals [118], it was revealed that the conserved TMSof SecE is
located at the dimer interface. Several cross-linking studies showed a similar
localization of SecE in SecYEG complexes within E. coli inner membrane
vesicles [129]. Importantly, several covalent linkages of constitutive SecY
dimers that do not interfere with activity [88, 127] span the same dimer
interface, suggesting that this so-called back-to-back arrangement could
represent a physiological SecYEG dimer. Tetrameric assemblies of
SecYEG have been proposed to consist of two back-to-back dimers
arranged side-by-side (a dimer of dimers) [140], such that SecG and the
amphipathic helix of SecE are located at the interface of the two dimers.
However, this specific tetrameric arrangement is not supported by structural
data, while SecG-dependent tetramerization is only supported by scarce
biochemical evidence [87].

On the basis of cryo-EM reconstruction of ribosome-bound E. coli
SecYEG, a radically different dimer arrangement of SecYEG protomers
was proposed [19]. For generation of stable RNCs, the SecM translation
arrest sequence was used and the complex that was isolated consists of the
70S ribosome (50S and 30S subunit) carrying a nascent single-spanning
membrane protein, mRNA, three tRNAs, and two translocons. One of
the translocons is bound to the arrested nascent chain at the polypeptide
exit tunnel as observed in previous studies, but the other is bound to the
mRNA via an interaction that is most likely nonphysiological. On the basis
of normal mode flexible fitting (NMFF) of SecYEG into the observed
electron densities, it was proposed that the two translocons represent
SecYEG dimers in a front-to-front arrangement in an open and a closed
conformation, respectively (Figure 2.6B and A). Importantly, these ana-
lyses suggested that the conformational change underlying opening of the
channel indeed involves separation of the two SecY halves. Prominent
electron density that most likely corresponds to the arrested nascent chain
was observed at the TMS2–TMS7 interface of the two neighboring SecY
molecules (black cross in Figure 2.6B), rather than at the TMS2–TMS7
interface of a single SecY. This led the authors to propose that after being
inserted into a single SecYEG protomer at the interface of the two SecY
halves, nascent membrane proteins leave the translocon laterally via the
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interface of two SecY molecules. Furthermore, the front-to-front arrange-
ment will allow the formation of a large consolidated pore that could
be required for hairpin insertion of (pre)proteins and/or translocation
of substrates containing bulky side chains or internal disulfide bonds
[143, 144]. Although other cryo-EM studies consistently indicated translo-
con oligomeric states of a higher order than dimers and a front-to-front
arrangement of protomers was unanticipated, the proposed model provides
many explanations for previously obtained biochemical results. Future
biochemical and structural studies are required to experimentally validate
the proposed front-to-front model.

A B

C D

X

FIG. 2.6. Front-to-front dimer arrangements of E. coli SecYEG [19]. (A) Closed conforma-

tion of the front-to-front dimer, nonphysiologically bound to mRNA in the cryo-EM structure.

(B) Open conformation of the front-to-front dimer bound to the arrested nascent chain at the

ribosomal exit tunnel. The black cross indicates the position of the electron density that

possibly corresponds to the arrested nascent chain. In (A) and (B), the N-terminal halves of

SecY are depicted in blue, the C-terminal halves in red, SecE in pink, and SecG in green.

(C) and (D) Schematic representation of the proposed ribosome/SecA-induced opening mech-

anism. A simultaneous interaction of the ribosome or SecA with the N-terminal (blue) and

C-terminal (red) domain of one or two SecY molecules could induce opening of the translocon

via outward directed forces. The proposed hinge region (loop E3 connecting TMS5 and TMS6)

is represented by yellow circles, the proposed outward directed forces are indicated by arrows.

The large clefts within both states of the translocon are merely for illustrative purposes.

(See color plate section in the back of the book.)
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C. INDUCTION OF CONFORMATIONAL CHANGES IN SECYEG

Assuming that the proposed open conformation of dimeric SecYEG
represents a physiologically active translocon, the question is how the ribo-
some or SecA can induce opening of the channel. Interestingly, the ribosome
and SecA interact with similar regions of the translocon, suggesting that they
might share a common opening mechanism. The ribosome interacts with
the translocon via three distinct connections. In agreement with biochemical
studies [145, 146], two connections are similarly formed by the pairs of
long cytoplasmic loops of SecY (C4 and C5, connecting TMS6 with TMS7
and TMS8 with TMS9, respectively, black arrows in Figure 2.6C). The third
connection is mediated by the cytoplasmic loop of SecG and the N-terminus
two transmembrane segments of SecE (one of the white arrows in
Figure 2.6C). SecA has been shown to interact with the C5 loop of SecY as
well [158], with SecG [147], and with the interface between TMS4 and C3 of
SecY (EvdS et al. submitted for publication) that is in direct contact with
SecG [127]. Importantly, the two regions of interaction are located in differ-
ent domains of a single SecYEG protomer, and thus separation of the two
SecY domains could be induced by a simultaneous interaction with both of
them (Figure 2.6C and D). In the front-to-front arrangement, separation of
the two SecY domains mainly takes place at the dimer interface, and thus
opening of a single protomer will be directly transmitted to the neighboring
protomer.

It should be noted, however, that the features that mediate the third
ribosome–translocon connection (SecG/Secb and the SecE extension) are
not essential for viability or protein translocation [50, 148, 149]. Thus,
ribosome-induced opening of the translocon might be primarily mediated
by the two C4/C5 connections, while the third connection plays an auxiliary
role. This would explain the mere stimulatory role of Secb on posttransla-
tional protein translocation [150]. The stimulatory role of SecG can be
explained similarly, but the SecA-induced opening mechanism differs in
at least one aspect from the ribosome-induced opening mechanism, that is
the SecA ‘‘membrane insertion’’ cycle. The SecA interaction site in the
N-terminal half of SecY (the TMS4–C3 interface) appears to be part of
the region where SecA inserts at least partially into the translocon. SecG is
in proximity of this region and might thus facilitate membrane cycling of
SecA [151, 152]. It seems unlikely however that SecG completely inverts its
membrane topology during protein translocation via SecYEG as proposed
previously [153], as topologically fixed SecG has been shown to be equally
active as wild-type SecG [154]. The different conformations of SecG that
are observed in vitro most likely represent conformational changes within
this highly dynamic region of the translocon.
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D. THE ROLE OF THE PLUG

In addition to separation of the two SecY domains, the opening mecha-
nism of the translocon is thought to involve displacement of the ‘‘plug’’
domain formed by the E1 loop [16]. This proposal is based on the location
of the plug domain at the extracellular end of the pore region in the closed
conformation of the channel, and the observation that it has the potential to
be cross-linked to the C-terminal region of SecE, located�20 Å away [155].
The mobile nature of the plug domain has been confirmed by molecular
dynamics simulations [125, 157], homology modeling [119], and a cross-
linking approach [156]. In the latter study, it was shown that the plug
domain is displaced during protein translocation, providing the first experi-
mental evidence for its proposed function. An interesting observation that
provides a novel hypothesis on the mechanism of SecA-induced opening of
the translocon was recently made with a peptide scanning approach [158]. It
was shown that SecA directly interacts with peptides derived from the plug
domain, suggesting that displacement of the plug domain in bacteria might
be directly induced by SecA.

VII. ConcludingRemarks

To summarize, our understanding of the molecular mechanism of
protein translocation in bacteria has increased dramatically during the
past few years, and long held schematic models are slowly beginning to
take shape on a detailed structural level. However, a ‘‘molecular movie’’ of
protein translocation is not expected in the near future because of the
tremendous complexity of the process. New insights have to be provided
by a combination of structural, biophysical, and biochemical studies. Con-
sidering the large amount of unresolved questions, research on the Sec
machinery is expected to remain an exciting area in biology throughout
the next decade.
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I. Introduction

Translocation of proteins is an important process in essentially all living
organisms. In prokaryotes, protein transport is indeed vital because numer-
ous proteins need to be transported across the plasma membrane into
the periplasm, the outer membrane (in Gram-negative organisms), or the
external medium. The importance of the process can be judged by the fact
that in Escherichia coli more than 250 proteins are transported across the
plasma membrane, while 7% of the Bacillus subtilis proteome is believed
to be exported [1]. In all cases, the cell is faced with two interesting
problems: how to get proteins across the plasma membrane while keeping
the compartments distinctly separate, and how to maintain membrane
integrity in the process. The plasma membrane is, after all, an energy-
transducing membrane that is designed to be highly impermeable even to
protons, let alone proteins.

We now know that there are two main pathways for the export of
proteins in most free-living bacteria: the secretory (Sec) pathway and the

69THE ENZYMES, Vol. XXV ISSN NO: 1874-6047
# 2007 Elsevier Inc. All rights reserved. DOI: 10.1016/S1874-6047(07)25003-6



twin-Arg translocation (Tat) pathway. They differ in fundamental respects,
and particularly in the folding state of the substrate: Sec substrates are
delivered into the Sec pathway in an unfolded state, and maintained in
this state for the duration of the targeting pathway, while the Tat system is
highly unusual in transporting its substrates in a folded state. This is an
essential feature of the Tat pathway because some substrates are obliged to
fold in the cytoplasm, as discussed below.

In this chapter, we focus on theTat pathwaywith the aimof describing the
structure, function, andmechanism of this unusual system. The Tat system is
found in the cytoplasmicmembranes ofmany bacteria, inmany archaea, and
in the thylakoid membranes of chloroplasts. While the overall aim is to
describe the state of the art for bacterial Tat systems, the system was
discovered in plant chloroplasts and much of our knowledge has emerged
from studies on the thylakoid Tat system. Most Tat systems work in broadly
similar ways and the chloroplast data will be described where appropriate.

II. Basic Features of Tat Systems, Their Discovery,
and Their Distribution

Early studies on the targeting of thylakoid lumen proteins in chloroplasts
[2–4] showed that some proteins are transported across the thylakoid mem-
brane by a highly unusual mechanism that is dependent on the thylakoidal
DpH but not nucleoside triphosphate (NTP) hydrolysis. These energetic
requirements ruled out an involvement of the thylakoid Sec system, which is
completely ATP dependent as are bacterial Sec systems. Instead, the data
pointed to the presence of a completely different type of translocase.
Subsequent work showed that the Sec-independent translocation system
recognizes substrates with a twin-Arg motif in the signal peptide (hence the
nomenclature), and the mutagenesis studies showed that the twin-Arg motif
plays a critical important role. Substitution of either Arg, even by Lys, results
in a complete block in translocation by the thylakoid Tat system [5, 6].

The real breakthrough in this field came with the isolation of a maize
mutant, termed hcf106 that was shown to be specifically defective in Tat-
dependent protein targeting [7]. Once the hcf106 gene was sequenced [8],
it became clear that homologous genes were present in most sequenced
bacterial genomes (as unassigned reading frames). This immediately indi-
cated that a related system may operate in bacteria and this was confirmed
by the isolation of E. coli tat mutants in 1998 [9–11]. These mutants are
viable but unable to grow using anaerobic respiration pathways because
several key periplasmic redox proteins are transported by this pathway
(see below).
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We now know that the Tat translocase is present in many but not all
bacteria and is widely distributed in archaea [12, 13]. It is not present in
animals or yeasts, which is perhaps surprising since mitochondria, like
chloroplasts, are descended from endosymbiotic prokaryotes, but tat genes
have been identified in some protist mitochondrial genomes. tatC genes are
also present in plant mitochondrial genomes, although the pathway has not
been characterized at all and its significance remains to be probed.

III. tatGenes andMutant Phenotypes

A. TAT GENES IN GRAM-NEGATIVE BACTERIA

The initial genetic studies in E. coli identified four genes involved in Tat
functioning: tatA, tatB, tatC, and tatE [9–11]. Consistent with a role in
protein translocation, these tat genes were predicted to encode integral
membrane proteins. Strains with disruptions in tatB, tatC, or a combination
of tatA and tatE are completely defective in the translocation of a subset of
periplasmic proteins, most notably those involved in anaerobic respiration
pathways (see below). The tatA, tatB, and tatC genes form an operon with a
fourth promoter-distal gene, tatD. The cotranscription of tatD with three
genes known to encode essential components of the Tat export pathway
initially suggested an involvement of TatD in the Tat system. However, it is
now known that TatD is a soluble protein with DNase activity that has no
apparent role in Tat-dependent translocation [14].

In E. coli, tatA and tatB encode small proteins of 9.6 and 18.4 kDa,
respectively, and each contains a single transmembrane (TM) span with a
cytoplasmic domain. The two proteins share significant homology but there
is good evidence that they play very different roles in the overall transloca-
tion process, as explained in later sections. tatE encodes a TatA paralogue
that is expressed at very low levels, and this subunit appears to play no
specific or special role in the Tat pathway [15]. Moreover, many Gram-
negative organisms contain only tatABC genes. tatC is a highly hydrophobic
28.9-kDa protein with six TM spans [16]. The essential structural features of
the encoded E. coli Tat proteins are shown in Figure 3.1.

Detailed analyses of tat genes in other Gram-negative bacteria reveal a
typical pattern in which the presence of tatABC is the norm [12]. However,
many variations can be seen; as an example, Legionella pneumophila is a
Gram-negative facultative intracellular parasite of freshwater; the tatA and
tatB genes are cotranscribed, while the tatC gene is situated elsewhere on
the chromosome.
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B. TAT MUTANT PHENOTYPES AND SUBSTRATE SPECIFICITIES IN

GRAM-NEGATIVE BACTERIA

Disruption of tatA þ tatE, tatB, or tatE in E. coli leads to an inability to
grow via anaerobic respiration pathways, and this reflects the primary role of
the Tat system in E. coli and related bacteria to export periplasmic proteins
bearing any of a range of redox cofactors including FeS, molybdopterin,
NiFe centers, and others [9–11, 17, 18]. The essential point is that these
cofactors can only be inserted into the proteins in the bacterial cytoplasm,
with complex enzymatic machineries involved in some cases. This means
that export of the protein in apoprotein form is not an option because it is
impossible to insert any of this range of cofactors in the periplasm. This
necessitates both folding and cofactor acquisition in the cytoplasm, and in
turn export to the periplasm in a largely, if not fully folded form.

A detailed analysis of apparent Tat system substrates is presented in [19].
Several known Tat substrates can be assigned to specific phenotypes from
studies on Tat-defective mutant strains. Most have been designated as poten-
tial Tat substrates on the basis of their signal peptides, and have yet to be
formally shown to utilize the Tat pathway. Examples of known substrates in
E. coli include trimethylamine-N-oxide (TMAO) reductase (TorA), formate
dehydrogenase N (FDH-N), hydrogenase-2, and Cell wall amidases.

1. Trimethylamine-N-Oxide Reductase, a 97-kDa Molybdoprotein
Encoded by the TorA Gene [20]

Based on sequence homologies, TorA belongs to the dimethyl sulfoxide
(DMSO)/TMAO reductase family which includes the DMSO/TMAO
reductases from Rhodobacter capsulatus and Rhodobacter sphaeroides

C

N N

(E. coli)
(thylakoids)

Cytoplasm
stroma

Periplasm
lumen N

N

TatA
Tha4

TatB
Hcf106

TatC
cpTatC

FIG. 3.1. Basic structures of Tat subunits inE. coli and plant thylakoids. The figure illustrates

the consensus basic structures of the TatABC subunits or homologous Tha4/Hcf106/cpTatC

subunits in Gram-negative bacteria and plant thylakoids, respectively. The TatA/Tha4 and

TatB/Hcf106 subunits each contains three domains: A single TM span, predicted amphipathic

a-helix, and soluble domain.
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and TMAO reductase of Shewanella species. These enzymes are molyb-
doenzymes located in the bacterial periplasm, and they interact with
membrane-anchored pentahemic c type cytochromes, which feed electrons
to the terminal enzyme [21]. It has been shown that TorD is a chaperone for
TorA, encoded by the same operon in E. coli, which protects the TorA
signal peptide from proteolysis to allow translocation of the enzyme by the
Tat system [22].

2. Formate Dehydrogenase N

FDH-N of E. coli is a membrane-bound enzyme comprising FdnG,
FdnH, and FdnI subunits organized in an (abg)3 ‘‘trimer-of-trimers’’ con-
figuration. The fdnGHI operon encodes proteins of 110, 32, and 20 kDa,
which correspond to the subunit sizes of purified FDH-N. The FdnG
subunit carries a Tat-dependent signal peptide, which directs the protein
to the periplasmic side of the membrane. FDH-N can comprise up to 10%
of the total membrane protein [23]. Together with nitrate reductase-A, it
forms a respiratory chain transferring electrons from formate to nitrate
which results in the generation of a proton motive force. FDH-N has a
number of cofactors, including bis-molybdopterin guanine dinucleotide
cofactor, selenocysteine, and a single (4Fe–4S) cluster [23, 24].

3. Hydrogenase-2

Hydrogenases catalyze the reversible oxidation of hydrogen and allow
bacteria to use hydrogen as an energy source for their growth. Hydrogenases
can be divided into two major superfamilies: (1) nickel-iron hydroge-
nases (NiFe hydrogenases) and (2) iron-only hydrogenases (Fe hydroge-
nases). They are generally composed of a small subunit of about 30 kDa and
a large subunit of 60 kDa. All small subunits of periplasmic or membrane-
bound hydrogenases contain a twin-Arg signal peptide, and the E. coli
precursor protein has been shown to be exported by the Tat pathway [10].
The large subunits of NiFe hydrogenases show noN-terminal processing. The
small and large subunits of hydrogenase-2 (HYD2) of E. coli are encoded by
hybO and hybC of the hybOABCDEFG operon, respectively. HYD2 is an
extrinsic membrane protein that is attached to the periplasmic side of the
cytoplasmic membrane by a 5-kDa fragment of its small subunit [25].

4. Cell Wall Amidases

E. coli tat deletion mutants are defective in cell wall biogenesis due to the
absence of the Tat substrate amidases AmiA and AmiC [26], resulting in
hypersensitivity to antibiotics and detergents including SDS, as well as an
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increased susceptibility to lysis by lysozyme [27]. The amidases are also
responsible for the filamentous phenotype often noted in these strains
pointing to a cell division defect.

5. Other Phenotypes

Recent reports have demonstrated the important contribution of the Tat
pathway to the virulence of a number of organisms, including Pseudomonas
aeruginosa, where tat mutations have been shown to severely affect the
secretion of phospholipase C proteins, as well as motility and biofilm forma-
tion [28, 29]. Impaired secretion of Shiga toxin 1 (Stx1) and synthesis of H7
flagellin in the pathogenic E. coli strain O157:H7 has also been attributed
to a nonfunctional Tat system [30]. Given that tat genes are significantly
absent from human cells and that the system seems to have a central role in
bacterial pathogenicity, it represents a potentially important and novel
target for antimicrobial drugs. A role for Tat has also been implicated in
Agrobacterium tumefaciens-mediated plant infections and the interaction
between bacteria and host during symbiotic nitrogen fixation [31, 32].

It is generally accepted that the transport of large cofactor-containing
substrates by the Tat pathway effectively represents compelling evidence
for their export in a fully folded state. Strictly speaking, it has not been
shown that proteins are actually transported in this manner, but other lines
of evidence do support this conclusion. First, biochemical studies on thyla-
koids have provided direct evidence for the translocation of folded protein
domains by this system [33, 34]. Second, there is good evidence for the
export of hydrogenase subunits in an oligomeric form [25, 35]. While E. coli
hydrogenase-2 small subunit (HybO) carries a typical twin-Arg signal pep-
tide (as discussed above), the nickel-containing large subunit (HybC) is
devoid of any known export signal. The authors concluded that the latter
subunit is almost certainly exported by a ‘‘hitchhiker’’ mechanism after
binding to the former Tat substrate. Finally, it has been shown that the
TorA signal peptide can direct the export of green fluorescent protein
(GFP) by the Tat pathway in both E. coli [36, 37] and Synechocystis sp.
PCC6803 [38] and, because GFP is unable to fold into an active form when
transported by the Sec pathway [39], this has been taken as further evidence
for the transport of folded proteins by the Tat pathway. As an aside, this
has enabled the periplasmic compartment to be visualized directly, and
Figure 3.2 shows a confocal microscope image of Synechocystis sp.
PCC6803 exporting TorA-GFP to the periplasmic compartment. The
three-dimensional (3D) reconstruction shows a halo of GFP surrounding
the interior of the cell, which appears red to the autofluorescence of the
internal thylakoid membranes.
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Many prokaryotes use the Tat pathway predominantly for the secretion
of redox proteins, but analysis of the predicted substrates suggests that
certain bacteria and archaea secrete mainly nonredox proteins via the Tat
system [13, 40]. Thus, it seems likely that the Tat system is predominantly
used for the export of two types of protein: those that are obliged to fold
prior to export (e.g., redox proteins as discussed above) and those that
cannot be transported by the Sec pathway for other reasons. Given that
Sec substrates have to be transported in an unfolded form, it seems very
probable that some proteins simply fold too tightly and/or rapidly for the
Sec system to handle, and these would need to be transported by an
alternative pathway. Figure 3.3 illustrates the basic elements of the two
main protein export pathways in Gram-negative bacteria. The figure
emphasizes the point that substrates are maintained in an unfolded state
for the duration of the posttranslational Sec-dependent pathway. In con-
trast, Tat substrates are apparently able to fold in the cytoplasm, after which
they can be exported either directly in a ‘‘simple’’ pathway or after binding
a cofactor in the much more complex pathway undertaken by some
cofactor-containing substrates.

FIG. 3.2. Export of a heterologous protein, GFP, by the Tat pathway in cyanobacteria. The

image shows a Synechocystis PCC6803 transformant expressing a construct comprising a Tat

signal peptide (from E. coli TorA) linked to GFP. The cells were analyzed by confocal

microscopy followed by 3D rendering, and the periplasmic GFP is visible as a green halo

surrounding the internal thylakoids (which emit red fluorescence). Image courtesy of Anja

Nenninger.
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C. TAT GENES IN PLANTS

The counterpart tat genes in higher plants are tha4, hcf106, and cptatC
[8, 41]. As with the bacterial TatA and TatB subunits, Tha4 and Hcf106
share significant similarity, and assignment of a TatA/TatB-type function to
the plant Tat subunits is difficult on the basis of sequence similarities alone
(neither gene complements bacterial tat mutants; our unpublished data).
However, mechanistic studies described below have clearly shown that Tha4
and Hcf106 are homologues of TatA and TatB, respectively. Mutations
in any of the plant genes lead to drastic effects on thylakoid biogenesis and
a seedling lethal phenotype in homozygous mutants [see 8]. This reflects a
key role of the Tat system in thylakoid biogenesis; several key lumenal
proteins are transported by this pathway and the chloroplast cannot achieve
photosynthetic competence in the absence of a functional Tat system.

Tat
pathway

Sec
pathway

Periplasm

Cytoplasm

Synthesis

Protein
folding

Cofactor
insertion

TatABC

SecB/
SecA

SecYEG

FIG. 3.3. The major pathways for protein export in E. coli. Proteins are exported across the

plasma membrane by two main pathways. In the Sec pathway, the nascent protein is bound by

chaperones such as SecB as soon as it leaves the ribosome; other chaperones interact even

during translation. The protein is maintained in an unfolded conformation until it reaches the

SecYEG translocon; other Sec components such as SecDF (not shown) plays ancillary roles.

The driving force for translocation is provided by SecA, which hydrolyzes ATP and repeatedly

pushes segments of the substrates through the SecYEG channel until translocation is complete.

In the alternative, Tat-dependent route, substrate proteins are allowed to fold in the cytoplasm

and in some cases this is indeed essential; key substrates include redox proteins that bind

cofactors such as FeS or molybdopterin centers in the cytoplasm. It is therefore believed,

although not formally proven, that these proteins are transported in a folded state by the Tat

apparatus. Evidence from in vitro studies suggests that the proton motive force is harnessed to

provide the driving force for translocation.
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The substrate specificity of the thylakoid system is relatively well defined
from a variety of studies using specific inhibitors of the Sec and Tat path-
ways. In addition, proteomic studies have identified numerous lumenal
proteins that are strongly implicated as being Sec- or Tat dependent [42].
It appears that most lumenal proteins are transported by the Tat pathway in
chloroplasts, indicating a critical role for this system in chloroplast biogen-
esis. Interestingly, the vast majority of chloroplast Tat substrates do not
bind cofactors, suggesting that it is their folding properties that render these
proteins incapable of transfer by the Sec pathway.

D. TAT GENES IN GRAM-POSITIVE ORGANISMS AND ARCHAEA

tat gene organization is very different in Gram-positive bacteria and
archaea. The key difference is the absence of an apparent tatB gene; most
Gram-positive organisms only contain obvious homologues of tatA and
tatC [12, 13, 43]. The best-studied Gram-positive organism is probably
B. subtilis, the genome of which encodes three TatA and two TatC-like
proteins. Recent studies strongly indicate that they form two distinct TatAC
systems. Unexpectedly, one of these systems (encoded by the tatAd and
tatCd genes) appears to be used for the export of only a single substrate,
namely the phosphodiesterase PhoD [44, 45]. This substrate is encoded
by the same operon and all three proteins are expressed in response to
phosphate starvation. The tatAyCy operon is believed to encode the Tat
system that is used by other substrates, although only one (YwbN) has been
identified to date [45]. The function of the third tatA gene is unclear.

Purely on the basis of these differing gene sets, it was considered likely
that TatA is bifunctional in Gram-positive organisms, fulfilling both TatA-
and TatB-type functions. More recently, evidence supporting this concept
has emerged form studies on mutated Tat subunits in E. coli. In this study,
Blaudeck et al. [46] selected for E. coli strains that were able to export a
reporter protein using mutated, plasmid-borne tatAC genes (i.e., in the
complete absence of TatB). Mutations in TatA were isolated that compen-
sate for the absence of TatB and support significant levels of Tat-dependent
translocation activity. All of the mutations mapped to the extreme
N-terminal domain of TatA. No mutations affecting TatC were identified.
These results suggest that in TatAC-type systems, the TatA protein repre-
sents a bifunctional component fulfilling both the TatA and TatB functions.

Finally, it should be emphasized that a number of organisms lack a Tat
system altogether. In general, this seems to be related to a small genome
size [12]. However, there are several exceptions to this, such as
Fusobacterium nucleatum (genome size 4.33 Mb) and Lactococcus lactis
(genome size 2.37 Mb), both of which lack a Tat system [13]. The main
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source of energy of these organisms is fermentation, and, as suggested
before, the presence of a Tat-system may therefore relate to a presence of
extracellular redox proteins [12]. The lack of a Tat system is not necessarily
related to an intracellular lifestyle. For example, the obligatorily intra-
cellular Rickettsia prowazekii contains one TatA and one TatC homologue,
which are predicted to export only one substrate.

IV. TheTat Subunits: Structures and ConservedRegions

As indicated earlier, TatA and TatB are related proteins that contain a
single TM span, whereas TatC contains six TM spans. Another conserved
feature of the TatA and TatB subunits is the presence of a predicted
amphipathic a-helix immediately after the TM helix; these basic structural
features are shown in Figure 3.4. The sequences show no significant simila-
rities to any other proteins in the database, which underlines the unusual
nature of their function in this translocation pathway. However, this
also means that database mining cannot provide much in the way of
clues regarding the translocation mechanism. In an effort to identify
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FIG. 3.4. Detailed structures of the TatA and TatB subunits. TatA and TatB are homolo-

gous proteins that nevertheless carry out very different functions in the Tat system; the

majority of cellular TatB is found tightly complexes to TatC, while TatA is found both

associated with the TatBC units and also as separate, relatively abundant homo-oligomeric

complexes. Residues at the junction between the TM helix and predicated amphipathic helix

are very highly conserved; these are F20-G21 in TatA and G21-P22 in TatB. The figure

illustrates some of the residues targeted for mutagenesis; surprisingly, very few are essential

for activity and only F39 appears to be critical.
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essential features of the proteins, several studies have involved site-specific
mutagenesis or truncation of the three Tat subunits, mainly in E. coli.

Truncations and point mutational analysis have showed that only the
first 40 or so residues of TatA and the first 101 residues of TatB, which
include the N-terminal TM span and the adjacent amphipathic helices of
each protein, are necessary for the Tat function [47]. Within this region, the
most conserved residues are found within the TM span and the short
sequence lying between the TM and amphipathic regions. Figure 3.5
shows an alignment of these regions within TatA and TatB; very few
residues are invariant even within this limited sample. TatA subunits from
Gram-negative bacteria contain a highly conserved FG motif (shown in
bold), while TatB sequences contain a conserved GP motif in this region
(the same Gly that is conserved in TatA sequences). Confusingly, both
Tha4 and Hcf106 contain FGP in this region, as do the B. subtilis TatA/
TatB sequences; the functional significance of these motifs is thus difficult

TatA

TatB

E. coli         MGGISIWQLLIIAVIVVLLFGTKKLGSIGSDLGASIKGFKKAMSDDE-- 47
C. jejuni      MGGWSSPSHWLIILLIVVLLFGAKKIPELAKGLGKGIKTFKDEMNNDD-- 48
H. pylori      MGGFTSIWHWVIVLLVIVLLFGAKKIPELAKGLGSGIKNFKKAVKDDE-- 48
R. prowazekii   MG—MSFSHLLIVLLIIFVLFGAGKLPQVMSDLAKGLKAFKEGMKDDG-- 46
S. typhimurium  MGGISIWQLLIVAVIVVLLFGTKKLGSIGSDLGASIKGFKKAMSDDD-- 47
V. cholerae     MGGISIWQLLIIAVIVVLLFGTKKLRGIGSDLGSAVKGFKKAMSEEE-- 47
P. aeruginosa   MGIFDWKHWIVILIVVVLVFGTKRLKNLGSDVGEAIKGFRKAVNTEE-- 47
X. fastidiosa    GSFSLLHWLVVLVIVLLVFGTKRLANGAKDIGSAIKEFKKSLREDD-- 47
M. tuberculosis MGSLSPWHWAILAVVVIVLFGAKKLPDAARSLGKSLRIFKSEVRELQ-- 47
                         ... ......**  ..           . *. 

E. coli         MFDIGFSELLLVFIIGLVVLGPQRLPVAVKTVAGWIRALRSLATTVQ-- 47
S. typhimurium  MFDIGFSELLLVFVIGLIVLGPQRMPVAVKTVAGWIRALRSLATTVQ-- 47
H. influenzae   MFDIGFSELILLMVLGLVVLGPKRLPIAIRTVMDWVKTIRGLAANVQ-- 47
V. cholerae     MFDIGFWELVLIAIVALVVLGPERLPHAIRSVAKFVSAAKSMANSVK-- 47
P. aeruginosa   MFGISFSELLLVGLVALLVLGPERLPGAARTAGLWIGRLKRSFNTIK-- 47
X. fastidiosa   MFDIGFSELLLIAVVALVVLGPERLPKAARFAGLLVRRARTQWESIK-- 47
C. jejuni          MSFGEIIVILVVAILVLGPDKLPEAIVQIAKILKAVKRNIDDAK-- 44
H. pylori       MFGMGFFEILVVLVVAIIFLGPEKFPQAVVDVVKFFRAVKKTLNDAK-- 47
                    .* *.... ......*** ..* *       .   . 

B. subtilis    MFSNIGIPGLILIFVIAIIIFGPSKLPEIGRAAKRTLLEFKSATKSLV-- 48
Z. mays     --ASLFGVGAPEALVIGVVALLVFGPKGLAEVARNLGKTLRAFQPTIRELQ-- 116
Hcf106 

             --------- TM span --------           ----- Amphipathic region ---- 

FIG. 3.5. Conserved residues in TatA and TatB. The Figure shows an alignment of various

TatA and TatB subunits from Gram-negative bacteria, with the TM span and predicted

amphipathic regions indicated. Identical residues are shown by asterisks and conserved resi-

dues by dots. Conserved FG and GP motifs are hallmarks of TatA/TatB, respectively, from

Gram-negative bacteria, but note the presence of both motifs (i.e., FGP) in the TatAd subunit

from B. subtilis and thylakoid Hcf106 subunit.
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to judge. One difference between the subunit types is the presence of an
almost invariant Glu at the periplasm/membrane border within TatB
(residue 8 within the E. coli sequence). Its presence within the TM span
region of TatB subunits has promoted interest because of the potential for
this residue to engage in proton transfer pathways. However, translocation
is inhibited but certainly not blocked by substitution of this residue [48, 49],
raising questions about its significance. Further mutagenesis of TatA and
TatB has confirmed that the predicted amphipathic region plays a critical
role and this does appear to be a central feature within each subunit [48–50].
The only residue shown to be indispensable for translocation, F39, is
located in this region.

The TatC subunit has also been subjected to a fair amount of site-specific
mutagenesis and the results have again been rather disappointing [51, 52].
There are relatively few conserved residues in this subunit too and only a
handful are essential of those probed so far. The data have so far revealed
little about the actual translocation mechanism.

V. Structures of Tat Complexes

Several efforts have been made to study the organization of Tat com-
plexes, and while some conflicting results have been published, there now
seems to be agreement on the overall nature of these complexes, at least in
E. coli. Overexpression of the E. coli tatABC operon, with a Strep II tag
attached to the C-terminus of TatC, led to the purification of a TatABC
complex in the nonionic detergent digitonin [53]. This complex eluted as a
ca. 650-kDa assembly containing roughly equimolar amounts of TatA,
TatB, and TatC. Given that the total mass of E. coli TatABC is 57 kDa,
results point to the presence of multiple copies of each subunit. The large
digitonin micelle presumably accounts for a considerable proportion of the
size estimates determined by gel filtration chromatography. It has been
shown that TatB and TatC are present in 1:1 stoichiometry in the E. coli
TatABC complex, and that a translational fusion of these subunits is fully
active. The TatB and C subunits therefore appear to act as a structural and
functional unit within this complex.

More recently, similar TatABC complexes from Salmonella typhimurium
and A. tumefaciens have been purified after expression of the respective
tatABC operons in E. coli [54]. Large complexes of about 650 kDa contain-
ing only TatABC were purified from detergent-solubilized E. coli mem-
branes, confirming that these proteins participate in a complex and again
raising the possibility that these three proteins carry out the central func-
tions in the translocation process. The combined molecular mass of TatB
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and TatC is 42.7 kDa, so that five to seven TatBC units would amount to
240–330 kDa; the presence of one TatA subunit (9.8 kDa) per TatBCwould
increase the size of the complexes to between 290 and 400 kDa. Single
particle electron microscope data revealed an asymmetric complex with
dimensions of up to 10 � 13 nm, containing stain-excluding domains that
may correspond to TatBC units (or TatABC units).

While S. typhimurium was chosen as an example of an organism that is
closely related to E. coli, the A. tumefaciens Tat subunit sequences are far
less similar to those of the E. coli subunits and the Tat system transports a
very different range of subunits. The TatABC complex has a similar overall
organization to those of theE. coli and S. typhimurium complexes, although
it is slightly smaller. These results suggest that a TatABC complex of ca.
400–500 kDa may be a consensus feature within Gram-negative organisms.
A different study involved single particle analysis of complexes that
contained only TatA and B, in the form of double-ring structures [55].
However, the absence of TatC raises questions about the significance of
this complex because TatC has been shown to bind firmly to TatB in several
other studies.

In the thylakoid system, the Tat complexes have not been purified and
the available data come from blue native gel studies where the complexes
are identified using immunoblotting. It has been shown [56] that Hcf106
and cpTatC (homologues of TatB and TatC, respectively) are tightly linked
within a large complex (ca. 700 kDa in blue native gels). This is consistent
with the coupling of these subunits in bacterial TatABC complexes, but one
apparent difference is the absence of the TatA homologue, Tha4, in this
complex.

Although TatA has been shown to be firmly linked to TatBC in purified
bacterial TatABC complexes, the vast majority of TatA does not copurify
with TatBC and instead forms separate homo-oligomeric complexes within
the plasma membrane. Studies have shown that these complexes have
unusual features that may be highly relevant to the translocation mecha-
nism. In one study [57], blue native gel electrophoresis showed that these
complexes are remarkably heterogeneous, ranging in size from about
50 kDa to well over 500 kDa. The same study showed that the TatABC
complex is discrete in nature, running as a tight band of about 370 kDa—
consistent with the gel filtration studies since the detergent micelle is
effectively replaced by Coomassie dye in the blue native system, usually
resulting in a smaller, more accurate size estimation.

A higher-resolution 3D image of a Tat complex was recently obtained
using random canonical tilt electronmicroscopy.A complex consisting almost
entirely of TatA forms pore-like structures of various sizes that appear
gated or blocked on the cytoplasmic side of the inner membrane [58].
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The structural data provide support for the idea that the TatA protein forms
the channel (or at least part of the channel) through which substrates are
translocated across the membrane.

VI. Tat Signal Peptides

Substrates for the Tat pathway bear N-terminal signal peptides that
comprise three distinct domains (Figure 3.6): a polar N-terminal (N-)
domain, hydrophobic core (H-) domain, and C-terminal domain terminat-
ing in an Ala-Xaa-Ala consensus motif specifying cleavage by signal pepti-
dase. A twin-Arg motif is almost invariably present at the junction of the
N- andC-domains, and it is this motif that gave rise to the Tat nomenclature.

Perhaps surprisingly, Tat signal peptides are very similar in some res-
pects to Sec-type signal peptides, which have the same basic three-domain
organization [59]. Despite this overall conservation, signal peptides found
in Tat substrates do have several distinguishing features when compared to
those found in Sec substrates. While Sec-type signals have no real primary

E. coli
DmsA   MKTKIPDAVLAAEVSRRGLVKTTAIGGLAMASSALTLPFSRIAHA  DMSO reductase 
FdnG              MDVSRRQFFKICAGGMAGTTVAALGFAPKQALA Formate dehydrogenase 
FdoG              MQVSRRQFFKICAGGMAGTTAAALGFAPSVALA Formate dehydrogenase 
HyaA MNNEETFYQAMRRQGVTRRSFLKYCSLAATSLGLGAGMAPKIAWA  Hydrogenase-1, small subunit
HybA                MNRRNFIKAASCGALLTGALPSVSHA Hydrogenase-2, small subunit 
NapA              MKLSRRSFMKANAVAAAAAAAGLSVPGVARA  Nitrate reductase 
NrfC              MTWSRRQFLTGVGVLAAVSGTAGRVVA  Nitrite reductase 
PcoA            MLLKTSRRTFLKGLTLSGVAGSLGVWSFNARS Copper resistance protein
SufI              MSLSRRQFIQASGIALCAGAVPLKASA  Suppressor of ftsI mutant 
TorA        MNNNDLFQASRRRFLAQLGGLTVAGMLGPSLLTPRRATAAQA  TMAO reductase 
YnfE       MSKNERMVGISRRTLVKSTAIGSLALAAGGFSLPFTLRNAAA  DMSO reductase 
YnfF   MKIHTTEALMKAEISRRSLMKTSALGSLALASSAFTLPFSQMVRA  DMSO reductase 

Halobacterium sp. NRC-1
Aph    MPTPHTTESPSVDRRTFLAGLSGAVAGGAVA Alkaline phosphatase 
Chi             MPHDRRSYLRTSSAVIASLLAASTPTSA   Chitinase 
DmsA       MSDTDLNATRRDVLKSGAVAAVGLSGGGLLST   DMSO reductase 
HcpB      MTRLDDTALSRRGVLRAAAGTATAVAAGTAATGAAAAQA   Halocyanin-like protein 
HcpD       MTDSDSAVTRRRVLQGSAGAGAAAAGIGGFAAGGAAQS   Halocyanin-like protein 

Synechocystis
sll1306             MQRRDLFKYGLATGAGAIASYALMGNKPLLA Hypothetical protein 
slr0447         MTNPFGRRKFLLYGSATLGASLLLKA Amidase regulator
sll1314           MKHSRRNFLALAGASSLLAIAAPKLLA c4-dicarboxylate binding protein
slr2005             MKRRKFIRTAGAGLLAVAGVQIGDRLRPATAQA Hypothetical protein 
sll0051       MAKIPTIDRRQLIQYGGAFLGTSLMATILGNQMAGNPAAQA Carbonic anhydrase 
sll1358      MVNSVIGWLRRRFLLVGLSVLLITFLGIFTPTIA Oxalate decarboxylase

FIG. 3.6. Tat signal peptides. The figure shows representative Tat signals from the Gram-

negative bacterium, E. coli, the cyanobacterium Synechocystis PCC6803, and the archaeon

Halobacterium sp. NRC-1. Twin-Arg motifs and other charged residues are shown in bold, and

the hydrophobic domains underlined. Note that the signals for most of theE. coli proteins have

been confirmed as Tat dependent; the archaeal and cyanobacterial signals are merely predicted

to specify Tat-dependent targeting (although the close resemblances strongly suggest this

function, see text).
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sequence conservation apart from the consensus Ala-Xaa-Ala motif at
the C-terminus, detailed studies of bacterial Tat signals have revealed a
consensus SRRxFLKmotif (where x is a polar amino acid) around the twin-
Arg motif [17]. The twin-Arg motif is found in chloroplast Tat signal
peptides but Phe and Lys are not enriched at the þ2/þ4 positions. Muta-
genesis studies have shown that the twin-Arg motif is absolutely critical
in chloroplast Tat signals; substitution of either Arg, even by Lys, results in
a complete block in translocation [5]. In E. coli, however, mutation of
the almost invariant twin-Arg to twin-Lys completely abolishes Tat-specific
export but the conservative substitution of a single Arg usually affects only
the rate of translocation [60–63]. Given these results, it is perhaps unsur-
prising that one natural Tat substrate has been shown to contain only a
single Arg (the TtrB subunit of Salmonella enterica tetrathionate reductase)
[64]. Apparently, the chloroplast Tat system is unusually selective with its
absolute requirement for twin-Arg in its substrates’ signal peptides.

The significance of the commonly found þ2 Phe and þ4 Lys has also
been probed by mutagenesis [61]. Substitution of the þ2 Phe in the SufI
signal peptide was found to inhibit the rate of translocation, suggesting an
important role and explaining the conservation of this residue among
bacterial Tat signals. Presumably, other determinants ensure efficient trans-
location in those signals lacking the þ2 Phe. However, substitution of the
þ4 Lys actually enhanced the rate of translocation, suggesting a possible
braking role that may tie in with ‘‘proofreading’’ functions in the overall
translocation process. Prokaryotic Tat signals from E. coli, the archaeon
Halobacterium, and the cyanobacterium Synechocystis PCC6803 are shown
in Figure 3.5. Synechocystis signal peptides are from known periplasmic
proteins [65] but none have been confirmed as authentic Tat signals; neither
have theHalobacterium signals been experimentally analyzed in any detail.

To date, most studies have analyzed Tat signal peptides from Gram-
negative bacteria. However, Streptomyces coelicolor, a Gram-positive eubac-
terium, contains themost abundant predictedTat-dependent signal sequences
among the 84 bacterial genomes analyzed [13]. Using Streptomyces lividans,
Li et al. [66] have shown the functionality of nine putative Tat-dependent
signal peptides that were initially predicted using the Tatscan program [67].
The results showed that the net charge in theN-domain of this Tat-dependent
signal peptide had little effect on Xylanse C (XlnC) secretion. Whatever
mutations were introduced in the signal sequence, they did not abolish
XlnC secretion. Moreover, mutations in the signal peptidase recognition site
had no effect on the precursor processing rate, suggesting that the signal
peptidase might be different from the one involved in the maturation of the
Sec-dependent precursor wheremutations in the signal peptidase recognition
site abolished precursor processing in S. lividans [68].
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VII. The Tat Mechanism

A. THE TRANSLOCATION MECHANISM USED BY THE E.COLI

AND THYLAKOID TAT SYSTEMS

It is widely accepted, though perhaps not formally proven, that the Tat
system transports large proteins in a folded form, but the actual translocation
mechanism is still poorly understood. Nevertheless, important advances
have been made in recent years, and several salient points appear to have
been resolved.

It is first appropriate to mention early work on the thylakoid system,
largely involving the use of in vitro assays in which radiolabeled precursor
protein was generated in a cell-free system and incubated with isolated
thylakoids. These studies [2–4] showed that the system is dependent on
the thylakoid DpH but not NTP hydrolysis; unusual requirements because
virtually all mainstream protein transporters rely on either ATP or GTP
hydrolysis at some stage. Much more recently, efficient in vitro assays have
been developed using inverted E. coli membrane vesicles [69], and there
again appears to be a requirement for the proton motive force. It is thus
possible that this is the driving force for translocation by the Tat system. An
elegant study by Alder and Theg [70] showed that the system may be costly
to operate; careful measurements of the prevailing DpH revealed a ‘‘cost’’
of about 30,000 protons per protein transported. Assuming that folded
proteins were being transported through relatively large pores, it seems
reasonable to assume that this figure may represent the actual cost of
protein translocation (the proton:protein stoichiometry) plus any proton
leakage during the translocation process.

More recent studies have used cross-linking techniques to specifically
study both the initial substrate–translocase interaction and the subsequent
translocation process.Using isolated thylakoids, it was shown that substrates
bind to the Hcf106 and cpTatC subunits under energy-depleted conditions
that prevented further translocation [56]. This strongly suggested a role in
substrate binding for the Hcf106-cpTatC complex, and subsequent work
using E. coli-inverted membrane vesicles has corroborated this work; spe-
cific cross-links to TatB and TatC were observed [69]. It therefore appears
clear that the TatBC heterodimer contains the substrate-binding site. The
subsequent stages of the translocation process are ill defined but another
cross-linking study made the potentially important observation that Tha4
(TatA homologue) was only found cross-linked to the Hcf106-cpTatC com-
plex in the presence of both substrate and a DpH across the membrane [71].
This finding provides evidence that the separate Tha4 complex is only
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recruited to the substrate-binding complex after binding of substrate and in
the presence of a proton motive force.

There is scant information on other elements of the reaction and as yet
we do not know how the Tat ‘‘supercomplex’’ assembles, how it forms a
(presumably) large translocation pore, or how proteins are actually trans-
ported through. There may also be additional facets of the translocation
mechanism that need detailed study if we are to understand this system.
For example, there are intriguing indicators of a ‘‘proofreading’’ mecha-
nism, whereby the Tat system only transports proteins when they have
folded into the correct tertiary structure. Such a system makes sense, of
course; it would be disastrous if cofactor-containing proteins were exported
before the cofactor was inserted. Some proteins appear to circumvent this
problem by the use of system-specific chaperones that bind to the signal
peptide and prevent transport until a correct conformation is reached and
the chaperone is somehow displaced. The best-studied example is TMAO
reductase (TorA) which is encoded by the torCAD operon. TorC is a
partner protein (a membrane-bound quinol dehydrogenase), and Jack
et al. [72] have shown that TorD is a cytoplasmic chaperone that performs
two roles. The first role is to assist cofactor insertion into the TorA apo-
protein, and the second role appears to involve the specific binding of TorD
to the TorA signal peptide. There is strong evidence that this system
prevents the export of the apoprotein until cofactor insertion is complete.

However, the Tat system may have a more general, inbuilt ability to
preferentially recognize folded proteins. In vivo studies [73, 74] demon-
strate an ability of the Tat pathway to selectively choose between at least
some properly folded and misfolded proteins in vivo, and these studies
suggest the existence of a ‘‘folding quality control’’ mechanism.

Figure 3.7 shows a proposed Tat mechanism in E. coli. The figure depicts
translocation of a simple substrate (with no cofactors) comprising a passen-
ger protein with a cleavable Tat signal peptide that forms a partially helical
structure in apolar environments. The diagram reflects current thinking on
a two-stage mechanism in which the binding of substrate to TatBC triggers
the recruitment of the separate TatA complex to form the full translocation
machine. However, it is important to note that the later stages of the
translocation process are very poorly understood.

B. A DIFFERENT TRANSLOCATION MECHANISM IN B. SUBTILIS?

The first identified Tat substrate in the Gram-positive B. subtilis was
PhoD, a Sec phosphodiesterase, and it has been shown [44, 75, 76] that the
tatAd and tatCd genes, colocalized with phoD in an operon, were essential
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and sufficient to export PhoD, while the second copy of tatC (tatCy) was not
required for PhoD export. TatCy, together with TatAy, forms a second
TatAC translocase mediating the export of YwbN [45]. Two minimal Tat
translocases are thus active in B. subtilis, each composed of specific TatA
and TatC molecules.

More recent studies on B. subtilis have raised interesting issues in this
field. It has been reported [77] that soluble TatAd is able to bind the twin-
Arg signal peptide of prePhoD prior to membrane integration, effectively
acting as a guidance factor to mediate targeting to the membrane. Evidence
has been presented to suggest that TatCd serves as a receptor for TatAd–
prePhoD complex, stabilizing TatAd in the membrane probably by assist-
ing the formation of the protein-conducting channel to mediate prePhoD
transport [77].

2 3

1 Binding to TatBC complex

Periplasm

Cytoplasm

TatB

Recruitment of
TatA complex

Translocation
of substrate

TatA complexTatC

FIG. 3.7. The Tat mechanism. Substrates for the Tat system are translocated posttransla-

tionally, at least in the characterized cases. The diagram depicts translocation of a substrate

comprising a passenger protein with a cleavable Tat signal peptide that forms a partially helical

structure in apolar environments. TatB and TatC form a heterodimeric unit that serves as the

primary binding site for substrate (step 1: binding). Note that the large size of the TatBC

complex (�370 kDa or more) suggests the presence of several binding sites. Some TatA is

bound to this TatBC core, but this is not depicted in the diagram, and most is in the form of a

separate homo-oligomeric complex. Binding of the substrate to the TatBC subunits is proposed

to trigger the recruitment of this TatA complex (step 2: assembly), resulting in the formation of

the active translocon and translocation of the substrate (step 3). The mechanism at this point is

particularly ill defined; the translocation channel may be formed from multiples of TatA or

may result from fusion of the two complexes as shown in this figure. Other mechanisms are also

conceivable.
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I. Introduction

The assembly of proteins into biological membranes is a vital process
essential for all cell life. This process requires newly synthesized proteins
to be efficiently targeted to the membrane, inserted, and folded into the
membrane protein’s three-dimensional structure. The insertion and assem-
bly of membrane proteins is important because membrane proteins perform
so many critical physiological functions in the cell, including metabolite
exchange, signal transduction, communication, and energy transduction.
In this capacity, the membrane proteins function in diverse roles such as
membrane channels, cell surface receptors, ATPases, sugar transporters,
and proton pumps. In addition, integral membrane proteins are the most
popular drug targets of pharmaceutical companies.

Whether in eukaryotes or prokaryotes, each membrane protein typically
begins its existence in the cytoplasm of the cell. From the cytoplasm,
proteins are inserted into the membrane by the action of membrane-
embedded protein translocases. In eukaryotes, the Sec61abg translocase
mediates the insertion of proteins into the endoplasmic reticulum (ER)
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membrane (for review see [1]). Targeting to the membrane occurs cotran-
slationally and requires the signal recognition particle (SRP) and the SRP
receptor (for review see [2]).

The major pathway for membrane insertion into the bacterial membrane
is the Sec pathway (Figure 4.1), which is related to the Sec-type pathway in
the ER system. The Sec translocase is composed of the membrane integral
components SecYEG, and SecDFyajC complexes, in addition to the periph-
eral membrane component SecA (for review see [3]). SecYEG forms the
protein-conducting channel in which secreted and membrane proteins are
exported across or integrated into the cell membrane [4, 5]. SecY is homol-
ogous to the Sec61a protein and SecE is homologous to the Sec61g protein;
SecG and Sec61b are functional analogues but do not show sequence
homology. SecA functions as the motor ATPase (SecA not shown in
Fig. 4.1; for review see [6]), promoting translocation of hydrophilic segments
in defined steps during translocation across the channel. Many of the Sec-
dependent proteins are believed to be targeted to themembrane by the SRP
pathway (for review see [7]). SRP is composed of fifty-four homologue (Ffh)
and a 4.5SRNA inEscherichia coli. The SRP-boundmembrane proteins are
delivered to the membrane by the interaction of SRP with its SRP receptor.
The details of this process are still under investigation.

Operating in parallel to the Sec pathway is the YidC pathway that is used
to direct a subset of membrane proteins into the bacterial membrane
(Figure 4.1). Originally, these YidC-dependent inner membrane proteins
were believed to insert into the membrane spontaneously. In bacteria,
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FIG. 4.1. Insertion of bacterial membrane proteins by the Sec and YidC pathways.
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the YidC insertase can work on its own or with the Sec machinery [8] to
insert proteins into the membrane. YidC family members are also found in
eukaryotes where they are involved in membrane protein biogenesis [9–11].
In this chapter, we will discuss the role of YidC in membrane protein
biogenesis, emphasizing the current knowledge of the bacterial system.

The initial discovery of the YidC/Oxa1/Alb3 family of proteins comes
from studies in mitochondria on the assembly of energy transducing mem-
brane protein components. The mitochondrial YidC homologue Oxa1p is
critical for the assembly of the cytochrome c oxidase complex [9, 11] and
for the assembly of the F1F0 ATP synthase [12, 13]. Specifically, Oxa1p was
shown to play an important insertion role in the membrane biogenesis of
subunit II of cytochrome c oxidase [14, 15]. Other proteins that require
Oxa1p for efficient insertion into the mitochondrial inner membrane are
Oxa1p itself, Cox1, Cox3, cytochrome b, and ATP6 [16].

The Oxa1-dependent pathway has been coined the ‘‘conservative path-
way’’ because some of the insertion requirements for membrane proteins
inserting from the matrix into the inner membrane of mitochondria are
analogous to those in bacterial membrane insertion from the cytoplasm
into the inner membrane [17, 18]. These Oxa1-dependent proteins include
nuclearly encoded proteins that are imported from the cytoplasm into the
mitochondrial matrix, then inserted into the inner membrane. In addition,
certain mitochondrially encoded proteins follow this conservative pathway
and are inserted directly into the inner membrane from the matrix by an
Oxa1-dependent mechanism. In this latter cotranslational pathway, Oxa1p
functions as a ribosome receptor, in addition to a translocase [19, 20].

The chloroplast also contains YidC homologues called the Alb3 pro-
teins, which are similar to those found in bacteria and mitochondria. Alb3 is
essential for thylakoid biogenesis. An alb3 null mutant in Arabidopsis
thaliana shows a severe defect on chloroplast development, resulting in an
Albino phenotype [21]. Alb3 is required for insertion into the thylakoid
membrane of a subset of light-harvesting chlorophyll-binding proteins
(LHCB), which play important roles in transferring excitation energy to
the reaction centers [22, 23]. Another chloroplast Oxa1 homologue called
Alb4.1 was discovered to be necessary to maintain the correct ultra struc-
ture of the chloroplasts. This suggests that it is involved in chloroplast
biogenesis [24].

In Chlamydomonas reinhardtii, two Alb3 proteins are involved in chlo-
roplast thylakoid membrane biogenesis [25]. Alb3.2 is essential for the
survival of Chlamydomonas where it plays a critical role in the thylakoid
membrane assembly of the photosystem I and photosystem II reaction
centers that play critical roles in light harvesting and primary electron
transfer in photosynthesis. On the other hand, Alb3.1 is not essential for
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the cell [26] but is required for the efficient assembly of photosystem II and
for maintaining thylakoid membrane levels of LHCB [27].

II. TheYidCPathway

The most extensively studied proteins that are inserted by the Sec-
independent YidC pathway in bacteria are the M13 phage procoat protein
and Pf3 coat protein (for review see [28]). Procoat is synthesized with
a leader sequence and contains one transmembrane segment in the
50-residue mature domain of the protein. The membrane insertion of pro-
coat was unaffected in conditionally lethal SecY or SecA strains [29].
Insertion of procoat could occur under drastically low SecYEG levels
when SecE was depleted in the cell [30]. Similarly, the single-spanning Pf3
phage coat protein was proposed to be inserted by a Sec-independent
mechanism. Its insertion was unaffected when the function of SecY or
SecA was impaired using temperature-sensitive mutant strains [31]. Both
Pf3 coat and procoat are inserted by an SRP-independent pathway.

Examples of endogenous E. coli proteins that were proposed to insert
Sec independently are KdpD sensor [32], melibiose permease [33], the
KcsA Kþ channel [34], and subunit c of F1F0 ATP synthase [35–38].
In each of these cases, membrane insertion occurred under conditions
where the SecE component was severely depleted. At a minimum, the results
suggested that the insertion pathway of these proteins is fundamentally
different from the prototypic Sec translocase mechanism.

In recent years, the discovery of the Oxa1 conservative pathway in
mitochondria and Oxa1 homologues in bacteria greatly impacted the
ideas in the bacterial field. Before this discovery, the mitochondrial mem-
brane insertion and the bacterial membrane insertion fields were generally
independent of each other. This was for the most part because mitochon-
dria do not have the Sec or SRP system. The discovery of Oxa1 started the
flow of information between the mitochondrial and bacterial fields. This led
to the discovery of YidC, which plays a critical role in the membrane
insertion of Sec-independent proteins [39, 40]. Before this time, it was
assumed that the Sec-independent membrane proteins were inserted by a
‘‘spontaneous’’ insertion pathway [41–44].

The first evidence that YidC plays a role in the insertion of proteins into
the bacterial membrane came from studies showing interaction of YidC
with the membrane protein FtsQ during its insertion into the membrane [8].
In addition, YidC is copurified with the Sec translocase.

The proof of YidC’s role in insertion in vivo was the demonstration that
the membrane insertion of the M13 procoat protein [39, 45] and the Pf3
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coat protein [46] was strongly inhibited when YidC was depleted. This led
to a paradigm shift in scientists’ views on Sec-independent membrane
protein insertion. Proteins, such as the M13 procoat protein and Pf3 coat,
which were thought to insert into membranes spontaneously, are now
known to be inserted by the action of the YidC insertase.

Generally, YidC is not required for protein export, although it is
required for the export of certain lipoproteins [47]. In in vivo studies, the
role of YidC was evaluated using the YidC depletion strain JS7131, where
the chromosomal copy of yidC is inactivated and another copy of the gene is
introduced under the control of the araBAD promoter. YidC is depleted by
growth of the bacteria in glucose for various lengths of time.

Studies indicate that the E. coli YidC primarily plays a specific role in
energy transduction processes similar to that of Oxa1 in mitochondria [48].
YidC depletion causes a marked induction in the so-called phage shock
protein PspA [48] which is induced when the membranes are damaged and
the proton motive force cannot be maintained [49]. Depletion of YidC also
inhibits the cellular ATPase activity of the F1F0 ATP synthase and the
activity of cytochrome bo oxidase. Indeed, the membrane levels of subunit
c of the F1F0 ATP synthase and CyoA (subunit II) of cytochrome bo
oxidase were reduced as a function of YidC depletion [48].

The key question is whether the YidC insertase operates by itself to
promote the insertion of Sec-independent substrates. Currently, it seems
likely that it does, but one cannot rule out that other proteins may regulate
insertion or make membrane assembly more efficient for Sec-independent
proteins. In vitro, YidC is sufficient for membrane insertion of Sec-inde-
pendent proteins; purified denatured Pf3 coat protein can insert into YidC
proteosomes [50]. The amount of Pf3 coat inserted into the YidC proteo-
liposomes depends on the amount of YidC in the lipid vesicle and is time
dependent. YidC, alone in the vesicles, is also sufficient to insert subunit c
of the F1F0 ATP synthase [36]. Subunit c does not insert into SecYEG
vesicles nor does the addition of SecYEG to the vesicles containing YidC
stimulate insertion.

III. Sec^YidCPathway

In addition to functioning alone,YidCalsoworkswith the SecYEG/SecDF
translocase where it facilitates insertion and lateral integration of membrane
proteins. Subunit a of the F1F0 ATP synthase [37] and some Sec-dependent
procoat proteins require YidC for efficient insertion [45]. Some membrane
proteins, such as CyoA, interact with YidC first and thenwith the Sec translo-
case during their insertion. The N-terminal periplasmic domain of CyoA is
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inserted by the YidC pathway and the large C-terminal domain of CyoA
is inserted by the Sec pathway [51–53]. CyoA seems to insert into the mem-
brane in an N-terminal to C-terminal direction [51, 52]. Generally, YidC
promotes the insertion of small hydrophobic proteins but only marginally
facilitates the translocation of large C-terminal domains of membrane
proteins such as leader peptidase [39], FtsQ [54], or CyoA [51].

Sec-dependent membrane proteins have been shown to contact the inte-
gral YidC protein, prior to integration into the lipid bilayer [8, 39, 54, 55].
The FtsQ hydrophobic segment interacts sequentially with SecY and then
YidC [54]. Beck et al. [56] showed that YidC interacts with the hydrophobic
regions of the polytopic membrane protein MtlA in a nonsequential man-
ner. Taken together, these studies show that YidC must be positioned close
to the SecYEG channel such that it can interact with the hydrophobic
regions during the membrane topogenesis process.

Where might YidC be located in relation to the SecYEG complex?
A potential answer to this question comes from the high resolution X-ray
structure of the Sec complex [4]. The recent structure of the Secabg
(SecYEG) complex shows that the Sec complex has an hourglass structure
and is composed of 10 transmembrane helices from Sec61a-subunit (SecY)
and 1 from each Sec61g(SecE) and Sec61b (SecG) (Figure 4.2A) [4].
A channel with a constriction point that is occluded by a helix runs
through the middle of the monomeric Sec61abg (SecYEG). This channel
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FIG. 4.2. Structure of the M. janashii Sec61abg. (A) Protein fold of Sec61abg showing the

pore residues (view from the cytosol). Sec61a is shown in blue, Sec61g in green, Sec61b in red,

the six hydrophobic residues lining the pore ring are shown in yellow. Note that the plug is

removed. (B) Putative lateral gate (TM2b/TM7) interface region (view from the cytosol).

Sec61a TM5 and TM6 are indicated in green and blue, respectively. The hinge region between

these transmembrane segments is indicated. TM2 is indicated in yellow and TM7 in purple. The

hydrophobic core of the signal peptide (SP) is indicated in pink. SP is intercalated between

TM2b and part of TM7. Modified from Nature [4] with permission.
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running through the center of the SecYEG protomer is the vertical gate
(Figure 4.2A; plug is omitted from structure). In addition, the structure
shows that SecYEG has an intramembrane gate region called the lateral
gate that could open allowing hydrophobic regions of membrane proteins
to exit the channel (Figure 4.2B). Thus, it would follow that YidC would
be close to the lateral gate region.

A very provocativemodel has been proposed based on cryo-EM studies of
the E. coli SecYEG protein-conducting channel bound to a translating ribo-
some [5, 57]. In this model, a nascent membrane protein is believed to be
inserted into themembrane by the actionof twoSecYEGtranslocases.Oneof
the SecYEG protomers plays an active role in translocating hydrophilic
domains across the membrane whereas the other protomer functions in the
integration of the hydrophobic segments into the lipid bilayer. This model
explainswhy theoligomeric stateof the translocase inE.coli is adimer [58, 59].

In certain cases, YidC may possess a discrete activity in removing the
transmembrane regions of membrane protein substrates from the SecYEG
channel. Evidence for this comes from experiments where the overproduc-
tion of Sec-dependent leader peptidase [45] or TatC [35] blocks the export
of the precursor of OmpA (pro-OmpA) and the peptidoglycan-associated
lipoprotein (PAL) only under YidC depletion conditions. The block in the
export of these proteins is due to the jamming of the Sec channel by the
overexpressed protein when YidC is depleted. Consequently, this data
suggests that YidC is required for efficient removal of Sec-dependent
proteins from the Sec translocase channel.

Another proposed function of YidC is that it constitutes an assembly site
for transmembrane regions of polytopic membrane proteins during mem-
brane biogenesis, possibly being influential in the proper folding of these
membrane proteins [56]. Indeed, it has been reported that YidC may be
involved in the folding of the Sec-dependent lactose permease (LacY) [60].
The lactose transporter can be inserted into the membrane in the absence of
YidC.However, whenYidC is depleted, the folding ofLacY is perturbed. The
misfolding of LacYwas deduced using twomonoclonal antibodies that recog-
nize folded regions in the polar loops. This observation is intriguing and novel
because it suggests that YidC is a membrane-embedded chaperone involved
in the folding of polytopic membrane proteins.

IV. YidCSubstrates

Currently, the known substrates that require YidC for membrane bio-
genesis are a diverse group of proteins (Figure 4.3). These include M13
procoat and Pf3 coat proteins, subunits a and c of the F1F0 ATP synthase,
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CyoA subunit of cytochrome bo oxidase, and Lac permease. The substrate
LacY requires YidC for the correct folding but not for insertion [60].

V. YidCFamilyof Proteins

Thus far, the best evidence for evolutionary conservation of YidC–
Oxa1–Alb3 pathway in bacteria, chloroplasts, and mitochondria comes
from expression studies in heterologous systems where YidC homologues
from different systems can substitute for each other. The chloroplast Alb3
protein inArabidopsis can substitute for YidC inE. coli [61]. The conserved
5 transmembrane domain of Alb3 was fused to the first 57 amino acids of
YidC, and this chimeric protein was shown to complement the growth
defect of the YidC-depletion strain. This protein functions in the insertion
of both Sec-independent and Sec-dependent proteins in E. coli. Similarly,
the mitochondrial Oxa1 can function in bacteria [62]. The Oxa1 protein was
able to catalyze the membrane insertion of the Sec-independent procoat
protein and subunit c of the F1F0 ATP synthase, but could not substitute for
YidC as a chaperone in the folding of the LacY. From this study, it can be
concluded that the Sec-independent function of YidC is evolutionarily
conserved and essential. Conversely, the E. coli YidC protein was able to
substitute for Oxa1 in mitochondria when the ribosome-binding C-terminal
matrix domain of Oxa1 was appended to YidC [63].

Examination of the amino acid sequences of the YidC proteins reveals
that there are conserved sequences localized to the hydrophobic regions
of the proteins. Before we describe the conserved motifs in this family, we
will review the membrane topologies of these proteins. In Gram-negative
bacteria, most YidC family members are predicted to have six
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FIG. 4.3. Substrates of YidC. Procoat, Pf3 coat, and subunit c of the F1F0 ATP synthase are

Sec-independent substrates. Subunit a of the F1F0 ATP synthase and Lac Permease are Sec-

dependent YidC-dependent substrates. The N-terminal domain of Pre-CyoA inserts by the

Sec-independent pathway, while the large C-terminal domain inserts by the Sec-dependent

pathway. The black rectangles represent membrane spanning regions; SP depicts the signal

peptidase cleavage site.
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transmembrane segments with the N- and C-termini facing the cytoplasm
(Figure 4.4). The E. coli YidC spans the membrane six times with the first
transmembrane segment functioning as a signal sequence to translocate
the large N-terminal domain of YidC to the periplasmic space [64]. In
Gram-positive bacteria, YidC is predicted to span the membrane five
times (Figure 4.4). Most of these YidC homologues in Gram-positive bac-
teria are lipoproteins and are synthesized with a signal peptide and are
processed by lipoprotein signal peptidase [65]. The topology of these YidC
homologues is similar to that predicted for the mitochondrial Oxa1 and the
chloroplast Alb3 protein. Generally, Gram-positive bacteria have shorter
N-terminal extracytoplasmic domains than Gram-negative bacteria.

A YidC sequence alignment for five Gram-negative bacteria, five Gram-
positive bacteria, A. thaliana Alb3, and S. cerevisiae Oxa1 is shown in
Figure 4.5. Amino acids corresponding to the predicted transmembrane seg-
ments of E. coliYidC are bold and underlined [64]. The regions of consensus
sequences observed in the entire YidC/Oxa1/Alb3 family [66] are shaded.
These conserved sequences are found primarily in three regions within the
protein (Figure 4.5) [66]. In the E. coli YidC, the first conserved region
is within transmembrane segment 2 and has the consensus sequences GHy
(AS)(LIV)4T(LIV)3(KR)(LIV)4P(LIV). The second consensus sequence
is localized to transmembrane segment 3: KX3HyNPX2GCLP(LIV)3Q
(LIV)P(LIV)3AHy(YF). The third region has the conserved residues
(Hy)2P(Hy)6XHyXHyP(SA)GHy3YWHy2(SGN)NHy2(ST) within trans-
membrane segments 5 and 6. Here ‘‘Hy’’ and ‘‘X’’ represent hydropho-
bic residue and any residue, respectively. Alternative possibilities for a
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FIG. 4.4. Predicted topology of YidC family members. Proteins of the YidC family are

predicted to span the membrane six or five times. The E. coliYidC has been shown by alkaline

phosphatase fusion methods to span the membrane six times [64]. The Bacillus subtilis YidC

homologue SpoIIIJ and YqjG are predicted to span the membrane five times [65]. SpoIIIJ and

YqjG are made in a precursor form with a cleavable signal peptide.
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E.coli                 -MDSQRNLLVIALLFVSFMIWQAWEQDK-NPQPQAQQTTQTTTT---------------- 42 
S.typhimurium          -MDSQRNLLVIALLFVSFMIWQAWEQDK-NPQPQTQQTTQTTTT---------------- 42 
P.fluorescens          -MDIKRTILIVALAIVSYVMVLKWNQDYGQAALPTQNVASSTTTSGLPDTATGNNAAASD 59
H.influenzae           -MDSRRSLLVLALIFISFLVYQQWQLDK-NPPVQTEQTTSITATS--------------- 43 
H.pylori               MDKNNNNLRLILAIALSFLFIALYSYFFQKPNKTTTQTTKQETTN--------------- 45 
B.subtilis.Oxa1        ------------------------------------------------------------ 
S.pneumoniae           ------------------------------------------------------------ 
L.lactis               ------------------------------------------------------------ 
S.pyogenes             ------------------------------------------------------------ 
S.mutans.YidC2         ------------------------------------------------------------ 
A.thaliana.Alb3        ------------------------------------------------------------ 
S.cerevisiae.Oxa1      ------------------------------------------------------------

E.coli                 ----AAGSAADQGVPASGQ-GKLISVKTDVLDLTINTRGGDVEQALLPAYPKELN-STQP 96 
S.typhimurium          ----AAGSAADQGVPASGQ-GKMITVKTDVLDLTINTRGGDVEQALLPAYPKELG-SNEP 96 
P.fluorescens          DIPRAASDTSAPAETPVAASKDLIQIKTDVLDLSIDPQGGDVAQLTLPLYPRRQDRPDVP 119 
H.influenzae           -DVPASSPSNSQAIADSQTRGRIITLENDVFRLKIDTLGGDVISSELLKYDAELD-SKTP 101 
H.pylori               --------NHTATSPNAPNAQHFSTTQTTPQENLLSTISFEHARIEIDSLGRIKQVYLKD 97 
B.subtilis.Oxa1        ------------------------------------------------------------ 
S.pneumoniae           ------------------------------------------------------------ 
L.lactis               ------------------------------------------------------------ 
S.pyogenes             ------------------------------------------------------------ 
S.mutans.YidC2         ------------------------------------------------------------ 
A.thaliana.Alb3        ------------------------------------------------------------ 
S.cerevisiae.Oxa1      ------------------------------------------------------------ 

E.coli                 FQLLETSPQFIYQAQSGLTGRDGPDNPANGPRPLYNVEKDAYVLAEGQNELQVPMTYTDA 156 
S.typhimurium          FQLLETTPQFIYQAQSGLTGRDGPDNPANGPRPLYNVEKEAFVLADGQNELQVPMTYTDA 156 
P.fluorescens          FQLFDNGGERTYLAQSGLIGTNGPDANPAG-RPIYSSEKKTYQLADGQDKLVVDLKFS-K 177 
H.influenzae           FELLKDTKEHIYIAQSGLIGKNGIDTRSG--RAQYQIEGDNFKLAEGQESLSVPLLFE-K 158 
H.pylori               KKYLTPKQKGFLEHVGHLFSSKENAQPPLKELPLLAADKLKPLEVRFLDPTLNNKAFNTP 157 
B.subtilis.Oxa1        ------------------------------------------------------------ 
S.pneumoniae           ------------------------------------------------------------ 
L.lactis               ------------------------------------------------------------ 
S.pyogenes             ------------------------------------------------------------ 
S.mutans.YidC2         ------------------------------------------------------------ 
A.thaliana.Alb3        ------------------------------------------------------------ 
S.cerevisiae.Oxa1      ------------------------------------------------------------ 

E.coli                 AGNTFTKTFVLKRGDYAVNVNYNVQNAGEKPLEISSFGQLKQSITLPPHLDTGSSNFALH 216 
S.typhimurium          AGNTFTKTFVFKRGDYAVNVNYSVQNAGEKPLEVSTFGQLKQSVNLPPHRDTGSSNFALH 216 
P.fluorescens          DGVNYIKRFTLKRGLYDVTVTYLIDNQSAQPWSGSMFAQLKRDASADP---SSTTATGTA 234 
H.influenzae           DGVTYQKIFVLKRGSYDLGVDYKIDNQSGQAIEVEPYGQLKHSIVES------SGNVAMP 212 
H.pylori               YSASKTTLGPNEQLVLTQDLGTLSIIKTLTFYDDLHYDLKIAFKSPNNLIPSYVITNGYR 217 
B.subtilis.Oxa1        ------------------------------------------------------------ 
S.pneumoniae           ------------------------------------------------------------ 
L.lactis               ------------------------------------------------------------ 
S.pyogenes             ------------------------------------------------------------ 
S.mutans.YidC2         ------------------------------------------------------------ 
A.thaliana.Alb3        ------------------------------------------------------------ 
S.cerevisiae.Oxa1      ------------------------------------------------------------ 

E.coli                 TFRGAAYSTPDEKYEKYKFDTIADNENLNISSKGGWVAMLQQYFATAWIPHNDGTNNFYT 276 
S.typhimurium          TFRGAAYSTPDEKYEKYKFDTIADNENLNVSSKGGWVAMLQQYFATAWIPRNDGTNNFYT 276 
P.fluorescens          TYLGAALWTSSEPYKKVSMKDMDKA-QLKETVTGGWVAWLQHYFVTAWVAPKGENNIVQT 293 
H.influenzae           TYTGGAYSSSETNYKKYSFSDMQDN-NLSIDTKAGWVAVLQHYFVSAWIPNQDVNNQLYT 271 
H.pylori               PVADLDSYTFSGVLLENSDKKIEKIEDKDAKEIKRFSNTLFLSSVDRYFTTLLFTKDPQG 277 
B.subtilis.Oxa1        ------------------------------------------------------------ 
S.pneumoniae           ------------------------------------------------------------ 
L.lactis               ------------------------------------------------------------ 
S.pyogenes             ------------------------------------------------------------ 
S.mutans.YidC2         ------------------------------------------------------------ 
A.thaliana.Alb3        -MARVLVSSPSSFFGSPLIKPSSSLRHSGVGGGGTAQFLPYRSNNNKLFTTSTTVRFSLN 59 
S.cerevisiae.Oxa1      ------------MFKLTSRLVTSRFAASSRLATARTIVLPRPHPSWISFQAKRFNSTGPN 48 

FIG. 4.5. (Continued)
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E.coli                 AN-LGNGIAAIGYKSQPVLVQPGQTGAMNSTLWVGPEIQDKMAAVAPHLDLTVDYGWLWF 335 
S.typhimurium          AN-LGNGIVAIGYKAQPVLVQPGQTGAMTSTLWVGPEIQDKMAAVAPHLDLTVDYGWLWF 335 
P.fluorescens          RK-DSKGNYIIGYTGPSLTAAPGAKVETSAVLYAGPKSQAVLKELSPGLELTVDYGILWF 352 
H.influenzae           ITDSKNNVASIGYRGSVVTIPAGSQETITSSLWTGPKLQNQMATVANNLDLTVDYGWAWF 331 
H.pylori               FEALIDSEIGTKNPLGFISLKNEAN----LHGYIGPKDYRSLKAISPMLTDVIEYGLITF 333 
B.subtilis.Oxa1        ----------MLLKRRIGLLLSMVG-----VFMLLAGCSSVKEPITADSPHFWDKYVVYP 45 
S.pneumoniae           ----------MKKKLKLTSLLGLS-----LLIMTACATNGVTSDITAESADFWSK-LVYF 44 
L.lactis               ----------MKKKFSLIAMAGAA-----LLLLTACGTTAVTS----SSTNLWDQ-IVYG 40 
S.pyogenes             ----------MRKVLRVKKNIKIARIVPLVLLLVACGRGEVTA----QSSSGWDQ-LVYL 45 
S.mutans.YidC2         ----------MKKIYKRLLFSGLALS----MLFFLSGCVQMKNG-KPTGEGWVYKFFAAP 45 
A.thaliana.Alb3        EIPPFHGLDSSVDIGAIFTRAESLLYTIADAAVVGADSVVTTDSSAVQKSGGWFGFISDA 119 
S.cerevisiae.Oxa1      ANDVSEIQTQLPSIDELTSSAPSLSASTSDLIANTTQTVGELSSHIGYLNSIGLAQTWYW 108 

E.coli                 ISQPLFKLLKWIHSFVGN--WGFSIIIITFIVRGIMYPLTKAQYTSM----AKMRMLQPK 389 
S.typhimurium          ISQPLFKLLKWIHSFVGN--WGFSIIIITFIVRGIMYPLTKAQYTSM----AKMRMLQPK 389 
P.fluorescens          IAQPIFWLLQHIHSIVGN--WGWSIIFLTMLIKGIFFPLSAASYKSM----ARMRAVAPK 406 
H.influenzae           IAKPLFWLLTFIQGIVSN--WGLAIICVTIVVKAILYPLTKAQYTSM----AKMRILQPK 385 
H.pylori               FAKGVFVLLDYLYQFVGN--WGWAIILLTIIVRIILYPLSYKGMVSM----QKLKELAPK 387 
B.subtilis.Oxa1        LSELITYVAKLTGDNYG-----LSIILVTILIRLLILPLMIKQLRSS----KAMQALQPE 96 
S.pneumoniae           FAEIIRFLS--FDISIG-----VGIILFTVLIRTVLLPVFQVQMVAS----RKMQEAQPR 93 
L.lactis               FAQVIRFLS--FGGLTG-----VGIILFTIVIRAALLPLMNIQIKSS----QRMQEIQPE 89 
S.pyogenes             FARAIQWLS--FDGSIG-----VGIILFTLTIRLMLMPLFNMQIKSS----QKMQDIQPE 94 
S.mutans.YidC2         MGSVIQYLANNLGLGFG-----FAIIIVTVIVRLLILPLGLSQVRKMTYQSEKMAYLKPV 100 
A.thaliana.Alb3        MELVLKILKDGLSAVHVPYAYGFAIILLTIIVKAATYPLTKQQVEST----LAMQNLQPK 175 
S.cerevisiae.Oxa1      PSDIIQHVLEAVHVYSGLP-WWGTIAATTILIRCLMFPLYVKSSDTV----ARNSHIKPE 163 
                           :  :                *   *. ::    *:                   *

E.coli                 IQAMRERLG-----DDKQRISQEMMALYKAEKVNPLG--GCFPLLIQMPIFLALYYMLMG 442 
S.typhimurium          IQAMRERLG-----DDKQRQSQEMMALYKAEKVNPLG--GCFPLIIQMPIFLALYYMLMG 442 
P.fluorescens          LAALKEQHG-----DDRQKMSQAMMELYKKEKINPLG--GCLPILVQMPVFLSLYWVLLE 459 
H.influenzae           MQEMRERFG-----DDRQRMSQEMMKLYKEEKVNPLG--GCLPILLQMPIFIALYWTFLE 438 
H.pylori               MKELQEKYK-----GEPQKLQAHMMQLYKKHGANPLG--GCLPLILQIPVFFAIYRVLYN 440 
B.subtilis.Oxa1        MQKLKEKYSSKDQ-KTQQKLQQETMALFQKHGVNPLA--GCFPILIQMPILIGFYHAIMR 153 
S.pneumoniae           IKALREQYPGRDM-ESRTKLEQEMRKVFKEMGVRQSD--SLWPILIQMPVILALFQALSR 150 
L.lactis               IKKIQAKYPSKDM-ESRRLMNEEIQKLYAENKVNPYM--GCLPLVVQMPVLWALYQALSR 146 
S.pyogenes             LRELQRKYAGKDT-QTRMKLAEESQALYKKYGVNPYA--SLLPLLIQMPVMIALFQALTR 151 
S.mutans.YidC2         FDPIQERMKNAKTQEEKMAAQTELMQAQRHYGMSMFGGLGCLPLLIQMPFFSALYISTRY 160 
A.thaliana.Alb3        IKAIQQRYAG-----NQERIQLETSRLYKQAGVNPLA--GCLPTLATIPVWIGLYQALSN 228 
S.cerevisiae.Oxa1      LDALNNKLMSTTDLQQGQLVAMQRKKLLSSHGIKNRW---LAAPMLQIPIALGFFNALRH 220 
                       :  :. :                                   . :  :*.  .::

E.coli SV----------------------ELRQAPFALWIHDLSAQDP---------YYILPILM 471 
S.typhimurium          SI----------------------ELRHAPFALWIHDLSAQDP---------YYILPILM 471 
P.fluorescens          SV----------------------EMRQAPFMLWITDLSIKDP---------FFILPIIM 488 
H.influenzae           AV----------------------ELRHAPFFGWIQDLSAQDP---------YYILPILM 467 
H.pylori               AV----------------------ELKSSEWILWIHDLSIMDP---------YFILPLLM 469 
B.subtilis.Oxa1        TQ----------------------AISEH--SFLWFDLGEKDP---------YYILPIVA 180 
S.pneumoniae           VD----------------------FLKTG--HFLWINLGSVDT---------TLVLPILA 177 
L.lactis               VD----------------------FLKHG--TFLWFEIGAKDP---------TFILPILA 173 
S.pyogenes             VS----------------------FLKTG--TFLWVELAQHDH---------LYLLPVLA 178 
S.mutans.YidC2         TK----------------------GIASAS----FLGIKLGSP---------NMIITVII 185 
A.thaliana.Alb3        VANEGLFTEGFFWIPSLGGPTSIAARQSGSGISWLFPFVDGHPPLGWYDTVAYLVLPVLL 288 
S.cerevisiae.Oxa1      MAN------------------YPVDGFANQGVAWFTDLTQADP---------YLGLQVIT 253 
                                                            :                 : ::

E.coli GVTMFFIQKMS--PTTVTDPMQQK--IMTFMPVIFTVFFLWFPSGLVLYYIVSNLVTIIQ 527 
S.typhimurium          GVTMFFIQKMS--PTTVTDPMQQK--IMTFMPVIFTVFFLWFPSGLVLYYIVSNLVTIIQ 527 
P.fluorescens          GATMFIQQRLN--PTPP-DPMQAK--VMKMMPIIFTFFFLWFPAGLVLYWVVNNCLSIAQ 543 
H.influenzae           GISMFLLQKMS--PTPVTDPTQQK--VMNFMPLVFMFFFLWFPSGLVLYWLVSNLITIAQ 523 
H.pylori               GASMYWHQSVT--PNTMTDPMQAK--IFKLLPLLFTIFLITFPAGLVLYWTTNNILSVLQ 525 
B.subtilis.Oxa1        GVATFVQQKLMMAGNAQQNPQMAM--MLWIMPIMIIVFAINFPAALSLYWVVGNLFMIAQ 238 
S.pneumoniae           AVFTFLSTWLSNKALSERNGATTA--MMYGIPVLIFIFAVYAPGGVALYWTVSNAYQVLQ 235 
L.lactis               AVFTFLSSYLMMKSAPERNAMTTS--MTYIMPIFILIMGVNFAAGIALYWVISNAFQVFQ 231 
S.pyogenes             AVFTFLSTWLTNLAAKEKNVMMTV--MIYVMPLMIFFMGFNLASGVVLYWTVSNAFQVVQ 236 
S.mutans.YidC2         GILYLVQSWVSTLSVPEAQRQQTRN-MMFMMPIMMVMISIGAPAGGALYWLVSGIFGLIQ 244 
A.thaliana.Alb3        IASQYVSMEIMKPPQTDDPAQKNTLLVFKFLPLMIGYFALSVPSGLSIYWLVSLSLKLLI 348 
S.cerevisiae.Oxa1      AAVFISFTRLGGETGAQQFSSPMKR-LFTILPIISIPATMNLSSAVVLYFAFNGAFSVLQ 312 
                                :                :   :*:.     .  ...  :*:  .    :

FIG. 4.5. (Continued)
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single residue are shown in parentheses. Subscripts indicate the number of
consecutive residues. These regions containing the consensus sequences are
very likely to be important for the structure and function of the YidC family
proteins since they are conserved throughout evolution.

Structure–function studies on the E. coli YidC were performed to exam-
ine the regions that are important for function [67]. These studies show that
90% of the large N-terminal periplasmic domain can be deleted without
any effect on function. Likewise, the C-terminal cytoplasmic domain can
be deleted without any effect on YidC function. On the other hand, the
conserved transmembrane regions 2, 3, and 6 are important for activity [67].
Transmembrane segments 4 and 5 do not appear to be as important since
they can be replaced by transmembrane sequences from leader peptidase.
The data showing the importance of hydrophobic regions of YidC is consis-
tent with its function as a scaffold for the insertion, binding, and folding of
the hydrophobic regions of membrane proteins.

E.coli QQLIYRG------------------------------------LEKRGLHSREKKKS--- 548 
S.typhimurium          QQLIYRG------------------------------------LEKRGLHSREKKKS--- 548 
P.fluorescens          QWYITRK------------------------------------IEAATKKAEA------- 560 
H.influenzae           QQLIYRG------------------------------------LEKKGLHSRKK------ 541 
H.pylori               QLIINKVLE-----------------------------------NKKRMHAQNKKEH--- 547 
B.subtilis.Oxa1        TFLIKGP-------------------------------DIKKNPEPQKAGGKKK------ 261 
S.pneumoniae           TYFLNNPFKI--------------------IAEREAVVQAQKDLENRKRKAKKKAQKTK- 274 
L.lactis               TMLLANPYKI--------------------IAAREAKVQVEKDKIKAREKALKKARKK-- 269 
S.pyogenes             LLLLNNPFKI--------------------IAERQRLANEEKERRLRERRARKKAMKRK- 275 
S.mutans.YidC2         QLITNHIIKP--------------------KLRKQIDEEFKKNPPKPFKSNARKDITPQA 284 
A.thaliana.Alb3        ------------------------------------------------------------ 
S.cerevisiae.Oxa1      TMILRNKWVRSKLKITEVAKPRTPIAGASPTENMGIFQSLKHNIQKARDQAERRQLMQDN 372 

E.coli                 ------------------------------ 
S.typhimurium          ------------------------------ 
P.fluorescens          ------------------------------ 
H.influenzae           ------------------------------ 
H.pylori               ------------------------------ 
B.subtilis.Oxa1        ------------------------------ 
S.pneumoniae           ------------------------------ 
L.lactis               ------------------------------ 
S.pyogenes             ------------------------------ 
S.mutans.YidC2         NNDKKLITSKKQKSNRNAGKQRHHKQ---- 310 
A.thaliana.Alb3        ------------------------------ 
S.cerevisiae.Oxa1      EKKLQESFKEKRQNSKIKIVHKSNFINNKK 402 

FIG. 4.5. Amino acid sequences of bacterial YidC family members. Shown are the sequences

for E. coli, Escherichia coli; S. typhimurium, Salmonella typhimurium; P. fluorescens, Pseudo-

monas fluorescens; H. influenzae, Haemophilus influenzae; H. pylori, Helicobacter pylori;

B. subtilis, Bacillus subtilis; S. pneumoniae, Streptococcus pneumoniae; L. lactis, Lactococcus

lactis; S. pyogenes, Streptococcus pyogenes; S. mutans, Streptococcus mutans; A. thaliana,

Arabidopsis, thaliana; S. cerevisiae, Saccharomyces cerevisiae. ‘‘*’’ means that the residues or

nucleotides in that column are identical in all sequences in the alignment. ‘‘:’’ means that

conserved substitutions have been observed, according to the nature of the amino acid (hydro-

phobic, hydrophilic, acidic or basic). ‘‘.’’ means that semi-conserved substitutions are observed.
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So far, there is limited structural information on the YidC membrane
insertase. The oligomeric structure of YidC within intact membranes is
still unclear although a portion of the purified YidC appears as a dimer on a
blue native polyacrylamide gel [68], whereas Oxa1 in mitochondria is a tetra-
mer [69]. The way in which transmembrane segments are packed to form
the membrane-embedded structure and the location of the substrate-binding
region of YidC are not known.

VI. ConcludingRemarks andOutlook

In summary, YidC1/Oxa1/Alb3 familymembers play an important role in
the membrane biogenesis of proteins. YidC performs dual functions in the
process of membrane protein insertion. It can promote the insertion of a
subset of proteins that do not require the Sec translocase, as well as func-
tioning in conjunction with the core Sec translocase to assist in the insertion
of proteins into the membrane. For Sec-dependent proteins, YidC possibly
helps fold membrane proteins during the insertion/assembly process.

Exactly how YidC functions in the insertion of proteins is not yet known.
It may be a membrane chaperone assisting in the insertion and folding of
proteins as they assemble into the membrane. Such a membrane chaperone
may be involved in the folding of transmembrane helices to promote the
helix–helix interactions within polytopic membrane proteins. Factors that
determine whether a substrate goes by YidC or the Sec pathway are not
clear. In order to understand how YidC works at a molecular level in
membrane protein biogenesis, it is absolutely essential to solve its structure.
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I. Disulfides StabilizeSecretedProteins

Proper protein function is dependent on the maintenance of pH and
ionic concentrations in living organisms within very narrow ranges. The
normal range for human blood pH is 7.4 � 0.05, and the bacterium
Escherichia coli is able to maintain its intracellular pH at 7.6 � 0.2 even
when exposed to extracellular pH ranges from 5.5 to 9 [1]. Proteins exposed
to the harsh and often variable extracellular compartments, such as the
bacterial periplasm, need an extra degree of stability in order to survive.
To be able to tolerate these harsh and fluctuating conditions, many secreted
proteins take advantage of the extra stability that disulfide bridges offer.
In contrast, cysteines in the cytosolic space are generally maintained in the
reduced configuration. This is in part due to the decreased need for protein
stability and also because a number of classes of enzymes including cysteine
proteases utilize reduced thiol groups in their catalytic mechanisms.

Catalytic systems have been discovered that maintain the thiol-disulfide-
redox environment of these compartments within proper parameters.
In particular, disulfide bond formation and isomerization are catalyzed
processes in both prokaryotes and eukaryotic organisms. This area has
been the subject of a number of reviews [2–4]. This chapter will discuss
disulfide bond formation and isomerization in the periplasm of the model
organism E. coli. In keeping with the title of this series, this chapter will
focus on the enzymatic properties of the disulfide catalysts and isomerases.
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II. TheNeed fora Catalyst

A general scheme for the formation of a disulfide is as follows:

R��SHþ R0��SH ! R��S��S��R0 þ 2e� þ 2Hþ ð1Þ
The reaction shown is an oxidation reaction with respect to the thiols, the

reverse reaction is a reduction reaction. The oxidation of thiols requires an
appropriate electron acceptor, and their reduction requires an electron
donor. Like many biologically important reactions, disulfide bond forma-
tion can take place spontaneously. Disulfide bonds can be formed in the
presence of oxygen according to the following formula:

2R��SHþ 1

2
O2 ! RS��SRþ H2O ð2Þ

However, as for most biological reactions, the uncatalyzed rate of this
reaction is very slow and inadequate to sustain life. Redox active metals,
such as iron and copper, can act via the Fenton reaction to generate reactive
oxygen species that in turn act to form disulfides; but under most circum-
stances, the concentration of these metals in the cell is vanishingly small [5].
Thus, there would appear a need for a catalyst to form these bonds. In
E. coli, disulfide bonds are formed in the periplasmic space. The enzymes
responsible are called the disulfide bond (Dsb) enzymes for their ability to
affect the formation and isomerization of disulfide bonds [2]. DsbA and
DsbB are responsible for thiol oxidation and DsbC, DsbG, and DsbD are
responsible for disulfide isomerization.

III. DsbA:ThePrimaryOxidant

DsbA is a 21-kDa soluble periplasmic protein that is part of the thior-
edoxin family. It is thought to serve as the primary source of disulfide bonds
to secreted proteins [6]. A disulfide formed between the Cys-X-X-Cys
(CXXC; where X represents any amino acid) motif present at its active
site is directly donated to secreted proteins catalyzing their oxidation and
thus their folding (Figure 5.1).

Disulfide transfers from DsbA to substrate protein. Oxidized DsbA
rapidly reacts with unfolded proteins entering the periplasm. The disulfide
is transferred from DsbA to the protein, resulting in the oxidation of the
substrate and the reduction of DsbA.

The reaction catalyzed by DsbA is a very simple thiol–disulfide
exchange. A number of factors discussed further make DsbA well suited
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to perform this reaction, but it is first worth noting that though null mutants
in dsbA have substantially decreased rates of disulfide bond formation, the
rate in these mutants is still measurable and can be physiologically relevant.
The protein OmpA for instance is nearly fully oxidized within a 40-s pulse
period in wild-type strains but is nearly 50% oxidized after 5 min in dsbA
null mutations [6]. This represents a substantial enhancement in the rate
of disulfide bond formation by DsbA. However, non-DsbA-dependent
disulfide bond formation still occurs at adequate rates to allow for the
accumulation of near wild-type quantities of oxidized OmpA and many
other disulfide-containing proteins in dsbA null mutant bacteria [7].
We have observed that many of the phenotypes of dsbA mutants can be
at least partially compensated for by exogenous addition of small disulfide-
containing molecules, such as cystine or oxidized glutathione or redox
active metals such as copper. Examining these alternative sources of disul-
fide bonds in the cell gives us a perspective on whether DsbA should
be considered an enzyme or if it is also realistic to consider its properties
as a redox buffer. Most thiol–disulfide exchange reactions follow the
simple formula:

R1S��þ R2SSR3 ! R1SS3Rþ R2S� ð3Þ

where the thiolate anion R1S� displaces one sulfur of the disulfide bond.
This is the case whether the R groups are part of proteins or small

molecules. Disulfide bonds in proteins are formed by two subsequent
thiol–disulfide exchange reactions with the redox reagent. The first results
in a mixed disulfide between the protein and the redox reagent. The
reaction of glutathione with proteins, like the reaction with DsbA with its
protein substrates, also results in the oxidation of the proteins and the
reduction of the glutathione. Darby and Creighton used a two-cysteine-
containing peptide that adopts only local nonrandom conformations as

FIG. 5.1. The oxidation of a substrate protein byDsbA.DsbA donates it active site disulfide

to a substrate protein via a thiol–disulfide exchange reaction.
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a simple model of an unfolded protein [8]. The direct comparison per-
formed by Darby and Creighton of the reactions of DsbA and oxidized
glutathione (GSSG) with this peptide reveals at least two reasons why it is
generally accepted that DsbA is an enzyme.

GSSG

P
SH

SH

GSH GSH

0.011 s−13.5 s−1 M−1

1.0 s−1 M−1 2 s−1 M−1

K 1A = 3.5 mM

K 1 = K1AK1B = 1.9 � 10−2 M

K 1B = 5.5 mM

SSG

SH
P P S

S
(4)

DsbA DsbA DsbAS S S
S

(5)−S
S

P P PSH
SH SH

SH
SHSH

+
1.1 × 107 s−1 M−1

90 s−1

2.7 s−1

1.4 × 103 s−1 M−1
+

First, DsbA is capable of much more rapid thiol–disulfide exchange with
proteins than glutathione is; in general, thiol–disulfide exchange reactions
involving DsbA occur 102–106 times more rapidly than is typically observed
for thiols and disulfides [8]. Furthermore, the overall equilibrium of the
reaction is very strongly shifted in the direction of protein oxidation.
Together these factors combine to result in the observation that DsbA
oxidizes this unfolded protein model proteins much faster than glutathione
does. Thus, DsbA is a very strongly oxidizing protein, one of the most
strongly oxidizing if not the most strongly oxidizing thiol–disulfide oxidore-
ductase known. The strongly oxidizing nature of DsbA and its capacity
to undergo very rapid thiol–disulfide exchange reactions allows DsbA to
rapidly oxidize proteins in vivo [9]. Much of DsbA’s catalytic mechanism
can be understood in chemical terms by the factors influencing thiol–
disulfide exchange reactions between small molecules. The disulfide inter-
change reaction diagrammed in Eq. 6 is a concerted reaction going through
a single transition state.

+ S SR1 R1S S SR2
S −SR2 (6)+R1S

R3 R3

δ− δ− δ−

R3

R1S−

Thus, during thiol–disulfide exchange, an intermediate is formed where
partial negative charge is distributed over all three sulfur atoms. The sulfur
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atom that accepts the electron is the one that is the most electrophilic.
A measure of the electrophilicity is the pKa of the thiol groups, this
determines not only their intrinsic reactivity but also their reactivity when
present within a disulfide bond. For DsbA, the pKa of the N-terminal
cysteine of the active site is about 3.5 [10]. This is an unusually low value,
the pKa cysteine free in solution or in disordered peptides are around 9.
The pKa is the pH at which 50% of a species is in an ionized form. This low
pKa ensures that DsbA will remain ionized and thus capable of undergoing
disulfide exchange reactions even when the cell is exposed to acidic condi-
tions. Thus, the rate of exchange observed at pH 4 between DsbA and a
model peptide are comparable with those observed at pH 7.4. In contrast,
thiol–disulfide exchange reactions between the peptide and glutathione are
negligible at pH 4 [8, 10].

More importantly, this low pKa helps explain the strongly oxidizing
redox potential of DsbA in both a qualitative and quantitative manner.
Qualitatively, when thiol groups are ionized, they cannot be part of a
disulfide bond. The strong stabilization of the Cys30 thiolate ion results in
the unusual situation where DsbA as a protein is actually more stable in the
reduced than in the oxidized form [9]. Disulfides generally stabilize protein
folds. The stabilization of the reduced form provides the thermodynamic
driving power behind the donation of DsbA’s disulfide to other proteins.
Quantitatively, it has been shown for small molecules that one can predict
the rate constant of a thiol exchange reaction if one knows the pKas of all
three thiol groups involved using the following formula:

log k 5 4.5 1 0.59 pKa1 2 0.4 pKa2 2 0.59 pKa3 (7)

The pKa of Cys30 of DsbA is around 3.5 [10]. The pKa of Cys33 is around
14 (Kreissig, Zander, and Bardwell, unpublished data). The pKa of
cysteines in unfolded proteins is very similar to that of glutathione, that is,
around 8.7 [10]. From the microscopic rate constants of the reactions of
DsbA with glutathione, one can calculate the overall equilibrium constant
of DsbA with glutathione. This equilibrium constant is also known as Kox

and is a standard measure of the oxidizing power of proteins [11].

DsbAred 1 GSSG DsbAox 1 2GSH (8)

Kox5
[DsbAox]

[DsbAred]

[GSH]2

[GSSG]
(9)

The Kox calculated for DsbA using these pKa values is 0.26 mM similar
to the value of 0.12 mM, which was measured experimentally with DsbA
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[12]. Thus, the strongly oxidizing redox potential of DsbA and its ability to
undergo rapid thiol exchange reactions are in large part explained by the
unusual pKa of DsbA’s cysteines. These unusual pKa values in turn are
explained almost entirely by the precise positioning of the residues near the
active site of DsbA. An empirical method called PROPKA has been
developed that allows one to calculate the pKa values of all ionizable groups
on any protein whose structure is known [13]. When applied to DsbA, this
method accurately predicts the pKa of the N- and C-terminal cysteines in
DsbA to be 3.4 and 15, respectively. This methodology suggests that three
residues, Cys33, His32, and Ser27, are primarily responsible for the unusu-
ally low pKa of Cys30, due to hydrogen bond interactions with main chain
atoms [13]. It has been experimentally shown that His32 is partially respon-
sible for the low pKa of Cys30, mutations that change residue 32 in DsbA
affect its redox potential in ways that at least qualitatively can be explained
by their effect on pKa values [12, 14]. The Cys30 thiol in Cys33Ser substitu-
tions of DsbA is, however, still substantially ionized at pH 5 suggesting that
at least for this substitution the pKa of Cys30 is not substantially altered
[10]. Nelson and Creighton have also suggested that the positively charged
dipole at the N-terminus of the a-helix on which Cys30 is situated in DsbA
may be at least partially responsible for lowering the pKa of Cys30 [10].
In summary, it appears that the strongly oxidizing redox potential of DsbA
and its ability to undergo rapid thiol–disulfide exchange reactions can be
understood at least in part in electrostatic terms.

IV. Structureof DsbA

High-resolution structures are available for both oxidized and reduced
E. coliDsbA and for various mutants of E. coliDsbA and DsbA from other
species [15–19]. DsbA has a thioredoxin-like fold. This fold is remarkably
common in thiol–disulfide oxidoreductases. For example, it is present in
four of the five Dsb enzymes found in prokaryotes namely DsbA, DsbC,
DsbD, and DsbG. In general, the thioredoxin-like fold is a distinct struc-
tural motif minimally composed of a four-stranded b-sheet and three flank-
ing a-helices [20]. At the end of the a1 helix of the thioredoxin fold in
DsbA, thioredoxin and glutaredoxin is a CXXC motif that reversibly forms
a disulfide. This is the disulfide that DsbA donates to other proteins.
The various properties of the different oxidoreductases of the thioredoxin
family can be understood in terms of how their different structures modify
their redox potentials, substrate specificities, and localizations (Pan and
Bardwell, [73]). DsbA in addition, contains an a-helical domain, which
is inserted into the thioredoxin fold at a point between b2 and a2.
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This a-helical insertion contains several hydrophobic residues that may
contribute to the peptide-binding properties of DsbA. Several observations
indicate that DsbA interacts with peptides in a noncovalent fashion.
Couprie showed by NMR that DsbA binds model peptides in a hydro-
phobic manner; hydrophobic interactions are a common theme among
protein-folding chaperones and catalysts [21].

Second, DsbA reacts with peptides 300- to 1300-fold faster than it does
with glutathione, the larger the peptide the faster the reaction, further
indications that DsbA interacts noncovalently with peptides [8]. Schmid
and coworkers have shown that in a mixed disulfide between DsbA and
RnaseT1 the conformation of T1 is decreased by about 5 kJ mol�1, while
the stability of DsbA is increased by about the same amount, suggesting
that DsbA interacts noncovalently with folding proteins [22]. However, as
previously noted [8], the DsbA/peptide nonconvalent complex need not be
very stable to produce these observed rate enhancements and changes in
stability. In general, the peptide-binding properties of DsbA remain much
more poorly characterized than its redox properties.

V. How IsDsbAReoxidized?

Enzymes must return to their original state following a round of catalysis.
However, after DsbA has oxidized its substrate protein, DsbA is present in
a reduced form and is incapable of oxidizing another protein. In order for it
to be catalytic, DsbA needs to be reoxidized. The membrane-bound protein
DsbB performs this role. Mutations in dsbB were originally identified using
a selection for cells that were deficient in efficiently forming disulfides, the
same selection that was used to find dsbA mutations [23]. Like dsbA
mutants, dsbB mutants are pleiotropically defective in forming disulfides
in the cell [23–25].

DsbB is an integral membrane protein with four transmembrane helices
and two periplasmic domains. Each of these periplasmic loops contains a
pair of cysteines that are essential for DsbB activity [26]. These cysteines
are involved in a disulfide catalytic cascade reaction that ends in the
transfer of a disulfide to DsbA. Although the exact sequence of the disul-
fide cascade is still unclear, most of the experimental evidence points to
the cysteines in the more C-terminal domain serving as the immediate
disulfide donor to DsbA [2]. If one prevents the completion of transfer of
disulfides to DsbA by eliminating the C-terminal cysteine in DsbA, a
mixed disulfide between Cys30 of DsbA and Cys104 of DsbB can be
isolated, supporting this model [27]. The disulfide in the N-terminal peri-
plasmic domain of DsbB that forms between Cys41 and Cys44 is then
thought to be transferred to the C-terminal periplasmic domain to form
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Cys104-Cys130. Finally, electrons are donated to a bound quinone, regen-
erating fully oxidized DsbB. Other more complicated models have also
been proposed [27] (Figure 5.2).

This model is only partially supported by measurements of the redox
potentials of DsbB and its thiol–disulfide pairs. When equimolar quantities
of oxidizedDsbB and reducedDsbA are mixed and allowed to reach equilib-
rium,�40%of theDsbA becomes oxidized, suggesting that the overall redox
potential of DsbB is similar to that of DsbA [28]. However, all but one of the
measurements of the redox potential of any of the individual cysteine pairs in
DsbB come out to be less oxidizing than DsbA. The redox potential of the
Cys104-Cys130 disulfide inDsbB has beenmeasured to be either�250,�284,
or �186 mV, in any case a substantially lower redox potential than that of
Cys30-Cys33 in DsbA (�120 mV) [29–31]. In general, electrons flow down
an energy gradient, thus DsbA should be able to oxidize the Cys104-Cys130
disulfide, which is the reverse of the physiological direction; indeed,
when oxidized DsbA is added to reduced DsbB which contains only two
cysteines Cys104 and Cys130, DsbA is reduced and DsbB is oxidized [30].
The Cys40-Cys44 pair has been determined to have a redox potential of�270
[30, 32],�210 [29], or�69 mV [31]. Of these, only the�69-mV value is more
oxidizing than the redox potential of DsbA, but this value appears to be an
artifact of the use of fluorescence changes inDsbB tomeasure its redox status.
Inaba et al. [28] concluded that these fluorescence intensity changes do
not report changes in the DsbB protein itself and are thus not appropriate to
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within DsbB.
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measure redox potentials of DsbB’s cysteine pairs [28]. Thus, by most mea-
sures, the redox potential of the individual disulfide pairs in DsbB is less
oxidizing than that of DsbA. How then can DsbB reoxidize DsbA?
One potential solution to this dilemma is to postulate that the redox potential
of DsbB is increased by DsbA binding or that the redox potential of the two
pairsofcysteines inDsbBaffectseachother.Anotherwayout is tosupposethat
the reoxidation ofDsbB drives the disulfide cascade reactionwithinDsbB.

VI. Reoxidationof DsbB

Each time a disulfide is formed, two electrons are generated. Thus, the
search for the reoxidant of DsbB is a search for an electron acceptor. DsbA
is reduced during growth under deprivation of quinones. A ubiA-menA
double mutant strain that is defective in the synthesis of ubiquinone and
menaquinone leads to the accumulation of reduced DsbA, which implies
that quinones are involved in the reoxidation of DsbA [33, 34]. We were
able to reconstitute the entire disulfide bond catalytic system in vitro
[35]. We showed that electrons flow from DsbB to ubiquinone, then on to
cytochrome oxidases bd and bo, and finally on to molecular oxygen.

Cytochrome bo oxidase is abundant under aerobic conditions [36]. Cyto-
chrome bd oxidase is expressed in response to limiting oxygen conditions
and has a Km for oxygen estimated to be as low as 20 nM; it may thus be
able to scavenge enough oxygen to allow disulfide bond formation to
proceed even under very low oxygen conditions [35, 37]. Under truly
anaerobic conditions, DsbB donates its electrons to menaquinone which
in turn is reoxidized by anaerobic electron acceptors such as fumarate,
dimethyl sulfoxide (DMSO), or nitrate reductase [35, 38]. By alternating
electron acceptors depending on the growth conditions, disulfide bond
formation can thus take place during growth under various oxygen tensions.
DsbB thus is a central player in disulfide bond formation in prokaryotes as
it links disulfide bond formation to electron transport. Reactions down-
stream from DsbB involve thiol–disulfide exchange reactions; reactions
upstream from DsbB involve electron transport. DsbB uses the oxidizing
power of quinones to generate disulfides de novo [34, 35]. Thus, DsbB acts
as a quinone reductase [39]. The redox potential of ubiquinone is approxi-
mately þ100 mV; thus, the oxidizing power of quinones provides the
thermodynamic power driving the overall reaction.

DsbB undergoes a striking color transition during its reaction with DsbA.
This purple color represents an intermediate in the reactionmechanism [32, 40].
This color is likely due to a novel quinone charge transfer complex
[32]. With bound ubiquinone, the reaction intermediate has a strong purple
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absorption at 500 nm, with boundmenaquinone,DsbB develops a blue color
(lmax ¼ 550 nm) during its reaction [38]. These colors provide a convenient
way to monitor the reaction between DsbB and quinones. One possibility is
that the colored species is a thiolate-quinone charge transfer complex. The
purple color is dependent on the presence of the Cys44, presumably as
thiolate ion because the purple color can be observed whenever Cys44 is
not part of a disulfide bond [40]. Mutations that replace an adjacent highly
conserved arginine Arg48 abolish the purple color [34]. They also decrease
the amount of bound ubiquinone (UQ), and increasing DsbB’s Km for UQ
sevenfold[34,41].IthasbeenproposedthattheroleofArg48istostabilizeacharge
transfer complex by electrostatically counteracting theCys44 thiolate ion [34].

Alternatively, it has been proposed that the purple color is due to a
quinhydrone [32]. A quinhydrone is a stacked configuration of two quinones,
one oxidized, one reduced. In this model, one quinone is very tightly bound to
DsbB (resident quinone), while the second quinone is interchangeable. Elec-
trons are transferred fromDsbB to the resident quinone and from there to the
second quinone. This quinone becomes reduced and transfers the electrons to
components of the respiratory chain. To start a new cycle, oxidized quinone
from the quinone pool replaces the reduced quinine (Figure 5.3).
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If oxidized quinone is added to the quinone-free DsbB (SCSS) mutant,
the protein solution turns purple, and this purple color persists [40]. Since
there is no source of reduced quinone in these experiments, this provides
strong evidence that this stable purple color is not due to a quinhydrone.
However, one quinone is so strongly bound to DsbB that it can be purified
with it. The pool of free quinone present in the membrane reoxidizes this
bound quinone. The most straightforward way for this reoxidation to occur
is via direct interaction of these two quinones by the at least transiently
formation of a quinhydrone charge transfer complex. This species may
contribute to the color transitions seen in DsbB’s reaction cycle.

VII. Disulfide Bond Isomerization

DsbA is a strong oxidant and is capable of very rapid thiol–disulfide
exchange reactions. If a protein only has two-cysteine residues that form a
single disulfide bond, then the only possible way a disulfide can be formed is
the correct one and even very powerful oxidant will get it right. However, as
the number of cysteine residues in a protein increases above 2, the number
of theoretically possible intermolecular disulfides increases very rapidly,
and with it, the possibility of nonnative oxidation. One consequence of the
strongly oxidizing rapid nature of DsbA is that it is likely to oxidize
cysteines on proteins very soon after they are secreted into the periplasm.
If the native disulfides link cysteines that are consecutive in the sequence
(formed between cysteine residues that are nearest to each other in the
primary sequence), then the correct disulfide linkages will be formed even
by a powerful oxidant such as DsbA. If, however, the native disulfides
require linking nonconsecutive cysteine residues, then there exists a very
real possibility that nonnative linkages occur; this will disrupt the structure
of the protein and lead to its inactivation. In order to correct these nonna-
tive disulfide linkages, cells have evolved disulfide isomerases. In E. coli,
two proteins with significant disulfide isomerase activity have been isolated,
DsbC and DsbG. These two proteins share 24% sequence identity, a
common structure, and many similar properties. They appear to differ
however in their in vivo role and substrate specificity.

DsbC can rearrange disulfides in vivo and in vitro [42–44]. For example,
addition of catalytic quantities of DsbC to bifunctional inhibitor from Ragi
(RBI) (a protein with five nonconsecutive disulfides) leads to its functional
refolding [45]. It is much more active in isomerization than DsbA is and
seems particularly good at rearranging buried, nonnative disulfides that
have been formed by the oxidant GSSG. In vivo DsbC expression or
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overexpression is either required or helpful for the efficient expression of a
number of recombinant proteins with nonconsecutive disulfides, including
bovine pancreatic trypsin inhibitor (BPTI), urokinase, tPA, insulin-like
growth factor I [46, 47], aporetinol-binding protein, horseradish peroxidase,
brain-derived neurotropic factor [48–51] and single-chain Fv antibody frag-
ments [52], and melanocyte growth-stimulating activity. DsbG when over-
expressed is capable of at least partially restoring the ability of DsbC
mutants to express functionally multidisulfide proteins such as BPTI and
mouse urokinase [53]. DsbC and DsbG also have protein chaperone activ-
ity, which may assist in their ability to fold periplasmic proteins [54, 55].
DsbC is required for the expression of a number of native E. coli proteins
that contain at least one nonconsecutive disulfide, including RNaseI and
phytase [56, 57]. In contrast, there are no known E. coli substrates for
DsbG. It may be that it has much more limited substrate specificity than
DsbC does; it is also possible that it plays a role in vivo unrelated to its
isomerase activity.

There are at least two possible mechanisms wherebyDsbC can isomerase
disulfides in proteins. Both mechanisms involve the attack of a nonnative
disulfide in a substrate protein by reduced DsbC, forming a mixed disulfide
between the protein and DsbC. These mixed disulfides accumulate during
DsbC-assisted folding ofRBI [45].A second cysteine in the substrate protein
can attack this mixed disulfide resulting in a native disulfide in the substrate
and reduced DsbC. Alternatively, the second cysteine in DsbC may attack
the mixed disulfide. This will result in the transfer of the disulfide to DsbC’s
active site and the reduction of the nonnative disulfide. This may then be
followed by a second attempt at correct oxidation of the substrate either by
DsbA or possibly by oxidized DsbC.

DsbC is active in attacking incorrect disulfides only if it is kept in the
reduced form. This is done by the protein DsbD. Curiously the redox poten-
tial of DsbC (�135 mV) is almost as oxidizing as that of DsbA (�122 mV) [9,
58, 59]. How then can DsbC possibly attack incorrect disulfides? One possi-
bility is that incorrect disulfides are in general so strained that they have redox
potentials evenmore oxidizing than that ofDsbC. The overall redox potential
of an isomerase is more important if the isomerization mechanism involves
complete reduction of the incorrect disulfide by DsbC. The rate of the attack
of incorrect disulfides in substrates to form mixed disulfides with the catalyst
is one of the key reactions that determine if a protein will be an effective
isomerase.Darby et al. [44] using amodel peptide found that this attackoccurs
6000 times faster with DsbC than it does with DsbA [44].

DsbC and DsbG, like DsbA, are built around a thioredoxin-like fold,
but they appear to have diverged in the distant past and they share only
about 10% sequence identity. DsbC and DsbG lack the a-helical domain
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that is inserted into DsbA relative to thioredoxin between b2 and a2.
Instead DsbC and DsbG have a dimerization domain added on to the
N-terminus of the thioredoxin fold. These isomerases form V-shaped
dimers with the thioredoxin-like folds facing the interior of the dimer
[60, 61]. Eukaryotic protein disulfide shares this overall architecture, and
there is evidence that two CXXC active site motifs are required for isomer-
ase activity [62]. Heterodimers of DsbC where one of the active sites are
inactivated completely lack isomerase activity but are unchanged in their
oxidation activity and the dimeric form of DsbC is important for both its
chaperone and isomerase activity [48]. One can even bestow isomerase
activity on DsbA, thioredoxin, and the thioredoxin-like domain of PDI
by fusing them to the dimerization domain of DsbC [57, 63]. Mutants of
DsbC that disrupt its ability to dimerize are substrates for DsbB and
function as oxidases [64]. It appears that the proper orientation of the active
sites controls these chimera’s function as oxidases or isomerases. The
increase in local concentration of redox active cysteines may be one of
the key features that allow these dimeric proteins to function as isomerases.
One of the active sites can be involved in reduction reactions, while the
other is involved in oxidation or isomerization reactions with multiple
cysteines on the same substrate protein.

VIII. DsbDaDisulfideTransporter?

DsbD is an integral membrane protein whose function is to keep DsbC
in a reduced state. This is a prerequisite for DsbC’s ability to function as an
isomerase [25, 42, 65]. DsbD consists of three discrete domains, two peri-
plasmic domains, the a- and the g-domain sandwiching a single-membrane
bound domain, which is referred to as the b-domain. Each of the three
domains possesses a pair of cysteines that are essential for the function of
DsbD [66]. These cysteines appear to be involved in a disulfide cascade
mechanism that results in the reduction of the cysteines in DsbC on the
periplasmic side of the membrane and the oxidation of the cysteines in
thioredoxin which is located on the cytoplasm side of the domain [66, 67].
Thus, the overall function of DsbD is to shuttle reducing equivalents from
the cytoplasmic protein thioredoxin to the periplasmic protein DsbC. It
is thought that electrons flow sequentially from thioredoxin to b, to g, to a,
and finally on to the isomerases DsbC and DsbG [68] (Figure 5.4).

This reaction order is consistent with the measured redox potentials
of the interacting partners. In order from least to most oxidizing comes
thioredoxin with �270, the g-domain with �241, the a-domain with �229,
and DsbC with �135 mV [69]. The three domains of DsbD can be
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expressed separately from individual plasmids in vivo to form a functional
unity in the cell [68]. Using this approach, the authors could show that when
the immediate upstream electron donor was missing, the remaining
domains accumulated in the oxidized form. This shows that the electron
transfer is conducted in a sequential manner of oxidation/reduction reac-
tions of the individual domains. The predicted intermediates between
DsbDa and DsbC and DsbDb and thioredoxin could be isolated [70, 71].
The simplest model of electron transport within DsbD involves a disulfide
cascade reaction. However, getting the disulfide bonds across the inner
membrane poses an interesting topological puzzle: how do you transport
a disulfide bond across a membrane? The mechanism of how the disulfide
of DsbDb alternatively interacts with the cysteines in DsbDg and the
cysteines of thioredoxin is still unclear. The disulfide of DsbDb is located
at the cytoplasmic site and the cysteines of DsbDg is in the periplasm.
DsbDb cysteines either must have access to both sides of the membrane
simultaneously ormust go from a conformation where they first have access
to the periplasm, and then to one with access to the cytoplasm. The latter
is likely to require a significant conformational change [72]. Structural
characterization of the full-length protein and/or intermediates of the elec-
tron transfer should give further insight into the detailed molecular
mechanism.
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I. Abstract

The outer membrane (OM) of Gram-negative bacteria is an essential
organelle that prevents the indiscriminate diffusion of small molecules
while permitting the selective entry of vital nutrients. To achieve this
barrier function, the lipid to protein ratio of the OM must be carefully
maintained despite dynamic growth conditions. Severe alterations in enve-
lope composition lead to loss of OM integrity and cell death, a fact that
had for decades hampered the search for viable mutations in genes res-
ponsible for the expression of OM assembly factors. Moderate changes
in composition lead to increased OM permeability, and this general
characteristic can result from an array of different mutations.

Genetic characterization of hyperpermeable mutants can be compli-
cated because the resulting phenotypes are often subtle and pleiotropic.
Recent evidence demonstrates that specific mutations that alter OM per-
meability become distinguishable through the use of toxic small molecules.
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This exciting realization allowed the design of powerful selections to probe
for genes expressing factors involved in OM biogenesis. Bacteria carrying
undefined OM permeability mutations can be used in selections that
demand a distinct and reproducible set of genetic solutions that restore
OM barrier function and prevent specific toxic compounds from reaching
an intracellular target. We review how this discovery led to the identifica-
tion of YaeT (Omp85), an ancient OMP assembly factor conserved in
Gram-negative bacteria and eukaryotes. Moreover, we evaluate the genetic
and biochemical interactions between YaeT and other components that
also play a role in the translocation and assembly of OMPs in the OM.

II. Gram-Negative Bacterial Envelope

The envelope of Gram-negative bacteria provides structural integrity to
the cell, regulates the flux of solutes, and serves as the site for a number of
enzymes involved in metabolic processes such as DNA replication and cell
division, signal transduction, electron transport, oxidative phosphorylation,
and the synthesis of the cell wall itself. The envelope consists of three
distinct compartments: an inner membrane (IM), an aqueous periplasm
containing a thin peptidoglycan layer, and an outer membrane (OM). The
IM is a typical symmetric bilayer of phospholipids, while the OM is an
asymmetric bilayer with an inner phospholipid leaflet facing the periplas-
mic compartment and an outer leaflet composed primarily of lipopolysac-
charides (LPS) [1]. In addition to the lipid and peptidoglycan components,
the bacterial envelope also contains multiple classes of proteins, which can
be either peripherally or integrally associated with the membranes or freely
soluble in the periplasm [1].

Precursor envelope components are synthesized in the cytosol and sub-
sequently undergo modifications at the inner or outer leaflet of the IM.
Once translocated across the cytoplasmic membrane, amphipathic lipids
and proteins destined for the outermost bilayer must transcend several
daunting challenges prior to reaching their final destinations. These mole-
cules must bypass the rigid peptidoglycan barricade, traverse the aqueous
periplasmic space, and assemble into the OM all in an environment lacking
an obvious energy source such as ATP.

III. Protein Transport Across the Bacterial Envelope

The OM contains two classes of proteins: the integral OM b-barrel
proteins (OMPs) that span the bilayer, and OM lipoproteins that are
tethered to the inner leaflet of the OM by covalently attached lipid, but
reside mainly within the periplasmic space. Both types of proteins are
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synthesized in the cytoplasm and directed to the IM SecYEG translocation
complex via their N-terminal signal sequences (see [2], for review) Once
translocation from the cytoplasm is completed, the fates of the two classes
of proteins diverge. The processing and transit of lipoproteins to the OM
has been well characterized in Escherichia coli, and will be described in
more detail elsewhere in this volume (also, see [3] and references therein).
Briefly, a precursor lipoprotein is modified at the periplasmic face of the
IM subsequent to Sec translocation, where a requisite cysteine residue
adjacent to the signal sequence is converted to a thioetherdiglyceride. The
lipoprotein is then cleaved of the signal sequence by a dedicated signal
peptidase and amino-acylated at the modified cysteine residue now located
at the newly exposed amino terminus. IM lipoproteins contain an aspartate
residue at the þ2 position of the processed molecule that allows these
proteins to remain tethered at the periplasmic face of the IM via the
N-terminal fatty acid moieties. An OM lipoprotein lacks the aspartate at
the þ2 position, and as a result is recognized by the ATP-binding cassette
(ABC) transporter, LolCDE. The LolCDE complex then releases the
lipoprotein in an ATP-dependent manner to the periplasmic chaperone
LolA that keeps the hydrophobic moieties in a soluble state during peri-
plasmic transit. Finally, LolA passes the OM lipoprotein onto the essential
OM lipoprotein LolB, which acts as a receptor that presumably guides the
attachment of lipoproteins to the phospholipid leaflet of the OM [3].

Determination of the OMP assembly pathway has remained more elu-
sive than the lipoprotein assembly pathway. Once OMPs and periplasmic
proteins are translocated across the cytoplasmic membrane through the
SecYEG translocation complex their signal sequences are cleaved [2],
effectively releasing periplasmic proteins into the hydrophilic matrix. The
fate of processed OMPs is less clear. Two prevailing models have been
proposed to explain how OMPs are routed across the periplasmic space.
The ‘‘periplasmic intermediate’’ model proposes that OMPs are targeted to
the OM across the periplasm via a soluble OMP-chaperone complex
(Figure 6.1A). The ‘‘Bayer’s patches’’ model contends that OMP transit
occurs via putative zones of adhesion between the IM and OM without the
presence of soluble periplasmic intermediates (Figure 6.1B). Evidence
exists for both models, and neither can be easily discounted.

One of the strongest arguments for the periplasmic intermediate model
is that soluble OMPs can be isolated in the periplasmic space in vivo.
However, these findings were mostly drawn from experiments in which
the OMPs in question were overproduced, and periplasmic localization
under these conditions may be a reflection of a saturated primary pathway
rather than a preferred assembly pathway [4, 5]. To our knowledge no
protein has been shown to reliably ‘‘chase’’ from an unfolded form in the
periplasm into a stably folded OMP in the OM with the exception of TolC,
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a unique extended a-b-barrel trimeric porin [6]. However, it may be that the
transit and folding of most conventional transmembrane b-barrels in vivo is
too rapid a process to isolate any true periplasmic OMP intermediates
under normal expression conditions. Another central argument for the
periplasmic intermediate model comes from studies that have demon-
strated that nascent OMPs can be excreted into the medium from spher-
oplasts [7, 8]. This model proposes that once released into the periplasm,
OMPs bind to periplasmic chaperones and foldases which solubilize
OMPs and direct their transit across the periplasm (Figure 6.1A) (see [9],
for review). Indeed, extracellular stresses can result in the accumulation of
misfolded OMPs in the periplasmic space, which in turn requires the cell
to upregulate the production of periplasmic chaperones and proteases to
prevent cell death [9, 10]. However, whether periplasmic OMPs are
merely dead-end molecules that escape into the matrix on excess produc-
tion or stressful conditions, or whether they are indicative of true assembly
intermediates temporarily halted during periplasmic transit remains
unclear.

The Bayer’s patches model evokes transport across zones of adhesion
between the OM and IM, most likely proteinaceous in nature, and stems

binds to a periplasmic chaperone such as Skp or SurA, which ferries the intermediate from the

IM across the periplasm (step 2) [9]. Some variations of the model assert that OMP assembly

into the OM occurs spontaneously, and the reaction made favorable with the help of LPS,

phospholipid, and/or interactions with the periplasmic chaperone foldases (step 3a). Alterna-

tively, the periplasmic chaperones deliver the OMP substrate to an OM assembly site (step 3b).

This assembly machine may either indirectly catalyze the OMP insertion reaction by providing

localized chaperone activity near the inner leaflet of the OM, or it may constitute a translocon

analogous to the IM Sec/SRP pathway that requires transport of OMP substrate through a

porin chamber followed by lateral release of folded mature protein (steps 3b and 4) [2].

(B) Bayer’s Patch Model. This model evokes putative contact sites between the IM and OM

[11]. Although these sites may be lipid in nature (as shown in fusion site – I), we favor the

hypothesis that contact sites would most likely be proteinaceous in nature (as shown in fusion

site – II). In this model, the Sec translocon transiently docks to the OM assembly machinery.

Transport of the OMP precursor across the IM occurs as described above and in the text

(step 1). Mature unfolded OMP substrates then cross the periplasmic barrier through a

proteinaceous channel composed of unknown proteins (depicted as ‘‘X’’ in the sketch)

(step 2a). At this point, it is conceivable that OMPs could escape the ‘‘transport tunnel’’ into

the periplasmic space on saturation of the assembly pathway, where they are solubilized by

periplasmic chaperones (step 2b). Successful translocation events across the protein channel

would result in the recognition of the unfoldedOMP byOM assembly factor(s) and subsequent

assembly into the OM (step 3). The process by which this may occur is unknown (see text).

(A and B) Many proteins exist in a trimeric state in the OM, and it is unknown how this

association is initiated. It may be that trimerization of monomeric subunits is catalyzed by a

series of monomer–lipid interactions, or it may be that an additional OM assembly factor is

required for multimerization (trimerization depicted in panel B, step 4).
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from observations by Manfred Bayer of localized patches in the cell wall
of E. coli visualized by electron microscopy (Figure 6.1B) [11]. Indeed,
de novo assembly of LPS and porins has been observed to occur at regions
that colocalize with such patches in Salmonella typhimurium and in E. coli,
respectively [12, 13]. Another study used fractionation techniques to dem-
onstrate that radiolabeled substrates pass directly from the cytoplasmic
fraction to the OM fraction without delay [14]. However, this transit
model is not without its critics. The very existence of Bayer’s patches was
called into question when patches could not be observed using alternative
methods of microscopy sample preparation [15]. However, the theory of
fusion sites between membranes was recently bolstered by the finding
that newly synthesized LPS molecules localize to the OM in spheroplasts.
Furthermore, the LPS could not be released from the spheroplasts by
treatment with periplasmic fractions [16]. In other words, the transport of
LPS does not appear to require a periplasmic chaperone for release into the
periplasm, rather localization of LPS proceeds in the absence of an obvious
soluble intermediate. Evidence for such a model is not without precedent,
since protein import across the double bilayer of eukaryotic mitochondria
has been shown to proceed via transient contacts between protein machi-
neries of the IM and OM of these organelles formed during translocation
(see [17], for review).

Ultimately, we do not yet know if either of the models accurately repre-
sents the primary pathway that OMPs undergo to travel across the bacterial
periplasm. One could envision a combination of the models proposed.
For example, OMPs could follow a translocation route via protein chan-
nels connecting the two membranes, but reversibly associate with periplas-
mic factors on abortive assembly attempts or ‘‘backing up’’ of the transit
system. Furthermore, any model must take into account transit across the
peptidoglycan, which could conceivably occur either through gaps in the
peptidoglycan scaffolding or a bypass of the layer via proteinaceous adhe-
sion zones (Figure 6.1A and B) [18]. In any event, OMP substrates must
undergo assembly and insertion once they reach the OM. Until recently,
it was not known if this process occurred spontaneously or if a dedicated
assembly factor(s) was required for OMP assembly (Figure 6.1A). Indeed,
some OMPs have been shown to spontaneously fold in the presence of
some combination of LPS, periplasmic factors, and/or phospholipids
in vitro [19–21]. Although evidence suggests that these factors may indeed
play legitimate roles in OMP assembly, it was noted in some of these
same studies that the kinetics of spontaneous assembly are too slow to
account for in vivo observations and other factors were likely to be
involved.
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IV. Identificationof OMBiogenesis Factors: TheSearch
forNeedles inaHaystack

The quest for OM biogenesis factors using conventional genetic techni-
ques has historically proven to be an elusive challenge in E. coli due to
the essential nature of the envelope and the lack of appropriate selections.
To narrow the search for potential candidates, our laboratory sought to
establish a set of criteria that we predicted would hold true for all OM
assembly factors. The profile delineated four anticipated hallmarks. The
first and most obvious stipulation was that any major assembly factor would
be associated with the OM and it would have to be essential, since the OM
is required for viability. Second, should a partial loss-of-function mutation
be discovered in a gene encoding a putative OM assembly factor, it would
be expected to alter barrier function and cause measurable changes in OM
permeability. Third, we expected that a gene encoding an OM assembly
factor would be regulated by the sE stress response, which is essential for
growth [22] and is involved in the maintenance of homeostatic control of
the envelope under a variety of conditions [23]. Finally, we postulated that a
gene essential for the assembly of the OM would likely be conserved across
most, if not all, Gram-negative genera, and the gene would tend to cluster
near other genes expressing proteins of related function.

According to our profile approach, one gene in particular seemed to fit
the above criteria closely enough to warrant further investigation. This
gene, designated for increased membrane permeability (imp), was first
characterized in E. coli in 1989 in a genetic selection designed to search
for mutations that would increase OM permeability enough to allow large
maltodextrin molecules to freely diffuse across the barrier [24]. Mutations
in the imp locus that conferred this hyperpermeable phenotype were clearly
not null mutations, and the authors of this work postulated that the gene
might be essential [24]. In addition, it had been demonstrated that the imp
gene was expressed from a sE-dependent promoter [25]. Moreover, the
imp locus lay directly upstream of surA, a periplasmic chaperone with
peptidyl-prolyl isomerase activity that had been demonstrated to aid in
the assembly of some OMPs [26, 27].

Further examination of the imp gene by our laboratory confirmed that it
is indeed an essential gene in E. coli, and that the protein encoded by imp is
a large OM b-barrel protein [28]. The imp gene was also found to be
conserved in many Gram-negative bacteria [28]. Evidence that Imp is
involved in envelope biogenesis came from depletion studies; cells depleted
of Imp produce an abnormally high density membrane fraction consistent
with an envelope assembly defect [28].
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Other studies published since have strengthened the validity of the profile
approach in the search for an OM biogenesis factor. It was demonstrated
that Imp is involved in the transport of LPS to the cell surface in Neisseria
meningitidis [29]. Furthermore, sE-regulation of imp has since been con-
firmed by other groups [30, 31], the importance of which is clarified by
the finding that the stress response is not only induced in response to
misfolded OMPs, but to alterations in LPS as well [32]. It appears that the
essential role ofsE is not limited tomonitoring perturbations in theOM, but
that it may in fact coordinate a transcriptional network required for
maintaining the availability of envelope precursors throughout growth [31].

Using a biochemical approach, our laboratory in collaboration with
the Kahne laboratory identified an OM lipoprotein, annoted as rare
lipoprotein B (RlpB) [33], that copurifies with Imp [34]. We found that
RlpB matched at least two criteria outlined in our profile approach; the
gene is essential; and it is conserved in most Gram-negative bacteria, most
often occurring in organisms that also contain Imp ([34], unpublished
observations). It remains to be determined if the rlpB locus is regulated
by sE, but it is possible the gene has avoided detection in screens for sE-
regulated promoters as the low levels of protein in the cell may indicate low
levels of transcription at this promoter, even when induced. In addition, we
do not yet have a partial loss-of-function mutation in rlpB, but we would
predict that such a mutation would cause defects in OM permeability
similar to those conferred by imp partial loss-of-function mutations.

Depletion of RlpB results in phenotypes similar to those seen on Imp
depletion; the accumulation of mistargeted LPS and the consequent incor-
poration of phospholipids into the outer leaflet of the OM, the production
of ‘‘extra’’ membranes, and ultimately cell death [28, 29, 34]. The precise
role of RlpB is unknown; however, we know it is not required for the
stabilization of Imp, and that depletion of either Imp or RlpB has little
affect on OMP assembly [29, 34]. RlpB contributes in a significant way to
the LPS assembly pathway, and together with Imp functions to ensure
proper LPS localization [34].

In Section V, we describe a chemical genetic technique for identifying
additional genes for OM biogenesis factors. Many of the genes identified
closely fit the profile described above demonstrating the utility of these
criteria.

V. Chemical Conditionality:TheYfgLConnection
toOMAssembly

As described earlier, the imp locus was first discovered using a selection
to find mutants with increased OM permeability. Strains carrying one such
allele, imp4213, are hypersensitive to a wide array of toxic small molecules,
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including bile salts, vancomycin, and a hydrophobic derivative of vancomy-
cin, chlorobiphenyl-vancomycin (CBPV) [24, 35]. Our laboratory in col-
laboration with the Kahne laboratory sought to find suppressors of imp4213
by selecting for resistance to these compounds. We found that the quality
and quantity of suppressor types varied depending on the selection pressure
that was applied [36]. A high quality suppressor is defined as one that
restores the OM permeability barrier to near wild-type effectiveness,
whereas a low quality suppressor is one that improves the barrier enough
to prevent entry of only a small subset of toxic molecules. The quantity
of suppressor types refers to the number of mutation classes that answered
a given selection.

Vancomycin elicited highly specific selection pressure for imp4213 sup-
pressors because only one type of suppressor answered the selection for
vancomycin resistance, intragenic mutations in imp4213 itself. The quality
of these suppressors was high, as they could also confer a level of resistance
to all of our test molecules. Suppressors that arose on CBPV selection on
the other hand yielded only one additional type of suppressor, extragenic
mutations that lowered or abolished the production of YfgL, an OM
lipoprotein of unknown function. These suppressors did not restore barrier
function sufficiently enough to allow growth in the presence of vancomycin,
but surprisingly, they did restore the ability to grow in the presence of bile
salts. This important observation showed that YfgL was not itself a target of
the CBPV, but that disruption of YfgL improved the overall quality of
the imp4213 OM in such a way as to prevent the structurally different
CBPV and bile salts molecules from crossing the barrier, but not enough
to block vancomycin entry. Finally, bile salts applied the least specific
selection pressure of our test compounds, and resulted in multiple classes
of imp4213 suppressors. About half of the suppressor mutations were in
yfgL, and could therefore also confer CBPV resistance, but the remaining
suppressors could confer resistance to bile salts but not to CPBV or vanco-
mycin. This ‘‘chemical conditionality’’ approach elicited the continuum of
imp4213 suppressor classes depicted schematically in Figure 6.2 [36].

Strikingly, loss-of-function mutations in yfgL in cells that are wild type
for the imp allele compromise barrier function and also confer sensitivity
to CBPV, but not to bile salts. Thus both yfgL and imp4213 impair barrier
function but the mutations together improve barrier function. In a sense,
each mutation is a suppressor of the other. This suggests that YfgL and Imp
participate in different but related biochemical processes [36]. The genetic
connection between yfgL and imp and the fact that mutations in yfgL affect
OM permeability strongly implied that YfgL might also be involved in OM
biogenesis. Indeed, an additional phenotype of yfgL mutants is decreased
steady state levels of OMPs [37]. Furthermore, it has since been shown
that yfgL is regulated by the sE pathway [30, 31, 38].
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YfgL meets some of the criteria highlighted in our profile approach for
OM assembly factors. However, yfgL is not essential and the locus does
not appear to cluster with other known OM biosynthesis genes. Likely
reflecting the fact that YfgL is a nonessential OM assembly factor, we
find that there are homologues of yfgL scattered among OM-containing
bacteria, but a recognizable yfgL homologue is absent in several represen-
tative groups of Gram-negative bacteria and the gene does not necessarily
co-occur in genomes that contain imp (unpublished observations).

VI. Identificationand Characterizationof the
YaeTComplex

The genetic link between imp and yfgL implied a biochemical connec-
tion that may exist between the encoded proteins, and we set out to
determine if His-tagged YfgL would copurify with Imp [37]. Remarkably,
we could not detect an interaction between this OM lipoprotein and Imp,
but instead found that YfgL interacts with an OMP, YaeT, and two
other OM lipoproteins, YfiO and NlpB. This was an exciting discovery on
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FIG. 6.2. Continuum of suppressor quality and quantity elicited by chemical conditionality.

The set of chemicals elicited in our chemical conditionality approach were bile salts, CBPV,

and vancomycin. Exposure of a hypersensitive mutant, imp4213, to these compounds allowed

us to select for suppressors to each of these compounds. These suppressors do not alter the

mode of action of the compounds at their intracellular targets rather they alter the ability of

these compounds to reach their targets by improving the quality of the envelope to various

degrees. Vancomycin selection results in only intragenic imp4213 suppressors (imp4213*sup),

and these mutations suppress sensitivity to CBPV and bile salts. CBPV elicits one additional

suppressor, yfgL, which is of intermediate quality and allows imp4213 to grow in the presence

of CBPV and bile salts, but not vancomycin. Bile salts selection yields the highest number of

suppressors, approximately half of which are in yfgL, while the other half are composed of a

mixture of suppressors of relatively poor quality (supX) that only confer resistance to bile salts

and not CBPV or vancomycin [36].
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multiple levels. Most intriguing was the YaeT protein because published
data available at the time suggested that this protein fit at least three of
the four criteria that we predicted would describe an OM assembly factor.
First, homologues of yaeT were hypothesized or proven to be essential in
other organisms [39–42], although conflicting results clouded the essential
nature of yaeT in E. coli [25, 43]. Second, yaeT was reported to be regulated
by sE [25] and was subsequently confirmed by a later study [31]. Third,
the yaeT locus lies directly upstream of skp, a periplasmic chaperone [9];
furthermore, both genes are surrounded by a cluster of LPS biosynthesis
genes, a chromosomal arrangement that is preserved in multiple bacterial
genera [42]. Moreover, homologues of yaeT are found in virtually every
Gram-negative bacterium OM [42, 44] (except for perhaps the primitive
OMs of Chlorobacteria, or ‘‘green non-sulfur’’ bacteria [45]), and yaeT
homologues are present in eukaryotic mitochondria and chloroplasts [44].

The Wagner and Keegstra laboratories first noted that a cyanobacterial
homologue of yaeT, SynToc75, shared structural and possibly functional
homology with a protein importer located in the OM of chloroplasts, Toc75
[39, 46]. This finding was later extended by the van der Ley and Tommassen
groups to studies of a YaeT homologue in N. meningitidis, designated
Omp85 [41, 42]. The two groups independently demonstrated that deple-
tion of Omp85 led to severe alterations of the neisserial envelope; however,
they reached conflicting conclusions: the van der Ley group concluded that
depletion of Omp85 interfered with LPS assembly [41], whereas the Tom-
massen group concluded that depletion of Omp85 interfered with OMP
assembly [42]. It turns out that the Tommassen group was correct. In the
particular strain ofNeisseria in question, LPS is not essential. Imp is also not
essential in this strain [47], but Omp85 is [41, 42]. This reflects the fact that
Imp is required for LPS assembly while Omp85 is not [42]. The Tommassen
laboratory demonstrated that depletion of Omp85 leads to an accumulation
of misassembled OMPs, and that Omp85 can directly bind to multiple
OMP substrates [42]. Moreover, the YaeT/Omp85 homologues that
are conserved in the OM of mitochondria, termed Sam50 or Tob55 in
Saccharomyces cerevisiae and Neurospora crassa, respectively, have also
been shown to be responsible for the assembly of b-barrel proteins in the
OM of these eukaryotic organelles (see [48], and references therein).

In the meantime, our laboratory in conjunction with the Kahne labora-
tory set out to determine what effect, if any, the depletion of YaeT would
have on the OM of E. coli [37]. Our results confirmed that yaeT is indeed
essential inE. coli.We demonstrated that depletion of YaeT led to a drastic
reduction in the overall steady state levels of OMPs. Moreover, over the
course of time required for YaeT depletion, the levels of folded OMPs
decreased and this correlated with an increase in the level of misfolded
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OMPs [37]. Other groups have since confirmed our results, showing that
YaeT affects the assembly of all OMPs tested to date in E. coli, and has
little to no influence on the assembly of LPS [49, 50].

Incidentally, we have recent evidence that allows YaeT to fulfill the last
remaining prediction of our profile approach for an essential OM biogene-
sis factor, that partial loss-of-function mutations in such a gene would lead
to OM permeability defects. Characterization of one of the relatively ‘‘poor
quality’’ suppressors of imp4213 in the presence of bile salts (section V) led
to the discovery of a partial loss-of-function mutation in YaeT, designated
YaeT6 [51]. Although this mutation improves the quality of the imp4213
envelope, the yaeT6 allele in an impþ background demonstrates increased
OM sensitivity compared to the wild-type envelope [51]. The yaeT6 allele
exerts its phenotype independently of yfgL, as it has been shown that
YaeT6 does not render YfgL nonfunctional [51].

What effect do the OM lipoproteins associated with YaeT have on the
integrity of the OM, and what correlations can we make with our OM
assembly factor profile? All three lipoproteins are regulated by the sE

pathway in E. coli [25, 30, 31, 38], but only YfiO is essential for viability
[38, 52]. Strains producing C-terminal truncations of YfiO are still viable
and exhibit reduced levels of OMPs and an increase in OM permeability
similar to that of yfgL mutants [37]. Depletion of YfiO leads to similar
OMP defects as YaeT depletion, and YfiO depletion also has negligible
effects on LPS assembly [52]. This argues that YfiO and YaeT are integral
components of the OMP assembly machine in E. coli [52]. The importance
of YfiO is underscored by its high degree of conservation in most sequenced
representatives of Gram-negative bacteria [52]; however, there are some
examples of Gram-negative phyla that do not appear to contain an obvious
homologue of YfiO (unpublished observations).

NlpB, on the other hand, is the least ubiquitous of the YaeT complex
members among Gram-negative bacteria. Homologues of NlpB do not
appear to be present outside of the g and b subphyla of Proteobacteria
(unpublished observations). Phenotypes of nlpB mutants are extremely
subtle under normal laboratory conditions; reduction of OMPs and OM
permeability defects are reproducibly minor compared with wild type [37].
The severity of nlpB defects becomes clear only when combined with other
YaeT-complex mutants. For example, yfgL� nlpB� double mutants exhibit
irregular colony morphology and grow more slowly than either of the
individual mutants ([37], unpublished observations). Therefore, all three
OM lipoproteins of the YaeT complex appear to play some role in OMP
assembly, although the individual contributions of each factor are not yet
known. YfgL and NlpB appear to be auxiliary OM assembly factors, while
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YfiO, like YaeT, is required absolutely for OM biogenesis in E. coli, and
likely many other Gram-negative bacteria as well.

VII. Interactions Among YaeTComplexMembers

Biochemical immunoprecipitation of any member of the YaeT complex
results in the copurification of all of the remaining components of the
complex [37]. Using mutations that alter the lipoprotein components of
the complex, we could further probe which interactions are direct and
which are indirect [52]. For example, purification of the YaeT complex in
a YfgL� background has no effect on the ability of the rest of the complex
components to copurify. Similarly, purification of the YaeT complex in an
NlpB� context has no effect on the ability of the remaining members of the
complex to copurify. However, truncations in the C-terminus of YfiO
(YfiODC-term) result in weakened interactions between NlpB and the rest
of the YaeT complex, but do not affect the ability of YfgL to bind YaeT.
Therefore, it appears that YfgL and YfiO each directly interact with YaeT
at distinct sites, and that interaction of NlpB with YaeT may be indirect
and requires full-length YfiO protein to produce stable contacts with the
complex (Figure 6.3) [52].

YaeT

YfiONlpB YfgL

OM

FIG. 6.3. Proposed physical organization of the YaeT complex. Biochemical coprecipita-

tion experiments indicate that YfiO and YfgL each directly contact independent sites of the

YaeT protein. The C-terminus of YfiO is required for strong interactions between NlpB and

the rest of the YaeT complex, indicating that NlpB and YfiO directly interact. Genetic

evidence demonstrates that NlpB must share at least one additional contact with the YaeT

complex other than with the C-terminus of YfiO. While the identity of this additional contact

remains unknown, it is unlikely to be with YfgL (see text) [52]. The five POTRA domains of

YaeT are indicated in ovals, and the C-terminal b-barrel domain is depicted as residing within

the OM. The sketch is meant to demonstrate the existence of biochemical interactions

among the OM lipoproteins and YaeT, and not the precise domains of YaeT with which

YfiO and YfgL interact.
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One explanation for the above observations is that the C-terminus of the
YfiO protein is the sole point of contact required for NlpB interactions with
the complex. If this were true, then assuming that NlpB requires proper
localization to the YaeT complex for function, we would predict that the
YfiODC-term mutant would exhibit the same phenotype as a YfiODC-term

NlpB� double mutant. However, the YfiODC-term NlpB� double mutant is
temperature sensitive whereas either single mutant is not. In addition, the
YfiODC-term NlpB� double mutant has lowered levels of OMPs and
increased OM permeability relative to the YfiODC-term NlpBþ mutant
([52], unpublished observations). Therefore, we presume that the
C-terminus of YfiO is necessary for a strong interaction with NlpB, but
that one or more additional contacts may exist between NlpB and the YaeT
complex. These additional contacts may include interactions with YaeT,
some other as yet uncharacterized component of the complex, or some
portion of YfiO other than the C-terminus. We do not believe the addi-
tional contact(s) are with YfgL, given that loss of the YfgL lipoprotein has
no affect on the YfiO/NlpB subset of interactions with YaeT.

VIII. POTRADomains

As mentioned previously, YaeT belongs to a larger family of proteins
that appear to share a role in OMP assembly or transport. This evolution-
arily conserved group, referred to as the ‘‘bacterial-surface antigen’’ super-
family, can be separated into two main categories [48], those that assemble
OMPs into the OM of a cell or organelle, and those that transport peptide
substrates across the OM. The former group includes all YaeT/Omp85
bacterial homologues as well as the Tob55/Sam50-like proteins found in
the OMs of all plant and animal mitochondria [48]. The second group of
bacterial-surface antigen proteins is represented by two distinct OMP
families; the Toc75 proteins which form a translocation channel as part of
a general protein import pathway into chloroplasts [39, 46], and bacterial
OMPs that belong to the two-partner secretion systems (TPS), also known
as the type V secretion pathway [48, 53, 54]. The OMP components of
the TPS pathway (generally referred to as TpsB proteins) are inserted
into the OM and subsequently secrete a large exoprotein (generally
referred to as TpsA proteins) across the OM [53]. Although the TpsB
components of the TPS pathway share structural and possible functional
similarities to the more distantly related YaeT/Omp85 bacterial homolo-
gues, they are not present in most Gram-negative bacteria and are not
essential in E. coli [48, 53].
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What all members of the bacterial-surface antigen superfamily share in
common is a C-terminal OM b-barrel domain and a large N-terminal
periplasmic domain containing variable numbers of a structurally distinct
feature designated a POlypeptide TRanslocation Associated (POTRA)
domain (Figure 6.3) [42, 55]. POTRA domains are predicted to consist of
three b-strands with two a-helices occurring between the second and third
b-strands (b�b�a�a�b) [55]. For example, YaeT and Omp85 are pre-
dicted to contain five POTRA domains each, while Sam50/Tob55 and
TpsB proteins contain only one such domain [48, 55]. Interestingly, the
only other group of proteins aside from the bacterial-surface antigen super-
family that has been predicted to carry a POTRA domain is the FtsQ/DivIB
family of cell division proteins [55]. These proteins are predicted to contain
a single periplasmic POTRA domain, but unlike members of the bacterial-
surface antigen superfamily, are tethered to the IM through a single helical
transmembrane domain [56].

At the time of this writing, no structure containing a POTRA fold has
been published, but several observations have been made that may give us
some insight into the possible functions of POTRA domains. Available
evidence indicates that these regions are involved in the direct binding of
substrates. DivIB has been suggested to act as a chaperone to stabilize the
intrinsically unstable divisomal protein FtsL in Bacillus subtilis [56], and it
has been proposed that the POTRA domain of DivIB is specifically respon-
sible for this activity [57]. Furthermore, Toc75 of Pisum savitum plastids
were shown to require the N-terminal POTRA domain for substrate bind-
ing, whereas a more extreme N-terminal region outside of the POTRA
domain appeared to be required for complex formation of the different
components of the TOC translocon machinery [58].

We know that YaeT-like proteins also physically interact with purified
OMP substrates [42, 59]. If the POTRA domains of YaeT-like proteins are
responsible for the binding activity, it would be interesting to determine if
the interactions are required for OMP folding and/or reorganization of
OMP precursors prior to OM insertion, or whether the POTRA domains
merely provide a chaperone function in the form of a soluble scaffold prior
to the folding and assembly ofOMP intermediates by the b-barrel portion of
YaeT. Although the function of the POTRA domains is unknown, the
physiological relevance of these domains is evidenced by the fact that their
truncation from the b-barrel portion of YaeT leads to loss of viability in
E. coli [60]. It is also interesting to note that the yaeT6 partial loss-of-
function mutation (section VII) is an in-frame insertion of two amino acids
between codons 218 and 219 of YaeT, and is located just upstream of the
first of the two predicted a-helices within POTRA domain number 3 [51].
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The YaeT6 mutation leads to lower levels of OMPs and suggests that
alteration of a single POTRA domain can impair YaeT function [51].

IX. Properties of theYaeT-Likeb-BarrelDomains

The b-barrel domain of YaeT is predicted based on sequence analysis of
Omp85 to consist of 12 transmembrane strands [42]. It is possible that the
C-terminal b-barrel portion of the YaeT-like proteins serves no additional
function other than to anchor the periplasmic business end of the protein in
the correct orientation and provide functional interactions with other com-
ponents of the YaeT complex. Alternatively, the b-barrel domain could
promote a critical step in the OMP assembly/translocation pathway, either
separately or in conjunction with the N-terminal POTRA domains and
other YaeT complex members.

Various members of the bacterial-surface antigen superfamily appear to
formmultimers of four or five independent b-barrels in vitro. Purified Tob55
of N. crassa predominantly forms a five-ringed multimer of �15 nm in
diameter with a central pore of about 4–5 nm [59]. Purified complexes of
the TpsB protein HMW1B inHaemophilus influenzae exist mainly as tetra-
mers with a diameter of �8 nm and a central channel of �2.5 nm [54].
Although both of these studies demonstrated that the described multimeric
structures exhibit pore activity, it is unclear whether it is the individual
OMPs within each multimeric structure or the central channel within the
ring structures that is responsible for the pore activity (i.e., 4–5 pores per
complex vs 1 pore per complex). Structural analysis of Toc75 core com-
plexes by transmission EM indicates that the proteins assemble into struc-
tures of four or five OMPs per particle with a diameter of between 12 and
14 nm, and at least in this complex the individual OMPs appear to form
independent pores [61]. Interestingly, pore activity measured for reconsti-
tuted proteoliposomes of Toc75 and a cyanobacterial homologue of YaeT
was very low unless the N-terminal regions of the proteins were absent [58].

Taken together, these data suggest that the b-barrel of YaeT-like pro-
teins are conserved in their ability to form channels in the OM, either
independently or when present in a complex, and the N-terminal domains
of these proteins may function as a globular plug that gates the activity of
the resulting pores [58]. The b-barrel domain of YaeT has also been shown
to be sufficient for pore formation [60]. Whether this pore activity is
important for function in vivo remains to be determined, but, interestingly,
the pore activity of YaeT b-barrels appears to fluctuate and may reflect
a dynamic and flexible structure that could conceivably accommodate
OMP substrates in some form [60].
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X. Conclusions andFutureStudy

The field of OM biogenesis is undergoing a period of rapid advances with
the discovery of novel assembly factors identified using a combination of
genetic and biochemical approaches. The discovery of each new protein
offers the opportunity to add new pieces of information to what has been
the intractable puzzle of envelope biogenesis. In particular, there is
renewed promise that some aspects of OMP transport across the bacterial
membrane and its subsequent assembly will be better understood given the
identification of the YaeT complex and its role in OMP assembly; however,
this awaits further elucidation of the functions of each of these components.
YaeT-like proteins are a conserved feature responsible for assembling
b-barrel proteins in membranes found in organelles as diverse as Gram-
negative OMs and eukaryotic mitochondria, but the assembly process in
disparate organisms appears to be uniquely fine-tuned as the identity of
accessory complex components for a given YaeT-like protein are not
necessarily conserved.

Several models of OMP folding and insertion into the OM have been
proposed ([48], and reviewed in [60]). For example, the ‘‘folding and lateral
release’’ model proposes a mechanism analogous to that proposed for
transmembrane domains of IM proteins released from the SecYEG trans-
locon [2], whereby YaeT-like porins would undergo major structural rear-
rangements to reveal a transient lateral opening for release of b-hairpin
strands formed within the porin, but it has been argued that this model is
thermodynamically and structurally unlikely [48]. A similar hypothesis
evoked in reference to Tob55 proposes that the porin may provide an
‘‘Anfinsen-like’’ cage environment for OMPs to fold prior to release [59].
The ‘‘scaffold model’’ theorizes that Tob55 has an intramembrane
chaperone-like function that assists in the otherwise unfavorable b-strand
insertion into the OM [44]. This proposal is based on the ‘‘molten disk/
globule’’ intermediate, a model used to describe distinct kinetic phases
measured during spontaneous refolding of OmpA into lipid bilayers
in vitro and the observation that folding and insertion of OmpA b-hairpin
strands into the membrane appear to be coupled processes [62].

Yet another mystery to be resolved is whether OMP folding and inser-
tion into the OM are the last directed steps in the assembly pathway. What
prompts the rapid multimerization of trimeric porins? Is this a lipid-
catalyzed reaction that occurs subsequent to the release of monomeric
OMPs from the assembly machinery, or is some additional protein factor
required to initiate trimerization (Figure 6.1)?

We expect that future experiments will broaden our understanding
of the functional contributions of the b-barrel and POTRA domains of
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YaeT with regard to the folding and assembly of OMP substrates, and
should shed some insight into the mechanisms involved in these processes.
Furthermore, it will be interesting to elucidate if YaeT shares direct inter-
actions with other factors shown to assist in OMP assembly such as lipids,
chaperones, and folding factors [9, 62].
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I. Abstract

Bacterial lipoproteins represent a subset of membrane proteins posses-
sing a lipid-attached Cys at the N-terminus and are involved in various
activities in the cell envelope. Lipoprotein precursors are translocated
across the inner (cytoplasmic) membrane by a Sec translocon and processed
to the mature forms on the outer surface of the inner membrane. Mature
lipoproteins are anchored to membranes through their N-terminal lipid
moieties. The Lol system, which is composed of five Lol proteins, is con-
served in many Gram-negative bacteria and catalyzes the sorting of hydro-
phobic lipoproteins through the hydrophilic periplasm to the outer
membrane depending on the lipoprotein-sorting signal. The ABC trans-
porter LolCDE complex releases outer membrane lipoproteins from the
inner membrane as a lipoprotein–LolA complex. LolA is the periplasmic
carrier protein and transports lipoproteins across the periplasm to the outer
membrane. LolB in the outer membrane accepts lipoproteins from LolA
and then incorporates them into the outer membrane. Only the reaction
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catalyzed by the LolCDE complex depends on the lipoprotein-sorting
signal and requires ATP. The Asp residue at the second position of lipo-
proteins functions as a LolCDE avoidance signal, lipoproteins thereby
being retained in the inner membrane, whereas others direct lipoproteins
to the outer membrane. The crystal structures of LolA and LolB are similar
to each other, while their amino acid sequences are dissimilar. Here, we
discuss the mechanisms underlying the sorting signal-dependent membrane
detachment of lipoproteins by the LolCDE complex and subsequent
transport of lipoproteins to the outer membrane.

II. Introduction

A. STRUCTURE AND FUNCTION OF OUTER MEMBRANE PROTEINS IN

GRAM-NEGATIVE BACTERIA

The cell envelope of Gram-negative bacteria consists of the inner mem-
brane, the periplasm-containing peptidoglycans, and the outer membrane.
The inner membrane is a symmetric phospholipid bilayer, while the outer
membrane is an asymmetric bilayer possessing lipopolysaccharides (LPS)
in the outer leaflet and phospholipids in the inner leaflet (Figure 7.1). This
asymmetric bilayer contains a few major protein species and a number of
lipoproteins, which have a lipid-attached Cys at the N-terminus. The major
proteins span the outer membrane whereas most lipoproteins are anchored

Lipopolysaccharide
Outer membrane

Periplasm

Cytoplasm

Inner membrane

Phospholipid

Lipoprotein

Peptidoglycan

Lipoprotein

Phospholipid

FIG. 7.1. Structure of the E. coli envelope. The outer membrane is an asymmetrical bilayer

with LPS in the outer leaflet and phospholipids in the inner leaflet. In E. coli, lipoproteins are

anchored to the periplasmic surface of either the inner or outer membrane.
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to the outer membrane through the attached lipids. These proteins do not
have hydrophobic stretches that form a transmembrane a-helix and function
as stop transfer or signal anchor sequences [1]. Instead, the major outer
membrane proteins span the membrane through amphipathic b-strands pos-
sessing alternating hydrophobic residues, which do not cause the retention of
proteins in the inner membrane. Modification of lipoproteins with lipids
occurs on the outer surface of the inner membrane [2] and therefore does
not affect translocation of the protein moiety [3]. Thus, both the b structure
and lipid modification are characteristic of outer membrane-associated
proteins.

Out of 4289 open reading frames (ORFs) in the chromosome of the
Escherichia coli K12 strain, 898 are predicted to encode inner membrane
proteins [4]. According to the E. coli cell envelope protein data collection
(ECCE, http://www.cf.ac.uk/biosi/staff/ehrmann/tools/ecce/ecce.htm), 343
ORFs of the K12 strain are predicted to encode precursor proteins with
signal peptides. The database of bacterial lipoproteins (DOLOP, http://
www.mrc-lmb.cam.ac.uk/genomes/dolop/) predicts 86 putative lipoprotein
genes in the K12 strain genome [5], 50 ORFs of which are not listed in
ECCE. Furthermore, more than 100 ORFs have been predicted to encode
lipoproteins by others [6, 7]. Although it is not yet easy to predict b-barrel
proteins from their primary sequences, 118 ORFs are predicted to encode
integral b-barrel outer membrane proteins [8]. Based on these predictions,
the outer membrane seems to have about 100 minor b-barrel proteins,
a few major b-barrel proteins, and about 100 lipoproteins, while about
200 proteins are localized in the periplasm.

Many lipoprotein genes are also predicted in other bacteria. For exam-
ple, 114 are predicted for Gram-positive Bacillus subtilis [9] and 105 for
Lyme disease spirochaete Borrelia burgdorferi [10]. Lipoproteins in these
bacteria also seem to be responsible for various membrane-associated
activities. However, most lipoproteins including even those of E. coli have
no known function and are only predicted to be lipoproteins.

Biochemical examination of the proteins encoded by more than 100
putative lipoprotein genes revealed that E. coli possesses at least 90 lipo-
protein species [11, 12]. Disruption of each of the 90 lipoprotein genes
revealed that only two lipoproteins, LolB [13] and YfiO [14], were essential,
as reported. However, the disruption of many other genes made cells
temperature-sensitive, cold-sensitive, or hypersensitive to drugs. It has
been proposed that three lipoproteins, YfiO, YfgL, and NlpB, form a
complex with YaeT, which is an E. coli homologue of Omp85 [15, 16] and
are involved in outer membrane insertion of b-barrel proteins [17]. Indeed,
disruption of yfgL caused the disappearance of some proteins from the
outer membrane. The protein moieties of most E. coli lipoproteins are
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predicted to be soluble and are presumably exposed to the periplasm,
suggesting that they play important roles in various activities in the
periplasm.

In E. coli, lipoproteins are anchored to the periplasmic side of either the
inner or outer membrane depending on the lipoprotein-sorting signal [18].
Some Gram-negative bacteria are known to possess lipoproteins on the
outer surface of the outer membrane [19, 20]. In Gram-positive bacteria,
lipoproteins are anchored to the outer leaflet of the cytoplasmic membrane.

B. BIOGENESIS OF LIPOPROTEINS

Lipoproteins are each synthesized in the cytoplasm as a precursor with
an N-terminal signal peptide and are then translocated across the inner
membrane by the Sec translocon [2]. Lipoproteins that depend on the Tat
pathway for translocation across the inner membrane have not been
reported, although such lipoproteins may exist [21]. Targeting of E. coli
lipoproteins to the Sec translocon has not been extensively studied. How-
ever, CyoA, BRP, and Lpp have been shown to require the SRP pathway
[22, 23], while Lpp also utilizes the SecB pathway for targeting [23].

The maturation of lipoprotein precursors sequentially occurs on the
periplasmic surface of the inner membrane (Figure 7.2A). Phosphatidylgly-
cerol:prolipoprotein diacylglyceryl transferase (Lgt) recognizes the consen-
sus sequence -Leu-(Ala/Ser)-(Gly/Ala)-Cys-, called the lipobox, around the
cleavage site of the signal peptide and transfers the diacylglyceryl moiety
from phospatidylglycerol to the sulfhydryl group of Cys of the lipo-
box to yield a modified prolipoprotein. Signal peptidase II (LspA, also
called prolipoprotein signal peptidase) then recognizes the diacylglyceryl
cysteine and cleaves the signal peptide, rendering the S-lipidated Cys a new
N-terminus. The apolipoprotein thus formed is further modified with an
acyl chain at the amino group of the Cys by phospholipid:apolipoprotein
transacylase (Lnt) [24]. Mature lipoproteins therefore have an N-acyl-S-
diacylglyceryl-Cys at the N-terminus (Figure 7.2B). Lipoproteins of Gram-
positive bacteria are thought to lack the amino-linked acyl chain because
the gene for Lnt has not been found in them [2, 9, 25].

Since globomycin, an inhibitor of signal peptidase II, does not inhibit the
Sec-dependent translocation of OmpA, diacylglyceryl prolipoproteins seem
to be laterally extruded from the Sec translocon into the lipid bilayer. In this
case, the lipoprotein signal peptide may be regarded as a signal anchor
sequence of integral inner membrane proteins. It has been reported that
YidC is required for the targeting and translocation of some lipoproteins
[22, 23, 26–28].
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C. LIPOPROTEIN-SORTING SIGNALS

Lipoproteins are localized to either the inner or the outer membrane
depending on the lipoprotein-sorting signal. Yamaguchi et al. [29] first
proposed a rule for the membrane specificity of E. coli lipoproteins. They
found that replacement of Ser at position 2 by Asp caused inner membrane
localization of an outer membrane-specific lipoprotein. Furthermore,
replacement of Asp at position 2 by another residue caused outer mem-
brane localization of an inner membrane-specific lipoprotein. From these
observations, it was proposed that Asp at position 2 functions as an inner
membrane retention signal for lipoproteins, while other residues cause
outermembrane localization. It was later found that the residue at position 3
affects the inner membrane retention of lipoproteins due to Asp at position
2 [30]. Seydel et al. [31] constructed a maltose-binding protein (MalE)
derivative having a lipid-attached Cys at the N-terminus (lipoMalE).
When the lipoMalE derivative had Asp at position 2, a chromosomal
malE deletion mutant could grow in the presence of maltose as a sole source
of carbon because the derivative was localized in the inner membrane and
functioned as a maltose-binding protein. In contrast, the malE mutant did
not grow when lipoMalE derivatives were localized in the outer membrane.
It was then found that lipoMalE derivatives possessing Phe, Trp, Tyr, Gly, or
Pro at position 2 also supported mutant growth, indicating that Asp at
position 2 is not the sole inner membrane retention signal. The residue at
position 3 of lipoMalE was Asn in these experiments. However, it is note-
worthy thatE. coli native lipoproteins do not have Phe, Trp, Tyr, Gly, or Pro
at position 2. It has also been reported that the formation of a higher order of
conformation also affects the inner membrane retention of lipoproteins due
to Asp at position 2 [32].

When the residue at position 3 was Ser, only Asp at position 2 caused the
retention of lipoproteins in the inner membrane [33], indicating that Asp at
position 2 is the intrinsic inner membrane retention signal. Subsequent
comprehensive studies on the effect of residues at position 3 revealed that
the potency of Asp at position 2 as the inner membrane retention signal is
highest with Asp, Glu, or Gln at position 3 [33]. Importantly, all E. coli
lipoproteins with Asp at position 2 have one of these three amino acids at
position 3 [12], indicating that strong inner membrane signals are utilized by
native inner membrane lipoproteins. Asn at position 2 withAsp at position 3
was found in the inner membrane lipoprotein AcrE [34, 35] and also found
to function as the inner membrane retention signal [31, 33].
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III. Sortingof Lipoproteinsby the LolSystem

A. LOCALIZATION OF LIPOPROTEINS

Lipoproteins are extremely hydrophobic due to their N-terminal lipid
moiety. Lipoproteins to be localized in compartments other than the inner
membrane must cross the hydrophilic periplasm to reach their final desti-
nations after they have been processed to their mature forms on the inner
membrane. E. coli lipoproteins are localized on the periplasmic leaflet of
either the inner or the outer membrane. On the other hand, pullulanase,
PulA, of Klebsiella pullulanase is localized on the outer leaflet of the outer
membrane. The type II secretion system, which is composed of 15 proteins,
specifically mediates the transport of PulA from the periplasm to the outer
leaflet of the outer membrane [2]. Some bacteria, such as Borrelia species,
also have lipoproteins on the outer leaflet of the outer membrane [20, 36].
In this case, however, the mechanism is not known.

The localization of lipoproteins (Lol) system, which is the main subject
of this chapter, was identified inE. coli and found to be conserved in various
Gram-negative bacteria. The Lol system composed of five Lol proteins
catalyzes the transport of lipoproteins from the outer leaflet of the inner
membrane to the inner leaflet of the outer membrane depending on the
lipoprotein-sorting signal (Figure 7.3).

B. LOLA, A PERIPLASMIC CHAPERON FOR LIPOPROTEINS

Among the five Lol proteins, the first one identified was LolA, which is
required for the release of the major outer membrane lipoprotein Lpp from
spheroplasts. When Lpp was expressed in spheroplasts, it was processed to
the mature form but not released into the spheroplast supernatant, while
nonlipidated outer membrane proteins were released from the sphero-
plasts. However, Lpp was released into the supernatant when it was
expressed in the presence of concentrated periplasmic materials [37].
LolA, which is responsible for the Lpp-releasing activity, was then purified
as a 20-kDa protein from the periplasmic fractions and shown to form a
soluble complex with Lpp in a molar ratio of 1:1. LolA also caused the
release of other outer membrane lipoproteins such as Pal, NlpB, RlpA,
RlpB, Slp, LolB [38], and chimeric Lpp-b-lactamase lipoprotein, indicating
that LolA is generally required for the release of outer membrane lipo-
proteins. In contrast, LolA did not cause the release of inner membrane-
specific lipoproteins with Asp at position 2. These results revealed that the
LolA-dependent release determines whether lipoproteins are localized to
the outer membrane or remain in the inner membrane. LolA depletion

7. LIPOPROTEIN-SORTING BY THE LOL SYSTEM 157



caused the accumulation of outer membrane lipoproteins in the inner
membrane and severe inhibition of growth [39].

C. LOLB, AN OUTER MEMBRANE RECEPTOR FOR LIPOPROTEINS

When the lipoprotein–LolA complex reaches the outer membrane, lipo-
proteins are dissociated from LolA and incorporated into the outer mem-
brane [37, 40]. The incorporation of lipoproteins into the outermembranewas

Outer membrane

Inner membrane

ATP

ADP

Cytoplasm

Periplasm

LoIA LoIA

In

LoIC LoIE

LoID

LoIB Out

Out

Out
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FIG. 7.3. Sorting of lipoproteins to the outer membrane by the Lol system. ‘‘In’’ and ‘‘Out’’

represent the inner and outer membrane lipoproteins, respectively. The ABC transporter

LolCDE recognizes outer membrane lipoproteins and releases them from the inner mem-

brane, causing the formation of a complex between one molecule each of lipoprotein and

LolA, a periplasmic carrier protein. The LolA–lipoprotein complex traverses the periplasm to

the outer membrane, where lipoproteins are transferred to the receptor protein LolB and then

incorporated into the outer membrane. LolB is itself an outer membrane lipoprotein. Inner

membrane lipoproteins with Asp at position 2 avoid recognition by LolCDE and thus remain

anchored to the inner membrane.
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inhibited when the outer membrane was pretreated with trypsin, indicating
that a proteinaceous factor in the outermembrane is involved in this reaction.
This factor was identified and named LolB, which is itself a lipoprotein [40].
However, examination revealed that the membrane anchor was dispensable
for the LolB function. A LolB derivative, mLolB, lacking the N-terminal acyl
chain-attached Cys accepted lipoproteins from LolA and incorporated
them into the outer membrane. Moreover, mLolB also incorporated lipopro-
teins into the inner membrane and even liposomes (Tsukahara, Narita, and
Tokuda, unpublished data). These results indicate that mLolB targets asso-
ciated lipoproteins to the lipid bilayer and causes their incorporation into it.
LolB is essential for E. coli, and its depletion causes the accumulation of
lipoproteins in the periplasm [13, 40]. However, expression ofmLolB enabled
the E. coli DlolB strain to grow although the outer membrane-specific-
lipoproteins were transiently mislocalized to the inner membrane.

D. STRUCTURES OF LOLA AND LOLB

Both LolA and LolB have molecular masses of about 20 kDa and exhibit
common functions, that is, binding and transfer of lipoproteins. Despite
these similarities, their amino acid sequences are dissimilar. However, the
X-ray crystal structures of LolA and mLolB determined at 1.65- and 1.9-Å
resolution, respectively, revealed the striking similarity in their three-
dimensional structures [41]. Both have a hydrophobic cavity composed of
an unclosed b-barrel and an a-helical lid (Figure 7.4). Lipoproteins are
highly hydrophobic but become water soluble when they form a complex
with LolA or mLolB, suggesting that the lipid moiety of lipoproteins is
shielded in this hydrophobic cavity. The LolA lid is closed by the hydrogen
bonds between Arg at position 43 in the barrel and residues in the a1- and
a2 helices. Therefore, it is speculated that the lid opens when a lipoprotein
is accommodated in the hydrophobic cavity of LolA. On the other hand, the
hydrophobic cavity of mLolB is always open.

Mutational analyses of LolA revealed residues that are critical for the
transfer of lipoproteins to LolB [42–45]. Replacement of Arg at position 43
by Leu did not affect the ability to bind a lipoprotein, but abolished that to
transfer a lipoprotein to LolB. Further mutation of this residue revealed
that the amino acid residue at position 43 affects the efficiency of the
lipoprotein transfer to LolB. Hydrophobic residues at this position increase
the hydrophobic interaction between lipoprotein and LolA, thereby inhi-
biting the transfer of lipoproteins to LolB [44]. It was also found that the
hydrophobic interaction between LolA and lipoproteins is considerably
weaker than that between LolB and lipoproteins (Figure 7.5). This is
critically important for one-way transfer of lipoproteins from LolA to
LolB in an energy-independent manner.
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The three-dimensional structure of LolB revealed a novel Leu residue at
position 68. This residue is conserved among LolB homologues of the g
subdivision of proteobacteria and is located in the loop that protrudes into
the solvent region despite its hydrophobic nature [41] (Figure 7.4), suggest-
ing its importance for targeting to the lipid bilayer. Indeed, replacement of
Leu at position 68 by Glu or Arg abolished the membrane-targeting func-
tion of mLolB without affecting its ability to bind lipoproteins (Tsurumizu
et al., unpublished data).

E. LOLCDE, AN ABC TRANSPORTER MEDIATING THE MEMBRANE

DETACHMENT OF LIPOPROTEINS

1. Identification of the Lipoprotein-Releasing Apparatus

The LolA-dependent release of lipoproteins from right-side out mem-
brane vesicles required ATP [46]. GTP and UTP substituted for ATP while
ADP,AMP, or AMP-PNP, a nonhydrolyzable ATP analogue, did not cause

β 12

ββ 66

α 1

α 2

α 1

αα 33

α 3

α 2

F47

R43

C

C

N

N(10)
C

L68

ββ 55
ββ 44

αα 22

ββ 33

αα 33

α 1

ββ 1010
ββ 99

ββ 88

ββ 77
N

ββ 1111

αα 33

ββ 77

ββ 99

α1

ββ 1111
ββ 1010

ββ 1111

ββ 88
ββ 99

αα 22

ββ 22

ββ 11

β6

LolA (1.65 Å)

LolB (1.9 Å)

β5

β4

β3

β2

β1

310

N(10)

331010

331010

331010

C

F47F47

E144E144

E144

R43R43

L68L68

FIG. 7.4. Crystal structures of LolA and LolB. The LolA and LolB molecules are each

shown as a ribbon model. The structural information on LolA (1UA8) and LolB (1IWM) was

obtained from the RCSB protein data bank (http://pdb.protein.osaka-u.ac.jp/pdb/).

160 SHIN-ICHIRO NARITA AND HAJIME TOKUDA



the release of lipoproteins. Sodium vanadate completely inhibited the ATP-
dependent release of lipoproteins. Based on these observations, solubilized
innermembrane proteins and outermembrane-specific lipoprotein Pal were
reconstituted into proteoliposomes and then the release of Pal, which was
dependent on both LolA and ATP, was examined. The inner membrane
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FIG. 7.5. Intensity of the hydrophobic interaction between Lol factors and Pal. (A) Pal was

released from spheroplasts as a complex with LolA or the LolA(R43L) derivative and then

adsorbed to a TALON column through aHis-tag attached to the C-terminus of the LolA protein.

The mLolB–Pal complex was prepared by incubating the LolA–Pal complex with His-tagged

mLolB and also adsorbed to a TALON. The column was eluted with a linear gradient of

n-dodecyl-b-D-maltopyranoside (DDM), and fractions were analyzed by SDS-PAGE and immu-

noblotting with anti-LolA, -Pal, and -LolB antibodies. The left lane shows 50% amounts of

samples applied to the resin. A significant amount of Pal became dissociated from the wild-type

LolA with a very low concentration of DDM, whereas a higher concentration of DDM was

required for the dissociation of Pal from the LolA(R43L) derivative. The concentration of DDM

required to dissociate Pal frommLolBwas similar to that required for the dissociation fromLolA

(R43L), suggesting that the intensity of the hydrophobic interaction is similar for the LolA

(R43L)-Pal and mLolB–Pal complexes. This is most likely the reason why LolA(R43L) cannot

transfer lipoproteins toLolB. (B)Energy-independent transfer of lipoproteins fromLolA toLolB

to the outer membrane takes place in the direction inwhich the affinity for lipoproteins increases.

Therefore, the LolA–lipoprotein interaction should be weak, otherwise lipoprotein transfer to

LolB would be inhibited, causing accumulation of lipoproteins in the periplasm.

7. LIPOPROTEIN-SORTING BY THE LOL SYSTEM 161



proteins responsible for the lipoprotein release were then purified by suc-
cessive chromatographies. N-terminal sequencing revealed that one of the
proteins purified was the product of ycfV, and possessed Walker A and B
motifs and an ABC signature motif (Figure 7.6A), the last of which is a
characteristic sequence of ABC ATPases [47]. The ycfV gene (o228b) is
flanked by two genes, ycfU and ycfW, encoding putative transmembrane
proteins, suggesting that the three genes form a single transcriptional unit [3,
48]. The products of these three genes formed a complex and exhibited
lipoprotein-releasing activity when reconstituted into proteoliposomes.
This complex, designated as LolCDE, was composed of one copy each of
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FIG. 7.6. Structure of the LolCDE complex. (A) Schematic representation of conserved

regions of LolD. The graphical representation of the LolDmotif was generated usingWebLogo

software [78], by aligning the sequences of orthologues from the a, b, g and d subdivisions of

Gram-negative proteobacteria. (B) Topology of the LolCDE complex. Both LolC and LolE

span the membrane four times, and have a large domain exposed to the periplasm between the

first and second transmembrane helices. The membrane topology of LolC and LolE is based on

prediction and biochemical analyses (Yasuda et al., unpublished data).
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transmembrane proteins LolC (YcfU) and LolE (YcfW), and two copies of
ATPase LolD (YcfV; Figure 7.6).

ABC transporters, both importers and exporters, mediate the transmem-
brane movement of substrates. On the other hand, the LolCDE complex
mediates the release of lipoproteins after they have been translocated across
the inner membrane by the Sec translocon. Defective LolD mutations had
no effect on the generation of mature lipoproteins. These results indicate
that LolCDE is involved in neither the translocation of lipoprotein precur-
sors across the inner membrane nor the formation of mature lipoproteins
[3]. E. coli has been predicted to possess 57 ABC transporters [48]. So far as
reported, only two ABC transporters, LolCDE [49] and MsbA [50], are
essential for the growth of E. coli. MsbA has been proposed to catalyze
the transmembrane movement of LPS [51, 52]. In addition to LolA and
LolB, LolC, LolD, and LolE are essential for E. coli growth. Depletion of
LolCDE did not affect the translocation of lipoprotein precursors across the
inner membrane but inhibited the release of lipoproteins [49]. These results
indicate that the LolCDE complex is the sole apparatus mediating the
release of E. coli lipoproteins.

ABC transporters generally have more than 10 transmembrane segments
(TMS) [47, 53]. In contrast, both LolC and LolE span the membrane four
times with a large domain exposed to the periplasm (Figure 7.6B; Yasuda
et al., unpublished data). Therefore, the total number of TMS in the LolCDE
complex is eight, which is less than that inmost otherABC transporters. This
may be related to the unique function of the LolCDE complex, which
catalyzes the release of substrates from the outer leaflet of the lipid bilayer.

2. Effect of Sorting Signals on the Recognition of Lipoproteins
by LolCDE

Proteoliposomes reconstituted with the LolCDE complex did not release
Pal(S2D), which is a derivative of Pal and has Asp in place of Ser at position
2, indicating that lipoprotein-sorting signals function at the release step [3].
Furthermore, these results also indicate that no factor other than LolA and
the LolCDE complex is required for recognition of the sorting signals. The
ATPase activity of the LolCDE complex was stimulated by Pal but not by
Pal(S2D) [54]. Moreover, the release of Lpp by the LolCDE complex from
proteoliposomes was competitively inhibited by an excess amount of Pal,
whereas an excess amount of Pal(S2D) had no effect [54]. Taken together,
these results revealed an intriguing property of the inner membrane signal,
that is, Asp at position 2 functions as the LolCDE avoidance signal, causing
retention of lipoproteins in the inner membrane (Figure 7.7).

ATP hydrolysis by ABC transporters is generally stimulated by their
substrates, although the extent of stimulation varies with the transporter.
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Stimulation of the ATPase activity of LolCDE by Pal was observed in the
absence of LolA. Moreover, a leaky LolCDE mutant causing the misloca-
lization of inner membrane lipoproteins to the outer membrane has been
isolated [55]. This mutant carried an Ala to Pro mutation at position 40 of
LolC. Both LolA and LolB interacted with inner membrane lipoproteins
released through the action of this LolC mutant, causing the localization of
inner membrane lipoproteins in the outer membrane. These results, taken
together, indicate that lipoprotein-sorting signals only function at the
LolCDE complex.

An apolipoprotein lacking the amino-linked acyl chain was not released
from proteoliposomes [56], indicating that the N-acylation of lipoproteins is
essential for the recognition by the LolCDE complex. Depletion of Lnt
in vivo also resulted in the accumulation of apolipoproteins in the inner
membrane [57]. However, it should be pointed out that the mode of lipid
modification at the N-terminal Cys is the same whether lipoproteins are
specific to the inner or the outer membrane [56], indicating that the
lipoprotein-sorting signal does not affect lipid modification but functions
as a determinant of membrane localization.

To further understand the functions of the residue at position 2, Pal(S2C)
possessing Cys in place of Ser at position 2 was subjected to Cys-specific
chemical modification, and the subsequent release reaction was examined in
reconstituted proteoliposomes. The release of Pal(S2C) was not affected by
modification with large nonprotein molecules such as iodoacetyl biotin [58],
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indicating that LolCDE releases lipoproteins without recognizing the struc-
ture of the residue at position 2 (Figure 7.7). Then the question arises;
how Asp at position 2 functions as the LolCDE avoidance signal and causes
the retention of lipoproteins in the inner membrane. The answer is most
likely the participation of membrane phospholipids in the avoidance mech-
anism. Cys at position 2 of Pal(S2C) in proteoliposomes was not modified
with membrane-impermeable SH-specific reagent, indicating that the
residue at position 2 of lipoproteins is not exposed to the solvent [58].
E. coli contains phosphatidylethanolamine (PE), phosphatidylglycerol,
and cardiolipin (CL) as major phospholipids. When proteoliposomes
contained a mixture of these three phospholipids, the LolCDE complex
released lipoproteins in a sorting signal-dependent manner. On the other
hand, chemical modification of PE with an amine-specific reagent, sulfo-N-
hydroxysuccinimide acetate, resulted in the release of not only Pal but also
Pal(S2D). When proteoliposomes were reconstituted with CL alone, Pal
(S2D) was released in LolCDE- and LolA-dependent manners [58]. When
Asp at position 2 was modified with a carboxylate-specific reagent, the
avoidance function was abolished even in proteoliposomes reconstituted
with E. coli phospholipids [58]. Taken together, these results suggest that
the positive charge of PE and the negative charge ofAsp are required for the
avoidance function, presumably for electrostatic interaction. Although Glu
at position 2 does not function as an inner membrane signal [30, 33], oxida-
tion ofCys at position 2with performic acid to cysteic acid caused generation
of the LolCDE avoidance signal. The distance between Ca and the negative
charge of Asp is 2.72–3.69 Å, which is similar to that in the case of cysteic
acid (2.87–3.95 Å), while the distance for Glu is 4.27–4.93 Å [58]. These
results indicate that the Lol avoidance signal should have a negative charge
that is within a certain distance from Ca of the second residue. From
these observations, it has been proposed that the steric and electrostatic
interactions betweenAsp at position 2 of lipoproteins and PE are critical for
the LolCDE avoidance mechanism. It is speculated that the N-terminal
conformation of inner membrane lipoproteins is distinct from that of outer
membrane lipoproteins due to these interactions, inhibition of the recogni-
tion by LolCDE thereby being caused [58]. The A40P mutation of LolC
mentioned above may alter the conformation of the LolCDE complex
so that it can accept the unique conformation of the N-terminal region of
inner membrane lipoproteins.

PE is known as a nonbilayer lipid [59] and has been proposed to be
important for the functions of various membrane proteins [60–63]. CL also
forms nonbilayer structures in the presence of a high concentration of mag-
nesium ions [64]. It was found that the phospholipid composition affects
not only the Lol avoidance function of Asp at position 2 but also the activity
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of the LolCDE complex. BothATP hydrolysis and the release of lipoproteins
by LolCDE reconstituted into CL proteoliposomes significantly increased
with an increase in the concentration of Mg2þ. However, the Lol avoidance
function ofAspwas not seen in theCLproteoliposomes and innermembrane-
specific lipoproteins were efficiently released in the presence of a high con-
centration ofMg2þ (Miyamoto and Tokuda, unpublished data). These results
suggest that the nonbilayer structureof phospholipids enhances the activity of
LolCDE, while the positive charge of phospholipids plays an important role
in lipoprotein sorting. Therefore, PE has dual functions: one is the specific
interaction with Asp at position 2 of inner membrane lipoproteins, and the
other is the stimulation of the LolCDE activity. In contrast, CL in the
presence of a high concentration of Mg2þ has only the latter function. An
E. coli mutant that cannot synthesize PE has been isolated. This mutant
requires �50-mM Mg2þ for growth and contains CL and PG, each at about
50% [65]. However, the localization of lipoproteins in this mutant is normal
even though PE is completely absent (Miyamoto et al., unpublished data).
It was then found that phosphatidylglycerol causes the retention of inner
membrane lipoproteins through preferential inhibition of the release of
lipoproteins with Asp at position 2.

3. Role of ATP Energy in the Transport of Outer
Membrane Lipoproteins

The only step that requires exogenous energy input is the lipoprotein
release reaction catalyzed by LolCDE in the presence of LolA. This step
most likely involves the opening of the LolA lid, which was revealed by
X-ray crystallographic analysis [41]. For this, the energy obtained through
ATP hydrolysis by LolD on the cytoplasmic side of the inner membrane
should be transferred to LolC and/or LolE, and then utilized for both the
membrane detachment of lipoproteins and opening of the LolA lid. Com-
munication between LolD and LolC/LolE is therefore critically important
but scarcely understood.

The sequence between the Walker A and ABC signature motifs is highly
conserved among LolD homologues of proteobacteria but not other ABC
transporters of E. coli [3]. This sequence, the LolD motif, comprises 32 resi-
dues (Figure 7.6A) and has been speculated to be a contact site with LolC/E
based on the crystal structures of other ABC transporters [66, 67]. Targeted
random mutagenesis of these 32 residues resulted in the isolation of
dominant-negative mutants, whose overexpression arrested the growth of
E. coli cells despite the chromosomal lolDþ background. Some mutations
lowered the ATPase activity of the LolCDE complex with little effect on the
ATPase activity of the LolD subunit, suggesting that these mutations per-
turbed the communication between themembrane-spanning subunits and the
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ATPase subunit. Indeed, the dominant-negative phenotype of these LolD
mutants could be suppressed by secondary mutations in LolC or LolE [68].
Interestingly, mutations of the LolC suppressors were mainly located in the
periplasmic loopwhereas ones ofLolE suppressorsweremainly located in the
cytoplasmic loop, suggesting that the mode of interaction with LolD differs
between LolC and LolE.

4. Closer Look at the Molecular Events in the Initial Sorting Reactions

When the LolCDE complex was purified in the absence of ATP, various
outer membrane lipoproteins, but not inner membrane ones, were copur-
ified. In contrast, when ATP was present during the purification procedure,
no lipoproteins were associated with the purified LolCDE complex (Ito
et al., unpublished data). These results indicate that the liganded LolCDE
complex represents the intermediate of the lipoprotein release reaction
formed in the inner membrane. LolCDE is the first example of an ABC
transporter that was isolated with tightly bound substrates. ATP caused
dissociation of lipoproteins from the liganded LolCDE in a detergent-
dependent manner, indicating that the interaction between LolCDE
and lipoproteins is hydrophobic. ATP hydrolysis was not required for this
dissociation. The Km for ATP was higher with liganded LolCDE than with
unliganded LolCDE, whereas they exhibited similar Vmax values. Based on
these observations, detailed molecular events occurring in the inner mem-
brane are speculated to be as follows: (1) The sorting cycle is initiated
by binding of outer membrane-specific lipoproteins to LolC/E in an
ATP-independent manner, resulting in an increase in the affinity of LolD
forATP. Liganded LolCDE can be purified at this stage. (2) ATP binding to
LolD causes a decrease in the affinity of LolC/E for lipoproteins through a
conformational change. Unliganded LolCDE can be purified at this stage.
(3) ATP hydrolysis induces membrane detachment of lipoproteins and
formation of the LolA–lipoprotein complex. This step most likely involves
opening of the LolA lid for the accommodation of lipoproteins in its hydro-
phobic cavity, as discussed earlier. It is difficult to maintain the amount
of lipoproteins in proteoliposomes sufficiently high enough for a continuous
release reaction. Therefore, the ATPase activity of the LolCDE complex,
which is tightly coupled to the release reaction, remains to be determined.

5. Evolutionary Conservation of the Lol System

Five Lol factors, LolA through LolE, are highly conserved in the g
subdivision of proteobacteria. Moreover, bacteria in other subdivisions
also possess Lol factors, although some bacteria lack the gene for LolE.
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The lipoprotein-releasing ABC transporters in these bacteria most likely
each function as a dimer of the LolC-LolD heterodimer. It seems certain
that the Lol system is conserved among Gram-negative bacteria and func-
tions to sort a number of lipoproteins to outer membranes. Sequences
similar to the LolD motif are also found in the ABC proteins of Gram-
positive bacteria such as Actinomycetes. The salX gene of Streptococcus
salivarius encodes the ABC subunit of the export machinery for lantibiotic.
SalX exhibits moderate sequence similarity with LolD throughout its
sequence, including the region that corresponds to the LolD motif.
It should be pointed out that some LolD homologues of Gram-negative
bacteria are incorrectly designated as antimicrobial peptide transporters.
The MJ0796 protein of Methanococcus jannaschii, an archaea, is also a
LolD homologue and was crystallized [69]. The structure of this protein
provides valuable information, although it is not clear whether it exhibits
any functional relation to LolD.

Gram-negative bacteria, such asBrucella suis andDesulfovibrio vulgaris,
apparently lack the gene for LolB, while they possess those for LolC, LolD,
and LolA. The outer membrane lipoproteins of these bacteria may be
released from the inner membrane through a mechanism homologous to
that of E. coli, but may be incorporated into outer membranes through a
different mechanism. It may be possible that a certain outer membrane
protein or lipoprotein has a dissimilar sequence to LolB but retains the
LolB function. Alternatively, LolA of these bacteria may also have
the LolB function.

Despite conservation of the Lol system, the sorting signals of lipopro-
teins may not always be conserved in Gram-negative bacteria, in which
more than 2000 putative lipoprotein genes have been found [5]. Inner
membrane lipoproteins that have residues other than Asp are found in
many bacteria. The chromosome and plasmids of spirochaete B. burgdor-
feri encode more than 130 potential lipoproteins, many of which are
assumed to be located on the outer surface of the outer membrane
[10, 70]. It was found that neither the inner membrane localization of
OppAIV nor the outer surface localization of OspA is determined by the
residue at position 2 [20]. Moreover, it was proposed through the use of a
fluorescent reporter protein, that Borrelia lipoproteins are localized on the
outer surface by default, but are retained on the inner membrane through
an unknown mechanism. Neisseria meningitides, which belongs to the
b subdivision of proteobacteria, has a complete set of Lol factors. Two of
the three homologues of NeisserialDsbA are lipoproteins and are involved
in the formation of disulfide linkages in the periplasm. The one has Ser and
the other Asp at position 2, while both lipoproteins are localized in the
inner membrane [71]. Therefore, the residue at position 2 does not seem
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to determine the inner membrane localization of these DsbA homologues.
AcrA is an inner membrane lipoprotein with Asp at position 2 and con-
stitutes a multidrug-efflux pump with AcrB and TolC in E. coli. However,
the AcrA homologue of Pseudomonas aeruginosa, MexA, has Gly at posi-
tion 2. Detailed in vivo analyses revealed that Lys at position 3 and Ser at
position 4, but not Gly at position 2, are critical for the inner membrane-
retention of MexA (Narita and Tokuda, unpublished data), although these
two residues are not conserved among paralogues of MexA. Lipoprotein-
sorting signals in P. aeruginosa were also examined in proteoliposomes
reconstituted with P. aeruginosa LolCDE in the presence of P. aeruginosa
LolA. Lys and Ser at positions 3 and 4, respectively, were found to retain
lipoproteins in proteoliposomes. Interestingly, Asp at position 2 also func-
tioned as an inner membrane retention signal (Tanaka, Narita, and Tokuda,
unpublished data). Taken together, these observations indicate that Asp at
position 2 is a general LolCDE avoidance signal, which is independent of
the origin of Lol factors, while the Lys-Ser residues at positions 3 and 4 are
species-specific inner membrane retention signals. It remains to be clarified
whether or not the Lys-Ser signals also function as a LolCDE avoidance
signal in P. aeruginosa. Taken together, the mechanism for the sorting
of lipoproteins seems to be more diverse and complex than previously
proposed [58].

F. PERSPECTIVES

Lipid modification of proteins is an effective strategy by which even
hydrophilic proteins can be localized in membranes. Replacement of the
signal peptides of some outer membrane lipoproteins, such as CsgG and
Wza, with nonlipoprotein type signal peptides inhibited their correct assem-
bly and functions [72, 73]. On the other hand, membrane localization by the
lipid anchor is dispensable for the functions of some lipoproteins [74, 75],
whereas the lipid anchor is important for the efficiency of correct localiza-
tion of other lipoproteins [76, 77]. As far as the Lol system is concerned,
the N-terminal Cys with attached acyl chains is essential for the recognition
by LolCDE (Figure 7.7). The mode of recognition of lipoproteins by
the LolCDE complex has been extensively studied in the last few years.
It has been revealed in E. coli that residues other than Asp at position 2
have no effect on the recognition of lipoproteins by LolCDE. Asp at
position 2 is considered to interact with phospholipids and to disturb
recognition of the N-terminal Cys by the LolCDE complex. However, the
interaction between the Asp residue and phospholipids has not been
directly proved. In addition to the effect on the Lol avoidance function of
Asp, the phospholipid composition was found to significantly affect the
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ATPase and lipoprotein-releasing activities of LolCDE. Moreover,
lipoprotein-sorting signals were found to be diverse in Gram-negative
bacteria even though the Lol system is widely conserved. To understand
the general mechanism by which bacterial lipoproteins are sorted, detailed
analyses of the LolCDE complex of various bacteria are required.
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23. Fröderberg, L., Houben, E.N., Baars, L., Luirink, J., and de Gier, J.W. (2004). Targeting

and translocation of two lipoproteins in Escherichia coli via the SRP/Sec/YidC pathway.

J Biol Chem 279:31026–31032.

24. Sankaran, K., and Wu, H.C. (1994). Lipid modification of bacterial prolipoprotein. Trans-

fer of diacylglyceryl moiety from phosphatidylglycerol. J Biol Chem 269:19701–19706.

25. Sutcliffe, I.C., and Harrington, D.J. (2002). Pattern searches for the identification

of putative lipoprotein genes in gram-positive bacterial genomes. Microbiology

148:2065–2077.

26. Samuelson, J.C., Jiang, F., Yi, L., Chen, M., de Gier, J.-W., Kuhn, A., and Dalbey, R.E.

(2001). Function of YidC for the insertion ofM13 procoat protein inEscherichia coli. J Biol

Chem 276:34847–34852.

27. du Plessis, D.J., Nouwen, N., and Driessen, A.J. (2006). Subunit A of cytochrome o

oxidase requires both YidC and SecYEG for membrane insertion. J Biol Chem

281:12248–12252.

28. Celebi, N., Yi, L., Facey, S.J., Kuhn, A., and Dalbey, R.E. (2006). Membrane biogenesis of

subunit II of cytochrome bo oxidase: contrasting requirements for insertion of N-terminal

and C-terminal domains. J Mol Biol 357:1428–1436.

29. Yamaguchi, K., Yu, F., and Inouye, M. (1988). A single amino acid determinant of the

membrane localization of lipoproteins in E. coli. Cell 53:423–432.

30. Gennity, J.M., and Inouye, M. (1991). The protein sequence responsible for lipoprotein

membrane localization in Escherichia coli exhibits remarkable specificity. J Biol Chem

266:16458–16464.

7. LIPOPROTEIN-SORTING BY THE LOL SYSTEM 171



31. Seydel, A., Gounon, P., and Pugsley, A.P. (1999). Testing the ‘2 rule’ for lipoprotein sorting

in the Escherichia coli cell envelope with a new genetic selection. Mol Microbiol

34:810–821.

32. Robichon, C., Bonhivers, M., and Pugsley, A.P. (2003). An intramolecular disulphide bond

reduces the efficacy of a lipoprotein plasma membrane sorting signal. Mol Microbiol

49:1145–1154.

33. Terada, M., Kuroda, T., Matsuyama, S., and Tokuda, H. (2001). Lipoprotein sorting signals

evaluated as the LolA-dependent release of lipoproteins from the inner membrane of

Escherichia coli. J Biol Chem 276:47690–47694.

34. Klein, J.R., Henrich, B., and Plapp, R. (1991). Molecular analysis and nucleotide sequence

of envCD operon of Escherichia coli. Mol Gen Genet 230:230–240.

35. Seiffer, D., Klein, J.R., and Plapp, R. (1993). EnvC, a new lipoprotein of cytoplasmic

membrane of Escherichia coli. FEMS Microbiol Lett 107:175–178.

36. Brandt, M.E., Riley, B.S., Radolf, J.D., and Norgard, M.V. (1990). Immunogenic integral

membrane proteins of Borrelia burgdorferi are lipoproteins. Infect Immun 58:983–991.

37. Matsuyama, S., Tajima, T., and Tokuda, H. (1995). A novel periplasmic carrier protein

involved in the sorting and transport of Escherichia coli lipoproteins destined for the outer

membrane. EMBO J 14:3365–3372.

38. Yokota, N., Kuroda, T., Matsuyama, S., and Tokuda, H. (1999). Characterization of the

LolA-LolB system as the general lipoprotein localization mechanism of Escherichia coli.

J Biol Chem 274:30995–30999.

39. Tajima, T., Yokota, N., Matsuyama, S., and Tokuda, H. (1998). Genetic analyses of the

in vivo function of LolA, a periplasmic chaperone involved in the outer membrane

localization of Escherichia coli lipoproteins. FEBS Lett 439:51–54.

40. Matsuyama, S., Yokota, N., and Tokuda, H. (1997). A novel outer membrane lipoprotein,

LolB (HemM), involved in the LolA (p20)-dependent localization of lipoproteins to the

outer membrane of Escherichia coli. EMBO J 16:6947–6955.

41. Takeda, K., Miyatake, H., Yokota, N., Matsuyama, S., Tokuda, H., and Miki, K. (2003).

Crystal structures of bacterial lipoprotein localization factors, LolA and LolB. EMBO J

22:3199–3209.

42. Miyamoto, A., Matsuyama, S., and Tokuda, H. (2001). Mutant of LolA, a lipoprotein-

specific molecular chaperone ofEscherichia coli, defective in the transfer of lipoproteins to

LolB. Biochem Biophys Res Commun 287:1125–1128.

43. Miyamoto, A., Matsuyama, S., and Tokuda, H. (2002). Dominant-negative mutant of a

lipoprotein-specific molecular chaperone, LolA, tightly associates with LolCDE. FEBS

Lett 528:193–196.

44. Taniguchi, N., Matsuyama, S., and Tokuda, H. (2005). Mechanism underlying energy-

independent transfer of lipoproteins from LolA to LolB, which have similar unclosed

b-barrel structures. J Biol Chem 280:34481–34488.

45. Watanabe, S., Matsuyama, S., and Tokuda, H. (2006). Roles of the hydrophobic cavity and

lid of LolA in the lipoprotein transfer reaction in Escherichia coli. J Biol Chem

281:3335–3342.

46. Yakushi, T., Yokota, N., Matsuyama, S., and Tokuda, H. (1998). LolA-dependent release

of a lipid-modified protein from the inner membrane of Escherichia coli requires nucleo-

tide triphospate. J Biol Chem 273:32576–32581.

47. Holland, I.B., and Blight, M.A. (1999). ABC-ATPases, adaptable energy generators

fuelling transmembrane movement of a variety of molecules in organisms from bacteria

to humans. J Mol Biol 293:381–399.

48. Linton, K.J., and Higgins, C.F. (1998). The Escherichia coli ATP-binding cassette (ABC)

proteins. Mol Microbiol 28:5–13.

172 SHIN-ICHIRO NARITA AND HAJIME TOKUDA



49. Narita, S., Tanaka, K., Matsuyama, S., and Tokuda, H. (2002). Disruption of lolCDE,

encoding an ATP-binding-cassette transporter, is lethal for Escherichia coli and prevents

the release of lipoproteins from the inner membrane. J Bacteriol 184:1417–1422.

50. Doerrler, W.T., Reedy, M.C., and Raetz, C.R.H. (2001). An Escherichia coli mutant

defective in lipid export. J Biol Chem 276:11461–11464.

51. Doerrler, W.T., Gibbons, H.S., and Raetz, C.R.H. (2004). MsbA-dependent translocation

of lipids across the inner membrane of Escherichia coli. J Biol Chem 279:45102–45109.

52. Tefsen, B., Bos, M.P., Beckers, F., Tommassen, J., and de Cock, H. (2005). MsbA is

not required for phospholipid transport in Neisseria meningitidis. J Biol Chem

280:35961–35966.

53. Biemans-Oldehinkel, E., Doeven, M.K., and Poolman, B. (2006). ABC transporter archi-

tecture and regulatory roles of accessory domains. FEBS Lett 580:1023–1035.

54. Masuda, K., Matsuyama, S., and Tokuda, H. (2002). Elucidation of the function of

lipoprotein-sorting signals that determine membrane localization. Proc Natl Acad Sci

USA 99:7390–7395.

55. Narita, S., Kanamaru, K., Matsuyama, S., and Tokuda, H. (2003). A mutation in the

membrane subunit of an ABC transporter LolCDE complex causing outer membrane

localization of lipoproteins against their inner membrane-specific signals. Mol Microbiol

49:167–177.

56. Fukuda, A., Matsuyama, S., Hara, T., Nakayama, J., Nagasawa, H., and Tokuda, H. (2002).

Aminoacylation of the N-terminal cysteine is essential for Lol-dependent release of

lipoproteins from membranes but does not depend on lipoprotein sorting signals. J Biol

Chem 277:43512–43518.

57. Robichon, C., Vidal-Ingigliardi, D., and Pugsley, A.P. (2005). Depletion of apolipoprotein

N-acyltransferase causes mislocalization of outer membrane lipoproteins in Escherichia

coli. J Biol Chem 280:974–983.

58. Hara, T., Matsuyama, S., and Tokuda, H. (2003). Mechanism underlying the inner mem-

brane retention of E. coli lipoproteins caused by Lol avoidance signals. J Biol Chem

278:40408–40414.

59. Gruner, S. (1985). Intrinsic curvature hypothesis for biomembrane composition: a role for

nonbilayer lipids. Proc Natl Acad Sci USA 82:3665–3669.

60. Curnow, P., Lorch, M., Charalambous, K., and Booth, P.J. (2004). The reconstitution

and activity of the small multidrug transporter EmrE is modulated by non-bilayer lipid

composition. J Mol Biol 343:213–222.

61. Booth, P.J., Curran, A.R., Templer, R.H., Lu, H., and Meijberg, W. (2001). Manipulating

the folding of membrane proteins: using the bilayer to our advantage. Biochem Soc Symp

68:27–33.

62. van der Does, C., Swaving, J., van Klompenburg, W., and Driessen, A.J. (2000).

Non-bilayer lipids stimulate the activity of the reconstituted bacterial protein translocase.

J Biol Chem 275:2472–2478.

63. Mikhail, B., Sun, J., Kaback, H.R., and Dowhan, W. (1996). A phospholipid acts as a

chaperone in assembly of a membrane transport protein. J Biol Chem 271:11615–11618.

64. Rietveld, A.G., Killian, J.A., Dowhan, W., and de Kruijff, B. (1993). Polymorphic

regulation of membrane phospholipid composition in Escherichia coli. J Biol Chem

268:12427–12433.

65. DeChavigny, A., Heacock, P.N., and Dowhan, W. (1991). Sequence and inactivation of the

pss gene of Escherichia coli. Phosphatidylethanolamine may not be essential for cell

viability. J Biol Chem 266:5323–5332.

66. Locher, K.P., Lee, A.T., and Rees, D.C. (2002). The E. coli BtuCD structure: a framework

for ABC transporter architecture and mechanism. Science 296:1091–1098.

7. LIPOPROTEIN-SORTING BY THE LOL SYSTEM 173



67. Smith, P.C., Karpowich, N., Millen, L., Moody, J.E., Rosen, J., Thomas, P.J., and Hunt, J.F.

(2002). ATP binding to the motor domain from an ABC transporter drives formation of a

nucleotide sandwich dimmer. Mol Cell 10:139–149.

68. Ito, Y., Matsuzawa, H.,Matsuyama, S., Narita, S., and Tokuda, H. (2006). Genetic analysis of

themode of interplay between anATPase subunit andmembrane subunits of the lipoprotein-

releasing ATP-binding cassette transporter LolCDE. J Bacteriol 188: 2856–2864.

69. Yuan, Y.-R., Blecker, S., Martsinkevich, O., Millen, L., Thomas, P.J., and Hunt, J.F.

(2001). The crystal structure of the MJ0796 ATP-binding cassette. J Biol Chem

276:32313–32321.

70. Casjens, S., Palmer, N., van Vugt, R., Huang, W.M., Stevenson, B., Rosa, P., Lathigra, R.,

Sutton, G., Peterson, J., Dodson, R.J., Haft, D., Hickey, E., et al. (2000). A bacterial

genome in flux: the twelve linear and nine circular extrachromosomal DNAs in an infec-

tious isolate of the Lyme disease spirochete Borrelia burgdorferi. Mol Microbiol

35:490–516.

71. Tinsley, C.R., Voulhoux, R., Betetti, J.L., Tommassen, J., and Nassif, X. (2004). Three

homologues, including two membrane-bound proteins, of the disulfide oxidoreductase

DsbA in Neisseria meningitidis: effects on bacterial growth and biogenesis of functional

type IV pili. J Biol Chem 279:27078–27087.

72. Robinson, L.S., Ashman, E.M., Hultgren, S.J., and Chapman, M.R. (2006). Secretion

of curli fibre subunits is mediated by the outer membrane-localized CsgG protein.

Mol Microbiol 59:870–881.

73. Nesper, J., Hill, C.M., Paiment, A., Harauz, G., Beis, K., Naismith, J.H., and Whitfield, C.

(2003). Translocation of group 1 capsular polysaccharide in Escherichia coli serotype K30.

Structural and functional analysis of the outer membrane lipoprotein Wza. J Biol Chem

278:49763–49772.

74. Zgurskaya, H.I., and Nikaido, H. (1999). AcrA is a highly asymmetric protein capable of

spanning the periplasm. J Mol Biol 285:409–420.

75. Beck, B.J., and Downs, D.M. (1999). A periplasmic location is essential for the role of the

ApbE lipoprotein in thiamine synthesis in Salmonella typhimurium. J Bacteriol

181:7285–7290.

76. Nakajima, A., Sugimoto, Y., Yoneyama, H., and Nakae, T. (2000). Localization of the

outer membrane subunit OprM of resistance-nodulation-cell division family multi-

component efflux pump in Pseudomonas aeruginosa. J Biol Chem 275:30064–30068.

77. Poquet, I., Faucher, D., and Pugsley, A.P. (1993). Stable periplasmic secretion inter-

mediate in the general secretory pathway of Escherichia coli. EMBO J 12:271–278.

78. Crooks, G.E., Hon, G., Chandonia, J.-M., and Brenner, S.E. (2004). WebLogo: a sequence

logo generator. Genome Res 14:1188–1190.

174 SHIN-ICHIRO NARITA AND HAJIME TOKUDA



Part II

Crossing Endoplasmic Reticulum

Membranes



This page intentionally left blank



8

The Signal Recognition Particle and

Its Receptor in ER Protein Targeting
IAIN L. MAINPRIZE � FELICIA VULCU � DAVID W. ANDREWS

Department of Biochemistry and Biomedical Sciences

McMaster University

Hamilton, Ontario, Canada L8N 3Z5

I. Abstract

The complex mechanisms that regulate cotranslational targeting of pro-
teins to the endoplasmic reticulum (ER) begin with the translation of a
signal sequence in the nascent protein that encodes the required targeting
information. In eukaryotes, the recognition and correct sorting of signal
sequence-containing polypeptides involves a relatively complicated seven-
component ribonucleoprotein complex termed signal recognition particle
(SRP) and an ER membrane-bound SRP receptor (SR), a heterodimer
composed of two unusual GTPases. The orchestration of these and other
components involved in the targeting of proteins to the ER are described in
this chapter. The discovery and elucidation of this pathway is presented
from a historical perspective that focuses on what is known about SRP
and SR. However, to fully explain cotranslational protein targeting re-
quires analysis of the signal hypothesis, mRNA partitioning and alter-
nate mechanisms regulating targeting of the nascent polypeptide chain.
Attempts to analyze the structure of the components involved have met
with considerable success and the challenge ahead involves making use of
this data to extend our understanding of the activity and composition of the
ER-directed protein targeting machinery.
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II. Introduction

The process of targeting secretory and membrane proteins to the endo-
plasmic reticulum (ER) membrane of eukaryotic organisms utilizes a well-
established ubiquitous pathway known as the signal recognition particle
(SRP) pathway (Figure 8.1). During the synthesis in the cytoplasm of a
protein destined for the ER, the ribosome synthesizing it is sorted away
from ribosomes synthesizing other proteins when an N-terminal hydropho-
bic signal sequence emerges from the ribosome exit tunnel and is bound
by the SRP. The SRP-bound complex of the ribosome and the associated
nascent chain, collectively referred to as the ribosome-nascent chain
complex (RNC), can then be targeted to the ER.

The eukaryotic SRP is a ribonucleoprotein complex composed of six
polypeptides bound to a 300-nucleotide molecule of RNA, referred to as
SRP RNA. The binding of SRP to the signal sequence induces a pause in,
or slowing of, translation that maintains the RNC in a translocation-
competent state thereby increasing the time available for it to be targeted
to the ER membrane. At the membrane, SRP binds the RNC to transloca-
tion sites on the ER by interacting with the SRP receptor (SR). SR is
composed of two polypeptides, SRa, a peripheral membrane component,
and SRb, a Type I (i.e., N-terminus in the ER lumen) transmembrane
protein. The concerted interaction between SRP and SR is orchestrated
by GTP-binding and hydrolysis cycles; both polypeptides of the SR and the
54-kDa polypeptide of SRP (SRP54) contain GTP-binding sites. Through a
still uncharacterized process, the binding of SRP to SR facilitates the dock-
ing of the RNC onto the translocation complex (the translocon) such that
continued translation of the nascent chain results in transport of the nascent
protein chain through the Sec61 complex that forms the translocation pore
within the translocon. The nascent chain is either inserted into or translo-
cated across the ER membrane by means of specific interactions with
components of the translocon.

Here, we describewhat is currently known about themechanism(s) used to
segregate cotranslationally proteins that are targeted to the ER from those
that remain in the cytoplasm. This process begins with initiation of translation
and ends once theRNChas functionally engaged the translocation pore at the
ERmembrane.We provide a historical context for the view of these mechan-
isms and describe areas of controversy. We have emphasized investigations
aimed at understanding structure–function relationships for the components
of theSRP cycle, as this is currently an areaof intense activity. The subsequent
steps that transport the nascent protein into or across the ER membrane are
covered in Chapter 10. Some proteins that are synthesized entirely in the
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FIG. 8.1. The SRP pathway. Translation of secretory proteins is initiated in the cytoplasm

with the binding of the ribosome to the mRNA of a secretory protein. On emergence of the

N-terminal hydrophobic signal sequence, the ribonucleoprotein complex SRP binds (Step 1),

induces a temporary translational pause, and targets the resulting RNC to the ER membrane

where SRP interacts with its receptor, the SR (Step 2). The interaction between SR and SRP is

GTPase driven as SRP54, SRa, and SRb all contain GTPase domains. This process is regulated

by an as-of-yet unresolved GTP cycle (guanine nucleotides are indicated as solid triangles).

The interaction of SRP and SR results in the subsequent transfer of the RNC to the Sec61

translocon (Step 3), which mediates the full translocation through or integration into the ER

membrane (Step 4) to yield a number of protein topologies. The signal peptide is cleaved by

signal peptidase during translation and translocation across the membrane. The three topolo-

gies shown here are Type I transmembrane proteins (N-terminus in the lumen), Type II

transmembrane proteins (N-terminus in the cytosol), and a fully secreted proteins (lumen

bound). Once translation terminates, the ribosome can be reused or, like SRP, it can be

released from the membrane (Step 5) and be recycled (Step 6).
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cytoplasm can be targeted posttranslationally to the ER and a wide variety
of other subcellular locations, but they appear to use targeting mechan-
isms distinct from the cotranslational mechanisms described here ([1], and
Chapters 14–18).

III. Cotranslational Translocation:AHistoricalPerspective

The first indication that proteins were transported across the membrane
of the ER cotranslationally came from the 1966 observations made by
Sabatini and Redman when they examined the fate of polypeptides synthe-
sized in an in vitro system made from liver microsomes in which the
aminoglycoside antibiotic, puromycin, was added to release prematurely
nascent polypeptides from the ribosomes [2]. Puromycin displaces the
aminoacyl-tRNA from the acceptor site of the ribosome and becomes
incorporated at the C-terminus of the growing polypeptide, releasing the
nascent chain from the ribosome. Unexpectedly, the released peptidyl-
puromycin polypeptides were found associated with the microsomal mem-
branes rather than in the supernatant fraction. Furthermore, these
truncated polypeptides could only be dissociated into the soluble fraction
by treatment with detergent or mild sonication indicating that they were
enclosed within the microsomal lumen [2].

This and other evidence led to the proposal of a mechanism that exists in
the cell to target polypeptides to the ER membrane while synthesis is
occurring in the ribosome. It was also suggested that unidirectional move-
ment of polypeptides through a cavity composed of the ribosome peptide
exit tunnel coupled to a tunnel that spans the entire ER membrane results
in vectorial transport into the ER cisternal space [2].

Subsequently, ribosomes were observed to remain attached to the ER
membrane even after the nascent polypeptide was released by puromycin
addition. However, these ribosomes could be removed from the ER mem-
brane with increasing ionic strength, a phenomenon that would not occur
prior to puromycin treatment [3]. This result demonstrated that there is a
receptor that anchors the ribosome to the ERmembrane and suggested that
cytosolic and membrane-bound ribosomes are structurally and functionally
interchangeable. Additionally, the finding that ribosomes remained bound
to the ER after premature release of the nascent polypeptide led to the
postulate that the nature of the messenger RNA (mRNA) dictates the
eventual fate of the cognate polypeptide. Certain aspects of this mRNA-
partitioning model remain relevant to our understanding of the mechan-
isms responsible for targeting of proteins to the ER and are discussed in
more detail below.
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A. THE SIGNAL HYPOTHESIS

The discovery in the 1970s that secretory proteins destined for the ER
carry a common feature in their N-termini, termed the signal sequence,
largely displaced mRNA partitioning as a viable mechanism for targeting
nascent polypeptides to the ER membrane. A typical signal sequence
is 20–25 amino acids long and composed of a core hydrophobic region of
7–15 amino acids and two flanking regions, an N-terminal region that has a
net positive charge, and a polar C-region that contains the signal peptidase
cleavage site [4, 5]. Even though in 1971 the detailed sequence character-
istics of signal peptides were unknown, Sabatini and Blobel first proposed
the signal hypothesis based on observations suggesting that signal peptide
cleavage correlated with targeting to the ER membrane (Figure 8.1).
Although proposed for the targeting of proteins to the ER, polypeptide
encoded targeting signals have proven to be a general phenomenon and are
responsible for targeting proteins to most intracellular locations. The rec-
ognition of the ER-specific signal sequence and the subsequent targeting of
the polypeptide to the ER are both mediated by SRP and its cognate
receptor (SR) that is situated on the membrane, as described earlier.
Translocation across the membrane was proposed to occur via a proteina-
ceous pore [6]. These two aspects of the signal hypothesis, that the signal
sequence directs transport of the nascent polypeptide to the membrane and
that translocation occurs through a proteinaceous pore, are now not easily
separated. However, for many years after the signal hypothesis was first
proposed, alternative theories were common in which targeting and trans-
location depended on a hydrophobic signal sequence but were driven by
thermodynamics and therefore, largely independent of other proteins.

The reconstitution of cotranslational translocation across the ER in 1975
using functional rough microsomes from dog pancreas incubated with
ribosomal subunits derived from free ribosomes and programmed with
immunoglobulin mRNAs provided the first formal experimental support
for the details of the signal hypothesis. A protease protection assay was
used to show the successful cotranslational translocation of immunoglobu-
lins into the ER lumen (where they were protected from added protease
unless detergent was added to solubilize the ER membrane). Translocation
occurred concomitant with cleavage of the signal sequence [7] by what was
later identified as the membrane-bound signal peptidase (Figure 8.1).

The first demonstration of one of the central tenets of the signal hypoth-
esis, that the signal sequence is both necessary and sufficient to target a
protein to the ER, came from the development of in vitro translation
systems that could be programmed with RNAs made by in vitro transcrip-
tion of recombinant plasmids encoding fusion proteins. Using this kind of
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system, the signal sequence of the prokaryotic periplasmic protein
b-lactamase was fused to the normally cytoplasmic protein, a-globin. The
chimeric protein was translocated across the ER membrane cotranslation-
ally when expressed in a rabbit reticulocyte cell-free system containing
canine rough microsomes [8]. This result not only demonstrated that a
signal peptide was sufficient to mediate cotranslational translocation for
an otherwise cytoplasmic protein but also demonstrated that the essential
features of signal peptides are conserved fromEscherichia coli to mammals.

The successful translocation of chimpanzee globin using a lactamase
signal peptide also highlighted another mystery that remains unresolved.
Signal peptides show very limited sequence similarity yet appear to be
largely interchangeable. Although some evidence indicates that signal pep-
tides are optimized to their specific passenger [9], the effect on targeting
efficiency can be small suggesting that optimization of the signal to match
the mature portion of the protein may have been a minor contributor to
signal sequence diversity. There is also some evidence that signal peptides
may have other cellular functions that are manifest only after cleavage from
the mature polypeptide [10]. Such functions may have coevolved with
adaptations to the machinery that increased tolerance of diversity or may
have arisen because tolerance existed within the system.

The combination of recombinant DNA technology and cell-free transla-
tion systems permit unprecedented probing of the substrate requirements
for targeting to the ER membrane. For example, by fusing 109 amino acids
of the a-globin sequence at the N-terminus of preprolactin (a protein with
an N-terminal signal sequence) it was possible to demonstrate that the
signal sequence does not have to be located at the N-terminus of a nascent
protein. Importantly, the internal signal sequence mediated translocation of
the N-terminal globin domain demonstrating that both the targeting and
translocation machinery can process a relatively large and, presumably,
partially folded protein sequence [11]. Moreover, cell-free systems were
used to demonstrate that transmembrane sequences can also be targeted to
the ER membrane via the SRP pathway [12]. It was subsequently shown
that both Type I (N-terminus lumenal) and Type II (N-terminus cytoplas-
mic) transmembrane proteins can be targeted to membranes cotranslation-
ally by signal-anchor sequences that interact with most of the same protein
components bound by signal peptides. These sequences combine the target-
ing function of the signal peptide with the membrane integration activity of
a transmembrane sequence. As they ultimately reside in the bilayer of
the ER membrane, these sequences are not cleaved from the nascent
membrane protein and therefore do not interact with signal peptidase.

There is one report that showed that, inmultispanningmembrane proteins,
the additional transmembrane domains that follow a signal anchor do not
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require SRP to mediate targeting to membranes [13]. However, the SRP
independence of subsequent transmembrane sequences may not be true for
all proteins (e.g., ones with a long cytoplasmic domain between transmem-
brane sequences). Furthermore, it is not clear whether only the initial ribo-
some on a polysome needs to be targeted via the SRP pathway. A report
demonstrating that SRP and SR may be unnecessary when mRNAs are
translated by ribosomes already bound to functional translocons suggests
that this area requires further investigation [14]. Thus, although it is clear
that a variety of sequences with different ultimate fates are targeted to theER
membrane by a conserved process, many of the details are known for only
simple substrates [15, 16]. As it is very likely that cotranslational targeting is
also a regulatory step in protein biogenesis [15, 16], future discoveries in this
area will likely come from examining more exotic substrates. Efficient cell-
free systemswill be useful not only to provide further insight into themechan-
isms of protein targeting but will likely continue to be essential for the
identification of additional components that regulate the SRP-mediated
targeting pathway (Figure 8.1).

In 1981, Walter et al. used a cell-free reticulocyte lysate translation
system supplemented with 125I-labeled SRP to show direct binding of
SRP to in vitro assembled polysomes synthesizing the secretory protein
preprolactin. This binding was specific as SRP did not interact with assem-
bled polysomes synthesizing cytoplasmic proteins like the a- and b-chain of
rabbit globin [17]. It was later observed that the targeting efficiency
dropped abruptly for polypeptide chains with more than 140 amino acids
in front of the signal peptide indicating that the affinity of SRP drops when
the nascent chain reaches a certain length. This led to the proposal that SRP
scans RNCs preferentially during the initial phase of translation [18].
An attractive feature of the model is that it partially accounts for how
SRP can efficiently target ER-destined RNCs even though there are
many more ribosomes in the cytoplasm than SRP. However, it does not
explain efficient targeting of RNCs encoding proteins like SREBP in which
the first sequence that could interact with SRP is located 477 amino acids
from the N-terminus of the protein [19].

B. MRNA PARTITIONING

The signal hypothesis has also been used to account for mRNA parti-
tioning to ER membranes. Targeting of the RNC would be expected to
result in the accumulation of mRNAs encoding secreted and integral mem-
brane proteins at the ER (Figure 8.2). However, if the SRP pathway is
responsible for all ER-specific protein targeting then how is it that inacti-
vation of the SRP pathway is not a lethal event [20, 21]? Loss of the SRP
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pathway in yeast resulted in an increased proliferation of ER membrane,
which was hypothesized to compensate for the loss of SRP-dependent
targeting of proteins to the ER membrane [20]. Unlike other eukaryotic

Secretory protein mRNA Cytoplasmic protein mRNA

ER lumen

Cytosol

(1) SRP 
pathway

(3) E-CRR 
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(2) Cytosol 
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FIG. 8.2. Pathways for mRNA partitioning. (1) The SRP pathway (described in Figure 8.1)

partitions secretory proteins by binding of SRP to the N-terminal signal sequence and targeting

the resulting RNC to the ERmembrane whereby the RNC is docked onto the Sec61 translocon

through the actions of the SR. (2) The template-partitioning model hypothesizes the presence

of protein-binding regions on the mRNA of secretory or cytosoplasmic proteins that function

to sequester these mRNAs to the appropriate compartments. On the ER, the mRNA-binding

protein would function as a ‘‘secretory’’ mRNA receptor. Cytosol partitioning of mRNA

would be mediated by a protein (shown bound to a cytoplasmic mRNA) that would prevent

the mRNA from interacting with membranes. (3) The E-CRR pathway proposes the initiation

of translation of cytosolic mRNAs on membrane-bound ribosomes with the subsequent liber-

ation of these ribosomes into the cytosoplasm shortly after translation initiation due to lack of

signals to maintain these ribosomes on the membrane. Translation of these mRNAs begins on

the membrane but is completed in the cytoplasm.
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cells, yeast contain both a well-characterized posttranslational system and
two cotranslational systems for targeting proteins to the ER membrane
which may explain why proliferation of the ER is sufficient to prevent the
yeast from dying. However, downregulation in HeLa cells of two SRP
polypeptides essential for protein targeting did not result in a lethal pheno-
type suggesting that there might be as yet uncharacterized pathways to
target proteins to the ER membrane in all eukaryotic cells [21].

The question of mRNA partitioning and the interchange of ribosomes
between the free and bound forms may help resolve the confusion gener-
ated by experiments showing that the SRP pathway is not essential. It is
well known that in cells there are two pools of ribosomes: those translating
cytoplasmic proteins reside primarily in the cytoplasm, and those translat-
ing secretory and integral membrane proteins partitioned predominantly
on the ER membrane. Once the mRNA is fully translated and the nascent
protein has been transferred through or integrated into the ER membrane,
the bound ribosomes can be released from the membrane and join the pool
of free ribosomes in the cell. However, biochemical data suggest that
membrane-bound ribosomes are not easily released from the membrane
even after release of the mRNA and newly synthesized protein. In the past,
the observation that mRNAs encoding abundant cytoplasmic proteins were
present in membrane fractions was usually assumed to result from contami-
nation. However, experiments involving cDNA microarray screens suggest
that membrane fractions contain an unexpectedly large number of mRNAs
encoding cytosolic proteins [22]. This result raises the possibility that
mRNA partitioning is more complex than initially postulated (Figure 8.2).

To address the possible functions of ER-bound ribosomes, Potter and
Nicchitta incubated rough microsomal membranes charged with posttermi-
nation ribosomes in a ribosome-free reticulocyte lysate and demonstrated
the de novo synthesis of both secreted and cytoplasmic proteins. Surpris-
ingly, they demonstrated that synthesis of a protein that did not contain a
signal sequence led to the release of these RNCs from the membrane [14].
This experiment revealed another ribosome-partitioning pathway now
denoted the elongation-coupled ribosome release (E-CRR) pathway
(Figure 8.2). Unlike the signal sequence-mediated SRP pathway, which is
a positive regulator for partitioning of ribosomes carrying secretory
mRNAs to the ER membrane, the E-CRR pathway involves a negative
regulator that releases ribosomes translating cytoplasmic proteins from the
ER. The operation of the two processes together better describes the
distribution of the two pools of mRNAs, especially the observation that
ribosomes charged with cytosolic mRNAs can be found on the ER. What it
does not address is the mechanism by which mRNAs encoding cytosolic
proteins are initially targeted to the ER-bound membranes.
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Perhaps as originally speculated in the 1960s [3], information for parti-
tioning can be encoded in the mRNA [23]. By acting in concert, SRP,
E-CRR, and mRNA targeting may result in very high fidelity and efficient
separation of proteins destined for the ER from ones that should remain in
the cytoplasm (Figure 8.2). The use or reuse of membrane-bound ribosomes
is one method of efficiently targeting signal peptide-containing polypep-
tides with substoichiometric amounts of SRP. It might also permit mRNAs
that encode secreted proteins to be translated many times (and each time by
several membrane-bound ribosomes) without needing to be targeted by
SRP. However, the use of membrane-bound ribosomes might also result
in translation of an mRNA encoding a cytoplasmic protein which would
be problematic if translocation via membrane-bound ribosomes is SRP
independent. Thus, E-CRR may permit optimal use of membrane-bound
ribosomes while minimizing mistargeting of newly synthesized proteins.
Furthermore, a postsynthesis quality control step that disposed of mistar-
geted proteins would further increase the ultimate overall fidelity of the
targeting reaction [24]. Regardless, it is clear that there are still unresolved
issues regarding the mechanisms used to target proteins to the ER.

IV. Targetingof Proteins to the ER Is Regulatedby
UnusualGTPases

Due primarily to experiments using cell-free systems, the details of the
molecular mechanisms of the SRP pathway are beginning to be elucidated.
SRP and both the a- and b-subunits of the SR contain well-defined GTPase
domains. Contrary to most well-studied GTP-binding proteins, SRP and
SRa alone in solution have low affinities for nucleotides, and the nucleo-
tides that occupy the active sites can be readily exchanged [25]. However,
the situation changes when SRP binds to SRa by a ‘‘concerted switch’’
mechanism in which both components require a bound GTP molecule [25].
Structures solved for the complex between the bacterial homologues of the
GTP-binding domains of SRP and SRa demonstrated that the guanine
nucleotide bound in one active site provided an integral hydrogen bond to
the reciprocal GTP-binding site and vice versa [26, 27], resulting in a very
high-affinity interaction. Once SRP mediates high-affinity binding to the
signal sequence, the regulation of the GTP binding and hydrolysis activity
of SRP and SRa is the major determinant for the fidelity of the SRP-
targeting pathway [28]. Multiple steps in the pathway alter the GTP-binding
equilibrium such that nascent chain substrates bound to SRP are delivered
to the translocation pore in the ER membrane. For instance, ribosome
binding by SRP increases the affinity of SRP54 for GTP [29]. Binding of
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the RNC-bound SRP to SRa further stimulates the binding of GTP by
SRP54 [30]. Interestingly, even though GTP-dependent SRa binding was
originally found to promote the dissociation of SRP from the ribosome [31],
it was later discovered that in the absence of detergent, SRP remained
bound to both the RNC and SRa until the Sec61 translocation complex
was present [32]. This requirement for proximity to the Sec61 complex is
presumed to ensure that the RNC is delivered to a translocation-competent
location. Finally, GTP hydrolysis by SRP and/or SRa is required for the
dissociation of SRP from SRa [33].

The SRP54–SRa interaction has a half-life of >6 h in vitro. Thus, com-
plex formation makes this step of the targeting process effectively unidirec-
tional [25]. The GTPase-driven interaction between SRa-SRP54 also serves
as the initiating step for protein translocation, governing both the targeting
of the RNC and the subsequent formation of the ribosome-translocon
junction [34]. Although recognition by SRP and binding to the SR results
in the unidirectional transfer of the RNC to the translocon, the nascent
protein must still be subsequently recognized as a translocation substrate or
the process can be aborted by the E-CRR pathway described earlier.

There is at present no adequate explanation for SRa being a peri-
pheral membrane protein in eukaryotes and most prokaryotes. In fact,
in many prokaryotes the protein appears to be a cytoplasmic protein. There-
fore, to target an SRP-bound RNC to the membrane SRa must interact
with an integral membrane protein. To date this protein, SRb, has been
unambiguously identified only in eukaryotes.

A. CHARACTERIZATION OF THE SRb SUBUNIT OF THE SR

Sequencing of the SRb cDNA revealed two important features. First, a
19-amino acid stretch of hydrophobic residues located at the N-terminus of
the protein, which was proposed and later confirmed through carbonate
extractions and proteolysis topology experiments, to act as a Type I signal-
anchor sequence [34, 35]. Second, the remainder of SRb is a GTPase
domain located on the cytoplasmic side of the ER. The SRb GTPase is
distantly related to those of SRP54 and SRa although SRb has a nanomolar
affinity for GTP. Only the GTP-bound form of canine SRb binds to SRa
via the SRX domain of SRa [36] suggesting that GTPase activity also
regulates the binding of SRb to SRa. Elucidation of the structure of the
yeast SRX bound to a mutant of SRb lacking the transmembrane segment
confirmed that the heterodimerization of SR is highly dependent on the
SRbGTP/GDP switch, with dimerization occurring only when SRb is GTP-
bound [37]. Although it binds GTP very tightly, canine SRb has no detect-
able GTPase activity alone or bound to SRa [36]. It is possible therefore
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that SRb requires a GTPase activating protein (GAP) and/or a guanine
nucleotide exchange factor (GEF) for proper GTPase function.

At the ERmembrane, SRb can interact with a number of components to
regulate transfer of the RNC to the translocation complex but how GTP
binding and hydrolysis regulates this transfer is still unknown. The cellular
GTP concentration is �0.5 mM and therefore, it is assumed that SRb is in
the GTP-bound state on the ER membrane [36, 37]. One hypothesis for the
GTP regulation of SRb proposes that the ribosome is the GAP for SRb [38].
Another possible GAP for SRb is Sec61b, the b-subunit of the Sec61
complex. In this scenario (Figure 8.3, Model 1), the ribosome of the SRP-
bound RNC would make initial contact prior to binding with a component
of the Sec61 translocation complex. The function of SR would be to scan
the membrane and interact with an SRP-bound RNC on the ERmembrane
to functionally engage it with a translocon. The interaction with the trans-
locon would trigger both the release of the signal sequence from SRP54 and
GTP hydrolysis by SRP54 and SRa [38]. After transfer of the nascent chain
to the translocon, interaction of SRb with the translocon via Sec61b (or a
change in the ribosome activating an inherent GAP activity) would trigger
hydrolysis of GTP by SRb releasing SRa from the membrane [37].

In an alternative model (Figure 8.3, Model 2), it has been suggested that
initial targeting of the SRP-bound RNC to the SR occurs via an interaction
with SRa. In this scenario, once the SRP-bound RNC docks to SRa, GAP
activity provided by the SRX domain of SRa dissociates SRb from SRa to
transfer the complex of SRa, SRP and the RNC to the translocation
complex [39–41]. Subsequent hydrolysis of GTP by SRa would release
SRa from SRP allowing it to rebind to SRb. The main difference between
the two models is the timing and function of hydrolysis of GTP by SRb. In
model 1, it is used to release targeting factors from the RNC after the tight
seal has formed between the ribosome and the translocon, whereas in
model 2, it releases SRa from SRb to transfer the RNC to the translocon.

The data obtained from eukaryotic cell-free systems and in yeast provide
a promising start toward the full elucidation of SRb function in SRP-
dependent cotranslational translocation. Unfortunately, little information
can be obtained from the prokaryotic system as there are no known SRb
homologues in prokaryotes. The SRa homologue in prokaryotes (FtsY)
shows conservation with the eukaryotic protein only in the GTPase domain.
Moreover, the detailed mechanism of targeting of FtsY to the membrane is
still elusive. In most Gram-negative bacteria, FtsY contains an acidic
N-terminal region that can mediate the targeting of FtsY to membranes
via an interaction with a phospholipid in the membrane and an unidentified
protein [42]. However, most Gram-positive bacteria contain an FtsY pro-
tein that is composed of the highly conserved GTPase domain without
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the acidic N-terminal region. These homologues of FtsY are mostly cyto-
plasmic proteins but are presumed to interact with the bacterial inner
membrane transiently through an unknown mechanism. A small subset
of bacteria has evolved a version of FtsY that contains an authentic
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FIG. 8.3. Two models to describe the possible function of the SRb GTPase in the SRP

pathway. In both models, SRa binds SRb when SRb is bound to GTP (white triangle).

Interaction of the signal sequence with SRP54 increases the affinity of SRP54 for GTP and

binds the RNC to the membrane via the tight GTP-mediated interaction between SRP54-GTP

and SRa-GTP. Model 1: Once at the membrane, the SR-bound RNC migrates to a vacant
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transmembrane segment, thereby combining features of the eukaryotic
SRa-SRb heterodimer into one protein. The main difference is that this
transmembrane version of FtsY contains a single GTPase domain. Thus,
although the prokaryotic SR has proven to be as complex in mechanism as
that of its eukaryotic counterpart, no prokaryotic system employs three
GTPases.

B. DOCKING THE RIBOSOME ON THE TRANSLOCON

The last step in targeting the RNC to the ER involves attaching the
ribosome to the translocation machinery in the ER. This docking reaction
appears to trigger GTP hydrolysis by SRP and SRa, resulting in the transfer
of the signal peptide to the translocon where it initially interacts with
Sec61a [43]. This appears to be the last proofreading step in signal peptide
recognition and therefore the last step at which targeting can be aborted.
Once the ribosome functionally engages the translocon a tight seal is
formed that prevents the passage of ions between the ER lumen and the
cytoplasm during polypeptide translocation and commits the nascent pro-
tein to transport across or into the ER membrane. The protein(s) involved
in establishing the ion impermeable connection between the ribosome and
the membrane have not been identified. Structural analysis of the translo-
con components that remain bound to the ribosome after detergent solubi-
lization of the membrane [44, 45] suggests that the protein(s) involved
are lost during isolation of the complex as the nascent chain appears
accessible from the cytoplasmic side of the membrane. In contrast, fluores-
cence studies demonstrate that in intact membranes the nascent chain can
only be accessed from the lumenal side of the ER membrane and then only
after a gate in the translocon has opened [46]. The reconstitution of a
minimally functioning translocation complex required the Sec61 heterotri-
mer (Sec61a, Sec61b, and Sec61g) and SR, although the translocation of
specific nascent polypeptides required additional proteins such as TRAM
[47]. Unfortunately fluorescence studies on translocons reconstituted into
membranes from purified components that would likely reveal that the
tight seal is not present have not been performed. Nevertheless, it appears
that the last step in the targeting process is not completely reconstituted in
these systems.

In order to downregulate the host immune response, cytomegalovirus
has evolved a system that, for selected substrates, defeats commitment to
translocation subsequent to functional engagement of the ribosome with
the translocon. However, this system appears to return the nascent protein
to the cytoplasm only after translation has completed and is coupled to
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destruction of the target protein [48]. Thus, this system is technically not
part of the protein targeting step.

After translation and translocation has completed for a given polypep-
tide, the now empty (i.e., nontranslating) ribosome remains bound with
high affinity to the Sec61 translocation complex, as described earlier. When
the ERmembrane was fully saturated with nontranslating ribosomes, newly
added translating ribosomes bound to these membranes via Sec61 com-
plexes but binding required SRP and SR [49]. Thus, it appears that SRP and
SR can direct the binding of RNCs to a pool of Sec61 translocation com-
plexes that are otherwise not available for high-affinity binding to ribo-
somes. It is possible that trimers (or tetramers) of Sec61 heterotrimers
constitute the high-affinity binding sites for ribosomes but an equilibrium
with lower affinity monomeric/dimeric Sec61 heterotrimers ensures the
availability of SRP/SR-dependent binding sites for RNCs [49].

V. Structure^Function Analysis

With the major components of the SRP pathway identified and the
molecular functions ascribed to the individual components, the examina-
tion of the SRP pathway has moved toward identifying the precise molecu-
lar mechanisms involved. Structural analyses of the SRP and SRaGTPases
revealed the molecular details of the novel regulatory mechanism described
above. However, unlike the GTPases described above that could also be
studied as enzymes [35, 41], most of the proteins involved in targeting
RNCs to the ER are not enzymes. Structural biology is, therefore, integral
to the determination of molecular mechanism(s) involved in targeting
proteins to membranes and during the last decade, many structures have
been solved for interacting components of the SRP cycle. However, work in
this area is far from complete and the functional implications of many of the
structures that have been solved remain elusive.

A. SIGNAL RECOGNITION PARTICLE

The SRP is a ubiquitous ribonucleoprotein having been found in the cells
of all types of organisms tested, including mammalian [50], plant [51], yeast
[52], bacterial [53], and archaebacterial cells [54]. The evolutionary conser-
vation of the SRP highlights its importance in cellular function. Comparison
of these SRPs reveals the essential core constituents as the GTPase
(SRP54) that binds the signal sequence as described earlier, and an RNA
(SRP RNA). SRP obtained from canine microsomes was the first SRP
studied and represents the SRP archetype even though it is larger and
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contains more protein components than the SRPs found in many other
organisms. Canine SRP is composed of a 300-nucleotide SRP RNA, and
six polypeptides classified by their molecular masses: SRP9, SRP14, SRP19,
SRP54, SRP68, and SRP72 [50]. Early studies showed that the particle was
rod shaped and composed of three domains [55, 56]. Based on this structure,
a model was proposed in which SRP spanned from the nascent chain exit
site on the ribosome to the site of protein synthesis where it could slow
translation by directly interfering with peptide bond formation or tRNA
binding. Cryo-EM studies of the SRP bound to the ribosome largely confirm
this overall structure, domain organization and ribosome-binding site for
SRP. However, the end of SRP that interferes with translation was shown to
bind to a region of the ribosome known to be the binding site for elongation
factors [57]. Therefore, it is now believed that canine SRP arrests translation
by directly competing with elongation factors for ribosome binding [57, 58].
Higher resolution information about the structure of SRP and its receptor
has come from the analysis of individual components but, as yet, it has not
proven possible to integrate all of the structural information into a compre-
hensive high-resolution structure for SRP from any organism.

B. SRP RNA

Initially, eukaryotic SRP was believed to be a complex of six different
polypeptides (a heterohexamer); however, purified canine SRP consistently
generated a high ratio of absorbance at 260 nm compared to the absorbance
at 280 nm. This characteristic of SRP led to the discovery of an integral
RNA molecule, found to be a critical component for the activity of eukary-
otic SRP [59]. The SRP RNA, as detected by electron spectroscopic imag-
ing, runs along the entire length of the rod-like canine SRP [55] supporting
the hypothesis that one major function of the SRP RNA is to act as a
scaffold to combine the various functions of the SRP protein components
into a single complex. The eukaryotic SRP RNA has a well conserved,
highly base-paired secondary structure (Figure 8.4; reviewed in [60]). SRP
RNA can be structurally (and functionally, see later) divided into two
major domains; the Alu domain, composed of double-helical regions H2,
H3, and H4; and, the S domain, composed of H6, H7, H8, and part of H5
[61]. The Alu and S domains are linked by the long H5 double-helical
region, which is believed to have flexible regions that can act as hinges to
modulate the ternary structure of SRP at different stages of the SRP
pathway. Region H8 is present in every known SRP RNA, including
those of archaeal and prokaryotic origins, some of which are composed of
only this region [60] therefore, H8 represents a minimal SRP RNA. Of the
eukaryotic SRP RNAs, Saccharomyces cerevisiae and other yeasts have a
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more complex RNA with several additional double-helical segments
extending fromH5. The function of these extra helical regions is not known.

Limited nuclease digestion of canine SRP resulted in the separation of
two distinct ribonucleoprotein (RNP) complexes: one containing the Alu
domain of the RNA bound to the SRP9 and SRP14 polypeptides, and the
other containing the S domain bound to SRP19, SRP54, SRP68, and SRP72
[62]. Enzymatic and chemical probing assays indicated that the S domain
could be further subdivided; SRP19 and SRP54 localized to the ends of H6
and H8, and SRP68 and SRP72 bound to H5 and the adjacent regions of
H6 and H8 [63, 64]. These results are consistent with the SRP RNA acting
as a scaffold. However, many bacteria have an SRP that contains only one
polypeptide suggesting that the SRPRNAmust have an additional function
in order for it to have been retained as a necessary component of all SRPs.
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FIG. 8.4. Structures of the eukaryotic SRP components. (A) A schematic representing the

conserved regions of secondary structure of SRPRNA. Themammalian SRPRNAwas used as

the prototypic model for eukaryotic SRPRNA [61]. Highly base-paired, double-helical regions

are labeled H1 to H8. The Alu and S fragments are indicated by square brackets. The number

and placement of the unpaired, loops, or bulges is not accurate. (B) The structure solved for

the cocrystal of the heterodimer formed by human SRP9 (light) and human SRP14 (dark)

bound to a region of the Alu fragment of SRPRNA (including H3 and H4). (PDB: 1E8O [75]).

(C) The ternary complex of SRP19 bound to the distal ends of H6 and H8. (PDB: 1L9A [84]).

(D) The only crystal structure solved for eukaryotic SRP54 is the M domain from Homo

sapiens (SRP54M, PDB: 1QB2 [99]). The structure solved for the NG domain of Sulfolobus

solfataricus SRP54 is shown for reference (SRP54NG, PDB: 1QZX [104]). Ribbon diagrams of

protein and RNA structures were generated using Insight II (Accelrys Software, Inc., San

Diego, United States).
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The SRP RNA could mediate the binding between SRP and the ribo-
some. The structure of canine SRP bound to a RNC solved by cryo-electron
microscopy (cryo-EM) indicated contacts between SRP and the ribosome
that were solely mediated by the SRP RNA [57]. Also, it has been demon-
strated that, in an in vitro translation reaction, SRP RNA increased the
affinity of SRP54 for ribosome-bound nascent chains consistent with a role
for SRP RNA in binding ribosomes [65].

Another potential role for the SRP RNA is that it could alter or stabilize
the tertiary structure of the SRP polypeptides. InE. coli, it was found that at
least one domain of the SRP54 homologue protein had a more cooperative
thermal denaturation profile in the presence of the H8 region of its cognate
SRP RNA [66], suggesting that the structure of this protein domain was
more tightly folded in the presence of the SRP RNA. Also, SRP72 was
found to bind to SRP68 in an SRP RNA-dependent manner [67] indicating
that the SRP RNA facilitates the exposure or changes the conformation of
the SRP68–SRP72 dimerization interface.

The accessibility of the SRP RNA to chemical modifying reagents was
altered at specific stages of the SRP pathway [64] suggesting that the SRP
RNA may contribute to regulating the function of SRP by inducing confor-
mational changes in the particle. Additionally, the SRP RNA has been
proposed to participate directly in the binding and/or recognition of the
signal sequence based on a structure solved for a cocrystal of a fragment
of E. coli SRP RNA bound to a single domain of an SRP protein that
indicated that H8 was in proximity to the signal sequence binding site [68].
The bona fide functions of SRP RNAmust be elucidated before they can be
incorporated into a more comprehensive molecular mechanism for SRP
function.

C. SRP9 AND SRP14

The SRP9/14 heterodimer is responsible for arresting translation elon-
gation of ribosome-bound, signal sequence-containing nascent chains
[69, 70]. The SRP9 and SRP14 polypeptides must bind to each other and
form a stable heterodimer [71], referred to as SRP9/14, before they can bind
with high affinity to the Alu domain of SRP RNA [72, 73]. Even though
they share only limited sequence homology, SRP9 and SRP14 are structur-
ally similar [74]. They are both composed of two a-helices and three
b-strands, which form a concave six strand antiparallel b-sheet in the hetero-
dimer, with the a-helices arranged on the convex side [74]. The concave face
of SRP9/14 straddles the compact, helical stacks formed byH3 andH4 of the
Alu domain of SRP RNA [75]. The structure solved for SRP9/14 provided
new insight into the mode of RNA binding by this heterodimer
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(Figure 8.4B), but a full structural explanation of the role of SRP9/14 in
SRP-dependent protein targeting is still lacking. The RNA-bound SRP9/14
structure did eliminate the possibility that SRP9/14 organizes the Alu
domain such that it mimics a tRNAmolecule to facilitate elongation arrest.

The SRP9/14 heterodimer appears to be exclusive to higher eukar-
yotes although there is evidence of potential homologues in yeast. While
S. cerevisiae lack an SRP9 homologue, they do have a homologue of SRP14
(56% sequence similarity to canine SRP14) [76], and it has been shown that
the yeast homologue of SRP14 can homodimerize and bind to a region of
the yeast SRP RNA corresponding to the Alu domain [77]. Moreover, the
homodimer of the yeast SRP14 homologue facilitated an arrest in nascent
chain elongation, both in vitro and in vivo [78].

D. SRP68 AND SRP72

The SRP68 and SRP72 polypeptides form an SRP68/72 heterodimer [71]
although, SRP68 binding to the SRP RNA is a prerequisite for the hetero-
dimerization of these two polypeptides [67]. RNA binding by SRP68
is believed to tether SRP72 to the SRP RNA through protein–protein
contacts. Reconstituted canine SRP lacking the SRP68/72 heterodimer
was unable to promote the translocation of SRP-dependent polypeptides
[70]. Consistent with this finding, when SRP68/72 was modified with
N-ethylmaleimide (NEM), which alkylates free sulfhydryl groups of cyste-
ine residues, the resulting reconstituted SRP was also defective in polypep-
tide translocation [79]. However, SRP containing the NEM-modified
SRP68/72 was still competent for binding to SR. Cryo-EM analysis of
ribosome-bound SRP located the SRP68/72 in a putative hinge region of
H5 of SRP RNA [57]. It was proposed that SRP68/72 either stabilizes or
modulates the conformation of this region of the SRP complex to transmit
information of the signal sequence binding state of SRP to the SRP9/14
region of SRP to promote elongation arrest. Interestingly, reconstituted
SRP lacking SRP68/72 was also deficient in elongation arrest activity [70],
which could be consistent with a role for SRP68/72 in the positioning of
the Alu domain of SRP on the ribosome. Alternatively, since SRP that
lacks SRP68/72 is deficient in so many activities perhaps the primary role of
SRP68/72 is to directly influence the relative positioning of SRP9/14 and
the other functional components of SRP at the correct locations on the
ribosome.

SRP68 was found to contain three regions of primary sequence that are
similar to those conserved in guanine nucleotide dissociation stimulators
[80]. This may indicate a role for the heterodimer, or SRP68 on its own, in
the regulation of one or more of the GTPases present in the SRP pathway.
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The structure of the SRP68/72 heterodimer remains unsolved and the
volume allocated for the SRP68/72 heterodimer in the SRP-ribosome cryo-
EM structure appears insufficient to adequately incorporate a complex that
accounts for 60% of the protein mass of eukaryotic SRP. Further structural
and functional work is required to clarify the role of this relatively large
component of the eukaryotic SRP.

E. SRP19

The SRP19 polypeptide binds to the distal ends of H6 and H8 of the SRP
RNA [81, 82]. It is a small protein composed of a three-strand antiparallel
b-sheet packed against two a-helices [83]. A ternary structure solved for the
archaeal homologue of SRP19 bound to H6 and H8 of SRP RNA demon-
strated that SRP19 brings these two double-helical regions of the SRPRNA
together, allowing them to bind to each other (Figure 8.4C) [84, 85]. The
nuclease protection patterns of SRP19 on SRP RNA and of SRP19 with
SRP54 on SRP RNA were identical [63] so it was originally proposed that
SRP19 tethered SRP54 to the SRP RNA via protein–protein interactions,
analogous to the SRP68/72 heterodimer. However, it was later found that
SRP54 could bind isolated H8 of the E. coli SRP RNA in the absence
of SRP19 [86]. The cocrystal of the RNA-binding domain of the E. coli
homologue of SRP54 bound to the H8 region of its cognate SRP RNA
indicated that the binding sites of SRP19 and SRP54 were distinct [68]. The
addition of SRP19 to SRP RNA increased the affinity of SRP54 for SRP
RNA 100-fold [87]. Together this data suggests that SRP19 causes a stabili-
zation of a binding site for SRP54 on H8 either by the direct binding of
SRP19 to H8 or by bringing H8 into proximity of H6.

Homologues of SRP19 have only been found in organisms that have an
SRP RNA that contains both H6 and H8, that is primarily eukaryotes and
archaea. It is not clear what additional functions/activities the H6 region
and SRP19 provide for these SRP molecules but they must not be critical to
the core functions of SRP as it was lost during the evolution of many
prokaryotic species.

F. SRP54

The SRP54 subunit is the only SRP component that has been found in all
SRP homologues highlighting the importance of SRP54 in the SRP path-
way. SRP54 directly mediates signal sequence recognition and nascent
chain-binding activities of the SRP complex [88–90]. In fact, it has been
demonstrated that even without SRP RNA, isolated SRP54 discriminated
and bound to signal sequences [91]. The primary sequence of SRP54 has
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been arbitrarily divided into the N (N-terminal), G (GTPase), and M
(methionine-rich) regions. Much of the structural and biochemical research
into SRP54 has been on the bacterial homologues (described in Chapter 1),
therefore only the key points will be reiterated here with a specific focus on
eukaryote-specific findings.

The N region is a bundle of four antiparallel a-helices [92], which is
believed to regulate or respond to the occupancy of the GTP-binding site of
the G region. Mutations in a conserved seven residue motif, which com-
prises a major link between the N region and the G region (via side chain
interactions), caused defects in signal sequence binding [93] and might
indicate a possible role for the N region in contributing to the SRP54-signal
sequence binding activity. However, reconstituted SRP which lacked the N
and G regions of SRP54 was still observed to bind the nascent chain and
promote elongation arrest [65, 94, 95]. Therefore, the N region may have an
indirect effect on the apparent affinity for signal sequences by altering the
interaction of SRP54 with the translating ribosome.

The structural studies performed on the N and G regions of bacterial
SRP54 have indicated that, although the N and G regions are structurally
distinct, they are organized as a single domain, referred to as the NG
domain (Figure 8.4D) [92]. Within this domain the G region structure is
typical of other low molecular weight GTPases. The SR has a highly
homologous NG domain and it is through the respective NG domains that
SRP54 and SR heterodimerize [31, 65]. The structure solved for the hetero-
dimer of the bacterial NG domains from the SRP54 and SR homologues
indicated that extensive regions of both the N and G regions (including the
bound nucleotide) contributed to the heterodimerization interface [26, 27].

There is evidence that the NG domain may be participating in the signal
sequence binding activity of SRP54. Alkylation of cysteine residues of the
NG domain in intact SRP by NEM treatment blocked nascent chain-
binding [94]. Also, SRP reconstituted with a modified SRP54 lacking the
NG domain had a lower affinity for signal sequences compared to complete
SRP [65]. In E. coli, an isolated NG domain was found to cross-link to a
peptide carrying a signal sequence [96], although the exact site of signal
sequence binding in the NG domain is still unknown. It is possible that the
role of the eukaryotic NG domain in signal sequence binding is direct, or it
may stabilize the M domain.

The NG domain has also been observed to enhance the binding of
SRP54 to the SRP RNA [87]. In E. coli, isolated NG domain was observed
to bind the E. coli SRP RNA by nitrocellulose filtration [97] although the
affinity of this reaction was 20-fold worse than the affinity of the full-length
SRP54. Clearly, if RNA binding by NG is relevant the domain is providing
only an accessory binding site.
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The M region is a 22-kDa C-terminal domain of SRP54 that was origi-
nally named for the relatively high methionine content in the mammalian
protein [98]. Most of the SRP54 homologues from other organisms also
have an unusually high occurrence of methionine residues in the M regions
although several examples exist, especially in thermophilic organisms,
where the distribution of methionine residues is not as striking. A structure
(accounting for 120 of the 180 total amino acids) solved for the M region
from human SRP54 revealed a hydrophobic groove lined by a-helices
(Figure 8.4D) [99]. In the crystal used to solve this structure, the hydropho-
bic groove of one M molecule was occupied by an a-helix from a neighbor-
ing M molecule. It was hypothesized that this extra a-helix could be
mimicking a signal sequence and that the mechanism of binding in the
hydrophobic groove was a good model for the signal sequence binding
activity of the M region. Originally, the accepted theory for the signal
sequence binding activity was that the methionine side chains of the
M region acted as ‘‘bristles’’ protruding from amphipathic helices that
could accommodate a wide variety of sequences that may be found in signal
sequences (reviewed in [100]). This theory was proposed based on limited
homology between the M region and calmodulin, a protein which does
utilize methionine residues to bind to peptides. The methionine residues
of the human M region do contribute to the hydrophobic groove but do not
localize to structural elements that would support a specific role of the
methionine residues in nascent chain binding. Therefore, it appears that it is
the shape and hydrophobic character of the groove that provides the
functionality to bind a wide range of signal sequences [99].

The hydrophobic groove of the human M region is deep and elongated,
widened at each end with a slight constriction in the middle [99]. The
dimensions of this groove would be compatible with binding a signal
sequence in an a-helical conformation and would cause a slight kink in
the nascent chain at the constriction site [99]. In the structure of the
bacterial M region from Thermus aquaticus, a similar hydrophobic groove
was observed although it had a more open conformation but, similar to the
human protein described above, it was occupied by a hydrophobic extended
(rather than helical) loop from a crystallographically adjacent M region
[101]. If the human M region has the structural plasticity to adopt a similar
more open conformation then it may also bind to a hydrophobic sequence
that is not a strict a-helix. Also, the 60 amino acids not included in the
crystallographic study of the structure of the human M region may provide
additional structural information about the nascent chain-binding activity.

The M region of SRP54 is also the major binding site for H8 of SRP
RNA [94], and it was observed that isolated M regions contained all of the
necessary structural elements to bind H8 [95]. Interestingly, it was found
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that the addition of E. coli SRP RNA to its cognate M region reversed a
global destabilization of the M region in response to signal peptide addition
[66]. This would suggest that the M region undergoes a conformational
change on signal sequence binding that is stabilized through the binding of
SRP RNA to the M region.

Scanning transmission electron microscopy (STEM) was used to deter-
mine the three-dimensional structure of intact canine SRP54 by angular
reconstitution using 200 STEM images of single molecules [102]. This
structure showed two unequal masses connected by a linker. The larger
mass, likely the NG domain, was wedged-shaped and the smaller mass, the
M region, was crescent shaped. The proximity of the M region with the NG
domain and the long linker between the two masses led to the proposal that
the M region could move relative to NG to open/close in a ‘‘clamp’’-like
fashion to bind nascent chains. This could explain the inhibition of nascent
chain binding to SRP54 by NEM-mediated alkylation of the NG domain
[94]. Consistent with a model of M and NG being in proximity, addition of a
peptide bearing a signal sequence to SRP54 caused a stabilization of the
nucleotide-free state of the GTP-binding site of the NG domain [30].

G. SRP21, AN SRP SUBUNIT UNIQUE TO YEAST

The initial purification of SRP from S. cerevisiae identified a novel
21-kDa protein, SRP21 [76], that appears to be a subunit of active SRP
[78]. Deletion of the gene encoding this subunit resulted in a decrease in
SRP production indicating that SRP21 is required for the stable expression
of S. cerevisiae SRP [76]. SRP21 was found to be required for the assembly
and nuclear export of yeast SRP [103] which may be an indirect result of
SRP21 affecting the stability of yeast SRP rather than it functioning as a
yeast specific SRP export factor. This subunit may provide a function that
complements the extra double-helical regions of S. cerevisiae SRP RNA
(which is approximately twice the size of most other eukaryotic SRP
RNAs). However, homologues of SRP21 have been found in other fungal
organisms, including fungi that have an SRP RNA molecule of the ‘‘nor-
mal’’ eukaryote size (250–270 nucleotides). Thus, despite the advantages of
yeast as a model organism less is known about SRP21 than for the other
SRP proteins.

H. ENGAGING THE TRANSLOCATION COMPLEX

The final step of the SRP protein targeting pathway is the docking of the
RNC to a competent Sec61 translocation complex. As discussed earlier,
the exact mechanism of the transfer of the translating ribosome from the

8. TARGETING OF PROTEINS TO THE ENDOPLASMIC RETICULUM 199



SRP–SR complex to the translocation complex is still unknown; however,
some structural data have elucidated some intriguing aspects of this pro-
cess. The structure of the SRP-bound RNC, as solved by cryo-EM, indi-
cated that SRP54 was positioned immediately adjacent to the peptide exit
site of the large subunit of the ribosome, overlapping a region of the
ribosome that is the binding site for the translocation complex [57]. When
a soluble version of the SR heterodimer was added and the structure of this
new complex was solved by cryo-EM, a delocalization of the NG domain of
SRP54 in response to SR binding was observed [58]. This SR-dependent
conformational change in SRP54 opens up the binding site for the translo-
cation complex on the ribosome surface which could promote the func-
tional attachment and transfer of the RNC to the translocation complex in
order that, as translation of the nascent polypeptide continues, the poly-
peptide moves into or across the ER membrane. Many of the details of this
final step remain in contention, including determination of the complete
complement of components necessary for a fully functional translocation
complex and the gating mechanism that regulates access to and from the
translocation pore (Chapters 10–12).

VI. Conclusions

It is clear that the mechanisms used to target nascent proteins to the ER
are complex and tightly regulated. However, they are also ancient, with
analogous systems found in every domain of life. The degree of specializa-
tion in eukaryotes including the involvement of three unusual GTPases and
a complex multiprotein SRP suggests that the targeting system may also be
an important site of regulation of gene expression and of other cellular
functions associated with membrane protein biogenesis. Furthermore, there
is significant evidence for alternative pathways and specialized regulatory
systems for specific translocation substrates. Thus, although many of the
core functions and components of the targeting system have been identified
and the molecular mechanisms are being elucidated by a combination of
biochemical and structural approaches, there is still much to understand
about how protein targeting to the ER is regulated in eukaryotes.
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I. Abstract

Eukaryotic proteins destined for the cell surface, extracellular space,
or compartments of the secretory pathway are first translocated across
or inserted into the endoplasmic reticulum (ER) membrane at sites
termed translocons [1–4]. The essential feature of ER translocons is a
protein-conducting channel formed by the highly conserved Sec61 complex.
Together with several accessory components, the Sec61 complex recognizes
translocation substrates, provides a gated conduit for transport across the
membrane, and regulates access to the lipid bilayer for membrane protein
integration. These combined activities endow translocons with the remark-
able capacity to direct the proper biogenesis and topology for a tremen-
dously diverse set of secretory and membrane protein substrates. How is
this complex feat accomplished? In this chapter, we subdivide the protein
translocation process into a series of decisive mechanistic steps taken by a
substrate during its transit across or insertion into the membrane. The
translocon components implicated in each step and their proposed mechan-
isms of action are considered with an eye toward particularly important
gaps in our understanding of protein translocation into the ER.
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II. Translocons Receive Substrates via Two
Distinct Pathways

The first step in translocation is the targeting of a substrate to the
translocon. Depending on the substrate and the organism, targeting is
achieved in two qualitatively different ways (Figure 9.1). In the mammalian
system, almost all secretory and membrane proteins are recognized and
targeted to the membrane cotranslationally (i.e., while they are being
synthesized by cytosolic ribosomes). By contrast, a substantial proportion
of proteins in yeast can be targeted posttranslationally, after their complete
synthesis and release into the cytosol.

In the cotranslational targeting pathway (see Chapter 8), substrates are
recognized when the first hydrophobic domain, either a signal sequence or a
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Sec72

Sec63
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Sec61
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TRAM
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SRP

FIG. 9.1. Two modes of substrate delivery to translocons at the ER. (A) Cotranslational

targeting. The SRP binds the hydrophobic regions of N-terminal signal sequences and TMDs

as they emerge from the ribosome (bottom). The RNC-SRP complex is delivered to a translo-

con at the ER (top) via a GTP-dependent interaction between SRP and its receptor (SR). The

principal components of the mammalian cotranslational translocon are indicated, with the

highly conserved Sec61 complex forming the central protein-conducting channel. (B) Post-

translational targeting. Polypeptides with N-terminal signal sequences of lower hydrophobicity

fail to be recognized efficiently by SRP in some organisms (such as Saccharomyces cerevisiae).

In this case, the nascent chain is bound by various cytosolic chaperones that keep it in a loosely

folded configuration until signal sequence recognition by an ER translocon initiates chaperone

disengagement and protein translocation. The principal components of the posttranslational

translocon from S. cerevisiae are indicated, with the Sec61 complex again forming the central

protein-conducting channel.
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transmembrane domain (TMD), emerges from the translating ribosome.
The signal recognition particle (SRP) binds to the exposed hydrophobic
domain, slows translation via further contacts with the ribosome, and
targets the entire ribosome-nascent chain (RNC) complex to the endoplas-
mic reticulum (ER)-localized SRP receptor [5]. The RNC is subsequently
transferred to the translocon (in a very poorly understood step), ensuring
the delivery of nascent chains for translocation at an early stage in substrate
synthesis.

In yeast, SRP fails to efficiently recognize signal sequences whose hydro-
phobicity falls below a certain threshold [6, 7]. These polypeptides are
therefore not targeted to the ER cotranslationally, but instead are bound
by cytosolic chaperones, including Hsp70, its cofactor Ydj1p, and the Tric/
CCT chaperonin complex [8–10]. These factors maintain signal-containing
proteins in an unfolded flexible conformation prior to their transfer to the
ER translocon. The mechanisms that coordinate chaperone release with
delivery of substrates to the translocon remain poorly understood, but may
be dependent on a functional signal sequence. Thus, in both pathways, a
signal- or TMD-containing polypeptide is presented to an unengaged
ER translocon in a configuration (either unfolded or while still being
synthesized) that facilitates subsequent translocation through a channel of
limited size.

III. Substrate Recognition by the ER Translocon Is a
Decisive Step in ProteinTranslocation

On delivery to the translocon, substrates are recognized and discrimi-
nated a second time using the same element (either a signal sequence or
TMD) initially used for targeting. This recognition step serves at least three
purposes. First, it allows secretory and membrane proteins to be discrimi-
nated from nonsecretory proteins that may have inadvertently been tar-
geted to a translocon and therefore serves as a ‘‘proofreading’’ step to
improve fidelity of sorting [11, 12]. Second, the engagement of a translocon
by a signal or TMD presumably prepares the translocon for protein trans-
location by gating the channel from a closed to an open configuration [13].
And finally, the orientation in which the signal or TMD is recognized
determines the topology achieved by the substrate [14, 15]. Thus, the
translocon must not only recognize and interact productively with a signal
or TMD but must also orient this domain with respect to the lipid bilayer.

The orientation taken by the signal or TMD is a critical step in the final
outcome of the polypeptide substrate (Figure 9.2; see also Figure 9.3A
and B). An N-terminal cleavable signal sequence is generally thought to
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be positioned with the N-terminus facing the cytosol and the C-terminal
region oriented toward theER lumen (Figure 9.2A). This orientation exposes
the signal cleavage site to the lumenal side of the translocon (where the active
site of signal peptidase is located [16]) and positions the nascent polypeptide
in a ‘‘looped’’ configuration. When positioned this way, the N-terminus of
the mature polypeptide can access the ER lumen and translocate across the
membrane through the aqueous protein-conducting channel in the translocon
(Figure 9.3A); failure to achieve this looped configuration results in a lack of
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FIG. 9.2. The initiation step of protein translocation influences protein topology. (A) An

N-terminal signal sequence is generally recognized by the translocon in a ‘‘looped’’ orientation

with the N-terminus facing the cytosol (lower-left diagram). On cleavage of the signal sequence

by signal peptidase (indicated by the scissors), the new N-terminus of the mature polypeptide

(N’) is committed to translocation into the ER lumen. Hence, nearly all proteins with an

N-terminal signal sequence have the N-terminus of the mature protein in a noncytosolic

location. Examples include secretory proteins like the hormone prolactin, simple membrane

proteins like the EGF-receptor (EGFR), and complex membrane proteins like the G-protein–

coupled receptor for the corticotropin releasing factor (CRFR). Although rare, some proteins

(like the 2a isoform of the CRFR) may retain the N-terminal signal sequence in their final

structure [134]. (B and C) Proteins whose targeting is achieved by a TMD are made into

membrane proteins. Depending on features of the TMD and its flanking sequences, the

orientation it acquires in the translocon is either with the N-terminus facing the cytosol

(panel B) or translocated into the lumen (panel C). When the targeting TMD acquire the

topology depicted in panel B, it is often known as a ‘‘signal anchor’’ or type I signal anchor

sequence. Panel C depicts a ‘‘reverse signal anchor’’ or type II signal anchor. Examples of

membrane proteins that utilize these targeting mechanisms are shown. Note that unlike the

N-terminal signal sequence, the targeting element is part of the final protein structure.
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FIG. 9.3. The signal sequence-translocon interaction. In each of the diagrams, the lumen is

on top, and the cytosol on the bottom. For simplicity, the ribosome (which would be bound to

the bottom of each translocon) is not shown in any of these pictures. (A) Shown in the brackets

is the initial interaction between a signal sequence and a translocon (depicted as a cylinder).

This interaction is thought to be dynamic (indicated by the double arrows), and occurs during

ongoing protein translation. If excessive protein is synthesized and folding initiates on the

cytosolic side before a ‘‘looped’’ orientation is achieved (left diagram), the polypeptide fails to

be translocated. Otherwise, the polypeptide can commit to being successfully translocated.

Signal sequences from different proteins seem to achieve the looped orientation and hence

successfully gate the translocon with differing efficiencies [135]. The membrane bilayer is not

shown for simplicity. (B) As with the signal sequence in panel A, the interaction between a

TMD and the translocon is thought to be similarly dynamic [136]. The possible configurations

that may be sampled by a TMD are shown in the brackets, with the arrows indicating an ability

to interconvert among the different states. Depending on which configuration is stabilized

sufficiently long to permit lateral movement into the lipid bilayer, the substrate can be

committed to either final orientation. The membrane bilayer is not shown for simplicity.

(C) The signal-translocon in different systems is shown in molecular detail. In each case, the

view is essentially from ‘‘within’’ the channel of the translocon, looking out laterally toward the
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translocation. Thus, a cleavable N-terminal signal sequence is employed by a
wide range of secretory and membrane proteins whose N-terminus needs to
be translocated to the noncytosolic side of the membrane (Figure 9.2A).

A TMD can be positioned in one of two orientations after its recognition
by the translocon (Figure 9.2B and C). If the N-terminal side of the TMD
faces the cytosol, it is often referred to as a signal anchor (or sometimes a
type II signal anchor). This orientation is analogous to a cleaved signal
sequence, and the nascent chain similarly acquires a ‘‘looped’’ configuration
at this early step in translocation (Figure 9.2B). If the TMD is oriented with
the N-terminal side facing the lumen, it is called a reverse (or sometimes a
type I) signal anchor (Figure 9.2C). In this case, the N-terminal domain to
the TMD must be translocated to the lumenal side of the membrane to
permit such an orientation, while the C-terminal domain to the TMD must
remain in the cytosol. Regardless of the orientation, the TMD is eventually
integrated into the membrane (i.e., moved from the proteinaceous environ-
ment of the translocon to the lipid bilayer). Both types of signal anchors are
employed widely in the biogenesis of both single- and multispanning mem-
brane proteins, examples of which are indicated in Figure 9.2B and C.

From this discussion, it should be apparent that the initial recognition by
a translocon of the targeting element (either a signal sequence or TMD)
directly determines the portion of a nascent polypeptide that is translocated
across the membrane versus retained on the cytosolic side (i.e., the topology
of the final polypeptide). In the posttranslational translocation pathway,
this signal-translocon interaction is also likely to be the sole discriminatory
event in segregating secretory from nonsecretory proteins [17, 18]. Even in
cotranslational translocation, signal recognition by the translocon may be
the decisive discriminatory event since SRP-mediated targeting may not
be obligatory for translocation of substrates whose mRNAs are already

lipid bilayer. Thus, the only portion of the translocation channel that is displayed is the putative

lateral exit site formed by helices 2 and 7 of Sec61a (white bars). In the mammalian cotransla-

tional system, the signal sequence (black bar) is positioned in the helix 2/7 interface such that

portions flanking its hydrophobic region may contact portions of TRAM and the TRAP

complex for additional stabilization. The analogous interaction in the yeast posttranslational

system also involves the helix 2/7 interface of Sec61p. Here, additional stabilizing interac-

tions are provided by Sec62p, Sec63p, Sec71p, Sec72p, and/or the lumenal chaperone BiP

(also called Kar2p). Cotranslational translocation in yeast may rely solely on the helix 2/7

interaction since homologues of TRAM and TRAP do not appear to exist. This may explain

why only a subset of signal sequences (presumably those that do not need stabilizing factors)

are directed into the cotranslational pathway in yeast [6, 7]. Furthermore, it could also explain

why a second cotranslational translocon formed by a Sec61 homologue (Ssh1p), which has a

somewhat different helix 2/7 site (indicated by shaded bars), displays different signal sequence

specificity [62].
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docked on ER-bound polysomes [11]. Consistent with this notion, yeast
mutants depleted of SRP are initially defective in translocation and grow
slowly, but substantially recover their translocation capacity and growth
rate over time [19, 20]. A plausible explanation for this observation is that
cotranslational translocation substrates are initially very slow to engage the
translocon in the absence of SRP, but become much more efficient after
the first (presumably random, and hence rare) targeting event delivers the
mRNA to the ERmembrane. Indeed, in vitro experiments have shown that
a polypeptide can be successfully translocated in a signal-discriminatory
manner in the complete absence of SRP, provided that the RNC com-
plex is first docked at the translocon [11, 21–24]. Thus, recognition of a
hydrophobic-targeting sequence by the ER translocon is both an obligatory
and decisive step in the initiation of all modes of protein translocation.

IV. The Remarkable Diversity of Sequences Recognized
by theTranslocon

Even though essentially every substrate translocated across (or inserted
into) the ER engages the translocon, the domains that are recognized
(signal sequences and TMDs) share no sequence motifs or homology what-
soever [25–27]. Not only are signal sequences distinctly different from
TMDs, but each motif is itself highly variable. N-terminal signal sequences
are usually �15–45 amino acids in length and are often considered to have
a three-domain structure: a nonhydrophobic and often basic n-region,
followed by a central hydrophobic core of �8–12 residues (h-region), and
ending in a c-region that often contains helix-breaking and small uncharged
residues.

TMDs are generally longer than signal sequences and have a hydropho-
bic membrane-spanning domain of at least �16 residues. This hydrophobic
domain is often flanked by charged residues, the asymmetric distribution of
which often correlates with its final orientation in the membrane (with basic
residues favoring the cytosolic side, the so-called ‘‘positive-in’’ rule [28, 29].
Because the TMDs used for targeting need not be at the beginning of the
protein, the N-terminal domain to the TMD can be of highly variable size
(Figure 9.2B and C). Thus, the only feature that is considered common to all
signal sequences and TMDs is a �8-residue hydrophobic region uninter-
rupted by charges. For this reason, the hydrophobic region of the signal and
TMD is generally considered the principal feature that is recognized by the
translocon and engages it for subsequent events in substrate translocation.

What then is the functional role of sequence diversity in signals and
TMDs? In the case of TMDs, at least two functions are clear. First, statistical
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andmutagenesis studies have demonstrated that the length, hydrophobicity,
and flanking charge distribution of the TMD all influence its orientation in
the translocon and hence final protein topology [14, 15, 30]. Second, any
structural and functional roles of the TMD in the final membrane protein
inevitably constrain the sequences that are allowable. In the case of signal
sequences, role(s) for sequence variability among substrates remains poorly
understood. Only relatively recently have functional differences among
signal sequences begun to emerge from a collection of seemingly disparate
studies from multiple experimental systems [31, 32].

The reason for this brief discussion on the sequence features of TMDs and
signals is that it highlights several important questions regarding translocon
function that are considered in subsequent sections. First, how are the rather
vague shared features of signals and TMDs (primarily hydrophobicity) recog-
nized by the translocon despite their enormous sequence diversity? Second,
how are the variable regions of signals and TMDs interpreted by the translo-
con to impart substrate-specific features such as orientation of a TMD? And
how might this sequence diversity be physiologically exploited by the cell for
differential regulation of translocation in a substrate-specific manner?
In considering these and other questions, it is therefore important to keep in
mind that even though most of our current knowledge comes from the study
of a very few model examples, translocons are in fact designed to handle
remarkable substrate diversity.

V. TheMachineryof SignalSequenceRecognition

What does a signal ‘‘see’’ when it interacts with the translocon? The
answer to this question turns out to depend on the organism, substrate, and
mode of translocation. This is because the translocation apparatus is not
exactly the same in all organisms, and multiple translocons of differing
compositions are likely to exist even within a single cell [1–4]. Nonetheless,
it is generally thought that due to their similar hydrophobic character,
signal sequences and TMDs of either orientation are all recognized in
approximately the same way and at the same general site in a translocon.
Furthermore, the high degree of evolutionary conservation in the essential
targeting and translocon machinery (i.e., the SRP system and the Sec61
complex) suggests that the fundamental steps in translocation (such as
signal sequence recognition) will vary little across experimental systems
[33, 34]. With this in mind, let us now consider what is known about the
machinery of signal and TMD recognition.

Two types of substrates have been analyzed over the years. In the
mammalian system, RNCs of defined length and substrate composition
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are assembled with pancreatic ER-derived microsomes. In the yeast system,
a posttranslational substrate is stalled in its translocation across yeast-
derived microsomes. Insight into signal sequence and TMD recognition
by the translocon in each system comes primarily from fluorescence,
cross-linking, and reconstitution studies. Although no single approach or
system provides a complete view, a composite can be deduced by combin-
ing the resulting data with a reasonable assumption of high evolutionary
conservation of basic mechanisms.

In the fluorescence approach, nascent chains containing a fluorescent
amino acid incorporated in the signal sequence were used to probe the local
environment at different stages in translocation [35]. These pioneering
studies demonstrated that during cotranslational translocation, the signal
sequence of a model secretory protein is in an aqueous environment con-
tinuously during its transit through the ribosomal tunnel and engagement of
the ER translocation [13, 36]. On translocon engagement, the probe in the
signal, although still in an aqueous environment, was no longer accessible to
ions from the cytosolic side of the membrane [13, 36]. It was presumed that
the signal must therefore occupy a nonhydrophobic space at the membrane
shielded from the cytosol, consistent with it interacting directly with the
translocon.

Coincident with these studies, cross-linking approaches had identified
several integral membrane proteins in proximity to signal-containing
nascent chains [37–41]. The eventual purification and identification of
these proteins in the mammalian cotranslational system led to the discovery
of TRAM (for translocating chain-associated membrane protein [42]), the
heterotetrameric translocon-associated protein (TRAP) complex (com-
posed of a-, b-, g-, and d-subunits [43]), and the heterotrimeric Sec61
complex (composed of a-, b-, and g-subunits [44]). In additional to being
near (i.e., within cross-linking distance) to a signal sequence, each of these
translocon components were also found to be functionally involved in signal
sequence-mediated translocation [11, 42, 44–46].

To delineate the signal sequence interaction with the translocon with
higher resolution, a site-specific cross-linking approach was combined with
biochemical and genetic manipulation of the translocon components. These
studies revealed several important observations. In the mammalian cotran-
slational system, nearly every residue in the hydrophobic core of a signal
sequence was found to be adjacent to Sec61a and phospholipids [24, 47–49].
By contrast, TRAM was found to make its predominant contacts to the
regions flanking the h-domain [24, 48]. For the signal sequence of prolactin,
the n-domain was close to TRAM, while the a-factor signal sequence (when
presented as an RNC) showed the strongest cross-links to TRAM to regions
downstream of the h-domain. Although less precisely mapped, TRAPa
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seems to cross-link with only longer nascent chains, potentially through
residues in the mature domain [42].

In analogous cross-linking experiments using the yeast posttranslational
system, translocating nascent chains were found in the vicinity of Sec62p
and Kar2p (the yeast homologue of BiP) in addition to Sec61p [50, 51].
These early studies together suggested that signal sequence recognition
involved a complex protein-based interaction in both the mammalian and
yeast systems, but additional resolution was difficult to discern. To address
this problem, the genetic manipulability of yeast was combined with site-
specific cross-linking to identify the specific regions of Sec61p close to the
signal sequence of a stalled translocation intermediate [18]. This systematic
study found that the signal sequence of a-factor occupies a binding site
surrounded predominantly by transmembrane helices 2 and 7 of Sec61p
(a multispanning membrane protein containing 10 TMDs), with additional
contacts to Sec62p, Sec71p, and lipid.

Because an approximately similar pattern of cross-links was observed
with mammalian Sec61a for RNCs of a-factor [18], it is presumed that the
principal signal-binding site formed by helices 2 and 7 is conserved across
all species and modes of translocation. This is logical since homologues of
the Sec61 complex form the central translocation channel in all ER and
bacterial translocons, while the other accessory components (such as
TRAM, the TRAP complex, Sec62, and others) are neither universally
conserved nor present in every translocon. Using the cotranslational sys-
tem, it has further been shown that the Sec61 complex is both necessary and
sufficient for recognition of at least some model signal sequences [11].
Although definitive evidence is still lacking, cross-linking analyses suggest
that TMDs interact (via their hydrophobic domain) with the same or similar
site as signal sequences [52, 53]. Indeed, as for signal sequences, the Sec61
complex alone can suffice for recognition and proper orientation of at
least some model TMDs of either topology [44]. Thus, signal recognition
involves an essential and major interaction with a specific site within the
Sec61 channel. Additional (presumably weaker, but stabilizing) interac-
tions are specific to the translocation system: TRAM and potentially the
TRAP complex are involved in the mammalian cotranslational system,
while Sec62p and Sec71p participate in the yeast posttranslational system.

VI. ACombinedFramework for Signaland
TMDRecognition

Considered together with the available information on protein structure,
topology, and functional data, we propose the following working model
for co- and posttranslational signal recognition (Figure 9.3C). In both
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modes, the hydrophobic core of the signal sequence would interact with
roughly the same area of Sec61a between helices 2 and 7 [18]. Indeed, even
in the bacterial translocation system, these same two helices of SecY (the
homologue of Sec61a) were also observed to interact with a synthetic signal
peptide in detergent solution [54]. This binding site is presumably flexible
(i.e., helices 2 and 7 can be moved to varying degrees) to accommodate
the tremendous sequence diversity of signals (and TMDs). Furthermore,
the space near helices 2 and 7 should be capable of providing a route for the
signal sequence (or TMD) to access the hydrophobic core of the lipid
bilayer [18, 24, 49, 52, 53, 55, 56]. Each of these conclusions derived from
the mammalian, yeast, and bacterial systems is consistent with the crystal
structure of an archaeal SecY complex [57]. This structure revealed that
helices 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, the helix 2/7 interface represents
a generic hydrophobic domain recognition site that is accessed by the core
region of all signals and TMDs regardless of the mode of translocation.

In themammalian cotranslational system (Figure 9.3C, left diagram), this
interactionwould be stabilized by additional contacts between the n-domain
and TRAM on the cytosolic face of the translocon [48]. Such contacts,
although made with most or all signal sequences, would not be absolutely
essential for a stable signal-Sec61 interaction for all signal sequences
[11, 42, 44]. This would explain why TRAM is stimulatory for the transloca-
tion of some but not other proteins in a signal sequence-dependent manner
[45], even though it interacts with substrates that do not necessarily require it
for translocation. Similarly, the TRAP complex is envisioned to act simi-
larly, but on the lumenal face of the translocon [46]. This model is consistent
with the interaction between only longer nascent chains and the TRAP
complex [58] and the observation that TRAP contains a large lumenal
domain that appears in cryo-electron microscopy (EM) reconstructions
to protrude over the lumenal aperture of the translocon [59].

Such a stabilizing role for both TRAM and TRAP would explain
why both factors seem to be more important for substrates whose signal
sequences are potentially weaker as judged by a noncanonical n-domain
and/or a shorter and less hydrophobic h-domain [45, 46]. Furthermore,
TRAM and TRAP may allow the core Sec61 complex to recognize a
much broader range of signal sequences than would otherwise be possible
due to constraints on the flexibility of the helix 2/7-binding site. This breadth
of recognitionmay be particularly important in systems (such asmammalian
cells) where essentially all substrates are translocated in the same mode
(obligately cotranslational) instead of being subdivided between co- and
posttranslational systems that involve different translocation machineries
(as in yeast [6]).
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A similar model of primary and stabilizing interactions may apply for
posttranslational translocation in yeast (Figure 9.3C, middle diagram).
Here, the translocon is composed of Sec61p, Sec62p, Sec63p, Sec71p, and
Sec72p [60]. It is plausible to view the role of Sec62p and Sec71p as being
designed, at least partially, for the recognition of modestly hydrophobic
signal sequences that are selectively targeted to this translocon [6]. In this
view, a translocon lacking these components (composed only of the Sec61
complex) could only handle signals and TMDs whose interaction with the
helix 2/7-binding site is sufficiently stable to obviate additional stabilizing
factors. Hence, the cotranslational translocon in yeast (which lacks homo-
logues of TRAM and the TRAP complex) would accommodate only the
limited subset of signals that could be accommodated into its principal helix
2/7-binding site (Figure 9.3C, right diagrams). This constraint may explain
why in yeast, there exist two different cotranslational translocons com-
posed of either Sec61p or its homologue Ssh1p [61]: each may be capable
of recognizing different subsets of signal sequences and operate in parallel
to together accommodate a wider range of substrates [62].

Thus, in yeast, the problem of accommodating the remarkable diversity
of signal sequences seems to have been solved by the use of multiple
parallel translocation machineries that each has distinct (but perhaps over-
lapping) substrate-specificity. By contrast, higher eukaryotes (such as the
mammalian system) may have overcome this same problem by evolving
translocon-associated factors such as TRAM and TRAP to stabilize weakly
interacting signal sequences that otherwise could not be efficiently recog-
nized by the Sec61 complex alone. Such a qualitatively different solution
(of multiple weak interactions colluding to accomplish the final outcome)
to the signal recognition problem may have significant implications for
how translocation could be regulated by the cell (see the final section of
this chapter).

The same basic mode of signal-translocon interaction is likely to be
applicable for the initial recognition of TMDs during translocon engage-
ment (Figure 9.3B; compare to Figure 9.3A). Because the hydrophobic
domain is usually both longer and more hydrophobic than signal sequences,
stabilizing interactions with TRAM and TRAP may be less critical for
initial TMD recognition and engagement of the translocon (although this
remains to be tested experimentally). Even if initial recognition is less
dependent on accessory factors, the problem of correct orientation could
very well involve interactions with accessory components of the translocon.
This seems entirely plausible in the case of TRAM and TRAP because
these components seem to interact with regions flanking the hydrophobic
domain of a signal sequence [24, 42, 47, 48] and may similarly associate with
flanking domains of a TMD. As with signal sequences, features intrinsic
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to Sec61 may simply be insufficient to fully accommodate the diversity of
TMDs (especially in the mammalian system) with which it must interact.
Thus, accessory components (while dispensable for the few model TMDs
thus far studied [44]) may be particularly important for assimilating the
various parameters of the substrate (including hydrophobicity, charge of
flanking domains, length, and folding of flanking domains) into a final
unique topologic orientation.

The sequence features of a signal or TMD that determine the need for
components in addition to the Sec61 complex are not well studied in either
the mammalian or yeast systems. Furthermore, the mechanisms by which
such accessory components like TRAM, TRAP complex, or Sec62p facili-
tate signal recognition remain unknown. Finally, whether yet other compo-
nents 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 (reviewed in
[3, 63]). These include proteins with known functions (such as the multi-
protein oligosaccaryl transferase complex or five protein signal peptidase
complex), as well as many others whose functions are not known (including
for example p180, Mtj1, RAMP4, and p34). While none of these are
absolutely essential for translocation of at least the simplest model sub-
strates [44], it is not clear whether they play essential or stimulatory roles in
translocation of select substrates. As was exemplified by the TRAP com-
plex [46], the functional role(s) of such accessory factors in translocation
may elude detection until the proper substrate(s) is examined.

VII. Gatingof theProtein-Conducting Channel
of the Translocon

In addition to discrimination from nonsecretory proteins, signal sequence
recognition is an important event in preparing the translocon for subsequent
protein translocation. Hence, the signal recognition step is thought to be
coincident with a change in the translocon that leads to its opening toward
the ER lumen [11, 13], a step termed translocon gating. Although it is
clear that this is an essential step in initiating translocation, the mechanism
by which it occurs remains unknown. Presumably, the initial binding of
a signal sequence (or TMD) to the Sec61 complex (likely at the helix
2/7 interface) triggers a conformation change in either the Sec61 complex
itself and/or associated components to convert the translocon from a
‘‘closed’’ to ‘‘open’’ configuration. Understanding the mechanism by which
this occurs is intricately tied to the general issue of membrane permeability:
the translocon should normally remain closed when it is inactive yet open
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during substrate translocation such that in neither situation can
small molecules easily pass across the membrane.

At present, the question of how the membrane permeability barrier is
maintained during different stages of protein translocation remains a mat-
ter of considerable debate. It is clear, however, that resolving this issue will
require information about both the architecture 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 trans-
locon 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 sys-
tem. Translocation intermediates containing a fluorescently labeled amino
acid were used as a probe of both the environment surrounding the nascent
chain [36] and the accessibility of this environment to exogenously added
fluorescence quenchers [13, 64–66]. 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 [3], the pore sizes
of inactive versus engaged translocons were measured to be �8–10 and
�40–60 Å, respectively [64]. 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 [64–66].
Sequences in the nascent polypeptide are proposed to choreograph the
dynamics of channel gating by the ribosome and BiP to allow substrate
transport without small molecule leakage [66]. An electrophysiological
approach also suggested that purified Sec61 complex in lipid bilayers may
contain pores as large as 60 Å that can be blocked by BiP [67].

Although the model derived from the fluorescent probe approach is
internally consistent and compatible with many other biochemical experi-
ments 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 [68] seemed at odds
with the proposed 40- to 60-Å pore size [64, 67]. 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-EM of RNCs
bound to the translocon failed to see a tight seal between the ribosome
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and translocation channel that was expected from the fluorescence quench-
ing studies [69–72]. However, an inability to see density by cryo-EM can be
difficult to interpret since it could be due to increased flexibility in those
regions of the structure, loss of ancillary translocon components on solubi-
lization and sample preparation, or sample heterogeneity. Thus, cytosolic
or membrane 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 p180) [73]
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 mecha-
nism 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 posttrans-
lational 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 function of the lumenal gate proposed for BiP in the
mammalian system. Because of these difficulties, a more generally appli-
cable and evolutionarily conserved solution to the permeability 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 [57, 74].

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 Å in diameter and lined by several hydrophobic residues 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 [57]. Thus, no additional
components would be required to maintain permeability except the Sec61/
SecY complex, which forms the channel in all modes of translocation.

Mutagenesis studies have demonstrated movement of the plug domain
on initiation of translocation, supporting its proposed role in gating [75].
However, other studies question an essential role for the plug domain [76]
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since even its complete deletion was nonetheless compatible with viability
in yeast (although various translocation defects were noted). In addition,
cross-linking between nascent chains and residues near the pore ring (but
not elsewhere) supports the polypeptide transit path proposed on the basis
of the SecY structure [77]. Based on these and other considerations, it has
been argued that a hydrophilic pore is not formed at the interface of
multiple SecY complexes, but within a single SecY whose permeability is
maintained by its plug domain (reviewed by [4, 74]. Whether this model
proves to be true in all modes and systems of translocation, and hence
universally explains the permeability problem, remains to be investigated
by high-resolution structures of translocons engaged in active translocation.
At present, computational fitting of the archaeal X-ray structure into a
cryo-EM structure of an RNC-engaged Escherichia coli translocon suggests
that two SecY molecules may ‘‘face’’ each other with communicating pores
[78]. If validated, this may suggest that the basic unit of translocation can be
reorganized significantly by associating components (like the ribosome)
when changing between inactive and active states.

Hence, in eukaryotic systems, the basic unit of translocation may have
evolved into a more malleable oligomeric structure in which the pores of
multiple Sec61 complexes can indeed be combined to form a larger trans-
locon that changes to meet the demands of the substrate. This explanation
would necessitate additional protein complexes that facilitate this reorgani-
zation and new mechanisms to solve the permeability problem. This view
could help to reconcile the fluorescence data in the mammalian system with
alternate models of gating derived from other systems. 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 king-
doms 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.
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VIII. The Energetics of ProteinTranslocation

Regardless of the structural features of the translocon pore or the precise
mechanism of translocon gating, it is clear that after this event has occurred,
the nascent polypeptide spans the membrane bilayer through the aqueous
channel formed by the Sec61 complex [13, 47]. Hence, a portion of the
nascent chain can access the ER lumenal environment, while the remainder
of the chain has yet to be translocated. The channel within which the
nascent chain resides does not appear to interact with the chain; it is instead
thought to be a relatively inert passive conduit. Indeed, early studies artifi-
cially releasing a nascent chain stalled in its cotranslational translocation
showed it to be capable of bidirectional movement to either the lumenal or
cytosolic side of the membrane [79]. This suggested that unidirectional
vectoral movement of the nascent chain must be imparted by accessory
factors and presumably requires the input of energy.

In the cotranslational pathway, the substrate is thought to be ‘‘pushed’’
across the membrane by the ribosome (Figure 9.4A). In this model, the
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FIG. 9.4. Energetics of protein translocation. Energy from several sources is harnessed for

vectorial transport of substrates in the different translocation systems. In cotranslational

translocation (panel A), the architecture of the ribosome-translocon complex allows translo-

cation to occur concurrently with polypeptide elongation, thereby harnessing the energy of

protein synthesis for transport. In posttranslational translocation (panel B), the lumenal

chaperone BiP utilizes ATP hydrolysis for repeated rounds of binding and release from

translocating polypeptides to effect transport by a ‘‘molecular ratchet’’ mechanism. The

recruitment of BiP to the translocon and regulation of its ATPase cycle are provided by

Sec63. BiP may also play a role in cotranslational translocation, although this remains to be

fully investigated. In bacterial systems (panel C), a cytosolic ATPase termed SecA seems to act

as a motor that ‘‘pushes’’ nascent chains through the translocon. A comparable system in

eukaryotes has not been described.
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pushing is critically dependent on the architecture of a ribosome-translocon
complex that provides a continuous path from the peptidyl transferase site
within the ribosome to the lumenal aperture of the translocon. When
configured this way, the nascent chain is thought to essentially have only
one path of transit as it is elongated by continued translation. Thus, the
energy of protein synthesis is simultaneously used to support translocation.
This view is supported by the demonstration of a contiguous path through
the ribosome-translocon complex [13], the apparent alignment of conduits
through both structures [69], the shielding of translocating nascent chains
from the cytosol [11, 13], and the reconstitution of successful translocation
with the Sec61 complex as the only translocon component in the membrane
[11, 44]. Thus, for at least some substrates, cotranslational translocation can
proceed solely on the basis of energy expended for protein synthesis.

However, several observations suggest that this model of cotranslational
translocation is insufficient to explain the vectoral transport of all cotran-
slationally translocated substrates. First, the putative tight seal between the
ribosome and translocon that precludes nascent chain slipping during trans-
location may not be uniformly maintained for all substrates. In some
instances, nascent chains have been shown to be accessible to the cytosol
during translocation [80, 81]. In other cases, the nascent polypeptide did not
become shielded from the cytosol shortly after its docking at the translocon,
instead being cytosolically accessible for prolonged periods early in trans-
location [82]. Cytosolic accessibility is also predicted on the basis of a
relatively large gap observed between the ribosome and translocon in
cryo-EM structures [59 69–72, 83], and the fact that cytosolic loops in
multispanning membrane proteins must have some means of escaping the
ribosome-translocon tunnel during translocation. Thus, it is reasonable to
conclude that many nascent chains have access to the cytosol at one or
another point during their translocation, and therefore at least have the
potential to slip into the cytosol rather than being translocated.

This potential to slip may explain why some studies have found that
nascent chain-binding proteins on the lumenal side of the membrane can
stimulate cotranslational translocation [84–88]. It is plausible that such
additional factors are required to bias transport only in some circumstances
or for some substrates, perhaps explaining why this lumenal factor require-
ment has not been uniformly observed by all investigators. Additional
studies systematically and quantitatively examining the requirements for
cotranslational translocation of many different types of substrates will be
needed to fully identify all of the factors that impart unidirectionality to the
transport process.

In the yeast posttranslational pathway (Figure 9.4B), the ribosome and
energy of protein synthesis cannot be exploited for translocation. Thus,
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other factors, such as the lumenal chaperone Kar2 (the yeast homologue of
BiP), are obligately required for vectoral translocation [60, 88–90]. Kar2 is
recruited to the lumenal side of the translocation site via its interaction with
Sec63, a J-domain protein that regulates the ATPase activity of BiP [89, 91].
At the site of translocation, Kar2 binds to the substrate and prevents its
back sliding to the cytosol [60, 89, 90]. Repeated rounds of ATP-dependent
binding and release, coupled with Brownian motion of the nascent chain,
are though to drive substrate translocation into the ER lumen by a ‘‘molec-
ular ratchet’’ mechanism [92]. This role of BiP/Kar2 in the transloca-
tion of proteins across the ER membrane is discussed in more detail in
Chapter 10, this volume.

A yet different translocation mechanism is involved in posttranslational
translocation in bacteria (Figure 9.4C). SecA, a dissociable subunit of the
translocon, appears to harness its ATPase activity to ‘‘push’’ substrates in a
stepwise manner through the SecY pore. In addition, the proton motive
force can drive translocation after the initiation by SecA and can be
continued and completed even after depletion of ATP [4, 93]. This translo-
cation system (described in detail in Chapter 2) further underscores the
basic idea that components of the membrane-embedded translocon or
translocation channel do not directly provide any intrinsic directionality
to transport; instead, the energetics and mechanisms for directionality are
imparted by reversibly associated accessory factors. The reason for this
‘‘division of labor’’ is not clear, but may allow translocons to be adapted
for multiple purposes (such as forward translocation and retrotranslocation)
simply by changing the spectrum of associated components.

IX. TheBiogenesis ofMembraneProteins

For secretory and many single-spanning proteins, the issues thus far
considered (recognition, engagement of the translocon, and vectoral trans-
port) largely suffice to explain their translocation. However, multispanning
membrane proteins have several TMDs that must each be recognized,
oriented appropriately, laterally inserted into the membrane bilayer, and
assembled with other TMDs to create the final product. All of these events
are thought to occur cotranslationally in all systems ranging from bacteria
to mammals. The reason may have to do with the relatively intractable
problem of even transiently maintain a highly hydrophobic protein contain-
ing several TMDs in a configuration capable of subsequent translocation.
Instead, cells appear to deal mostly with TMDs sequentially, as they emerge
from a ribosome docked at an already engaged translocon. The mechanism
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involved in the handling of internal TMDs is very poorly studied, and
remains largely in the realm of speculative working models.

It is reasonable to assume (albeit with little experimental data) that
recognition and orientation of internal TMDs operates by principles similar
in many ways to the initial recognition event of signal sequences and signal
anchor sequences (Figure 9.5). The one obvious exception is that the
orientation of preceding TMDs already embedded in the membrane is
likely to impose rather strict constraints on the topology that can be
achieved by subsequent TMDs. Unless previously synthesized TMDs are

FIG. 9.5. Recognition and membrane integration of internal TMDs. When a TMD within

the ribosomal tunnel approaches the translocon (left diagram in each panel), it appears to

acquire secondary structure [94] and may induce conformational changes in the translation and

translocation machinery such that the channel is closed to further translocation (not depicted).

The TMD is subsequently recognized by the translocon (second diagram in each panel) in a

step that is poorly understood by may be similar to the initial signal/TMD recognition step

(see Figure 9.3). Depending on constraints such as the topology of preceding TMDs, the charge

distribution flanking the TMD, length, and hydrophobicity, the TMD is oriented within the

translocon (third diagram in each panel). In some cases, these constraints may force a moder-

ately hydrophobic or nonhydrophobic segment of the polypeptide (white segment in panel C)

to acquire a membrane-spanning configuration. In the final step, the TMD is laterally moved

into the lipid bilayer, either on its own or perhaps in conjunction with preceding TMDs with

which it assembles.
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reoriented after their initial handling (an event for which some precedent
exists), the incoming TMDmust acquire a topology opposite to the preced-
ing TMD (Figure 9.5A and B). In the context of this constraint, how then
are cotranslationally synthesized internal TMDs recognized, oriented,
integrated, and assembled?

Quite surprisingly, fluorescence probes incorporated into TMDs suggest
that they may first be recognized while still inside the ribosome [66]. Not
only does the TMD begin to acquire secondary structure inside the ribo-
somal tunnel, but this recognition seems to induce changes in the translocon
machinery to which the ribosome is bound [94, 95]. In particular, the
translocon becomes sealed (i.e., a closed configuration) on the lumenal
side, while the ribosome-translocon interaction changes in a way that allows
nascent chain exposure to the cytosol [96, 97]. This translocon configuration
(sealed from the lumen and open to the cytosol) is similar in many ways
to the configuration encountered by a signal sequence or TMD when it is
first targeted to a vacant translocon. It is therefore appealing to consider a
model in which every TMD, regardless of its position in a multispanning
membrane protein, encounters the translocation apparatus in essentially
the same way. In this view, the translocon is effectively ‘‘reset’’ to a baseline
configuration before the emergence of every TMD.

From this baseline configuration, we would imagine that the translocon
recognizes and orients each successive TMD by using similar parameters as
those used for signals and signal anchors. This conclusion is consistent with
the observation that the charge distribution flanking internal TMDs is
similar (although not quite as obvious) to that of first TMDs [28]. These
same recognition parameters, together with the additional constraint of
previous TMDs, stabilize the intended orientation of most TMDs. Because
many TMDs may not be as robustly oriented on their own as others, the
constraint of previous TMDs may be more important in some instances
than others. Indeed, experiments intentionally altering the flanking charges
of internal TMDs have shown that TMDs can be ‘‘forced’’ into specific
orientations solely on the basis of surrounding TMDs (Figure 9.5C). For
example, a TMD that is essentially incapable of engaging the translocon
on its own could potentially be forced to span the membrane by two very
strongly oriented flanking TMDs [98, 99]. Such unusual insertion mechan-
isms may be especially important for the biosynthesis of many membrane
proteins (such as ion channels) whose internal TMDs may need to be
relatively nonhydrophobic for correct function of the final product.

Considering the tremendous range of TMDs that are handled by
the translocon, it seems unlikely that a single mechanism is used for their
uniform recognition and orientation. Instead, a combination of selfcontained
sequence elements (e.g., hydrophobicity, flanking charges), constraints
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imposed by other TMDs, cooperation between adjacent TMDs [56, 100], and
even reorientation mechanisms [101] all contribute to complex membrane
protein biogenesis. This multifactorial aspect of TMD integrationmay help to
understandwhy prediction of topology is nontrivial, and howmany regions of
limited hydrophobicity can nonetheless serve as TMDs.

X. Lateral Exit of TMDs from the Translocon

After recognition and orientation of a TMD by the translocon, it must be
moved from the aqueous translocation channel to the hydrophobic lipid
bilayer. Several nonmutually exclusive mechanisms have been proposed to
explain how this lateral exit occurs (reviewed in [3, 102, 103]). It is likely
that each of these mechanisms operates under different circumstances,
depending on the features of the TMD and other parts of the substrate
(Figure 9.6).

Prior to integration, cross-linking studies have shown that the TMD is
adjacent to Sec61a, lipids, and, in some cases, TRAM [52, 53, 55]. Because
cross-linking probes positioned in adjacent sites within a TMD show differ-
ent efficiencies of cross-linking to Sec61a and TRAM, it is thought that the
TMD is bound to a specific site in the translocon [95]. This site may be the
same as the signal sequence-binding site involving helix 2/7 of Sec61a.
Binding to the translocon is also presumably important to prevent further
translocation into the lumen during continued translation. From this site,
the TMD then moves into the lipid.

The simplest mechanism of lateral TMD movement involves its parti-
tioning via its hydrophobic core into the lipid bilayer [52]. Because the
TMD, even when in the translocon, can be cross-linked to lipids, it is
presumably already positioned at the lateral exit site. The model is that
on further translation, the tether keeping the TMD in proximity to the
translocon is lengthened, allowing the TMD free reign to access its energet-
ically favored environment. Hence, the TMDmoves from the translocon to
the lipid bilayer before protein synthesis had terminated (Figure 9.6A).
Consistent with this partitioning model, introduction of charges into the
TMD slowed its movement into the lipid bilayer [52]. Furthermore, this
mechanism (at a minimum) appears to involve only the Sec61 complex
since integration by partitioning has been reconstituted using purified
components [52].

In another set of studies with different substrates, the TMD was
observed to remain within cross-linking distance to Sec61a and/or TRAM
for a prolonged time, up until the terminal codon was reached by the
ribosome [55, 95]. This has been interpreted as a mode of integration
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being distinct from the partitioning model. It is possible that the confor-
mational change in the ribosome-translocon complex on termination is
the critical event in driving TMD integration (Figure 9.6B). The mechanis-
tic difference between integration during synthesis versus integration
on termination is not clear, but could have to do with different substrates
or experimental conditions. Given that most detailed studies of TMD
integration are performed using artificially designed substrates, it is not
yet obvious how commonly each mechanism is used in naturally occurring
membrane proteins.

The third mechanism of integration involves ‘‘displacement’’ of a TMD
from its binding site in the translocon by a subsequent TMD (Figure 9.6C).
In one version of this view, only one principal binding site for a TMD (or
signal sequence) exists within the translocon. Hence, each subsequent
TMD would displace the previous TMD from this site, forcing its integra-
tion into the lipid bilayer [104–106]. A variation of this view is that some
TMDs are not sufficiently stable on their own in the lipid bialyer, and
are thus held at a protein–lipid interface until it can cointegrate with
another TMD (with which it interacts). Indeed, examples of membrane
protein integration where two TMDs cooperate to facilitate each other’s
integration have been described [56, 100]. Extrapolation of this line of
thought leads to a model where the translocon (perhaps in combination
with associated factors) can retain multiple TMDs (or retrieve them to the
translocon ever after integration) to facilitate the assembly of three or more
TMDs cotranslationally before their en bloc release into the lipid bilayer
[105, 107].

And finally, although poorly studied, complex membrane protein assem-
bly events such as multiple TMD assembly may require chaperones
specialized for handling TMDs (Figure 9.6D). TRAM, an importin-like
ER protein termed importina16, and a yet unidentified factor termed
PAT10 have each been suggested to serve in this role on the basis of
cross-linking studies [52, 55, 104, 108]. At present, experiments examining
the consequences of removing any of these components for membrane
protein integration remain to be performed. Thus, their functional roles in
the integration process remain largely a matter of speculation. In fact, aside
from the Sec61 complex, no other component has been functionally shown
to directly influence integration (defined as the lateral movement of a TMD
from the aqueous translocon to the lipid bilayer). Setting up robust and
well-defined assays for TMD orientation, integration, and assembly in a
system readily amenable to selective depletion of individual translocon
components will be an important goal in defining the mechanisms of
membrane protein biogenesis.
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XI. Regulationof Protein Translocation

The evolution of a complex endomembrane system in eukaryotes pro-
vides several advantages to the cell, some of which are more obvious than
others. These advantages include increased capacity, quality control, quan-
tity control, and regulation. On translocation into the ER, a protein is still
available to a eukaryotic cell before its secretion or exposure at the cell
surface; by contrast, translocation is largely synonymous with exit from
the cell in prokaryotes. This intracellular availability prior to secretion or
presentation on the cell surface has been thoroughly exploited to confer
several important advantages to eukaryotes.

The most important advantage is the opportunity for quality and quan-
tity 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) [109, 110],
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 apoli-
poprotein B) or multicomponent membrane protein complexes (such as the
T-cell receptor). Similarly, regulated degradation during or shortly 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 [111] or apolipoprotein B [112, 113]).

Furthermore, the intracellular compartmentalization of secretion allows
secretory and membrane proteins to be stored until they are needed [114],
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 examples illustrates an important general princi-
ple: the disadvantages of increased cost and lower efficiency of a more
complex, multistep 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 function as complex units. Such communication and
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interactions 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 none-
theless lead to failure of the organism if they do not function 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, there-
fore, 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. 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 one might conceptualize a framework for translocational
regulation that can guide future investigation? At the outset, it is instructive
to consider analogies to other 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 useful [115–118]
(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 sequence elements that are unique to
each individual promoter [119]. 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 [116, 117], while the unique elements impose require-
ments for additional machinery that regulate the recruitment or activity of
the core components [115, 118]. The combinatorial expression or modifica-
tion 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 regu-
lation 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 onemechanism
of regulation to be conceptualized. Here, signal sequences are viewed as
loosely analogous to promoters, and the evolutionarily conserved compo-
nents of the translocation machinery (i.e., SRP, SR, and Sec61 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 [25, 120]. The common features of the signal appear to be the
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elements that are recognized by the core machinery, such as SRP54 and the
Sec61 complex. The unique features of the signal appear to impose addi-
tional constraints on signal function by requiring the presence of additional
factors at the translocation site such as TRAMor the TRAP complex [42, 45,
46]. These additional components can be modified (e.g., by phosphorylation
[121–123]), 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
(Figure 9.7): (1) diversity in structure and function of signal sequences that
share a bare minimum of common features; (2) diversity in ‘‘accessory’’
components that influence recognition by a core translocation machinery of
some but not other signals; and (3) 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 functions of
accessory components 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, p180, p34,
Mtj1, RAMP, a TRAM homologue, 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 [124] or differential expression [125]
to influence their function. Thus, there exist more than enough sources
for modulatory activities to theoretically provide exquisite specificity in
the regulation of signal sequence function, and hence translocation.
Proof-of-principle that differences in signal sequences among substrates
can indeed be exploited to selectively modulate translocation comes from
the recent discovery of translocational inhibitors [126, 127]. These mole-
cules appear to work by selectively inhibiting the interaction between Sec61
and some but not other signal sequences [126]. Thus, signal sequence
function can be selectively, potently, and reversibly modulated in trans.

Initial evidence that protein translocation can indeed be physiologically
modulated in a substrate-selective, cell-type specific way has been provided
by quantitatively examining the efficiency of signal sequence function
in vivo [128]. Not only were different signal sequences found to have
different efficiencies within a given cell type, but they also varied indepen-
dently in a cell type-specific manner. For example, one signal sequence was
observed to be significantly more efficient than another signal in a particu-
lar type of cell; however, in a different cell type, the two signals were found
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to be equally inefficient. Similarly, the relative efficiencies of different
signal sequences appeared to change even within a population of cells
when assessed at different stages of growth.

In another series of experiments, it has recently been shown that trans-
location efficiencies of selected substrates can be responsive to environ-
mental stimuli. For example, during acute ER stress, the translocation of
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FIG. 9.7. Potential mechanisms for selective translocational regulation. Translocons in the

ER of mammalian cells are capable of residing in multiple states. These different states might

be distinguished by the presence or absence of various accessory factors (like TRAM, TRAP,

Sec62, Sec63, Mtj1, p180, RAMP4, and others), modifications such as phosphorylation

[121–123], or use of alternative splice variants or homologues of key components. Hypothetical

translocons in two different states (A and B) are depicted in the top and bottom diagrams.

Signal sequence recognition by these two translocons is speculated to be different with respect

to the efficiencies with which they position signals of different features. For substrate 1, whose

N-domain is highly basic, translocon A efficiently positions the signal in the ‘‘looped’’ orienta-

tion and hence favors translocation (top left). By contrast, the same substrate is not efficiently

recognized by translocon B (bottom left). For substrate 2, whose signal sequence is different

than substrate 1, efficient recognition is mediated by translocon B (bottom right), but not

translocon A (top right). Thus, the differences among signal sequences combined with the

malleability of translocon states would allow substrate-specific regulation of translocation

into the ER.
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some but not other proteins was shown to be attenuated to varying degrees
in a signal sequence-selective manner [129]. These aborted translocation
products were routed for degradation by the cytosolic proteasome system.
One purpose for this rerouting from a translocated to degradative fate
(a process termed ‘‘preemptive quality control’’ or pQC) may be to protect
the ER lumen from excessive protein misfolding during ER stress. Indeed,
forcing the prion protein (PrP) to be constitutively translocated under these
conditions by use of a highly efficient signal sequence caused increased
sensitivity to ER stress and increased PrP aggregation in the ER lumen.
Thus, the entry of proteins into the ER is not necessarily a constitutive
process predestined by the sequences of the substrate. Rather, it is depen-
dent on and potentially regulated by a translocation machinery that may be
responsive to changes in cellular conditions.

Modulating translocation not only provides a mechanism for quantity
control (i.e., the ability to change the abundance of the protein in the
secretory pathway), but may also be a means to generate alternative forms
of certain proteins that reside 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
(summarized in [32, 128]). At present, at least one example of the physio-
logical relevance of such an alternatively localized population has been
provided by analyses of the ER-lumenal chaperone Calreticulin (Crt).
Here, the signal sequence of Crt was shown to permit a small but detect-
able percent of the total to fail in its translocation and reside in the cytosol
[130]. Remarkably, forcing efficient translocation by use of another
signal sequence influenced gene expression mediated by the glucocorticoid
receptor, a function previously ascribed to cytosolic Crt.

The degree to which translocational regulation is beneficially utilized for
the generation of functional diversity or quantity control of secretory
pathway proteins remains to be investigated and represents a largely unex-
plored area of protein translocation. It is clear that in addition to develop-
ing a working framework for the plausible ways that translocation might
be regulated (e.g., as in Figure 9.7), it will be important to identify addi-
tional tractable model systems. Whereas the study of essential and consti-
tutive facets of translocation has required simple and highly robust model
systems, the study of regulation will probably necessitate more complex
substrates and potentially new experimental methods. Furthermore, as in
other fields, the consequences of misregulation may be more nuanced than
defects in basic translocation. For example, mice disrupted for the translo-
con accessory component RAMP4 display an ER stress-related phenotype
[131]. In addition, humans containing a mutant Sec63 develop polycystic
liver disease [132, 133]. Hence, the study of translocational regulation
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may require analyses in more complex organisms and systems (such as
Caenorhabditis elegans, Drosophila, or mouse models) than have yet to be
employed in this field. These areas of study represent challenging but
physiologically important directions for the future.
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I. Abstract

The endoplasmic reticulum (ER) is where proteins destined for secre-
tory organelles—including the ER, Golgi, lysosome/vacuole, and plasma
membrane—are first recognized by components that facilitate their matu-
ration and intracellular trafficking. These secretory pathway residents
are synthesized by ER-associated ribosomes and are then translocated or
integrated into the ER membrane, a process that can occur either post-
translationally or cotranslationally. A dedicated protein machine, known as
the Sec61 complex, forms an aqueous channel in the ER membrane and
thus facilitates the translocation reaction. Numerous studies have demon-
strated that the 70-kDa heat-shock protein (Hsp70) in the ER lumen plays
a critical role during protein translocation. This molecular chaperone
not only drives the translocation of proteins across the ER membrane,
but it helps maintain the permeability barrier of the ER during transloca-
tion and assists in the folding of the newly translocated protein. In this
chapter, we will first describe the structure and function of Hsp70 chaper-
ones and will then introduce the many components of the ER translocation
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machinery. Next, we will discuss how the lumenal Hsp70, known as BiP/
Kar2p, catalyzes secreted protein translocation and folding in both the
yeast and mammalian ER. Finally, we will review how BiP/Kar2p helps
maintain ER homeostasis when aberrant proteins accumulate, and will
raise important, unanswered questions in this field.

II. Hsp70

The 70-kDa heat-shock protein (Hsp70) proteins are abundant chaper-
ones that are present in eukaryotic cells, in eubacteria, and in many archaea
[1, 2]. In eukaryotes, Hsp70s are found in the cytosol, chloroplasts, mito-
chondria, and in the endoplasmic reticulum (ER) lumen. Under stress
conditions, such as heat shock, the expression of Hsp70s is induced to
prevent aggregation and assist in the refolding of damaged proteins. How-
ever, Hsp70s also play important roles under normal conditions, and there-
fore many are constitutively expressed and are sometimes termed Hsc70s
for heat-shock cognate proteins of �70 kDa. Hsp70/Hsc70s assist in the
folding of newly translated proteins, facilitate the translocation of proteins
across biological membranes, disassemble oligomeric multiprotein com-
plexes, and catalyze the proteolytic degradation of misfolded proteins. All
of these activities rely on the adenosine 50-triphosphate (ATP)-regulated
association and disassociation of Hsp70s with hydrophobic polypeptide
substrates [3–5]. However, the functional versatility of Hsp70s in the cell
is achieved by two mechanisms. First, the Hsp70 genes have evolved to
encode unique recognition and targeting motifs, which help diversify their
function. Second, cochaperones target Hsp70 for unique roles in cellular
activities. One class of cochaperones are known as Hsp40s and are distin-
guished by the presence of an �70 amino acid ‘‘J-domain’’; these Hsp40s
accelerate the ATPase activity of Hsp70s. Another class of cochaperones is
Hsp70 nucleotide exchange factors (NEFs). The evolutionary diversity of
Hsp70s is perhaps best understood for the yeast Saccharomyces cerevisiae.
The genome of this yeast encodes �14 Hsp70 proteins [6] and probably
�20 Hsp40 [7, 8], and different combinations of Hsp70–Hsp40 pairs func-
tion in processes as diverse as transcription, membrane fusion, and protein
translation, translocation, and degradation [9].

A. THE STRUCTURE OF HSP70

Hsp70s consist of an �44-kDa N-terminal nucleotide-binding domain
(NBD) which binds and hydrolyzes ATP, an �18-kDa substrate-binding
domain (SBD), and an �10-kDa C-terminal variable domain [10, 11]
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(Figure 10.1A). Some nonorganellar eukaryotic Hsp70s have a conserved
EEVD sequence at the extreme C-terminus that binds tetratricopeptide
repeat (TPR) proteins, which further diversify Hsp70 function and link
this chaperone to other chaperone systems [12].

Some time ago, high-resolution structures were solved by X-ray crystal-
lography for the ATPase domain of bovine Hsc70 [10] and the SBD of
an Escherichia coli Hsp70, DnaK [11]. The ATPase domain of bovine
Hsc70 is composed of two subdomains, separated by a cleft that contains
the nucleotide-binding site [10]. The nucleotide is bound at the base of the
cleft together with oneMg2þ and two Kþ ions and is almost entirely solvent-
inaccessible. The SBD of DnaK has an 8-stranded antiparallel b-sandwich,
and the peptide is bound in an extended conformation in a channel formed
by loops that connect the b-sheets and create a hydrophobic pocket.
A distal a-helical domain covers this pocket, but does not contact the
peptide. It has been suggested that this helical domain acts as a ‘‘lid’’ to
stabilize peptide complexes and to control the kinetics of peptide binding
and release [13, 14].

Although the ATPase domains with bound NEFs have been cocrystal-
lized and their structures solved [15, 16], only recently was a structure of a
nearly full-length Hsp70 solved by X-ray crystallography [17]. The structure
suggests that the NBD and the SBD interact via an SBD-resident helix that
inserts between two subdomains in the NBD, and the biochemical analysis
of site-directed mutants supports many of the conclusions at which the
authors of this groundbreaking study arrived. However, it is important
to note that the structure was determined in the absence of bound

ATPADP

J-protein
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Substrate

ATPase domain
Substrate-

binding domain

NH2 COOH
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FIG. 10.1. (A) Schematic structure of the Hsp70 chaperone. (B) Catalytic cycle of Hsp70.

Hsp70 cycles between the ADP and ATP-bound state as substrates cycle on and off.

A J-domain-containing protein (J-protein), such as an Hsp40, accelerates the ATPase activity

of Hsp70 by binding to the ATPase domain. A ‘‘NEF’’ may also enhance the ATPase

activity of Hsp70 by increasing the rate of nucleotide exchange.
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nucleotide—which may impact interdomain communication between the
NBD and SBD—and in the absence of a peptide substrate; indeed, the SBD
pocket in this structure is occupied by a disordered helix that resides
elsewhere in the SBD. In contrast, NMR chemical shift analysis of the
SBD of DnaK indicated that this domain exists in a high peptide-affinity
state and that ATP must be bound for the SBD and NBD to interact [18],
even though others have found that either adenosine 50-diphosphate (ADP)
or ATP supports NBD–SBD association [19]. More recent work indicates
that the interdomain linker between the NBD and SBD plays a major
role in mediating the ATP/ADP-dependent conformational change [19a].
Clearly, much work needs to be directed toward solving the structure of
full-length Hsp70—in the presence of different nucleotides and with bound
peptides and cochaperones—by both NMR and X-ray crystallography, and
this goal represents a major challenge to those in the field.

B. THE HSP70 REACTION CYCLE

TheHsp70 catalytic cycle has been best defined for DnaK in the presence
and absence of its Hsp40 cochaperones, DnaJ, and a NEF, GrpE
(Figure 10.1B). In DnaK-assisted folding reactions, substrates repeatedly
cycle on and off the chaperone as DnaK cycles between the ADP and ATP-
bound state [20, 21]. The ATP-bound form of DnaK has a low affinity and
fast substrate exchange rate because the a-helical latch over the peptide-
binding cleft is open; in contrast, the ADP-bound form has a high affinity
and slow exchange rates for the substrates because the a-helical latch is
closed [22–25] (and see above). DnaK and other Hsp70s have a low basal
ATPase activity, which is probably one reason that cochaperones, such as
Hsp40 and NEFs, are essential for many Hsp70-catalyzed reactions. Indeed,
DnaJ significantly accelerates DnaK’s ATPase activity by contacting the
underside of the Hsp70 NBD with the J-domain [13, 26–29]. As a result, a
peptide substrate becomes trapped in the SBD of DnaK. In some cases,
DnaJ, which also binds hydrophobic peptides [30], can deliver substrates to
Hsp70 [20, 31–35]. In either case, the GrpE NEF helps free the bound
substrate by increasing the rate of nucleotide exchange, and the addition
of GrpE to DnaJ and DnaK synergistically enhances DnaK’s ATPase activ-
ity [36]. As a result of the DnaK ATP/ADP cycle, peptides with overall
hydrophobic character are continuously routed on and off the chaperone,
which is critical for the myriad of Hsp70-catalyzed cellular functions. It is
important to note, however, that Hsp70 does not itself significantly change
the conformation of the bound substrate—in kinetic terms, it only decreases
the frequency at which a substrate will occupy off-pathway intermediates.
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C. BIP/KAR2P

BiP, an abundant Hsp70 in the ER lumen, was originally identified
both as an immunoglobulin heavy chain-binding protein [37] and as a
glucose-regulated protein, Grp78, because it accumulates following glucose
starvation [38]. The N-terminal NBDs of BiP and a cytosolic Hsc70 are
66% identical and 81% similar [39], and the C-terminus contains an ER
retention sequence [40, 41]. BiP is expressed in all cell lineages ranging
from yeast to man, and interestingly yeast BiP was identified because it was
the second gene isolated that is required for nuclear/ER membrane fusion
(karyogamy) during the mating of a and a yeast cells, and was therefore
called Kar2p [42–44]. Kar2p is �50% similar to E. coli DnaK and the
expression of mammalian BiP partially replaces Kar2p function in yeast
[42, 45]. Because there is no correlation between defects in nuclear fusion
and translocation in yeast containing various kar2 mutant alleles [46], it is
likely that Kar2p is directly involved in nuclear/ER membrane fusion,
although its mechanism of action during this process remains mysterious.

Mammalian BiP and Kar2p in yeast, like all Hsp70s, bind and hydrolyze
ATP, which in turn regulates peptide association/disassociation. And, con-
sistent with the fact that Hsp40s help dictate Hsp70 function (see above),
the yeast ER houses three DnaJ homologues that specify BiP/Kar2p action
[8]: Sec63p [47], Scj1p [48], and Jem1p [49]. Sec63p is a multispanning
membrane protein with an ER-disposed J-domain [47]. Scj1p and Jem1p
are soluble ER lumenal proteins but Jem1p may peripherally associate
with the inner ER membrane [50]. Sec63p catalyzes polypeptide trans-
location by positioning Kar2p at the ER and by stimulating its ATPase
activity [51–54], whereas Scj1p is involved in secretory protein folding
in the ER [48] and Jem1p is required for membrane fusion during karyog-
amy [49]. Other unique functions of these Kar2p cochaperones have
been uncovered during the disposal of unfolded proteins in the ER [55]
(and see below).

In the mammalian ER, five DnaJ homologues have been identified:
ERdj1/ERj1/Mtj1 [56–60], ERdj2/mSec63 [61, 62], ERdj3/HEDJ/ERj3/
ABBBP-2 [63–65], ERdj4/Mdg1 [66, 67], and ERdj5/JPDI [68, 69], all of
which have been shown to stimulate the ATPase activity of BiP in vitro.
As might be expected, the homologues also exhibit some functional diver-
sity in the cell: ERj1p is a membrane protein but the N-terminal cytosolic
domain binds to the 28S ribosomal RNA and contributes to the formation
of a ribosome–translocon complex [70]. It has been proposed that ERj1p
inhibits translation in the absence of BiP and regulates gene expression
by interacting with the nuclear import factor, importinb [71]. ERdj2/
mSec63 is a mammalian homologue of yeast Sec63p and a small fraction
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associates with the Sec61 protein [62], which forms the translocation chan-
nel (see below). ERdj3, 4, and 5 are induced when the ER is under stress, a
condition that leads to new chaperone synthesis and degradation of aber-
rant proteins that may induce stress. As might be expected, then, ERdj3p
directly associates with a number of unfolded or partially folded proteins in
the ER along with BiP, thereby contributing to the folding process [72], and
accumulating evidence suggests that ERdj4/Mdg1 and ERdj5/JPDI facili-
tate BiP-mediated protein folding in the ER [66–69]. Although GrpE
homologues have not been identified in the yeast or mammalian ER,
other classes of NEFs have been found in this compartment [72a]: one
class is defined by BAP in mammals and by Sls1p/Sil1p in yeast [73, 74].
BAP and Sls1p/Sil1p bind to the ATPase domain of BiP and Kar2p, respec-
tively. Another class is defined by Grp170 (in mammals) and Lhs1 (in yeast)
[75, 76], which are employed to enhance BiP’s ability to catalyze unique
reactions in the ER (also see below).

Several reports suggest that BiP’s activity can be regulated in other
manners, which may further diversify its function in the cell. First, mamma-
lian BiP can be isolated in monomeric and oligomeric forms, and it has been
proposed that dimeric BiP can be activated upon conversion into
the monomeric species when a peptide binds [77]. Second, BiP is posttran-
slationally modified by phosphorylation and ADP ribosylation. These
modifications may be important to regulate the synthesis and
polypeptide-binding activity of the chaperone [78]. Third, BiP is an impor-
tant calcium-binding protein in the ER and in turn calcium may influence
BiP’s activity [79, 80]. Fourth, BiP expression is induced by ER stress [81,
82], which provides a feedback mechanism to temper subsequent insults to
the ER. Although the induction of BiP by ER stress—particularly that
brought about by the accumulation of unfolded proteins (i.e., the unfolded
protein response or UPR [83])—clearly plays an important role in ER
physiology, it is less obvious at present whether these other mechanisms
of BiP regulation occupy an equally important position in vivo.

III. Protein Translocation into the ER

In eukaryotes, the synthesis of most membrane proteins and soluble,
secreted proteins begins on cytoplasmic ribosomes, which are then targeted
to the cytoplasmic face of the ER membrane. These nascent polypep-
tides are subsequently integrated into the lipid bilayer of the ERmembrane
or are transported into the ER lumen, respectively. In this scenario,
protein insertion or ‘‘translocation’’ into the ER most likely occurs dur-
ing polypeptide synthesis, and is termed cotranslational translocation

250 KUNIO NAKATSUKASA AND JEFFREY L. BRODSKY



(Figure 10.2A). In contrast, some soluble, secreted polypeptides can be
synthesized exclusively in the cytoplasm and are translocated posttranslation-
ally (Figure 10.2B); under these conditions, translation and translocation
are uncoupled, and cytoplasmic chaperones are required to prevent the
nascent, secreted polypeptides from aggregating [84, 85]. However, during
cotranslational translocation, nascent polypeptide aggregation cannot occur
in the cytoplasm because translation and translocation are coupled at the
ER membrane; this reaction requires the actions of both the signal recogni-
tion particle (SRP) and the SRP receptor (SR) [86]. In yeast, ER-targeted
proteins fall into three classes: SRP dependent, SRP independent,
and those that are able to follow either pathway. These classes are distin-
guishedby differences in the composition of their cleavable, N-terminal signal
sequences [87], but it is not as obvious why a given polypeptide might have
evolved to utilize one route versus another. Regardless of the pathway that is
taken, the Sec61 complex forms the protein-conducting channel, and the
multispanning Sec61 protein is the major component of the aqueous conduit
into the ER [88–94].

A. THE SEC COMPLEX

In mammals, the Sec61 complex is composed of Sec61a, Sec61b, and
Sec61g, and in the yeast S. cerevisiae, the ER membrane contains homolo-
gous core components: Sec61p, Sbh1p, and Sss1p, respectively. Sec61a/
Sec61p spans the membrane ten times, with both N- and C-termini in the
cytosol [95]. The second subunit, Sec61b/Sbh1p, spans the membrane once
with the N-terminus in the cytosol. The third subunit, Sec61g/Sss1p, is
probably a single spanning protein with its N-terminus in the cytosol.
In S. cerevisiae, there is a second Sec61-like complex (the Ssh1 complex)
that is not essential for cell growth, but because it associates with ribosomes
it may be involved exclusively in the cotranslational translocation [96].

After the targeting of a nascent polypeptide to the ER membrane,
several proteins are required for translocation that function upstream of
the Sec61 complex. For example, in S. cerevisiae the tetrameric Sec63p
complex contains BiP/Kar2p, Sec63p, Sec71p, and Sec72p, and can associ-
ate with a larger complex that contains the Sec61 complex as well as Sec62p
[53, 94, 97] (Figure 10.2B). Sec63p spans the membrane three times with the
N-terminus in the lumen and the C-terminus in the cytosol, and as noted
above deposits a J-domain in the ER lumen in order to recruit Kar2p [47]
(Figure 10.2B). The extreme C-terminal 52 residues of Sec63p are predom-
inantly acidic, and the last 14 of these have been shown to interact directly
with Sec62p [98, 99]. Preceding this acidic domain, there is a so-called Brl
domain (Brr2p-like) that is homologous to a repetitive sequence present in
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coupled. Polypeptide chains are synthesized by the ER-bound ribosome and are transported

into the ER lumen through the Sec61p complex, which includes Sec61p, Sbh1p, and Sss1p in

yeast. The ER lumenal chaperone, BiP/Kar2p, may facilitate import by binding to the sub-

strate. BiP/Kar2p may also seal the lumenal end of the translocon to prevent the passage of

small molecules. Some J-domain-containing proteins (the J-domain is indicated in green) are

proposed to function in these processes (see text for details). (B) During posttranslational

translocation, translation and translocation are uncoupled. The ATPase activity of BiP/Kar2p

is stimulated by the J-domain in Sec63p (the J-domain is indicated in green). BiP/Kar2p binds
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Brr2p and other related members of the U5 200-kDa family of RNA
helicases [100, 101].

Homologues of yeast Sec62p and Sec63p were identified in humans [61,
102] and in dog pancreas microsomes and interact with one another [62].
Even though mammalian Sec62p and Sec63p are abundant, only a minor
fraction of these proteins associate with the Sec61 complex [62] and are
found exclusively in ribosome-free complexes [102]. This stoichiometry is
radically different from that in yeast, where it was estimated that essentially
every Sec62p and Sec63p molecule associate with the Sec61-containing
complex [97].

The assembly of the Sec complex has been analyzed in yeast and led to
the identification of four distinct Sec61-containing complexes of 140, 280,
350, and 380 kDa [103]. The two smaller complexes may correspond res-
pectively to a dimer and tetramer of the Sec61 complex consisting of
Sec61p (53 kDa), Sbh1p (8.7 kDa), and Sss1p (8.9 kDa), which forms
the core of the ER translocation channel and is similar to the 140-kDa
complex identified in the mammalian ER [91]. The largest complex con-
tains Sec61p, Sbh1p, Sss1p, Sec63p, Sec71p, Sec72p, and Sec62p [97]
(Figure 10.2B) and the second largest 350-kDa complex contains all of
these components except Sec62p. A central member of the largest com-
plexes, which is consistent with its interaction with BiP/Kar2p and the
Sec61p complex, is Sec63p. The Sec63p Brl domain is required to assemble
the largest two complexes and its deletion causes both a post- and cotrans-
lational translocation defect, but the acidic domain is required to form only
the 380 kDa complex and its deletion causes a posttranslational trans-
location defect. It was therefore suggested that the 380 kDa complex is
specialized for posttranslational translocation (which requires Sec62, con-
sistent with previous data [104]) whereas the 350 kDa complex is required
for cotranslational translocation [103].

Structural studies have suggested that the ER translocon is an oligomer
that contains 3–4 copies of the Sec61 complex [92, 93, 105, 106]. The
homologous translocon in E. coli contains two or four copies of the con-
served SecYEG complex [107, 108], and it was suggested that the pore may
be located at the interface between several copies of Sec61/SecY hetero-
trimer. Consistent with the large aperture that would derive from place-
ment of the pore at this interface, Johnson and colleagues used fluorescence

to the polypeptide chain emerging from the Sec61p complex and facilitates translocation. The

acidic domain at the C-terminus of Sec63p interacts with the C-terminus of Sec62p. The Brl

domain in Sec63p (red region) is required to assemble a multiprotein complex that along with

BiP is sufficient for translocation in vitro [97] and that contains the Sec61p, Sec62p, Sec63p,

Sec71p, and Sec72p complexes [103].
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measurements of an actively translocating polypeptide and estimated the
pore diameter in the mammalian ER to be 40–60 Å [109]. However, a high-
resolution X-ray crystal structure of the SecY complex from a single-celled
archaeon, Methanococcus jannaschii, suggested instead that the functional
pore may be formed by a single Sec61/SecY heterotrimer [110]. The role of
oligomerization, which was observed in the previous studies, is not known,
but heterotrimer fusion might be necessary to form a larger channel under
certain circumstances or to accommodate the translocation of specific sub-
strates. It is also possible that the mammalian and bacterial translocation
channels function distinctly, and/or that the unique technique employed
cannot allow direct conclusions to be made at this time. The solution to
this discrepancy may finally emerge from visualizing the structure of the
complex with an embedded, translocating polypeptide.

B. POSTTRANSLATIONAL TRANSLOCATION

1. Substrate Targeting to the Sec Complex

As noted above, eukaryotes can translocate some proteins across the ER
membrane posttranslationally. This pathway may be largely restricted to
lower eukaryotes such as yeast S. cerevisiae because in mammals only
substrates <70 amino acids are translocated posttranslationally [111] and
yeast can survive in the absence of SRP, which is required for cotransla-
tional translocation [112, 113] (see below). To prevent aggregation, these
fully synthesized polypeptides interact with cytosolic chaperones such as
Hsp70 (Ssa1p in yeast), Hsp40 (Ydj1p in yeast), and the TRiC/CCT Hsp60-
like chaperone complex, which together may keep the precursors in a
soluble, translocation-competent state [114–116]. After the bound cyto-
solic chaperones are released, possibly because they spontaneously dissoci-
ate [116] the precursor proteins are recognized by the Sec complex [117].
Photo- and chemical cross-linking experiments revealed that the N-terminal
signal sequence simultaneously contacts Sec61p and Sec62p, whereas the
C-terminal portion of the posttranslationally translocated substrate contacts
Sec62p, Sec71p, and Sec72p [118–120]. This association occurs in the
absence of Kar2p function [117, 119, 120] but requires the association
of the other membrane-resident factors [121]. Although the driving force
for the initial movement of a posttranslationally translocated substrate
into the ER is unknown, the polypeptide chain inserts into the channel as
a hairpin and exposes a small segment to the ER lumen. Subsequent
movement of the polypeptide through the channel requires BiP/Kar2p
[14, 51, 118, 122].
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2. How Does BiP/Kar2p Contribute to the Unidirectional Movement
of a Polypeptide During Posttranslational Translocation?

How does BiP/Kar2p facilitate polypeptide translocation into the ER?
One mechanism has been termed the ‘‘Brownian ratchet’’ [123, 124]. In this
model, a protein in the ‘‘translocon’’ (i.e., a generic translocation channel)
is free to oscillate passively in either direction due to Brownian motion/
thermal energy. When a sufficiently long segment of the polypeptide chain
extends into the ER lumen, BiP/Kar2p captures the substrate and prevents
backsliding. As subsequently longer segments of the polypeptide extend
into the ER and BiP continues to bind in increasing amounts, unidirectional
translocation is favored. Mathematical modeling suggests that known trans-
location rates can be described by a Brownian ratchet mechanism [125], and
that a Brownian ratchet could be used to drive translocation by increasing
the entropy of the polypeptide at the membrane; that is, the chaperone
would prevent the translocating polypeptide from associating with the inner
surface of the bilayer, which would otherwise minimize its diffusion poten-
tial [126]. This model also predicts that the purpose of Sec63p, the
J-domain-containing partner for BiP, is to localize the chaperone near
the translocation site, and that ATP hydrolysis is required to lock BiP
onto the substrate.

This model was experimentally tested using purified Sec complex and
prepro-a-factor—a small yeast mating prepheromone that posttranslation-
ally translocates—as a substrate [51]. Consistent with the Brownian ratchet
model, multiple BiP molecules bound the substrate during its translocation
through the channel and the interaction between BiP and the Sec63p
J-domain of Sec63p and subsequent ATP hydrolysis were required to trap
the substrate [52]. Indeed, a partially translocated substrate, which was
stalled by appending a bulky group onto the C-terminus of prepro-a-factor,
slid backward if ATP was removed. The model was further supported by
the observed translocation of prepro-a-factor into lumenally depleted ER
microsomes that only contained antibodies against prepro-a-factor [51].

Another model, which may be complementary to the Brownian ratchet,
has been termed the ‘‘translocation motor.’’ In this model, BiP/Kar2p acts
as a force-generating motor. The motor model was first proposed to explain
how a folded, mitochondrial-targeted protein is unfolded during its import
[127, 128]; these two events must be coupled because folded precursor
proteins are too bulky to pass through most protein translocation channels
[129, 130]. Because the spontaneous unfolding of many proteins may be
extremely slow, a strong force must be applied to pull a polypeptide into
the mitochondria as a folded domain unravels. Support emerged for this
model from the fact that mitochondria containing an hsp70 mutant allele
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cannot import tightly folded precursor proteins, but can import loosely
folded proteins or proteins that had been artificially unfolded [131].
In this model, one must assume that the Hsp70 is attached simultaneously
both to the precursor and to the translocation channel (or an ERmembrane
J-domain protein, such as Sec63p), and that ATP hydrolysis induces a
conformational change in the Hsp70 that drives polypeptide import using
the J-domain as a fulcrum. It is important to note that the translocation of
unfolded domains may also require a motor if a polypeptide interacts
favorably with the inner wall of the channel [132]. In fact, one mathematical
model suggested that the Brownian ratchet provides insufficient force
to support posttranslational translocation because of these substrate–
translocon contacts [133]. It is also worth noting that translocation is inhib-
ited in yeast containing Kar2p/BiP mutants that are unable to exhibit an
ATP-dependent conformational change but that still bind polypeptide
substrates [134], lending some support to this model.

3. Other BiP-Interacting Factors May Be Required During
Posttranslational Translocation into the ER

In addition to Kar2p and Sec63p, the Lhs1p (the yeast homologue of
Grp170) and Sls1p/Sil1p NEFs were shown to contribute to the transloca-
tion of some proteins into the yeast ER [135]. Lhs1p and Kar2p coordi-
nately regulate one another’s ATPase activity [76], although cells depleted
for Lhs1p show defects only in posttranslational translocation [136]. Simi-
larly, the deletion of SLS1/SIL1 does not affect translocation, but cells
containing both a conditional lhs1 allele and a kar2 mutant allele (in the
ATPase domain) exhibit severe post- and cotranslational translocation
defects [74, 135]. These data suggest that the NEFs are required for maxi-
mal translocation efficiency, although it is possible that Sls1p/Sil1p coop-
erates with Kar2p during the folding of nascent polypeptides in the ER, and
that defects in this process back up the import machinery. It is also impor-
tant to consider that these mutations induce ER stress, and the subsequent
upregulation of one of many UPR-inducible factors (see above) may have
secondary consequences on translocation. Regardless, it will be exciting in
the future to better define the functions of these newly characterized NEFs
in the secretory pathway.

C. COTRANSLATIONAL TRANSLOCATION

1. Nascent Polypeptide Targeting in the Cotranslational
Translocation Pathway

During cotranslational translocation, the signal sequence emerges from
the ribosome and is immediately recognized by the SRP. Mammalian SRP
is a complex of a 7S RNAmolecule and six proteins, SRP9, SRP14, SRP19,
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SRP54, SRP68, and SRP72 [86, 137]. SRP slows or temporarily halts
continued polypeptide elongation and then targets the ribosome/nascent
polypeptide complex to the Sec61 complex in the ER membrane via its
interaction with the SR. SR is a heterodimer of the SRa and SRb proteins
that are peripheral and integral membrane GTPases, respectively. A GTP-
dependent interaction of SRP with SR triggers a series of event that
includes the release of the signal sequence from SRP and the release of
SR from the ribosome and the translocation machinery, respectively. After
SRP release, protein synthesis resumes and the nascent chain migrates into
the translocation pore [138–143].

2. How Does BiP/Kar2p Contribute to the
Cotranslational Translocation?

During posttranslational translocation in yeast, BiP/Kar2p binding to the
incoming polypeptide chain is necessary for the unidirectional movement of
the polypeptide, at least in in vitro reconstituted systems [51]. During
cotranslational translocation, one might envision that BiP would be dis-
pensable because the ribosome—as it synthesizes an elongating poly-
peptide chain—may ‘‘push’’ a polypeptide into the ER. Consistent with
this hypothesis, Görlich and Rapoport [91] reported that cotranslational
protein translocation can occur in reconstituted proteoliposomes that lack
lumenal factors. In addition, it was shown that the translocation of a long
N-terminal domain that is mediated by type I signal-anchor sequence
does not require BiP [144].

In contrast, other publications have supported the requirement for
lumenal factors—including BiP/Kar2p—during the cotranslational translo-
cation reaction. First, the ER lumenal requirements during cotranslational
translocation were analyzed by Nicchitta and Blobel [145], and these inves-
tigators discovered that lumenal proteins were necessary to translocate
preproteins into mammalian microsomes. Of these ER lumenal proteins,
ATP-binding proteins were shown to be a part of the protein ‘‘translocase’’
and were needed to facilitate presecretory protein insertion into Sec61
[146, 147]. Using proteoliposomes made from microsomal detergent
extracts, the requisite ATP-binding proteins were identified as BiP
(Grp78) and Grp170 (a homologue of yeast Lhs1p, see above) [148]. The
BiP requirement was then confirmed using proteoliposomes prepared from
microsomal detergent extracts that contained trapped reticuloplasm [149]
and through the use of high-pH-washed vesicles in which individual lumenal
factors could be inserted [150]. In fact, when the translocation of biotiny-
lated precursor proteins was examined, BiP substituted for avidin in the
lumen and avidin improved the translocation efficiency substantially [149].
These results suggested that BiP and/or other ER lumenal chaperones
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directly facilitate cotranslocational translocation. Second, yeast cells con-
taining a kar2 mutant allele or that were depleted for Sec63p exhibited a
specific cotranslational translocation defect [151, 152]. And more directly,
ER-derived microsomes prepared from several kar2 mutants and a sec63
mutant that abrogates its ability to associate with BiP [53] were defective for
the cotranslational translocation of a yeast preprotein [153].

What is the resolution to these conflicting data? Although simplified
reconstituted systems suggested that BiP/Kar2p is not essential for import,
the lumenal chaperones might greatly increase the translocation efficiency,
and depending on the laboratory and conditions employed, BiP might
either be required or simply act as a facilitator. Another possibility is that
reactions that start off cotranslationally convert to the posttranslational
mode as translocation proceeds. Depending on the conditions and/or sub-
strate, a BiP requirement might not be evident. It is thus hoped that with the
continued development of new substrates and in vitro systems (e.g., the
improved cotranslational translocation system developed by Stirling and
coworkers [152]) these discrepancies may be resolved.

3. BiP May Maintain the Permeability Barrier During Translocation

During cotranslational translocation in mammals, the ER translocon is
dynamically resized. Using fluorescently labeled, translocating polypep-
tides and by artificially introducing fluorescent quenchers into the ER, it
was shown that the channel expands from an inner diameter of 9–15 Å in
the ribosome-free state [150] to a diameter of 40–60 Å in the active,
ribosome-bound state [109, 154]. Even given this large size, the transloca-
tion channel should prevent the passage of small molecules during translo-
cation in order to maintain the lumenal ionic and oxidizing environments.
In fact, Johnson and coworkers demonstrated that the formation of a sealed
ribosome–translocon junction prevents the passage of small molecules [155]
and that the lumenal side of the ribosome-free translocon pore is sealed
either directly or indirectly by BiP [150]. The proposed mechanism for this
BiP-mediated pore closure and opening is similar to the normally employed
Hsp70 chaperone cycle: BiP seals the lumenal end of the translocon in
its ADP-bound form via an interaction both between the SBD and a
translocon-associated component, and between the NBD and a J-domain-
containing protein. After the SRP-dependent targeting of a ribosome
nascent chain complex to the ER, the BiP-containing gate continues to
seal the translocon from the lumenal side, but after the nascent chain
reaches a length of �70 residues [155], BiP is released from the translocon
on exchange of ADP for ATP. Once the translation of the substrate is
complete, ribosome-free translocons are resealed by BiP [156]. The most
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likely candidates for the J-domain containing protein in this cycle are
mSec63/ERdj2 and/or ERdj1/ERj1/Mtj1 [71]. Although it is not yet
known whether this BiP-mediated sealing of the translocon is essential for
the translocation reaction itself, this model is consistent with the cotransla-
tional translocation defects observed in kar2 and sec63 mutant yeast [151,
153] (see above). Alternatively, the permeability barrier may bemaintained
by a constraint of the translocon pore that is achieved by a movement of a
short helix (called the ‘‘plug’’) to the center of the archael pore that was
visualized by X-ray crystallography [110, 157] (see above). However, the
function of the plug in maintaining the permeability barrier is still being
debated, and as noted, high-resolution structures of actively translocating
translocation complexes will significantly help define how—or even if—the
permeability barrier is maintained [158].

IV. Folding of Nascent Proteins in the ER
and ER-Associated Degradation (ERAD)

Proteins translocating into the ER immediately begin to fold and
become posttranslationally modified. These modifications include signal
sequence cleavage, the transfer and trimming of N-linked glycans, disulfide
bond formation, and prolyl isomerization, and these events and protein
folding extensively rely on the assistance of molecular chaperones and
other factors in the ER lumen. Interactions with such ER residents and
posttranslational processing typically begin as growing nascent chains enter
the lumen through the pore [159–161], whereas some proteins may be
posttranslationally folded to acquire their proper native conformation
[162]. Regardless of when folding occurs, BiP plays an active role in this
process by preventing the aggregation of exposed hydrophobic domains,
thus retaining the nascent polypeptide on the folding pathway. In the
mammalian ER, it is likely that BiP catalyzes folding as a component of a
multimeric complex that includes Grp94 (an Hsp90 homologue in the ER),
Grp170 (the Lhs1p homologue), protein disulfide isomerase (PDI), ERdj3,
cyclophilin B (an FKBP immunophillin), ERp72 (a putative disulfide isom-
erase), UDP-glucosyltransferase, and SDF2-L1 (a homologue of O-man-
nosyl transferase) [163]. In yeast, the existence of an analogous folding
machine has not been reported, although the J-domain-containing Scj1
protein participates in the productive folding of newly translocated proteins
[48], assisting BiP/Kar2p in this critical task [164].

The ER also contains a lectin chaperone system, which has been exten-
sively analyzed in mammals. Soon after the N-linked, core oligosaccharide
has been added to the nascent polypeptide in the ER, the two outermost
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glucose residues are rapidly trimmed and the resulting glycan is recognized
by the ER lectins calnexin and/or calreticulin. These chaperones prevent
deleterious associations with other factors and prevent protein aggregation;
they also recruit, ERp57, a disulfide isomerase that further catalyzes fold-
ing. Proteins are released from calnexin/calreticulin after cleavage of the
innermost glucose residue by glucosidase II. If, however, the protein
remains in a nonnative state, the UDP-glucose:glycoprotein glucosyltrans-
ferase (UGGT) recognizes the exposed misfolded domain and reglucosy-
lates the N-linked glycan, thus triggering calnexin/calreticulin reassociation
with the substrate [165–170]. This cycle ensures that nascent, secreted
proteins are retained in the ER until they fold and thus escape the action
of the UGGT and lectin binding.

During translocation, a choice is made between the BiP and lectin
chaperone systems. Which chaperone complex is recruited probably
depends on whether there is an N-linked glycan in the first 50 amino acids
of the substrate. If a core oligosaccharide is added, BiP quickly hands the
substrate off to calnexin and then perhaps to calreticulin. If instead a glycan
modification is not encountered, BiP binds directly to the substrate [171,
172]. This sequential action of the chaperones is consistent with the place-
ment of BiP at the lumenal face of the translocon: BiP is released from the
translocon when the nascent chain reaches the length of �70 amino acids
(�40 inside the ribosome channel and �30 in the translocon), the point at
which residues in the nascent chain first ‘‘see’’ the lumenal space and can
bind to BiP [155].

Although there is an elaborate system of chaperones that facilitates
productive folding, some proteins cannot achieve their correct conforma-
tion because of a genetic error, environmental stress, stochastic misfolding,
or changes in ER homeostasis (e.g., altered calcium levels, a change in the
oxidative state or pH, or a decreased availability of sugars for N-linked
glycosylation). These misfolded proteins are recognized as being defective
and are degraded through a process known as ER-associated degradation
(ERAD) [173–177]. Surprisingly, the degradation of the aberrant species
does not occur in the ER but instead takes place after the misfolded protein
has been retrotranslocated back to the cytoplasm. In the cytoplasm most
ERAD substrates are polyubiquitinated and are then delivered to the
proteasome, a multicatalytic protease. The channel required to retrotran-
slocate an ERAD substrate remains controversial; in some instances the
Sec61 channel may be used, but ERAD-specific channels such as Derlin 1
[178, 179] have also been proposed.

Because of its central role in protein translocation and protein folding in
the ER, it should come as no surprise that BiP/Kar2p is also required for
ERAD. By analogy to the mechanism by which cytosolic Hsp70 and Hsp40
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chaperones maintain substrates in a posttranslationally translocated
competent state (see above), Kar2p in the ER lumen, together with two
of the three J-domain-containing proteins, Scj1p and Jem1p, maintain the
solubility of ERAD substrates for retrotranslocation; if these chaperones
are disabled, substrates aggregate in the ER [55, 180]. It is noteworthy
that Sec63p plays only a minor role in this process [181, 180], indicating
that BiP functions with its ER membrane partner to facilitate translocation,
but interacts instead with the alternate cochaperones during retrotransloca-
tion. Most likely, BiP also interacts with other ER lumenal chaperones
during the selection of an aberrant polypeptide in the ER: yeast osteosar-
coma-9 protein (Yos9p) [182–185], PDI [186] and the ER degradation
enhancing a-mannosidase like protein Htm1p/Mnl1p (EDEM in
mammals) [187–189] help select misfolded lumenal proteins for ERAD,
and act either upstream or downstream of BiP during the selection process.
How these components cooperate with one another to recognize and
deliver proteins across the ER membrane to the cytosol remains to
be worked out.

BiP is also critical for ERAD in mammals, although in the absence of
ERAD-specific mutants in the gene-encoding mammalian BiP, it has
been hard to demonstrate this fact unequivocally. But, the regions within
a misfolded domain in an ERAD substrate that are recognized by BiP
and the regions that trigger its degradation were shown to overlap [190].
In addition, the half-life of an ERAD substrate correlates with its release
from BiP [191], and the dissociation of an ERAD substrate from BiP and its
subsequent degradation were found to be coincident [192]. It has also been
found that a nascent protein that is unable to fold may be passed from
calnexin/calreticulin back to BiP prior to its degradation [193].

V. UnansweredQuestions

Although the components and even one structure of the translo-
cation machinery are now available, many mechanistic questions remain.
For example, it is not obvious how BiP/Kar2p facilitates translo-
cation. During posttranslational translocation, does this chaperone act as
a motor, a ratchet, a combination of the two, and/or does it directly gate the
translocon? During cotranslational translocation, does BiP/Kar2p generate
a driving force? And, is BiP-mediated sealing of the translocon essential?
What signals the release of BiP from the translocon? Does the elongating
nascent chain push BiP out of the way, or are one of the many J-domain-
containing proteins in the mammalian ER required for gating and for
BiP’s interaction with the translocon? How is the permeability barrier
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maintained during posttranslational translocation? And finally, does BiP/
Kar2p regulate channel dynamics in yeast?

Finally, it is important to emphasize that translocation is not an indepen-
dent event but is only one of many sequential and tightly coupled events
during protein biogenesis. Specifically, protein folding, chaperone interac-
tions, and posttranslational modifications all begin during translocation.
Therefore, it is important to ask if and how defects in any one of these
processes affect translocation efficiency. And in a related vein, how are
substrates transferred between the many protein-containing machines in
the ER? This question is especially pertinent with regard to ERAD, as this
field is in its relative infancy. Not only conventional biochemical and
genetic studies but also biophysical and mathematical analyses will be
needed to fully understand the many functions of BiP/Kar2p in the ER.
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I. Abstract

The lectin chaperones and ERp57 play critical roles in maintaining a high
fidelity of glycoprotein folding during the early stages of maturation, as
proteins emerge from the translocon channel, as well as later stages of protein
quality control. Calnexin and calreticulin associate with monoglucosylated
proteins, which support the recruitment of their associated oxidoreductase
ERp57 to the maturing protein. Calnexin and calreticulin binding can direct
the folding of the nascent chain and protect it from nonproductive aggregate
formation. ERp57 catalyzes disulfide bond formation, reduction, and isomer-
ization of nascent substrates. This network of chaperones and the oxidore-
ductase can also modulate the activity of mature proteins and assist in the
presentation of antigen by major histocompatibility (MHC) class I. They are
capable of performing these diverse functions because of some fascinating
structural characteristics and exquisite active site chemistry. Our understand-
ing of the mechanisms of action of these components has been greatly aided
by recently solved crystallographic structures for soluble calnexin and protein
disulfide isomerase (PDI). In this chapter, we discuss the mechanisms and
roles of calnexin, calreticulin, and their associated oxidoreductase ERp57 in
glycoprotein folding and quality control.
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II. Introduction

Proteins destined for the cell surface or the extracellularmilieu of eukary-
otic cells are synthesized by cytosolic ribosomes that are cotranslationally
targeted to the endoplasmic reticulum (ER) membrane. These proteins are
cotranslationally translocated across the ERmembrane via the Sec61 trans-
locon. The oligosaccharyl transferase (OST) scans the nascent polypeptide
for the consensus sequence of Asn-linked glycosylation (Asn-X-Ser/Thr) as
the protein emerges from the translocon channel [1, 2]. A 14-member
carbohydrate moiety (Glc3Man9GlcNAc2, Figure 11.1) is transferred
en bloc by the OST from a lipid-linked precursor to form an N-glycosidic
bond with an Asn side chain of the nascent protein. The majority of the pro-
teins that traffic through the secretory pathway receive multiple Asn-linked
glycans [3].

A

B C

Glucosidase I

Glucosidase II

α 1–2

α 1–3

α 1–3

α 1–2 α 1–2 α 1–2

α 1–6

α 1–6

β 1–4

β 1–4

α 1–3

α 1–3

α 1–2

FIG. 11.1. Schematic of an Asn-linked glycan. The Asn-linked glycan is composed of

14 oligosaccharides linked through glycosidic bonds. N-acetylglucosamine is depicted as a

square, mannose as a circle, and glucose as a triangle. The orientation of the glycosidic

bonds are designated. The three mannose branches are labeled A, B, and C, respectively.

The glucose residue that is required for lectin chaperone association is bold. The targets of

glucosidase I and II are depicted.
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The addition of these large hydrophilic modifications dramatically alters
the inherent characteristics of the nascent glycoprotein supporting changes in
the solubility and hydrodynamic volume of the protein. In addition, these
carbohydrates can provide a platform for protein–carbohydrate interactions
between the nascent glycoprotein and maturation enzymes that possess
carbohydrate-binding activities [1, 2]. A set of lectin chaperones and their
associated enzymes help to maximize the efficiency of glycoprotein matura-
tion, as well as monitor the integrity of the maturation process through
early cotranslational stages of maturation and latter posttranslational stages
of retention, oligomeric assembly, and in the case of substrate malformation,
degradation [1, 2]. These functions are performed in part by the ER
carbohydrate-binding chaperones calnexin and calreticulin that bind proteins
with Asn-linked glycans bearing a single glucose. In this chapter, we will
discuss themechanisms and roles of calnexin, calreticulin, and their associated
oxidoreductase ERp57 in glycoprotein folding and quality control.

III. Structural Characteristics of Calnexinand Calreticulin

Calnexin and calreticulin are lectin chaperones that assist in glycoprotein
maturation and quality control in eukaryotic cells. Calnexin is a 592 amino
acid type I ER membrane protein with a lumenally exposed N-terminal
ectodomain and a short C-terminal cytoplasmic tail [4–6]. Calreticulin is its
soluble paralogue of 417 amino acids that possesses 33% sequence identity
with calnexin [6–9]. Through analysis of their sequences and structural studies
several homologous domains can be identified (Figure 11.2). These domains
include several distal regions that fold into a single carbohydrate-binding site
(Figure 11.2, gray shaded structures) and the extendedPro-rich repeat regions
termed the P-domain (Figure 11.2, numbered open structures). Localization
of the carbohydrate-binding sites required solving the crystal structure
for the ectodomain of calnexin and mutagenesis studies since no signature
carbohydrate-binding domain could be identified from the sequence [10, 11].
The P-domain forms an arm that extends away from the carbohydrate-
binding domain and creates a platform for accessory protein binding. These
proteins also contain regulatory and ER retention sequences that control the
activity and cellular localization of the chaperones.

A. CARBOHYDRATE-BINDING SITE

The lectin site was initially proposed to reside in the repeat regions of the
extended P-domain in calnexin and calreticulin [12]. However, crystalliza-
tion and mutagenesis studies indicated that the oligosaccharide-binding site
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resides in the nonrepeat regions [10, 11]. The 2.9-Å crystal structure of
canine calnexin revealed two domains, a globular b-stranded region and an
extended hairpin domain, which contains the repeating units characteristic
of the P-domain. The fold of the globular domain is primarily b-sandwich
and contains the majority of the secondary structural elements found
within the protein (Figure 11.3) [10]. The structural features of the similar
domain in calreticulin have never been visualized; however, mutagenesis
studies indicate strong similarities between calnexin and calreticulin lectin
domains. The structure of the carbohydrate domain for calnexin is strik-
ingly similar to a number of legume lectins, galectins, and bacterial glyco-
sidases, which satisfies previous concerns about the lack of sequence
similarity between the carbohydrate-binding chaperones and the classical
lectins [10, 13].
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FIG. 11.2. Domain organization of calnexin and calreticulin. Calnexin is a type I

membrane-anchored ER protein that contains three distinct regions. The globular domain

lectin-binding site, colored gray, results from a fold that joins two distal regions of the polypep-

tide chain. The Ca2þ-binding site, colored black, is located near the C-terminus and resides

in the globular domain. The numbered repeat motifs are located in the P-domain and reside

on either side of the hairpin. The negatively charged tip of the P-domain is indicated and the

C-terminal ER retention signal for calnexin (R-K-P-R-R-E) is marked. Calreticulin is the

soluble paralogue of calnexin. Its regions are marked in the same manner as that for calnexin.

Calreticulin contains only three repeat motifs as opposed to the four for calnexin. The

C-terminal retention signal for calreticulin (K-D-E-L) is designated.
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Deletion of the repeat elements in calnexin and calreticulin resulted in 75%
of full-lengthproteinbinding toGlc1Man9GlcNAc2 in vitro, indicating that the
nonrepeat segments were involved in oligosaccharide binding [11]. A weak
affinity for oligosaccharide was foundwithin the repeat segments; however, it
displayed a lack of selectivity for monoglucosylated glycans. The electron
density map of calnexin soaked in 50-mM glucose demonstrated that the
binding site for the terminal glucose of an Asn-linked glycan resides on a
concave b-sheet of the globular domain and the glucose lies in proximity to
six residues (Y165,K167,Y186,M189,E217,E426) that represent the primary
coordination site of the terminal glucose (Figure 11.3) [10]. Corresponding
residuesinratcalreticulinprovedtobecrucialforglucosebinding,emphasizing
the similarity of the lectin sites of calnexin and calreticulin [14].

Calnexin and calreticulin display a high degree of specificity for the
glucosidase-trimmed glycan conformation Glc1Man9GlcNAc2. The isolated
lumenal domain of calnexin is able to selectively bind to the monoglucosy-
lated species in a mixture di-, tri-, and unglucosylated Man9GlcNAc2 [15].

E352E350
D346

D344

D348

D342

E217

Y186

K167

Y165

E426M189
Globular
domain

P-domain

FIG. 11.3. Crystal structure of soluble calnexin and insight into the lectin and ERp57-docking

sites. The 2.9-Å crystal structure of soluble canine calnexin (PDB code: 1JHN) is colored by

structural elements with b-strands in yellow, a-helices in red, and unstructured loops in green.

The general boundaries of the P-domain and the globular domain are indicated with bars. The

site of ERp57 docking on the tip of the P-domain is enlarged to display residues that are

important for the interaction [19]. Also enlarged is the lectin-binding site with the residues that

coordinate the bound glucose highlighted [10]. A hypothetical positioning of glucose is

included to emphasize where the oligosaccharide is bound. Labeled residues are colored by

elements. Molecular graphics were created using the PYMOL program.
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Calreticulin also has the ability to discriminate between oligosaccharides that
differ by a single glucose. In addition, oligosaccharide affinity is diminishedon
trimming of the glycan from Glc1Man9GlcNAc2 to Glc1Man5GlcNAc2 and
abolished when the a1–6 Man at the B and C branch junction are removed
(Figure 11.1) [16]. This branch point mannose has also been found to be
essential for calnexin binding [12].

In addition to binding to the terminal glucose, modeling of the calnexin
crystal structure predicts that the three A-branch mannoses could bind along
the concave lectin site through numerous hydrogen bond contacts with the
terminal glucose docked by the six residues of the primary coordination
sphere [10]. However, mutation of similar residues in calreticulin predicted
to interact with the A-branch mannoses do not prove to be essential for
carbohydrate specificity in contrast to the residues in direct contact with
the terminal glucose [14]. The high degree of specificity for the monogluco-
sylated glycan and the structural similarities of the lectin sites in calnexin and
calreticulin highlight their importance to the maturation of glycoproteins in
the ER.

B. P-DOMAIN

In the crystal structure of canine calnexin, the P-domain is in an extended
hairpin conformation that lies 140 Å away from the globular b-sandwich
domain (Figure 11.3) [10]. NMR studies of this isolated region of calreticulin
also support the extendedhairpin structure of theP-domain [17]. TheP-domain
contains two repeats (Type I and Type II) that appear four times each in
calnexin and three times each in calreticulin [12]. The fold of the extended
hairpin results in the repeat motifs overlapping with one another to result in
four repeat pairs in calnexin and three pairs in the calreticulin P-domain
(Figure 11.2). These repeat regions of calnexin and calreticulin comprise the
majority of the sequence similarity among the two chaperones [6].

The Pro-rich P-domain has been found to serve as the docking site for
the oxidoreductase ERp57 [11, 18]. The primary site of interaction lies in
the region between the repeating elements at the tip of the P-domain
hairpin (Figure 11.2) [18]. In vitro, deletion mutagenesis of this region
resulted in impaired ERp57 binding by both calnexin and calreticulin.
However, deletion of some of the surrounding repeat motifs resulted in
only slightly impaired ERp57 binding [11]. The residues that comprise the
tip of the extended hairpin are primarily negatively charged (Figure 11.2).
In calnexin, the residues D342, D344, D346, D348, E350, and E352 have all
been found to be important for ERp57 docking. However, calnexin bearing
point mutations of single residues was still able to support significant
ERp57 binding (Figure 11.3) [19]. Studies on calreticulin have revealed
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that residues E239, D241, E243 are the most critical sites for ERp57 dock-
ing and have identified an additional amino acid (W244) which may be
involved in maintaining the structural organization of these important
negatively charged residues [20].

C. RETENTION SIGNALS

The differential topologies of calnexin and calreticulin require differing
mechanisms for their retention in the ER. ER resident-soluble proteins,
including calreticulin, typically contain a C-terminal K-D-E-L motif that
triggers the ER retention and retrieval of proteins from the Golgi by the
KDEL receptor [21, 22]. The C-terminal KDEL sequence is essential for
the retention of calreticulin in the ER [7, 21]. However, calreticulin has
also been localized to others locations within the cell including the cell
surface and the nucleus [23, 24]. The role of calreticulin in these controver-
sial locations is beyond the scope of this chapter. Generally, type I mem-
brane proteins contain di-Lys motifs on their C-terminal cytosolic tails,
which support recycling from the Golgi to the ER via COPI vesicles [25].
However, the C-terminus of calnexin contains an R-K-P-R-R-E sequence
that maintains its ER localization [4, 6, 26]. The localization of calnexin and
calreticulin is essential for them to perform their functions in protein
maturation and quality control.

D. REGULATORY DOMAINS

Both calnexin and calreticulin are Ca2þ-binding proteins [27, 28]. The
crystal structure of canine calnexin identified a Ca2þ ion in its globular
domain [10]. Association of Ca2þ with calnexin and calreticulin is critical
for their ability to bind substrates [12, 29]. This has led to the speculation
that Ca2þ may control the activity of the lectin chaperones. However, it still
remains to be demonstrated that the Ca2þ levels reached in the ER would
be sufficient and altered on a timescale to impact chaperone binding.

The lectin chaperones also display an ability to bind ATP [30, 31].
Binding of nucleotide is thought to result in conformational changes in
the chaperones that could in turn regulate their function. Mg-ATP binding
to calnexin has been found to cause an increased susceptibility to protease
digestion [31]. However, nucleotide binding by the lectin chaperones had
no effect on oligosaccharide binding [12]. In addition, the localization of the
nucleotide-binding site remains unknown and neither calnexin nor calreti-
culin displays an ability to hydrolyze ATP [32, 33]. Although both Ca2þ and
ATP are thought to play a role in regulating calnexin and calreticulin
binding to substrate, this issue remains a point of contention.
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IV. TheRoles of Calnexinand Calreticulin inGlycoprotein
MaturationandQuality Control

Calnexin and calreticulin bind to maturing glycoproteins that have been
trimmed sequentially by glucosidase I and II to a monoglucosylated state
(Figure 11.4, Glc1Man9GlcNAc2) [34, 35]. This binding persists until the
final glucose is removed by glucosidase II generating an unglucosylated side
chain that is incapable of rebinding to the lectin chaperones. Therefore,
glucosidase II serves a dual role in initiating binding as well as inhibiting
additional binding. Rebinding to the chaperones is initiated by the UDP-
glucose: glycoprotein glucosyltransferase (GT). This protein possesses two
key activities, which includes recognition of misfolded substrates and trans-
fer of a single glucose to the unglucosylated A branch. Therefore, binding to
the hydrophilic and solute exposed modification is ultimately determined
by the GT enzyme through its recognition of exposed hydrophobic surfaces,
which are hallmarks for malfolded or unassembled substrates (Figure 11.4).

N
-X

-S
/T

O
S

T C
N

X

N

N

ERp57

CRT

Gluc I and Gluc II

GT

Gluc II

Gluc II

N

N

N

N

N

N

N

N

Secretion

Degradation

Cytosol

Lumen

FIG. 11.4. Glycoprotein maturation in the ER. Glycoproteins are cotranslationally translo-

cated into the ER lumen where they are glycosylated by the oligosaccharyl transferase (OST)

on the Asn of the consensus sequence Asn-X-Ser/Thr (N-X-S/T). Following glycosylation and

glucosidase I and II (Gluc I and II) trimming, the monoglucosylated glycoprotein is bound by

the lectin chaperones calnexin (CNX) and calreticulin (CRT), which in turn recruit the

oxidoreductase ERp57. The lectin chaperone binding is ablated following the removal of the

terminal glucose by glucosidase II activity and the protein is allowed to fold to its native state or

deviate toward unproductive aggregates. Proteins bearing exposed hydrophobic regions, a

hallmark of misfolding, are reglucosylated by UDP-glucose: glycoprotein glucosyltransferase

(GT) and lectin chaperone binding is reinitiated in a process termed the ‘‘calnexin cycle.’’

Following rounds of the ‘‘calnexin cycle,’’ glycoproteins are either secreted or degraded based

on their folding status.
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The primary function of the lectin chaperones is to increase the fidelity
of glycoprotein maturation by controlling the folding reaction and prevent-
ing nonproductive side reactions that lead to protein misfolding and aggre-
gate formation [36, 37]. They do not directly accelerate or catalyze the
folding reaction. Rather, persistent binding to the chaperones slows
the folding of the substrate [36]. Indeed, in cells deficient in calnexin
(cnx�/ �) or calreticulin (crt�/�), the kinetics of glycoprotein folding were
accelerated while the fidelity of the folding process was compromised [38–
40]. Binding to substrates commences cotranslationally as the protein is
being translocated in to the ER lumen, and continues posttranslationally
until the properly folded and assembled protein is ready to be packaged
into COPII vesicles for anterograde transport to the Golgi. Chaperone
binding also serves a quality control function of retaining immature or
nonnative substrates in the maturation environment of the ER.

A. TOPOLOGICAL CONSTRAINTS CONTROL LECTIN CHAPERONE FUNCTIONS

Calnexin and calreticulin bind a large variety of glycoproteins including
soluble, and type I, type II, and polytopicmembrane proteins [34, 35, 41–45].
While both calnexin and calreticulin display identical binding specificities
for monoglucosylated glycans, they have preferences for glycans situated
within different regions of substrate glycoproteins [15, 16, 46]. In general,
calnexin binds membrane proximal glycans and calreticulin binds glycans
that cannot be reached by calnexin since they emerge deeper into the ER
lumen.

Calreticulin but not calnexin posttranslationally binds to the soluble and
heavily glycosylated blood coagulation factor V [47]. In contrast, the viral
membrane glycoprotein Vesicular stomatitis virus G protein (VSVG) is
bound exclusively by calnexin during its maturation [48]. These differences
in substrate binding can be attributed to the topology of the glycans on the
substrate protein, and the topological location of the binding sites of calnexin
and calreticulin within the lumen of the ER. Other glycoproteins such as
influenza hemagglutinin and tyrosinase associate with both calnexin and
calreticulin. When calreticulin was expressed with a membrane anchor in
HepG2 cells, its substrate selection became similar to calnexin indicating
topology was a key substrate determinant [9, 49]. Conversely, when the
membrane anchor was removed from calnexin creating a soluble construct,
the profile of substrate binding resembled that of calreticulin [49]. This alludes
to a possible lack of redundancy among calnexin and calreticulin in regards to
their substrate selection. This is also evident in cells devoid of either calnexin
or calreticulin, where the folding of VSVG, which is bound by calnexin exclu-
sively, was unaffected in crt�/� cells but impaired in cnx�/� cells [40].
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However, hemagglutinin folding was much less efficient in cells devoid of
calnexin and relatively uncompromised in calreticulin deficient cells, despite
interacting with both chaperones during its maturation.

Calnexin and calreticulin initiate their binding to substrates cotransla-
tionally and cotranslocationally [46, 50, 51]. Since the average eukaryotic
protein of �500 amino acids requires about 2 min to be translated, this
indicates that the actions of the glucosidases that yield the monoglucosy-
lated substrates are rapid [52]. Ribosome- and translocon-arrested chains
lacking stop codons have been utilized to analyze the cotranslational pro-
cess [53]. These studies have found that calnexin is localized first in the
assembly line of lectin chaperones that await the emerging nascent chain
[54, 55]. As probed by coimmunoprecipitation, two glycans appear to be
required for calnexin binding whereas the subsequent addition of glycans
permits cotranslational calreticulin binding. The blood coagulation factor V
only binds calreticulin posttranslationally [47]. However, cotranslationally,
it was found to initially be bound by calnexin and bind calreticulin after the
addition of five glycans [55]. These results are indicative of an organization
of the chaperones whereby calnexin is localized nearby the translocon and
the soluble calreticulin resides deeper within the ER lumen. Support for
this organization has also been provided by studies that show that calnexin
can bind ribosomes in a phosphorylation-dependent manner [56]. The
phosphorylation of the C-terminal tail by casein kinase 2 and extracellular
signal-regulated kinase-1 has been proposed to control the localization of
calnexin.

The location and number of the glycans on the nascent chain determine
the order of chaperone binding. Proteins that do not contain a glycan in
their first 50 amino acids bind initially to the ER Hsp70 family member BiP
[51, 55]. BiP binds directly to exposed and extended hydrophobic regions
[57]. However, once carbohydrates are added, the lectin chaperone system
takes over with calnexin binding the initially added glycans followed by
calreticulin [54, 55]. Together the traditional Hsp70 and the carbohydrate
chaperone systems protect the vulnerable nascent chain during its early
stages of maturation.

It has been proposed that glycans have evolved to be localized to sites on
a protein that require protection during the folding process [1, 54]. For
instance, hemagglutinin is composed of nonsequential folding domains that
result in the formation of a large disulfide loop that covalently links the
N- and C-termini of the ectodomain (Cys14–Cys466). Since Cys residues
form covalent bonds, they can be problematic residues for protein folding.
To ensure that the N-terminal region (Cys14) of hemagglutinin is protected
while it waits for the translation of the C-terminal domain, the N-terminus
is decorated with multiple conserved Asn-linked glycans (Asn8, Asn22, and
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Asn38). This dictates rapid and prolonged binding to calnexin, which holds
the membrane proximal N-terminus close to the membrane and inhibits
premature oxidation of the N-terminal Cys residue until its native partner
Cys466 is translocated. Future studies will be required to explore the
magnitude of the involvement of glycans in directing the folding process.

B. LECTIN CHAPERONES INVOLVEMENT IN QUALITY CONTROL

In addition to aiding in the proper folding of glycoproteins, calnexin and
calreticulin also play central roles in the quality control process. They
monitor the maturation of glycoproteins in the ER with the help of GT,
assisting initially in retaining immature or aberrant proteins, and then sub-
sequently targeting them for destruction through the ER-associated protein
degradation (ERAD) pathway. Following the enzymatic elimination of the
terminal a1–3 glucose of the monoglucosylated glycan by glucosidase II,
ablating lectin chaperone interaction, the unglucosylated substrate is free to
fold to its native state. If an aberrantly folded or assembled structure is
detected by the quality control folding sensor GT, the protein will be
enzymatically reglucosylated to reinitiate calnexin and calreticulin binding
though a process termed the ‘‘calnexin cycle’’ [34, 35, 44, 58, 59]. In this
cycle, misfolded glycoproteins are redirected to calnexin and calreticulin to
promote their folding and support their retention in the ER (Figure 11.4).

Failure to achieve native conformations is the major determinant in
entry into the calnexin cycle. The temperature-sensitive variant of VSVG
has been shown to have monoglucosylated glycans that are rapidly turned
over and reglucosylated [60]. Reglucosylation of VSVG at the nonpermis-
sive temperature reinitiated calnexin binding resulting in ER retention,
whereas VSVG at the permissive temperature displayed minimal regluco-
sylation and was subsequently transported to the Golgi [61]. Expression of a
truncated calnexin mutant in COS cells lacking its retention sequence
resulted in the exportation of calnexin to the Golgi and the cell surface
[26]. This supported the leakage out of the ER of T-cell receptor (TCR)
subunits that are normally retained in the ER through calnexin binding.
Therefore, calnexin determined the intracellular localization of the unas-
sembled TCR subunits. The importance of the lectin chaperones in the
retention of misfolded glycoproteins is most evident in cnx�/� and crt�/�

cells, where despite deficiencies in the efficiency of substrate folding when
one of the chaperones is absent, the retention of malformed proteins via the
lectin chaperones remained unaffected [40].

Terminally misfolded and ER retained proteins are eventually targeted
for degradation by the cytosolic proteasome through the ERAD process
[1]. This helps to prevent the accumulation of destructive intracellular
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aggregates and frees up the chaperones to assist the newly translated
nascent chains. Prolonged binding to calnexin has been proposed to lead
to ERAD through the extraction of glycoproteins from calnexin binding by
ER degradation enhancing a-mannosidase-like protein (EDEM) [62, 63].
EDEM has been shown to be in a complex with calnexin but not with the
soluble calreticulin, optimally positioning it for the transfer to EDEM [62].
EDEM is believed to bind to mannose-trimmed substrates, indicative of
prolonged ER residency and terminal misfolding. However, many ques-
tions still remain on how proteins are sorted and processed by the ERAD
machinery. These questions include how EDEM recognizes and treats the
aberrant proteins and what is the nature of the translocon that provides the
conduit to retrotranslocate the misfolded substrate to the cytosol for pro-
teasomal degradation. Future studies will be required to elucidate the
mechanism of protein selection and degradation for ERAD.

C. PEPTIDE-BINDING FUNCTION

There are currently two models concerning the mode of lectin chaperone
association with protein substrates (Figure 11.5). While the early stages of
glycoprotein maturation, such as glycan transfer/trimming and the associa-
tion of the lectin chaperones with Asn-linked glycans, are essentially the
same in either model, differences lie in the general affinity of the lectin
chaperones for substrates and the methods by which lectin chaperones bind
substrate (Figure 11.4) [8]. The first model, known as the ‘‘lectin-only’’
model, hypothesizes that affinity of calnexin and calreticulin for substrate
glycoproteins is determined solely by its binding capacity for the monoglu-
cosylated Asn-linked glycan (Figure 11.5, left panel) [34, 35]. The second
model is the ‘‘dual-binding’’ model, in which calnexin and calreticulin
binding would still be driven not only by their affinity for the monogluco-
sylated glycan but also result from associations with hydrophobic regions in
glycoproteins (Figure 11.5, right panel) [15, 32, 37, 64, 65].

The lectin only model suggests that access to the a1–3 glucose, following
glucosidase liberation of the two terminal glucoses, is the sole determinant in
lectin chaperone binding. Removal of this terminal glucose by glucosidase II
ablated any calnexin or calreticulin interaction with influenza hemagglutinin
[34, 35, 66, 67]. Extensive studies of glycoprotein binding to calnexin and
calreticulin using glucosidase inhibitors such as castenospermine (CST) or
deoxynojirimycin (DNJ),which prevent glucosidase cleavageof theA-branch
glucoses, prohibit the association of the lectin chaperones with substrates
such as hemagglutinin, major histocompatibility (MHC) class I heavy
chain, HIV gp160, and T-cell antigen receptor proteins [9, 35, 44, 68–70].
Additionally, prevention of glycan transfer by the OST or the enzymatic
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removal of Asn-linked glycans prevented calnexin and calreticulin substrate
interaction [34, 41, 69, 71–73]. Furthermore, in glucosidase-deficientmamma-
lian cells, neither calnexin nor calreticulin was able to associate with endoge-
nously labeled substrate glycoproteins or those introduced by viral infection
since the inner most a1–3 glucose was unavailable for binding [44, 68, 74].
Binding of the lectin chaperones to unglycosylated glycoproteins that are
grossly misfolded has been observed on occasion but this binding has been
attributed to massive nonspecific aggregate formation [75].

The dual-binding hypothesis states that calnexin and calreticulin can
behave as more canonical chaperones, in that, they can suppress aggrega-
tion of vulnerable polypeptides and sustain folding intermediates or mal-
formed proteins in a state in which they can achieve their native
conformations [32]. It is believed that the lectin-binding capacity of cal-
nexin and calreticulin initiates the interaction with glycoprotein substrates
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FIG. 11.5. Differing modes of lectin chaperone interaction with glycoprotein substrates.

There are two models for the way in which the lectin chaperones bind their substrates. In the
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conformations in substrate glycoproteins.
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and their polypeptide-binding capability serves to strengthen these interac-
tions [32, 65, 76]. This is evident by studies in which glucosidase trimming
was inhibited or glycosylation sites on the substrate were mutated and
calnexin association was prevented; however, removal of the glycan follow-
ing calnexin–substrate complex formation failed to result in the release of
calnexin fromMHC class I heavy chain [65]. Calnexin has been found to be
associated with glycoproteins after the enzymatic removal of their glycans
in several cases [15, 33, 64] and also under conditions in which glucosidase
activity is inhibited [47, 77–79]. In addition, in contrast to previous studies
using either glucosidase I or glucosidase II deficient cells [44, 68, 74],
calnexin has been observed to associate with endogenously labeled glyco-
proteins in the same cell lines utilizing a different immunoprecipitation
protocol [77].

The lectin chaperones can also suppress the aggregation and promote
the folding of natively nonglycosylated purified proteins in vitro such
as citrate synthase, malate dehydrogenase, and proteolipid protein [32, 33,
76, 80]. Deletion studies have localized the proposed polypeptide-binding
site to the globular domain of calnexin and calreticulin and perhaps some
regions of the arm or P-domain [11]. Future studies will be necessary to
identify the precise location of the peptide-binding site on the calnexin
crystal structure and if this polypeptide binding can be regulated by ATP
in a manner similar to the classical chaperones.

V. The Calnexin-Binding Cycle in Yeast

The importance of the calnexin-binding cycle to cellular homeostasis can
be explored by analyzing its requirement in lower eukaryotes such as yeast.
Calnexin has been identified in both Schizosaccharomyces pombe (Cnx1p)
and Saccharomyces cerevisiae (Cne1p) [81–83]. However, neither S. pombe
nor S. cerevisiae contains a homologue of calreticulin. S. pombe calnexin
is 39.4% identical to human calnexin and 32.5% identical to that found in
S. cerevisiae. It is a type I membrane-anchored glycosylated protein and
is essential for viability [81, 82]. S. cerevisiae calnexin is 24% identical to its
canine homologue but differs from S. pombe and mammalian calnexin in
that it does not contain a C-terminal cytoplasmic region [83]. In addition,
Cne1p is not capable of binding to Ca2þ and is not essential for viability.
The lectin-binding region and the P-domain of Cne1p seemingly function in
a similar fashion to its mammalian counterpart [84]. The ER quality control
system of S. pombe is similar to the system found in the mammalian ER;
however, glycoprotein maturation in S. cerevisiae is much different due to
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the noted differences in calnexin and also the lack of the central folding
sensor GT, which supports the calnexin-binding cycle [85, 86].

VI. ERp57,aMemberof thePDIFamily
of Oxidoreductases

ERp57, also known as ERp60, p58, grp58, and originally as phospholi-
pase Ca, is a component of the ER maturation and quality control system
that governs the efficient folding of proteins in the secretory pathway
(Figure 11.4). ERp57 appears to act exclusively on glycosylated proteins
as dictated by its association with the lectin chaperones calnexin and
calreticulin [54, 55, 87–89]. It is a member of the human protein disulfide
isomerase (PDI)-like family, which consists of 17 ERmembers with varying
enzymatic properties and functions [90].

The PDI family of oxidoreductases all contain signature thioredoxin folds,
first identified in the prokaryotic cytosolic reductase thioredoxin [91].
The most thoroughly studied member of this family is PDI. ERp57 is the
most similar family member, both structurally and functionally to PDI,
sharing 33% sequence identity [92]. Structural comparisons indicate they
are both soluble, contain four distinct thioredoxin-like domains, and share
identical organization of their active site Cys residues (C-G-H-C)
(Figure 11.6) [90, 91]. Functionally, both proteins are oxidoreductases that
perform oxidation, reduction, and isomerization reactions on substrate Cys
residues. The active site thioredoxin domains of ERp57 and PDI are
denoted a and a0, whereas catalytically inactive thioredoxin domains lacking
the activeCys residues are termed b and b0. These four domains are arranged
in a linear fashion a-b-b0-a0 (Figure 11.6) [93–95].

A. STRUCTURAL INSIGHTS INTO ERP57 FROM THE PDI
CRYSTAL STRUCTURE

The first crystal structure for full-length PDI has recently been published
and it provides important structural information about the yeast PDI, which
can also be applied to its closest homologue ERp57 (Figure 11.7) [96]. The
structure reveals the orientation of the four domains where the two cata-
lytic domains, a and a0, are situated on top of the two closely associated
noncatalytic domains, b and b0. Overall, the structures resemble a twisted
‘‘U’’ shape (Figure 11.7). The protein–protein interaction interface of b and
b0 domains comprises a total surface area of �700 Å2, which is proposed to
form a stable base on which the flexible a/a0 domains can dynamically
interact with substrates. Indeed, a surface representation of the PDI
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sp|P07237|PDIA1_HUMAN      YQLDKDGVVLFKKFDEG----RNNF----EGEVTKENLLDFIKHNQLPLV 237
sp|Q13087|PDIA2_HUMAN      FGLTKDTVVLFKKFDEG----RADFPVDEELGLDLGDLSRFLVTHSMRLV 259
sp|P30101|PDIA3_HUMAN      YDDNGEGIILFRPSHLTNKFEDKTVAYTEQKMTSG-KIKKFIQENIFGIC 244
sp|P13667|PDIA4_HUMAN      LKVSQGQLVVMQPEKFQSKYEPRSHMMDVQGSTQDSAIKDFVLKYALPLV 397
                                  :::::  .              :       :  *:    : : 

sp|P07237|PDIA1_HUMAN      IEFTEQTAPKIFGGEIKTHILLFLPKSVSDYDG----KLSNFKTAAESFK 283
sp|Q13087|PDIA2_HUMAN      TEFNSQTSAKIFAARILNHLLLFVNQTLAAHRE----LLAGFGEAAPRFR 305
sp|P30101|PDIA3_HUMAN      PH-MTEDNKDLIQGKDLLIAYYDVDYEKNAKGS-NYWRNRVMMVAKKFLD 292
sp|P13667|PDIA4_HUMAN      GHRKVSNDAKRYTRRPLVVVYYSVDFSFDYRAATQFWRSKVLEVAKDFPE 447
                            .   .   .    .        :                 :  *     

sp|P07237|PDIA1_HUMAN      GKILFIFIDSDHTDNQRILEFFGLKKEECPAVRLITLEEEMTKYKPESEE 333
sp|Q13087|PDIA2_HUMAN      GQVLFVVVD-VAADNEHVLQYFGLKAEAAPTLRLVNLETTKKYAPVDGGP 354
sp|P30101|PDIA3_HUMAN      AGHKLNFAVASRKTFSHELSDFGLESTAGEIPVVAIRTAKGEKFVMQEEF 342
sp|P13667|PDIA4_HUMAN      Y----TFAIADEEDYAGEVKDLGLS-ESGEDVNAAILDESGKKFAMEPEE 492
                                 .           :. :**.                     :   

sp|P07237|PDIA1_HUMAN      -LTAERITEFCHRFLEGKIKPHLMSQELPEDWDKQPVKVLVGKNFEDVAF 382
sp|Q13087|PDIA2_HUMAN      -VTAASITAFCHAVLNGQVKPYLLSQEIPPDWDQRPVKTLVGKNFEQVAF 403
sp|P30101|PDIA3_HUMAN      SRDGKALERFLQDYFDGNLKRYLKSEPIPESND-GPVKVVVAENFDEIVN 391
sp|P13667|PDIA4_HUMAN      -FDSDTLREFVTAFKKGKLKPVIKSQPVPKNNK-GPVKVVVGKTFDSIVM 540
                              .  :  *     .*::*  : *: :* . .  ***.:*.:.*:.:. 

sp|P07237|PDIA1_HUMAN      DEKKNVFVEFYAPWCGHCKQLAPIWDKLGETYKDHENIVIAKMDSTANEV 432
sp|Q13087|PDIA2_HUMAN      DETKNVFVKFYAPWCTHCKEMAPAWEALAEKYQDHEDIIIAELDATANEL 453
sp|P30101|PDIA3_HUMAN      NENKDVLIEFYAPWCGHCKNLEPKYKELGEKLSKDPNIVIAKMDATANDV 441
sp|P13667|PDIA4_HUMAN      DPKKDVLIEFYAPWCGHCKQLEPVYNSLAKKYKGQKGLVIAKMDATANDV 590
                           : .*:*:::****** ***:: * :. *.:. . . .::**::*:***::

sp|P07237|PDIA1_HUMAN      EAV--KVHSFPTLKFFPASADRTVIDYNGERTLDGFKKFLESGGQDGAGD 480
sp|Q13087|PDIA2_HUMAN      DAF--AVHGFPTLKYFPAGPGRKVIEYKSTRDLETFSKFLDNGGVLPTEE 501
sp|P30101|PDIA3_HUMAN      PSP-YEVRGFPTIYFSPANKKLNPKKYEGGRELSDFISYLQREATNPPVI 490
sp|P13667|PDIA4_HUMAN      PSDRYKVEGFPTIYFAPSGDKKNPVKFEGG----------DRDLEHLSKF 630
                            :    *..***: : *:.   .  .::.           :      .  

sp|P07237|PDIA1_HUMAN      DDDLEDLEEAEEPDMEEDDDQKAVKDEL 508
sp|Q13087|PDIA2_HUMAN      PPEEPAAPFPEPP----ANSTMGSKEEL 525
sp|P30101|PDIA3_HUMAN      QEEK-------------PKKKKKAQEDL 505
sp|P13667|PDIA4_HUMAN      IEEH-------------ATKLSRTKEEL 645
                             :                .    :::*

PDI   /P07237// PDIA1      -MLRRALLCLAVAALVRA-------------------------------- 17
PDIp  /Q13087// PDIA2      --MSRQLLPVLLLLLLRASCPWGQEQGARSPS------------------ 30
ERp57 /P30101// PDIA3      MRLRR---LALFPGVALLLAAARLAAASD--------------------- 26
ERp72 /P13667// PDIA4      MRPRKAFLLLLLLGLVQLLAVAGAEGPDEDSSNRENAIEDEEEEEEEDDD 50
                               :      .  :                                   

PDI   /P07237// PDIA1      -DAPEE----EDHVLVLRKSNFAEALAAHK-------------------- 42
PDIp  /Q13087// PDIA2      EEPPEEEIPKEDGILVLSRHTLGLALREHP-------------------- 60
ERp57 /P30101// PDIA3      -------------VLELTDDNFESRISDTG-------------------- 43
ERp72 /P13667// PDIA4      EEEDDLEVKEENGVLVLNDANFDNFVADKDTVLLEFYAPWCGHCKQFAPE 100
                                        :* *   .:   :                        

PDI   /P07237// PDIA1      --------------------------------------------------
PDIp  /Q13087// PDIA2      --------------------------------------------------
ERp57 /P30101// PDIA3      --------------------------------------------------
ERp72 /P13667// PDIA4      YEKIANILKDKDPPIPVAKIDATSASVLASRFDVSGYPTIKILKKGQAVD 150
                                                                             

PDI   /P07237// PDIA1      ---------------------------------------------YLLVE 47
PDIp  /Q13087// PDIA2      ---------------------------------------------ALLVE 65
ERp57 /P30101// PDIA3      ------------------------------------------SAGLMLVE 51
ERp72 /P13667// PDIA4      YEGSRTQEEIVAKVREVSQPDWTPPPEVTLVLTKENFDEVVNDADIILVE 200
                                                                         :***

PDI   /P07237// PDIA1      FYAPWCGHCKALAPEYAKAAGKLKAEGSEIRLAKVDATEESDLAQQYGVR 97
PDIp  /Q13087// PDIA2      FYAPWCGHCQALAPEYSKAAAVLAAESMVVTLAKVDGPAQRELAEEFGVT 115
ERp57 /P30101// PDIA3      FFAPWCGHCKRLAPEYEAAATRLKG---IVPLAKVDCTANTNTCNKYGVS 98
ERp72 /P13667// PDIA4      FYAPWCGHCKKLAPEYEKAAKELSKRSPPIPLAKVDATAETDLAKRFDVS 250
                           *:*******: *****  **  *      : ***** . : : .:.:.* 

PDI   /P07237// PDIA1      GYPTIKFFRNGDTASPKEYTAGREADDIVNWLKKRTGPAATTLPDGAAAE 147
PDIp  /Q13087// PDIA2      EYPTLKFFRNGNRTHPEEYTGPRDAEGIAEWLRRRVGPSAMRLEDEAAAQ 165
ERp57 /P30101// PDIA3      GYPTLKIFRDGEE--AGAYDGPRTADGIVSHLKKQAGPASVPLRTEEEFK 146
ERp72 /P13667// PDIA4      GYPTLKIFRKGR---PYDYNGPREKYGIVDYMIEQSGPPSKEILTLKQVQ 297
                            ***:*:**.*    .  * . *   .*.. : .: **.:  :      :

PDI   /P07237// PDIA1      SLVES-SEVAVIGFFKDVESDSAKQFLQAAEAIDD-IPFGITSNSDVFSK 195
PDIp  /Q13087// PDIA2      ALIGG-RDLVVIGFFQDLQDEDVATFLALAQDALD-MTFGLTDRPRLFQQ 213
ERp57 /P30101// PDIA3      KFISD-KDASIVGFFDDSFSEAHSEFLKAASNLRDNYRFAHTNVESLVNE 195
ERp72 /P13667// PDIA4      EFLKDGDDVIIIGVFKGESDPAYQQYQDAANNLREDYKFHHTFSTEIAKF 347
                            :: .  :  ::*.*..  .     :   *.   :   *  *    : . 

PDI (P07237)

PDIp (Q13087)

ERp57 (P30101)

ERp72 (P13667)

a b b� a� a b b� a�

FIG. 11.6. Sequence analysis of PDI family oxidoreductases. Schematics of the thioredoxin domains of four human PDI family members (PDI,

PDIp, ERp57, and ERp72) are depicted, with accession numbers indicated. Sequence alignment was performed using the CLUSTALW program

[121]. C-G-H-C active sites are marked with a black box. Charged pairs (E and K) and the conserved arginine (R) are shaded gray and black,

respectively [90, 103]. The symbols (*), (:), and (.) denote identical, conserved, and semiconserved residues, respectively.
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structure reveals a large hydrophobic patch that stretches the length of the
cleft formed by four adjoining thioredoxin domains. This may allow free-
dom in the orientation of the substrate within the cleft so numerous disul-
fide bonds of varying lengths can be manipulated, and help to funnel
substrates to the defined peptide-binding site in the b0 domain in the center
at the bottom of the ‘‘U.’’

Sequence alignment and limited proteolysis demonstrate that ERp57 con-
tains four distinct thioredoxin domains organized in the similar a-b-b0-a0

a

b

b9

a9

C61

R126

C406

R471

Side

Top−down

FIG. 11.7. Crystal structure of yeast PDI. The 2.4-Å crystal structure of yeast PDI is

depicted in both a side view and a top view (PDB code: 2B5E). The thioredoxin domains a,

b, b0, and a0 are colored yellow, blue, purple, and cyan, respectively. Active site Cys residues are

colored red and the conserved Arg residue is colored by element, both are represented in stick

form and labeled accordingly.
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configuration [93, 95, 97]. The hydrodynamic volume of ERp57 indicates that
it is an extended conformation similar to the domain architecture of PDI [95].
NMR studies of the isolated a and a0 have revealed thioredoxin folds in both
of these domains and a strong resemblance to the equivalent domains of PDI
[97, 98]. These similarities among PDI and ERp57 are suggestive of both
proteins possessing similar overall structures and functions.

B. ERP57 DOCKING ONTO ITS PARTNER LECTIN CHAPERONES

The lectin chaperone-binding site on ERp57 has been localized to the
C-terminus of ERp57 using a yeast ER two-hybrid assay [19]. Further
evidence has revealed that the ERp57 b0 domain is necessary for calreticulin
binding; however, it appears that the most efficient binding requires addi-
tional contact points from other distal domains [97]. In a detailedmutational
study of the b0 domain, nearly all point mutations disrupted calreticulin
docking. Importantly, amino acids critical for PDI substrate binding were
also crucial for lectin chaperone binding to ERp57, pointing to a conserva-
tion of the b0 domain among PDI family members. Calnexin and calreticulin
seem to act as the substrate for ERp57 binding in a similar fashion to
malformed substrates binding to PDI for disulfide formation/rearrange-
ment. All of the residues that were found to be critical for lectin chaperone
binding on ERp57 are conserved among all species, underscoring their
importance in the function of the oxidoreductase [99].

VII. Redox Activityof ERp57

ERp57 can function as an oxidase, a reductase, and an isomerase [95].
The redox state of the active site Cys residues determines what type of
reactions the protein can participate in. An oxidized active site where a
disulfide bond is formed between neighboring Cys in the C-G-H-C motifs
can contribute this disulfide bond to the substrate protein resulting in its
oxidation (Figure 11.8, oxidation). Here, the active site Cys residues act
as an electron acceptor causing their reduction when the oxidation reaction
is completed. Alternatively, an ERp57 active site containing reduced Cys
residues can support the isomerization or the reduction of substrate disul-
fides (Figure 11.8). The oxidative state, redox potential, and the activity of
the catalytic Cys residues are controlled by the environment of the enzyme,
as well as the organization of conserved residues surrounding the active site.

The redox potential of ERp57 lies between that of the canonical reduc-
tase thioredoxin and the well-characterized bacterial oxidase DsbA, indic-
ative of its multifunctional redox role (�0.167 V, �0.156 V for the a and a0
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domains, respectively) [95]. The in vitro activity of ERp57 in oxidation,
reduction, and isomerization reactions was found to be significantly less
efficient than PDI. The isolated catalytic domains of ERp57, a and a0,
displayed a decrease in activity when compared to the full-length protein
[95, 97].

Mutational studies of the active site residues of ERp57 have shown that
by mutating the C-terminal Cys of the Cys-Gly-His-Cysmotif in both active
sites, ERp57 was able to function as a reductase. This indicates that the
N-terminal Cys of the Cys-Gly-His-Cys motif is the most reactive [100].
However,mutation of the identical residue in the isolated a0 domain resulted
in minimal reductase activity, supporting the notion of the two active sites
playing differing roles in redox reactions. Mutations in the central residues
of the motif lead to a variety of results indicating that these residues are
crucial for the redox activity of the Cys residues. Interestingly, insertion
of an additional residue, Cys-Gly-His-Cys to Cys-Gly-His-Ala-Cys, created
a highly stable disulfide bond that could only be reduced under high
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FIG. 11.8. Schematic of the redox reactions of an oxidoreductase. The reaction schemes for

an oxidoreductase undergoing oxidative, reductive, and isomerization reactions are indicated.

The flow of electrons is marked with arrows. In the case of an oxidative reaction, the thiolate of

the substrate begins the nucleophilic attack on the disulfide of the oxidoreductase. Whereas,

in reduction or isomerization of the substrate, the thiolate of the oxidoreductase begins the

nucelophilic attack on the substrate. All three reactions share the common transition state of a

mixed disulfide between enzyme and substrate.
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concentrations of reductant and was unable to reform after removal of
the reducing agent [101]. This indicates that the spatial arrangement of the
active site residues is critical for the efficient oxidoreductase activity of
ERp57.

In addition to the important internal residues of the Cys-Gly-His-Cys
active site, a charged pair of Glu and Lys residues and an Arg play major
roles in regulating the active site chemistry of the catalytic Cys residues.
These residues are conserved among many members of the human PDI
family, including those that perform oxidoreductase activity (ERp57,
ERp72, PDI, PDIp), and have been found to play a role in the redox
activities of PDI and ERp57 (Figure 11.6) [90, 93, 102, 103]. The buried
Glu maintains a low pKa for the N-terminal Cys of Cys-Gly-His-Cys, and
promotes the formation of a reactive thiolate. The Lys residue is situated
near the Glu and is responsible for maintaining the Glu in its active state
[102, 104]. The positioning of the conserved Arg residue is thought to
regulate the pKa of the C-terminal cysteine of Cys-Gly-His-Cys, allowing
this residue either to form a reactive thiolate during reduction reactions or
to remain protonated during oxidative and isomerization reactions. It has
been proposed that this occurs through the movement of the Arg residue
away from or toward the catalytic Cys (Figure 11.7) [103]. This mechanism
also allows the release of PDI/ERp57 from nonproductive interactions with
substrate proteins or in cases where the oxidoreductase is protecting lone
Cys residues. The complicated mechanisms of the multifunctional ERp57
highlight its importance to oxidative folding events during glycoprotein
maturation.

VIII. TheRoleof ERp57 inGlycoprotein Folding

The selection of substrate glycoproteins for ERp57 is driven by its
association with the lectin chaperones calnexin and calreticulin. Ternary
complexes of calnexin or calreticulin with ERp57 and substrate are
required for the manipulation of substrate Cys residues (Figure 11.4).
Cross-linking studies have identified a variety of ERp57 glycoprotein sub-
strates, including GLUT1, glycophorin C, preprolactin, and ribonuclease B
[87, 88, 105]. ERp57 reaction intermediates have also been trapped directly
by the formation of mixed disulfides between ERp57 and the substrate
glycoproteins such as Semiliki Forest virus (SFV) viral proteins E1 and
p62 (Figure 11.8) [106]. As expected for a foldase, these interactions are
transient and lead to the productive folding of the substrate.

The requirement of ERp57 in the oxidative folding of viral glycopro-
teins was assessed by utilizing an ERp57 knockout lymphocyte cell line
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(ERp57�/�) [107, 108]. ERp57 appeared to be expendable for the cotransla-
tional oxidation of hemagglutinin, a substrate that relies heavily on the
lectin chaperone-binding cycle [108]. In contrast, posttranslational oxida-
tive rearrangement of hemagglutinin disulfide bonds resulted in the accu-
mulation of covalently linked aggregates in the absence of ERp57. In
addition, there was a dramatic delay in reaching an endo H-resistant state
and in the release from calnexin indicating that hemagglutinin folding was
compromised. On the basis of these findings, it appears that the critical role
of ERp57 in hemagglutinin folding may be as a reductase or an isomerase
that acts posttranslationally to reorganize disulfide bonds.

Recent studies have also explored the involvement of ERp57 in the
oxidative folding of MHC class I molecules and the formation of the
peptide-loading complex prior to its trafficking to the cell surface for
antigen presentation. ERp57 associates with the heavy chain of MHC
class I during the early stages of its maturation when calnexin is bound [5,
109–111]. Additionally, ERp57 is a component of the later forming peptide-
loading complex of MHC class I, consisting of calreticulin, b2-microglobu-
lin, the transporter associated with antigen processing (TAP), the
membrane-bound glycoprotein tapasin, and the peptide for extracellular
presentation [24, 112]. There is conflicting evidence for the role of ERp57 in
the oxidative folding of MHC class I heavy chain prior to its assembly into
the peptide-loading complex. Disulfide formation in heavy chains occurred
with a decreased efficiency when ERp57 levels were depleted by RNA
interference [113]. Oxidative folding was approximately tenfold slower on
ER57 knockdown; however, minimal disruption was observed for assembly
of the peptide-loading complex components as well as ER to Golgi trans-
port. In contrast, studies with the ERp57�/� cell line found that MHC class I
heavy chain folding was unaffected [107]. Formation of the peptide-loading
complex occurred; however, its stability was impaired and led to decreased
antigen presentation. Further investigations will be required to determine
the specific roles of ERp57 in MHC class I maturation and understand why
two different methods of depleting ERp57 levels generated differing
results.

PDI-like oxidoreductases are thought to have a high degree of substrate
specificity with minimal overlap. Interaction with calnexin and calreticulin
through the b0 domain of ERp57 drives its specificity for monoglucosylated
substrates [99]. However, recent studies in ERp57�/� cells revealed that the
closely related PDI-like oxidoreductase ERp72 could substitute for ERp57
in the posttranslational rearrangement of SFV glycoproteins E1 and p62
[108]. Oxidative folding was found to be unaffected by the absence of
ERp57. This observation was attributed to the involvement of ERp72,
which was found in mixed disulfides with E1 and p62 in the absence of
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ERp57. However, ERp72 associated with these proteins in a glucosidase-
independent manner as demonstrated by its continued association in the
absence of glucose trimming. Both ERp57 and ERp72 have also been found
to associate with the glycoprotein thyroglobulin, which contains 60 disulfide
bonds [114, 115]. Additional studies will be needed to more fully under-
stand the potential networks that exist among the ER oxidoreductases and
how these networks relate to the cellular stress response pathways and the
potential loss of activity of the individual PDI-like family members.

IX. Regulationof CalciumSignaling

The lectin chaperones and ERp57 system can also work on mature
proteins to modulate their activities. Calreticulin and ERp57 regulate the
passage and storage of calcium mediated by sarcoendoplasmic reticulum
Ca2þ-ATPase (SERCA2b). SERCA2b is a member of the Ca2þ-ATPase
family, involved in the transport of Ca2þ ions across the ER membrane.
It contains 11 transmembrane regions and a C-terminal glycosylated
domain. In addition, there is a highly conserved disulfide bond in the fourth
lumenal loop or L4 [116]. SERCA2b acts in opposition to the IP3 receptor,
which triggers Ca2þ efflux from the ER lumen on ligand binding.

Previous studies have revealed that coexpression of calreticulin and
SERCA2b in Xenopus laevis oocytes resulted in decreased influx of Ca2þ

into the ER lumen [117]. The interaction of calreticulin with SERCA2b is
glycan dependent based on glucosidase inhibitor treatment and mutagene-
sis of the glycosylation consensus sequence [118]. Calnexin was also found
to inhibit the activity of the SERCA2b Ca2þ pump [119]. The proximity of
the conserved Cys residues of SERCA2b to the glycosylation site led to the
hypothesis that calreticulin and ERp57 may be involved in Ca2þ-buffering
modulation [118]. Indeed, coexpression of ERp57 with SERCA2b led to
decreased pump activity. Additionally, mutation of the conserved Cys
residues in SERCA2b resulted in rapid oscillations in Ca2þ trafficking.
Control of SERCA2b activity by ERp57 occurred in a Ca2þ and glycan-
dependent fashion and relied on its oxidoreductase activity (Figure 11.9)
[120]. All together, the observation that ERp57 regulates the Ca2þ-buffering
capacity of the SERCA2b pump, a mature natively folded protein in the ER
membrane, points to a larger role for maintaining the fidelity of secretory
protein folding while at the same time regulating Ca2þ homeostasis within
the cell. This has numerous implications for the regulation of additional
activities within the ER.
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X. Summary

The lectin chaperones and ERp57 play critical roles in maintaining a
high fidelity of glycoprotein folding during the early stages of maturation,
as proteins emerge from the translocon channel, as well as later stages of
protein quality control [1, 2]. Calnexin and calreticulin associate with
monoglucosylated proteins, which support the recruitment of their asso-
ciated oxidoreductase ERp57 to the maturing protein. Calnexin and calre-
ticulin binding can direct the folding of the nascent chain and protect it from
nonproductive aggregate formation. ERp57 catalyzes disulfide bond for-
mation, reduction, and isomerization of nascent substrates. This network of
chaperones and the oxidoreductase can also modulate the activity of
mature proteins, and assist in the presentation of antigen by MHC class I.
They are capable of performing these diverse functions because of some
fascinating structural characteristics and exquisite active site chemistry.
Our understanding of the mechanisms of action of these components has
been greatly aided by recently solved crystallographic structures for soluble
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(3) hypothetically, if the C-terminal glycan on SERCA2b were to be deglucosylated then lectin

chaperone and ERp57 interaction would be ablated in the absence of fluctuations in the
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calnexin and PDI. Future investigations into these folding factors will
help us to better understand the mechanisms of their actions and their
implications in maintaining the integrity of the ER quality control system.
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I. Abstract

Mitochondria are essential organelles. As the mitochondrial genome
encodes only a few proteins, the vast majority of proteins that contribute
to mitochondrial function are translated in the cytosol from nuclear-
encoded transcripts and must be selectively imported into the organelle.
The specificity of protein import is achieved by the translocase of the outer
mitochondrial membrane (TOM) complex: a multisubunit receptor com-
plex and translocation pore. Further molecular machines including the
sorting and assembly machinery (SAM) complex of the mitochondrial
outer membrane then transfer and assemble proteins into one of the four
mitochondrial subcompartments.

Both the TOM and SAM complexes exhibit a modular structure. The
core TOM complex is composed from the most highly conserved subunits,
and is complemented by more recently evolved add-on modules, such as the
receptors Tom20 and Tom70. These new modules provide sophistication to
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the complex, enhancing the specificity and capacity for binding substrates.
Likewise, a core SAM complex is critical for the assembly of b-barrel
proteins into the outer mitochondrial membrane. Additional modules
such as the metaxin-type proteins Sam37 and Sam35 and the yeast proteins
Mim1 and Mdm10 are required for the assembly of some, but not all, SAM
substrates. Mdm10 is an excellent example of a modular component, being
found in at least one other complex where it assists with mitochondrial
distribution and morphology. The concept of modular design provides an
interesting new perspective on functional aspects of the protein import
machinery in mitochondria.

II. Introduction

Mitochondria are essential organelles found in all eukaryotes. They host
a range of metabolic reactions [1], participating in b-oxidation of fatty acids
[2], the biosynthesis of amino acids [3] and iron-sulfur clusters [4], and at
least in animals, in the process of programmed cell death [5, 6]. For many
organisms living in aerobic conditions, mitochondria provide the bulk of
cellular ATP production through oxidative phosphorylation [7, 8].

The basic functions of mitochondria are closely linked to their evolution-
ary origins. These organelles arose as a result of an endosymbiotic event in
which a bacterium was taken up by a proto-eukaryote and maintained due
to mutual benefit [9]. Over time, most genes from the proto-mitochondrion
were lost from the mitochondrial genome to the nuclear genome, creating a
unique problem: the mitochondrial proteins encoded in the nuclear genome
and synthesized in the cytosol must be targeted to mitochondria, imported
and sorted to their final submitochondrial destination. To this end, a num-
ber of molecular machines have evolved. These machines are composed of
proteins that originated from the bacterial endosymbiont itself, as well as
more recently contrived molecules originating from the host organism [10].
In the outer membrane of mitochondria, these machines are the translocase
of the outer mitochondrial membrane (TOM) complex (reviewed in
[11, 12]), the initial point of entry and sorting for all cytosol-synthesized
mitochondria proteins, and the sorting and assembly machinery (SAM)
complex that assembles outer membrane proteins with complicated topol-
ogies (reviewed in [13–15]) (Figure 12.1). The translocases of the inner
mitochondrial membrane (TIM) complexes are also present, reviewed in
[16, 17], and covered in Chapters 14 and 15. Following recognition, sub-
strate proteins are translocated and sorted by the TOM complex to one of
the four mitochondrial compartments: the outer membrane, the intermem-
brane space, the inner membrane, and the matrix. Outer membrane
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proteins are inserted in a process requiring the TOM complex. Multitopic
inner membrane proteins are inserted via the TIM22 complex, matrix
proteins are inserted via the TIM23 complex [17], and intermembrane
space proteins are folded and assembled by a disulfide relay system that
includes Mia40 and Erv1 [18]. In order to accomplish this demanding task, a
range of targeting signals have evolved to correctly address incoming pro-
teins to their required destinations.

A. STRUCTURAL FEATURES OF MITOCHONDRIAL PROTEINS

The mitochondrial import signal is not defined by a primary sequence
motif. Instead, mitochondrial proteins have several structural features that
designate them and enable their recognition by the protein translocases.
These mitochondrial targeting features, which include an overall ‘‘high’’
level of hydrophobicity and segments of amphipathic helix, have evolved
from the preexisting properties of the bacterial proteins themselves: it has
been demonstrated that �5% of extant bacterial proteins from Escherichia
coli would target to mitochondria [19]. Furthermore, a percentage of ran-
dom sequences generated from E. coliDNA (2.7%) or the mouse cytosolic
protein dihydrofolate reductase (5%) were able to restore mitochondrial

5

TOM complex SAM complex Mdm complex

TIM23 complex TIM22 complex

Small tims

Outer
membrane

Inner
membrane

Intermembrane
space

Cytosol

Matrix

Mim1

7
6 22

20

70 Mmm1

Mdm12

Mdm10
7

50

50

16

18 22

54

23 17

18

Hsp70

44

40

3537

MIA
complex

21

FIG. 12.1. The protein translocation machinery of the outer and inner mitochondrial
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modules implicated in protein import and assembly are shaded light gray. Arrows indicate the

direction of substrate flow between the complexes.
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localization to a specific protein lacking its own targeting sequence [20].
This is evidence that small gene rearrangements through the course of
evolution would readily direct proteins to the mitochondria [20]. The con-
served properties required for mitochondrial targeting are understood, and
this knowledge has been employed in the development of a number of
tools, such as MITOPRED [21] and PREDOTAR [22], for predicting
mitochondrial localization from a primary amino acid sequence.

Most mitochondrial proteins are more hydrophobic than proteins that
remain in the cytosol [23], and this feature appears to impede the folding of
mitochondrial precursor proteins after translation on cytosolic ribosomes.
This ‘‘unfolded’’ feature has two consequences that serve to assist targeting
to mitochondria: first, any basic, amphipathic targeting sequence will be
displayed openly to the protein translocases and, second, the precursor
protein will be presented at the mitochondrial surface with attendant
chaperones [24–29]. Since the chaperones can dock to the TOM complex
[30, 31] (reviewed in [32, 33]), this assists delivery of protein substrates.
Whether assisted by chaperones, a critical targeting stage requires the
binding of a basic, amphipathic segment of the substrate protein with
components of the TOM complex.

In the simplest case, anN-terminal helical segmentwith basic, amphipathic
character can be necessary and sufficient for targeting to mitochondria.
Common substrates used in mitochondrial import studies are the artificial
precursors CoxIV-DHFR and Su9-DHFR. These proteins are fusions of
theN-terminal 14 or 96 residues of cytochrome c oxidase subunit IV or
F0-ATPase subunit 9, respectively, to the cytosolic protein dihydrofolate redu-
ctase. These fusion proteins are imported into mitochondria when expressed
in vivo, or presented in vitro to isolated organelles. Howevermany, perhaps a
majority, of themitochondrial proteins donot haveN-terminal sequences that
function in targeting, but rather have internal features that serve as targeting
signals. In all cases, it appears that these sequences share amphipathic proper-
ties and can form a-helices to display positively charged residues that assist in
the recognition of the substrate as ‘‘mitochondrial’’ at acidic surfaces on the
protein import complex. The charge characteristics of the substrates and their
receptors led to the proposal that an ‘‘acid chain’’ guides substrate along the
import complex to the translocation channel [34, 35].

In many membrane proteins, mitochondrial targeting information is
conveyed in the amphipathic nature of their transmembrane segments.
This includes a range of proteins in the inner membrane such as the carrier
proteins and components of the electron transport chain complexes, the
yeast outer membrane such as Fis1 and OM45, and the Bcl-2 apoptotic
pathway proteins in animals [36–38]. The difference between membrane
proteins targeted to themitochondria and those targeted to the endoplasmic
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reticulum is that the mitochondrial transmembrane segments are more
amphipathic [39–41]. While different mitochondrial targeting sequences
are used to direct proteins to one of the four possible mitochondrial com-
partments, in all cases the relatively abundant TOM complex is responsible
for the recognition and sorting of these molecules [42–45].

III. TheTOMComplex

The TOM complex is a multisubunit hetero-oligomeric complex [46].
In yeast, the complex is composed of eight subunits organized in distinct
modules (Figure 12.1). The core complex serves as the translocation chan-
nel through the outer membrane, consisting of a b-barrel, Tom40, asso-
ciated with a series of tail-anchored proteins (Tom22, Tom5, Tom6, and
Tom7) [36, 47]. This core complex is highly stable, resistant to treatment
with 4 M urea and detergents [48, 49]. Interestingly, the most evolutionarily
conserved TOM components show the greatest resistance to urea treat-
ment: Tom22 and Tom7 are the two proteins most strongly associated with
yeast Tom40 [48]. Tom5, an additional subunit so far only identified in
yeast, is coprecipitated as a component of the core complex [50], though is
less tightly bound than Tom6 and Tom7 [48]. The highly conserved com-
mon core architecture of the complex is consistent with its early evolution,
as predicted by its essential and fundamental function. In yeast, Tom20,
Tom70, and Tom71 are additional subunits that serve as receptors for the
TOM complex. Under optimal solubilization conditions, the entire holo-
complex can be purified, such that Tom20 and Tom70 copurify in approxi-
mately stoichiometric amounts with the core complex [51]. These
additional subunits can be considered modules of the TOM complex that
have been added on over time: they appear to have been derived sometime
after the divergence of the animal and fungal lineages from other eukar-
yotes [52, 53].

A. THE CORE TOM COMPLEX: A PRIMITIVE PROTEIN TRANSLOCASE?

1. Tom40

The channel through which unfolded precursor proteins [54] traverse
the outer membrane is formed by Tom40. This was first demonstrated by
trapping a precursor protein in transit in the ‘‘import site’’ of the outer
membrane and photo-cross-linking it to its nearest neighbor, a 42-kDa
protein referred to as Isp42 and since renamed Tom40 [55]. Tom40 is
essential for viability [56] and is predicted to form a b-barrel structure
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from 16 anti-parallel b-strands [57, 58]. The Tom40 channel has a hydro-
philic pore �22 Å in diameter, sufficient for the translocation of unfolded
proteins. Independent experimental approaches using isolated holo-TOM
complex, core TOM complex, and refolded recombinant Tom40 show
agreement on the pore diameter; the various techniques used include elec-
tron microscopy [51], electrophysiology [59], and the import of precursor
protein fused to gold nanoparticles [60]. By observing the effects of antibody
binding to the isolated TOM complex, it was demonstrated that the N- and
C-termini of Tom40 are located on the same side of the membrane, with
protease shaving experiments demonstrating that the termini extend into
the intermembrane space [61].

The function of Tom40 extends beyond merely providing a means for
unfolded substrates to traverse the membrane. The Tom40 channel is in fact
a sorting station, directing substrates to the outer membrane, the intermem-
brane space, the TIM23 complex, or the TIM22 complex [62]. These sorting
pathways are distinct, with a mutation identified which can block one of
these paths selectively [62]. This sorting role suggests that the interior of the
channel must interact specifically with substrates. Indeed, the channel is
not a nonstick pore but has a chaperone-like function: the translocation
channel interacts directly with unfolded precursors through hydrophobic
surfaces [63]. Furthermore, while the import of signal-anchor proteins (such
as Tom20 and OM45) into the outer mitochondrial membrane is also
mediated by Tom40, this occurs independently of the channel [64]. It has
been proposed that the outer surfaces of Tom40 and some of the transmem-
brane segments of other TOM components may provide a point of entry
into the membrane for these molecules [65].

Studies of recombinantTom40 fromNeurospora crassa andSaccharomyces
cerevisiae compared to isolated TOM complexes show that Tom40 can be
refolded into a protein of high b-sheet content which displays electrophy-
siological properties very similar to the isolated TOM complexes [66].
Electrophysiology studies have revealed that the TOM complex channel
is voltage-gated and cation selective, and suggest that it is present as a
homodimer [61]. A key finding of these experiments is that the yeast core
TOM complex exhibits two coupled channel pores, while the isolated
Tom40 exhibits single-channel behavior [66]. Furthermore, whenmitochon-
drial presequences are introduced to either side of isolated TOM complex, a
specific change in conductance can be observed [61]. However, as there is
little or no transmembrane potential across the outer membrane in vivo, it
has been proposed that the channel is acting not as a voltage-gated channel,
but as a presequence-gated channel [61]. This presequence binding will
result in conformational changes to the complex [61, 67].
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An early model for the stoichiometry of the TOM complex suggested
Tom40, Tom22, Tom70, and Tom20 exist in ratios of 8 (�0.3):3.1 (�0.1):1.5
(�0.2):2 [51]. This stoichiometry is calculated from phosphorimage analysis
of radiolabeled proteins obtained from affinity-purified TOM complex.
However, these ratios are viewed with some caution given that the calcu-
lated eight Tom40 molecules per TOM complex would require two or three
protomers per channel to produce the multichannel forms predicted by
electrophysiology and visualized by electron microscopy. The precise num-
ber of Tom40 channels that are present in the native TOM complex is
not clear, with various electron microscopy studies of the TOM complex
revealing the presence of one-, two-, and three-pore structures [51, 68, 69].
While there is no general consensus as to the number of Tom40 pores
present in the holo-TOM complex, a working model suggests that the
TOM complex is a three-pore structure, but that the loss of Tom20 causes
the complex to adopt a two-pore structure [68]. When isolated from Dtom20
yeast, the TOM complex appears �50 kDa smaller than the wild-type holo-
TOM complex by blue-native PAGE, and reveals only two-ring structures
by electron microscopy [68]. Using a different solubilization protocol, a
TOM complex lacking Tom70 (but including Tom20) was purified from
wild-type yeast, forming a complex of�440 kDa (a similar size to wild-type
holo-TOM complexes) on blue-native PAGE [68]. Electron microscopy
revealed this to be a three-ring complex [68]. Crystallization of the core
and holo-TOM complexes is the obvious next step to determine both
the stoichiometry and spatial arrangement of the components within the
machine.

The sequence conservation seen in Tom40 is striking, with highly
conserved plant, yeast, and mammalian [70] homologues. Evidence of this
conservation is the fact that the N. crassa Tom40 can be successfully
imported into mitochondria from the protozoan Trypanosoma brucei,
where it assembles into an �370-kDa complex [71]. This reveals that not
only can the membrane machinery of T. brucei recognize elements of the
N. crassa Tom40 sequence to allow its import, but that an attempt is made
to assemble this protein into an oligomeric form. The complex formed from
N. crassa Tom40 in T. brucei mitochondria includes an as-yet unidentified
16-kDa component [71]. It is possible that this protein may be a SAM
complex molecule acting to assemble and integrate this foreign b-barrel
protein (such as a Mim1 homologue), or a genuine T. brucei TOM compo-
nent which is capable of docking with the fungal Tom40. The latter would
be most remarkable given the number of specific protein interactions
Tom40 appears to make with other TOM components in order to assemble
and function.
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2. Tom22

Tom22 is an�17-kDa subunit of the TOM complex [72]. It is anchored in
the outer membrane via a central transmembrane segment (Figure 12.2A),
thereby exposing an N-terminal domain to the cytosol and a 33-residue
domain in the intermembrane space [73]. In yeast, both extramembrane
domains of Tom22 are highly acidic, and therefore capable of interacting
with presequence-bearing proteins [74].

The acidic N-terminal receptor domain of Tom22 is likely to be poorly
structured, with a remarkable amino acid composition. In yeast, the
N-terminal receptor domain of Tom22 has 10.3% E, 14.4% D, 8.2% S,
6.2% T, and 4.1% Q: with these five residues being those enriched in disor-
dered regions of other proteins [75, 76]. Using the IUPred tool for the
prediction of intrinsically unstructured regions within a protein [77], all
known Tom22 sequences exhibit this characteristic at both N- and
C-terminal regions (Lithgow, unpublished data). One prospect is that only
upon the binding of substrate proteins is order induced in the Tom22 cytosolic
domain. Tom22 can be cross-linked to substrate proteins and can function as a
receptor directly binding to substrate protein targeting sequences [34]. The
acidic character is not an essential feature for the overall function of Tom22 in
the TOM complex since extensive mutagenesis of the acidic residues in the
fungal Tom22 does not inhibit protein import into mitochondria [78], and in
plants and protozoans the acidic part of the N-terminal domain is missing
altogether, with a smaller 8-kDa form of Tom22 (Tom220) found in the TOM
complex of these eukaryotes [58, 79, 80]. Still, a receptor domain is required
since truncation of the cytosolic domain of Tom22 results in a proteinwhich is
correctly located in mitochondria but cannot assist the import of proteins,
resulting in a lethal phenotype [81].

The human Tom22 has a very low-sequence similarity to the N. crassa
sequence, but exhibits a remarkably similar hydrophobicity profile and
(negative) charge characteristics in the N-terminus, and the human protein
can complement for the loss of N. crassa Tom22 [82, 83]. In considering the
Tom22 sequences detected in all manner of eukaryotes, the most highly
conserved feature is its transmembrane segment (Figure 12.2A). Conserved
within this transmembrane stretch are many residues, such as serine, threo-
nine, glycine, and proline that are atypically found within bilayer-spanning
a-helices [58, 84, 85]. Given the conservation in the spacing of these residues
relative to the water–lipid interface, it seems likely that they would assist
protein–protein, rather than protein–lipid, interactions. It is through its trans-
membrane segment that Tom22 binds tightly to the Tom40 channel and
assists in the organization of the TOM complex [86]; the conserved residues
in Figure 12.2A represent at least some of the likely points of contact.
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The intermembrane space domain of Tom22 is rich in negative amino
acids, and it was speculated that this region acted to aid precursors to exit the
translocation channel [74]. A number of different studies have attempted to
further characterize the function of the intermembrane space domain. Some
studies of C-terminal truncation mutants lacking the intermembrane space
domain showed no effect on the localization of the protein, no diminished
growth [87], and no defect observable by in vitro protein import [88].
However, another truncation mutant study reported a significant defect
[89]. When heterozygous Tom22/Tom22-truncation yeasts are sporulated
and dissected, less than 5% of the Tom22-truncation are viable. Of the
viable progeny, many rapidly become petite (i.e., lose capability for respira-
tion). When strains are selected that can respire, even these show defects in
protein import [89]. This apparent controversy prompted a detailed analysis
of the issue by Moczko and colleagues, concluding that a consistent growth
defect is observed in three different C-terminal truncation mutants [73].
In the case of each truncation, an �30% decrease in the import rate of
presequence-bearing proteins, but not a carrier protein, supported
the hypothesis that Tom22 facilitates the transfer of presequence-bearing
proteins through the TOM complex [73].

The importance of the C-terminal domain of Tom22 is further under-
scored by observations made from comparative genomics. All known
Tom22 sequences, from fungi, animals, plants, and from various groups of
protists, have a C-terminal domain that would be in the intermembrane
space. While there is little conservation of sequence (Figure 12.2A), these
domains from all Tom22s are 4–5 kDa in size and rich in amino acids that
give them a high propensity for native disorder, including several acidic
residues previously suggested to assist the binding of substrates [58, 75]. The
intermembrane space domain of Tom22 shares an overlapping function
with Tom7 [166] since the coexpression of a Tom22 C-terminal truncation
mutant in a Dtom7 background shows a severe defect in respiration and is
not viable on fermentable carbon sources at 37 �C [166]. Together, Tom22
and Tom7 might contribute to the trans site, assisting precursors to exit the
channel in Tom40 (Figure 12.3). The Tom22 intermembrane space domain
is also the site at which Tim21 binds, forming a TOM–TIM23 complex [90].
This occurs after imported, matrix-destined precursor protein is present at
the trans site, and is thought to displace the trans site-accumulated protein,
allowing it to enter the Tim23 channel [90].

3. Tom7

With clear homologues identified in fungi [91], plants [92], animals [93],
and a range of single-celled eukaryotes [58], the sequence conservation
seen in Tom7 is extraordinary given its small size. A single transmembrane
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segment is predicted to account for about half the length of these Tom7
proteins [91], with key conserved residues (Figure 12.2B).

Yeast strains from which Tom7 has been deleted are viable on rich
growth media, but display slowed growth on nonfermentable carbon
sources at higher temperatures and are inviable at 37�C [94]. In N. crassa,
a knockout of Tom7 shows no apparent growth phenotype [95] but, like the
yeast knockout, exhibits defects in the import of some proteins, in particu-
lar the outer membrane protein porin [94, 95]. Synthetic phenotypes are
observed when the gene encoding Tom7 is deleted in combination with any
of the other TOM proteins [96]. The combined loss of Tom7 and Tom20 is
lethal in yeast, whereas a combined loss of Tom7 and Tom6 results in slow
growth on nonfermentable carbon sources at 30�C [94]. No synthetic phe-
notype in observed in yeast lacking both Tom7 and Tom70 [94]. In the
course of assembling the TOM complex, Tom7 is incorporated into
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the 100-kDa assembly intermediate promoting the formation of the mature
TOM complex [97, 98]. Recent research has revealed that Tom7 also affects
the association of Mdm10 with the SAM complex [99]. While many studies
show that Tom7 is important for the overall function of the TOM complex,
and its strong conservation in sequence suggests its specific function con-
strains the structure of Tom7, the precise functional role of the protein
remains to be determined.

In Dtom7 yeast, more Tom40, Tom20, and Tom22 can be coprecipitated
than from wild-type mitochondria; when immunoprecipitation is performed
with antibodies against either Tom40, Tom22, or Tom20, the amount of the
other two bound proteins increased in mitochondria from the Tom7 knock-
out [94]. This suggests that the absence of Tom7 results in a more stable
interaction between Tom20 and Tom22, and between these molecules and
Tom40 [94]. Given Tom7 is tightly bound to Tom40 [48], one interpretation
of this data is that Tom20 and Tom7 share a site on the outer surface of the
Tom40 barrel, close to Tom22. In the absence of Tom7, Tom20 is able to
interact more readily with Tom22 and Tom40 due to reduced steric hin-
drance. The presence of Tom7 might make this interaction more dynamic.
It is of interest in this respect that the residues most highly conserved in the
transmembrane segment of Tom7 are rather hydrophilic, as are those in
the Tom22 transmembrane segment, and these might interact within the
otherwise unfavorable environment of the outer membrane bilayer.

4. Tom6

Another small proteolipid subunit of 6 kDa was first identified as a
multicopy suppressor of a temperature-sensitive tom40 mutant, and
shown to associate directly with Tom40 through immunoprecipitation
[100]. Since referred to as Tom6, this integral membrane protein [100] is
anchored via a C-terminal transmembrane segment [101] (Figure 12.2C).
Although a Tom6 subunit is present in all fungi, there are no clear homo-
logues of Tom6 in other eukaryotes; in yeast Tom6 function is not essential.
This reflects a common theme in multisubunit machines: later additions
to the machines often serve important, but nonessential, functions.

Like Tom7, the precise function of Tom6 is not known, but since the
TOM complex is less stable in Dtom6 cells, one role played by Tom6 is to
stabilize the structure [100]. Overexpression of Tom6 can restore import
defects in numerous temperature-sensitive alleles of tom40 [62, 100].
Furthermore, when Tom6 is deleted, the interactions between Tom40 and
the receptors Tom20 and Tom70 are weaker and the receptor binding of
precursors is increased [102]. It has therefore been proposed that the
function of Tom6 is to allow the receptors to stably dock to the core
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TOM complex, thereby promoting them to release precursors for translo-
cation [102]. This model is supported by the fact that Tom6 is important for
promoting the association of Tom22 with Tom40 [49], and interacts with
Tom22 in a dynamic, preprotein-modulated manner [103].

B. THE HOLO-TOM COMPLEX: THE ADDITION OF RECENTLY EVOLVED

TOM RECEPTOR PROTEINS

The TOM holo-complex was first identified from detergent-solubilized
extracts of mitochondria fromN. crassa [46] and can be purified for detailed
functional and structural analysis [47, 104]. Under suitable solubilization
conditions, Tom20 and Tom70 copurify in approximately stoichiometric
amounts with the other subunits of the TOM complex [51]. These receptors
are thought to have evolved as add-ons to the primitive translocation
machinery as an increasingly large and diverse range of genes were lost to
the host nuclear genome [19]. Thus, some subunits can be considered mod-
ules of the TOM complex, and we here consider how their presence aids
efficiency and enhances the capabilities of the translocase. Not all eukar-
yotes have the same add-onmodules; plants appear to have developed novel
solutions to the need for these receptors. It remains possible that some
animals, plants, and protists have evolved modules not present in fungi.

1. Tom20

Tom20 is a receptor exposed to the cytosol; the cytosolic domain of
Tom20 is hydrophilic and anchored by an N-terminal transmembrane
segment [105–107]. This mitochondrial import receptor has been shown to
recognize proteins with all manner of mitochondrial targeting sequences.
The solution structure of the rat Tom20 cytosolic domain reveals a
hydrophobic-binding groove for the targeting segments of substrate proteins
[108]. This provides for a recognition step, ahead of the transfer of substrate
protein to the Tom40 import channel. Tom20 has a tetratricopeptide repeat
(TPR) segment [107, 108]. TPR segments are 34-amino acid structural
motifs defined by the consensus sequence W4G8Y11G15Y17A20Y24A27P32,
where each TPR forms a helix-loop-helix structure [109]. This motif is
found in over 300 proteins [110] from a diversity of organisms, with tandem
arrays of TPRs involved in many cellular processes [111, 112]. The TPR
motif is commonly a site of protein–protein interaction and multiprotein
assembly [109]. Tom20 remains the only protein known to carry a single
TPR segment: in all other know cases, TPRs exist in multiple repeats within
a protein [109]. The integrity of the TPR motif is essential for Tom20 to
interact with Tom70 [113].
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The structure of both a mammalian and plant Tom20 have been eluci-
dated, revealing a unique aspect to the evolution of this receptor. While
plants and animals exhibit the presence of a TOM receptor of�20 kDa with
a high affinity for basic amphipathic helices, these two classes of Tom20s
have arisen from different ancestral molecules and converged on a very
similar solution to the same evolutionary problem. The evidence for this
convergent evolution lies in the fact that while the plant and rat Tom20s
share similar folds, the plant molecule is anchored to the outer membrane
by a C-terminal transmembrane segment whereas the animal Tom20 is
N-terminally anchored [53].

Bioinformatics has been used to trace the ancestry of the animal Tom20,
showing that the Tom20 found in fungi and in animals are related and
presumably derived soon after the split of the last common ancestor to
these two groups from other eukaryotes. Many animals have two isoforms
of Tom20, with one copy of Tom20 being expressed with only a very limited
tissue distribution [114, 115].

Substrate proteins bind coincidently to Tom22 and Tom20 [34, 116, 117],
with the mitochondrial presequence able to be cross-linked to these recep-
tors [118]. Tom20 binds a number of precursors with positive N-terminal-
targeting sequences, such as Su9-DHFR, but increased salt concentration
or mitochondrial presequence peptide can disrupt this binding to the extent
that it is comparable to binding of these preproteins to mitochondria lack-
ing Tom20 [117]. However, not all precursor proteins show rate-limiting
binding to Tom20: there is a spectrum binding affinities for TOM receptors
observed among the various mitochondria proteins, and these receptors
cooperate to facilitate import [117, 119]. Similar studies with Tom22 have
shown the same salt sensitivity and comparable presequence-binding prop-
erties as Tom20. Combined with the results of cross-linking showing Tom20
and Tom22 share the binding of substrates, it seems clear that these recep-
tors act in cooperative manner [116]. Unlike the subsequent binding of
substrate proteins to Tom40, it is salt-disruptable electrostatic interactions
that promote presequence binding to the Tom20/Tom22 receptor pair;
this ionic receptor–presequence interaction is the basis of the acid chain
hypothesis [34, 35].

The deletion of Tom20 leads to an initial inability for yeast lacking the
gene to survive on nonfermentable carbon sources [107]; this demonstrates
that respiration has been seriously compromised in these cells. This defect is
more serious than the loss of many other TOM components and, taken with
the lower levels of cytochrome b and cytochrome aa3, Tom20 interactions
seem rate-limiting for the import of some respiratory proteins in vivo [107].
However, after �10 days, the Dtom20 strain will regain the ability to
grow on nonfermentable carbon and mitochondria will import precursors
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at wild-type rates. This suppression was shown to affect the mitochondria
themselves [120]. Many of the phenotypes initially shown by the Dtom20
cells are not due to the loss of Tom20, but a decrease in the steady-state
level of Tom22 that results when Tom20 is deleted [74]. The recovery of the
Tom20 deletion strain occurs due to a restoration of Tom22 levels in these
yeast [74]. It is likely then that the loss of Tom20 causes a destabilization of
Tom22, leading to the observed phenotypes. Taken together with the
binding assays and cross-linking experiments detailed above, this suggests
that Tom22 might represent an ancestral receptor for protein import, with
the ‘‘newer’’ Tom20 providing a means to improve substrate binding to
(and stabilization of) Tom22.

2. Tom70

A further receptor module of the TOM complex is provided by Tom70.
This 70-kDa protein is anchored to the outer mitochondrial membrane by a
29-amino acid N-terminal transmembrane domain [121], which is sufficient
to act as a mitochondrial targeting sequence [122, 123]. The Tom70 cyto-
solic domain contains 11 TPR motifs [52], with the TPRs of the C-terminal
domain thought to form a peptide-binding channel [124]. Studies with a
213-residue 25-kDa core domain of Tom70 show that, when just five TPR
motifs are present, binding of cleavable and noncleavable preproteins
with internal targeting information occurs [125]. The presence of multiple
TPRs in Tom70 is understood to provide more than one binding site for
preproteins [52, 125].

Many Tom70 substrates are highly hydrophobic and travel to the recep-
tor bound to cytosolic chaperones such as heat shock protein 70 kDa
(Hsp70), Hsp90, and 14–3-3 proteins [31, 126]. Recent work on Tom70
has shown that Hsp70 and, at least in humans, Hsp90 bind to a specific
site on the first three TPR segments of Tom70 to deliver substrates [31].
The discovery that Tom70 is required for efficient import of the ATP/ADP
carrier (AAC) [127, 128] shows that this receptor is important for the
import of hydrophobic carrier proteins [52, 128]. In the absence of
Tom70, AAC will import at a decreased rate and this is further reduced
when antibodies are used to block the Tom20 receptor [128]. The import of
a precursor may be rate-limited by a given precursor–receptor interaction
due to the chemical properties provided by different receptors, but this does
not mean that this rate-limiting interaction is the only important step in
substrate recognition. Tom70 is needed for the efficient import of hydro-
phobic proteins, but these precursors also interact with other receptors
such as Tom20 and Tom22.

No Tom70 homologue has been identified in plants or protozoans. This
is surprising given that Tom70 is a conserved element in all mammals and
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fungi, and many important mitochondrial substrates are recognized by this
receptor [129]. The identification of a multiple TPR-containing outer mito-
chondrial membrane protein of �64 kDa in Arabidopsis thaliana [130]
has raised the possibility that this molecule may represent the plant version
of the molecule (Figure 12.4).

That evolution continues to finds ways to add modules to molecular
machines like the TOM complex can also be seen in the acquisition of
Tom71. Identified as a TPR-rich protein in yeast with homology to Tom70
[131, 132], comparative genome analysis shows that Tom71 is a paralogue
and the product of a relatively recent gene duplication event in the genomes
of the Saccharomyces-related clade of yeasts.

3. Tom5

The smallest subunit of the TOM complex in yeast [96], the 50-residue
peptide Tom5, is anchored in the outer mitochondrial membrane by an
a-helical transmembrane segment located at the C-terminus [96]. This
transmembrane segment is crucial for function [133]. Exposed to the cyto-
sol is an a-helical acidic residue-rich N-terminus [96, 134]. Tom5 has been
identified in a range of species of fungi, but does not appear to be present in
the TOM complex of plants, animals, or other eukaryotes.

The TOM5 gene is not essential for yeast growth at 30�C, with the
knockout displaying a reduced growth rate on both fermentable and non-
fermentable carbon when compared to a wild-type strain [96]. Mito-
chondria isolated from Dtom5 yeast show severe defects in the import of
mitochondrial proteins which reside in all four mitochondrial compart-
ments [96]. However, these findings do not appear to apply more generally,
as the loss of Tom5 in N. crassa does not exhibit the import and growth
defects observed in S. cerevisiae [50].

The specific function of Tom5 has been difficult to define. Although
early reports have shown that the deletion of Tom5 alone in yeast does not
appear to reveal a destabilization of the TOM complex [49, 96], a recent
study has claimed that the yeast TOM complex is less stable in the absence
of Tom5 [50]. Even in N. crassa, it appears that a loss of Tom5 may have
a destabilizing effect on the TOM complex, with the study of a Dtom5,
Dtom6 deletion in N. crassa implicating a role for Tom5 in TOM complex
stabilization: the TOM complex in a Dtom5,Dtom6 strain is less stable than
in the Dtom6 strain [95]. These findings are significant given the role that
Tom5 plays in the biogenesis of the TOM complex. When the assembly of
newly imported Tom40 subunits is tracked using blue-native polyacryl-
amide gel electrophoresis, Tom5 is first observed in a 100-kDa assembly
intermediate complex with Tom40 [98], as well as the final 400-kDa mature
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TOM complex [97]. This 100-kDa complex is the first recognizable form
taken on by the newly folded Tom40 subunits as they leave the SAM
complex [97, 98]. Thus, Tom5 might represent a recent module added to
the TOM complex in fungi to assist the recruitment of other TOM subunits
onto newly assembled Tom40 barrels.

IV. The SAMComplex

A. MACHINERY FOR THE ASSEMBLY OF COMPLEX PROTEINS INTO THE

MITOCHONDRIAL OUTER MEMBRANE

The majority of proteins in the mitochondrial outer membrane appear to
be of relatively simple topology, with a single transmembrane anchor
region critical for sorting and insertion [43–45]. Some of these proteins
have their transmembrane segment at the N-terminus and are referred to
as signal-anchor proteins [29]. The model for signal-anchor protein inser-
tion is one in which the molecules are recognized by the TOM complex, but
do not require access to the Tom40 channel or the presence of TOM
receptors [64, 106, 122, 135]. This suggests that the core TOM complex
recognizes these proteins and inserts them into the membrane. It is likely
that tail-anchored proteins, with a single transmembrane segment at their
C-terminus, are imported in the same way. The mechanism behind these
protein insertion pathways is not yet known.

Mitochondria were derived from a-proteobacteria and several key outer
membrane proteins retain a bacterial b-barrel topology. How b-barrel pro-
teins, and in particular the TOM complex itself, assemble in the outer
membrane had remained perplexing for some time. In recent years, a second
mitochondrial outer membrane complex involved in protein import has
been identified [98]. This SAM complex was discovered through investiga-
tions into the enigmatic protein Mas37, which was renamed Sam37 when it
was shown to function in the SAM complex. Since the b-barrel assembly
process is essential and Sam37 is not an essential protein, it seemed likely
that other subunits of the SAM complex remained to be discovered.

Homologues to the bacterial protein Omp85 were identified and shown to
have an essential role inmitochondrial outermembrane biogenesis [136–139].
This b-barrel protein, Sam50, forms the core of the SAM complex. Periph-
erally associated with Sam50 on the cytosolic side of the membrane are the
associated proteins Sam35 and Sam37. Mdm10 also participates with this
complex, perhaps as a more transiently associated module.

The SAM complex is not an import channel, but rather acts downstream
of TOM complex-mediated import to integrate proteins of complex
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topology into the mitochondrial outer membrane. The way in which the
SAM complex acts to insert and assemble b-barrel proteins has not yet been
elucidated, but two models have been put forward. It was speculated that a
pore within Sam50 may be the site at which b-barrels were assembled prior
to a lateral release event in which Sam50 would unfold and open to release
the precursor into the outer mitochondrial membrane. However, there
would be unfavorable thermodynamic consequences incurred in the unfold-
ing of a highly stable b-barrel protein like Sam50 [65]. An alternative model
proposes that after passing through the TOM complex, precursors bind the
small Tim chaperones in the intermembrane space prior to delivery to the
SAM complex. Here it is thought that the SAM complex acts as a scaffold
to disrupt the lipid bilayer and allow the protein to enter the membrane
[136, 137] (Figure 12.5). In the case of TOM complex assembly, increasing
evidence is mounting to suggest that other proteins (such as Mim1) are
critical to this process. How the SAM complex assists the assembly of the
TOM complex, and how it may interact with other ‘‘TOM assembly’’
molecules, is a hot topic of research.

1. Sam50

Thewidespread conservation seen between Sam50 and theGram-negative
bacterial protein Omp85 [136, 138, 139] sparked great interest in its function.
Early clues were provided in the form of two publications on the bacterial
Omp85: one showed the molecule to be important for the integration of
(b-barrel) proteins in the outer membrane of Gram-negative bacteria [140],
and the other claimed a role for Omp85 in membrane lipid biosynthesis [141].

The mitochondrial Sam50 is an �50-kDa b-barrel with a conserved
domain structure: a b-barrel is predicted at the C-terminus, and the
N-terminus contains one predicted POlypeptide-TRAnsport-associated
(POTRA) domain. The POTRA domain is found in a number of b-barrel
proteins involved in protein translocation [137, 142]. While the function of
this domain has not been fully elucidated, it is speculated to act in a
chaperone-like manner to assist translocation [142]. Depletion of Sam50
in yeast results in the defective import of Tom40 and VDAC, but does not
impair the import of single-transmembrane spanning proteins [136] and
matrix proteins [138].

The import of Sam50 into mitochondria has been studied. Nascent mole-
cules of Sam50 are in an unfolded state when recognized at the TOM
complex. This recognition requires the receptors Tom20 and Tom70;
absence of either will result in a reduction in imported Sam50 [143]. After
translocation through the Tom40 channel, unfolded Sam50 interacts with
the small Tim chaperones (Tim9/10 and Tim8/13) of the intermembrane
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space [143]. The unfolded Sam50 is then delivered to a preexisting SAM
complex for integration. The role of existing SAM complexes is supported
by findings that mitochondria depleted of Sam50 or Sam35 show significant
defects in Sam50 insertion [143]. In contrast, the absence of Sam37 does not
result in as severe a decrease in Sam50 assembly [143].

2. Sam37

The Sam37 protein was first identified as the result of a yeast mutant
screen for temperature-sensitive growth on nonfermentable carbon sources
[144]. This research aimed to identify genes relating to phospholipid bio-
synthesis, with a loss of Sam37 resulting in a reduction in the amounts of
mitochondria-synthesized lipids [144]. Early observation of protein import
defects in this gene knockout were similar to those observed in Dtom70
yeast: some proteins are imported at wild-type rates, whereas AAC import
is deficient [52, 144]. This led to the suggestion that Sam37 may be another
receptor subunit of the TOM complex. However, the yeast Sam37 does not
migrate with the TOM complex on blue native PAGE and is not required
for binding AAC, but affects AAC import indirectly of this event [145].
Subsequently, Sam37 was inferred to be peripherally associated with Sam50
on the outer mitochondrial membrane [98, 145], based on its extractability
with sodium carbonate. This ‘‘alkali extraction’’ assay is not reliable when
applied to mitochondrial outer membrane proteins [43], though it is clear
from protease protection assays that the bulk of Sam37 is exposed on the
cytosolic face of the SAM complex [98, 144]. Perhaps because of this
extrinsic topology, Sam37 is not imported through the TOM complex but
might instead assemble directly onto existing Sam50 subunits [143].

There remains some controversy over the existence of a mammalian
Sam37. The best candidate is Metaxin-1, an �35-kDa protein localized to
the outer mitochondrial membrane by a sequence at its C-terminus [146].
Metaxin-1 shows similarity to Sam37 only in the N-terminal region, where
there is a 25% sequence identity [146]. This low level of sequence similarity
makes unsurprising its failure to complement for the loss of sam37 in

FIG. 12.5. A model for the insertion and assembly of Tom40 by the SAM complex. After

translocation by the TOM complex (not shown), imported Tom40 is transferred to the SAM

complex via the small Tim proteins of the intermembrane space (A). Unfolded Tom40 is

inserted into the outer membrane, a process likely to be mediated by the transmembrane

surfaces of the SAM complex (B). Tom40 assembles within the membrane, in complex with

SAM components (C); Mim1 appears to act at a late stage to assist Tom40 to assemble with

other TOM components. Tom40 releases from the SAM complex, forming the second assem-

bly intermediate; this requires the addition of Tom5 to the Tom40 barrel (D).
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yeast [146]. Like Sam37, Metaxin-1 appears to contribute to protein import
into mitochondria: antibodies against Metaxin-1 will severely reduce the
import of the mitochondrial protein preadrenodoxin [146].

From early observations, Tom70 and Sam37 appeared to form a hetero-
dimer [144], and interact genetically: overexpression of either Tom70 or
Sam37 is enhanced only if the other is also upregulated [144]. It is therefore
tempting to speculate that the SAM and TOM complexes can form a
‘‘supercomplex’’ in the outer mitochondrial membrane, with interactions
mediated by these two components. It remains to be seen whether this
supercomplex exists.

3. Sam35

A second ‘‘peripherally’’ associated subunit of the SAM complex, Sam35,
is an essential protein [147, 148]. Like Sam37, Sam35 shows some sequence
similarity to a member of the metaxin family, in this case Metaxin-2.
In animals, Metaxin-1 and Metaxin-2 interact with each other, though it is
not yet clear that interactions are made between the metaxins and the
mammalian Sam50 [149].

A temperature-sensitive mutant of Sam35 was used to characterize the
function of this protein. When in vitro translated Tom40 is imported into
sam35 mutant mitochondria, the assembly of Tom40 is retarded [147].
Rather than the formation of the second assembly intermediate (100 kDa)
and mature TOM complex (400 kDa), Tom40 remains stuck at the first
assembly intermediate [147]. This assembly intermediate is known to con-
tain Sam37 and Sam50: it is the SAM complex-Tom40 intermediate formed
during Tom40 import and assembly [147]. Furthermore, the effect of the
temperature-sensitive Sam35 mutation is only observed for the import of
b-barrel proteins Tom40 and porin; the import of presequence-bearing pro-
teins and carrier proteins is not affected [147]. As with the temperature-
sensitive Sam35 mutant, shutting down the expression of Sam35 leads to a
block in the biogenesis of functional TOM complexes [148].

B. ADDITIONAL MODULES OF THE SAM IN THE OUTER MEMBRANE

1. Mdm10

First identified as a protein with a role in the maintenance of mitochon-
drial distribution and morphology [150], Mdm10 is part of a complex
with Mdm12 and Mmm1, which functions to attach yeast mitochondria to
the actin cytoskeleton [151]. None of these fungal proteins appear to
have obvious homologues in animals or other eukaryotes (Lithgow, unpub-
lished data). It was shown that Mdm10 also plays an important role in
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assisting the SAM complex for protein assembly into the outer mem-
brane (Figure 12.5) [152]. Conceptually, Mdm10 (and perhaps Mmm1 and
Mdm12) might represent a distinct module of the SAM complex.

Mdm10 is an �56-kDa protein [150] of the outer mitochondrial mem-
brane with a predicted b-barrel structure. A tagged version of Sam37 was
used to demonstrate that Mdm10 can be copurified with the SAM complex
by affinity chromatography [152]. The presence of Mdm10 is important in
the assembly of Tom40, with studies using Dmdm10 yeast revealing a defect
in the assembly of Tom40, but not porin [152]. Neither does a loss ofMdm10
alter import rates for proteins destined for the inner membrane or matrix
compartments [152]. Thus, while Mdm10 assists Tom40 to assemble with
Tom22, Tom6, and Tom7 (subsequent to its association with Tom5) [152], it
remains to be determined precisely what role Mdm10 plays in this process.

2. Mim1

An integral outer membrane protein, termed Mim1, has been identified
[148, 153, 154] and is found in a number of yeast species. Mim1 is not
essential, but its deletion causes a severe respiratory deficiency in yeast.
Under the standard conditions applied for solubilizing the SAM complex
from the mitochondrial outer membrane, Mim1 does not copurify with the
SAM complex by immunoprecipitation, gel filtration, or density gradient
centrifugation [148]. However, the function of Mim1 is to assist assembly of
the TOM complex [148, 153, 154], suggesting it might be a transiently
associating module of the SAM complex. The depletion of Mim1 results
in a Tom40 assembly defect similar to that observed for the deletion of
Mdm10, with blue-native PAGE analysis showing that the in vitro assembly
of the mature TOM complex is inhibited in Mim1-depleted mitochondria
[148, 152, 153]. FLAG-tagged Mim1 appears to exist in a 180-kDa complex
[148]; whether this represents a module of the SAM complex remains to be
seen. It is of interest that this Mim1 complex is approximately the size at
which Mdm10 runs when not in the SAM holocomplex [99].

While Tom40 assembly is assisted by Mim1, depletion of Mim1 does not
appear to affect the in vitro import and assembly of porin [148, 153]. Due to
the conservation of residues in the predicted transmembrane segment of
Mim1, it has been proposed that this proteinmay specifically assist Tom40 to
correctly assemble with the TOM receptors [153]. Only very few sequences
of Mim1 proteins are available, but the conserved residues do share some
similarity to those conserved in the transmembrane segments of Tom22 and
Tom7, which might provide for specific, transient contacts between Mim1
and Tom40, and any subunit with a greater affinity (e.g., Tom22) might
subsequently displace the Mim1 ‘‘chaperone.’’
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V. Concluding Remarks

The molecular machines for protein import across the outer mitochon-
drial membrane demonstrate a modular structure. The apparent paradox of
Mdm10, a morphology protein with a role in TOM complex biogenesis, is in
fact but one of many examples in which a module of proteins can be
recruited to a complex to add-on a function. The presence of Mdm10 as a
component of both the SAM complex and the Mdm10/12/Mmm1 complex
can be considered in the context of the work of Gavin and colleagues, who
have presented a new paradigm for the organization of eukaryotic mole-
cular machines. Their research shows that multisubunit protein complexes
are common and that protein ‘‘modules’’(defined as two or more proteins
found together in multiple complexes) can be recruited to a number of
different complexes in order to perform a specialized function [155]; this
system allows complexes to perform multiple functions. An example from
this survey of yeast protein machinery is that the protein lipoamide dehy-
drogenase is present in two machines of similar phenotype (the pyruvate
complex and the a-ketogluterate complex) [155]. This is but one example in
which a shared protein can play a wider role than the specific complexes
in which it is present [155].

The modularity of protein complexes described by Gavin et al. [155] is
also seen in the protein import machinery of the mitochondrial outer
membrane. The TOM complex consists of a stable, highly conserved core
to which receptor modules can dock to permit efficient precursor recogni-
tion and import. Moreover, the dual role of Mdm10 is an example of a
protein functioning in two different contexts. It would be interesting to
consider whether the TOM and SAM complexes also act as modules of a
transient ‘‘supercomplex.’’

The origins of the TOM and SAM import proteins and their evolution
are aspects of these machines which are still largely unexplored. Mitochon-
dria arose from bacteria, and undoubtedly members of the mitochondrial
protein import machines evolved from bacterial proteins. This is true of
Sam50: new protein modules evolved to convert the protomitochondiral
Omp85 into a highly efficient complex for b-barrel assembly. While no
bacterial protein with strong sequence similarity to Tom40 has been
found, the b-barrel structure infers a bacterial origin. It is possible that
the evolution of this protein has become so divergent as to make its
precursor form unrecognizable in present-day bacteria.

Just as mitochondria are bacteria-derived organelles, and some of their
protein translocation machineries are bacteria derived, they can be the
target of attack by pathogenic bacteria. A number of bacterial and viral
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pathogens produce proteins that are targeted to mitochondria as part of the
disease-causing process [156]. These include the Map and EspF proteins
of enteropathogenic E. coli, which are imported via the TOM complex
[157–159]. Map has an N-terminal targeting sequence and is targeted to
the matrix, affecting mitochondrial morphology [158]. In contrast, the
protein EspF disrupts the transmembrane potential across the inner mem-
brane, and triggers cell death [157, 159]. The porin PorB from Neisseria
gonorrhoeae andNeisseria meningitidis is also targeted to the mitochondria
of infected cells to affect apoptosis [160–162]. Further examples include the
apoptosis-inducing protein Omp38 from Acinetobacter baumannii [163],
the VacA protein of Helicobacter pylori [164], and proteins from a host of
viruses including Hepatitis B virus, Human papillomavirus, and human
T-cell leukaemia virus type 1 [165]. These recent examples show that the
molecular machinery of the outer mitochondrial membrane is not only
essential for the survival of the host cell but, by virtue of its exploitation
as the entry point for bacteria-derived proteins, it is also critical to the
success of a diverse array of human pathogens.
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I. Abstract

Many proteins of the mitochondrial intermembrane space (IMS) lack
typical mitochondrial targeting signals and are imported on a unique path-
way which does neither depend on the hydrolysis of ATP nor on the
membrane potential across the inner membrane. These proteins are of
small molecular weight and contain characteristic patterns of cysteine
residues known as twin Cx3C or twin Cx9C motifs. Following their synthesis
on cytosolic ribosomes, these proteins traverse the outer membrane
through the general translocation pore of the TOM complex. In the IMS,
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they are initially bound by disulfide linkages to Mia40, a phylogenetically
conserved receptor protein that contains a cysteine-rich domain. By reshuf-
fling of the disulfide bonds, the imported proteins are released from the
Mia40 receptors in a folded conformation. According to the folding trap
hypothesis, the stably folded structure thereby prevents their back-
translocation into the cytosol and maintains the proteins permanently in
the IMS. For the formation of the disulfide bridges, the IMS contains a
conserved sulfhydryl oxidase named Erv1. This flavin adenine dinucleotide
(FAD)-binding enzyme interacts with Mia40 and converts it into its oxi-
dized, functionally active state. The Erv1 sulfhydryl oxidase together with
the Mia40 receptor thereby functions as a disulfide relay system in mito-
chondria, which presumably provides the net energy for the translocation of
proteins into the IMS. This chapter summarizes our knowledge on Mia40
and Erv1 and discusses a hypothetical model on the molecular mechanism
by which these proteins facilitate the import of proteins into the IMS of
mitochondria.

II. Introduction

The intermembrane space (IMS) of mitochondria is enclosed by the
outer and the inner membrane of the organelle. Since both mitochondrial
membranes are only a few nanometers apart, the IMS is a rather tiny
compartment of the cell. Nevertheless, components of the IMS fulfill a
variety of crucial functions in different processes, like in the transport of
proteins, electrons, or metal ions, in the assembly of inner membrane
proteins, in cellular respiration, and other metabolic processes. In addition,
several apoptotic components are sequestered in the IMS until their release
triggers the programmed cell death.

The IMS can be subdivided into two distinct subcompartments, the
intracristae space and the lumen between the outer and the inner mem-
brane, which is also called the ‘‘external IMS’’. Both subcompartments are
separated by cristae junctions, which presumably form rather tight openings
at the necks of the cristae [1, 2]. We know very little about the physico-
chemical properties of both subcompartments. Due to the presence of
porins in the outer membrane, molecules up to a molecular mass of about
2–6 kDa can freely diffuse into the external IMS [3]. The concentration of
glutathione in the external IMS is therefore expected to be similar to that of
the cytosol, suggesting that the IMS is a strongly reducing environment.
However, a number of disulfide bridges have been reported in proteins of
the IMS suggesting that, despite its high concentration of reduced glutathi-
one, cysteine residues can be actively oxidized (see Table 13.1). Whether
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this oxidation occurs both in the external IMS and the intracristae space, or
mainly in the latter, remains unclear.

III. Protein Import Routes into the IMS

All proteins of the IMS are encoded by nuclear genes and synthesized
in the cytosol. However, IMS proteins often lack classical mitochondrial
presequences, and their import into the organelle is mediated by pathways
distinct from the import route that directs proteins into the matrix of
mitochondria. While matrix proteins appear to be imported consistently
on one general route, proteins of the IMS use different import mechanisms
(for overview see [4–6]). On the basis of their targeting signals and their
energetic requirements, three classes of IMS proteins can be distinguished
(Figure 13.1):

� Class I proteins contain so-called bipartite presequences at their very
N-termini consisting of a mitochondrial targeting sequence followed by
a hydrophobic sorting domain. Protein translocases in bothmitochondrial
membranes recognize the mitochondrial targeting signal and transport it
into the matrix in an ATP- and membrane potential-dependent reaction.
The hydrophobic sorting domain then leads to a translocation arrest at
the level of the inner membrane and mediates the lateral insertion of
the preprotein. Upon proteolytic cleavage, the matured proteins are
released into the IMS. A number of larger proteins fall into this class

TABLE 13.1

PROTEINS FOR WHICH DISULFIDE BONDS IN THE IMS HAVE BEEN REPORTED

Protein References Function

CCS [16, 74] Copper chaperone of Sod1
Cox11 [75] Biogenesis of cytochrome oxidase
Cox12 [69, 76] Biogenesis of cytochrome oxidase
Cox17 [69, 72] Biogenesis of cytochrome oxidase
Cox19 [69, 77] Biogenesis of cytochrome oxidase
Cox23 [69, 78] Biogenesis of cytochrome oxidase
Erv1 [79] Sulfhydryl oxidase
Mia40 [24–25, 49] Import receptor
Rieske protein [80] Subunit of cytochrome reductase
Qcr6 [80] Subunit of cytochrome reductase
small Tim proteins [61–63] Components of import machinery
Sco1 [81] Biogenesis of cytochrome oxidase
Sod1 [16, 82] Superoxide dismutase
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like apoptosis-inducing factor, cytochrome c peroxidase, cytochrome b2,
endonuclease G, or Smac/Diablo [4, 7–9].

� Class II proteins are usually of small molecular weight and comprise only
one folding domain. The folded conformation is typically stabilized either
by binding of cofactors like heme or metal ions or by the formation of
intramolecular disulfide bridges in these proteins. Cytochrome c was the
first representative of this group for which the import process was studied
in detail [10–15]. Apocytochrome c can cross the outermembrane through
the TOM complex in both directions. In the IMS, apocytochrome c binds
to cytochrome c heme lyase. This enzyme incorporates a heme group into
apocytochrome c before it releases the holocytochrome c as soluble stably
folded protein into the IMS that is unable to cross the TOM complex.
Cytochrome c heme lyase functions both as a receptor and as a converting
enzyme that catalyzes the stable folding of cytochrome c. A similar mech-
anism was found also for other IMS proteins like for Cu/Zn-superoxide
dismutase which transiently interacts with the copper chaperone Ccs1 [16]
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FIG. 13.1. Proteins of the IMS can be subdivided into three classes on the basis of their

import mechanisms. Class I proteins contain bipartite presequences consisting of a matrix-

targeting signals (shown as a helix) followed by hydrophobic sorting domains (shown as white

box). Following import, the hydrophobic domains integrate into the inner membrane. Cleav-

age by processing peptidases finally releases the proteins into the IMS. Class II proteins

traverse the TOM complex and transiently interact with receptors in the IMS. They are then

released from the receptors in a folded conformation. Thereby folding can be stabilized by the

binding of cofactors (Co) or by the oxidation of cysteine residues. Class III proteins are

translocated through the general import pore in the TOM complex into the IMS where they

permanently associate with binding sites on the inner or the outer membrane.
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or for a variety of small cysteine-containing proteins which transiently
interact with the Mia40 receptor protein before they are released in a
stably folded conformation into the IMS. The import of superoxide dis-
mutase and the cysteine-containing proteins depends on the formation of
intramolecular disulfide bridges and relies on the presence of a conserved
sulfhydryl oxidase in the IMS, named Erv1. The Mia40/Erv1-dependent
import process will be described in detail in this chapter.

� Class III proteins represent not soluble factors of the IMS but rather are
permanently associatedwith binding sites at the outer or innermembrane.
The affinity to these binding sites presumably provides the energy that
drives the import reaction. Representatives of this class are cytochrome c
heme lyases [17] or creatine kinase [18].

IV. Mia40,an Import Receptor in the IMS

A. STRUCTURAL ORGANIZATION OF MIA40 PROTEINS

Mia40 is an essential mitochondrial protein that is conserved between
fungi, plants, and animals including humans. Mia40 was initially identified
in mitochondria of baker’s yeast [19] and what we know about this protein
is almost entirely based on studies of the yeast homologue [20–22]. All
Mia40 homologues share a highly conserved C-terminal domain containing
six invariant cysteine residues (Figure 13.2A). Fungal members of the
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FIG. 13.2. Structure of Mia40. (A) Sequence alignment of the cysteine-rich domain of

Mia40 proteins of the species indicated. Invariant cysteine residues are indicated. (B) Sche-

matic representation of the organization of Mia40 proteins. The black box depicts the con-

served cysteine-rich domain of Mia40. For the fungal protein, the processing site for the

mitochondrial presequence peptidase (MPP) is indicated. Pre, mitochondrial presequence

and TM, transmembrane domain.
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Mia40 family, but not those of animals or plants, are synthesized with
N-terminal mitochondrial targeting signals followed by hydrophobic
membrane anchor domains (Figure 13.2B). While it was initially proposed
that this region represents a bipartite presequence that targets the protein
into the IMS [20], more recent studies suggested that the hydrophobic
region remains present on the mature protein and anchors it permanently
to the inner membrane [21, 22]. The stable association of Mia40 with the
inner membrane is, however, not essential for its function; Mia40 mutants
in which the conserved C-terminal domain was fused to the bipartite
presequence of cytochrome b2 were still viable [22].

In Saccharomyces cerevisiae, but not in other fungi, the hydrophobic
membrane anchor and the conserved domain are separated by a highly
acidic region of unknown function. Interestingly, alignments of the DNA
sequence of this region with that of the S. cerevisiae genome revealed a
region on chromosome XII (nucleotides 351207–351591) of 58% identity.
Hence, a duplication of this DNA segment during the evolution of baker’s
yeast may have resulted in an insertion within theMIA40 gene and thereby
created this unique acidic domain.

The conserved domain of Mia40 comprises roughly 60 amino acid resi-
dues. It contains six cysteine residues present in the pattern CPC-x8-Cx9C-
x12-Cx9C (Figure 13.2). The function of the individual cysteine residues is
not known. Exchange of the first, middle, or last pair of cysteine residues by
serine residues is lethal [21, 22]. The pattern of the latter two pairs of
cysteine residues resembles the twin Cx9C motif found in many Mia40
substrate proteins (see below). Why this signature is present in both Mia40
and its substrate proteins is not clear.

Recombinant Mia40 was shown to be able to complex metal ions like
copper and zinc [21]. Moreover, the removal of metal ions with chelating
reagents led to a proteolytic instability ofMia40. The cysteine residues were
crucial for the binding of metal ions suggesting that they are coordinated by
the cysteine motif in Mia40 [21]. However, in vivo, some of the cysteine
residues in Mia40 appear to be predominantly present in an oxidized state
forming intramolecular disulfide bonds [23–25]. Which of the cysteine
residues take part in the formation of the disulfide bridges is not known.
In vivo, Mia40 might cycle between a reduced, metal-bound, and an oxi-
dized disulfide-bridged conformation and, hence, both conformations
might represent physiologically relevant states (see below).

B. THE FUNCTION OF MIA40 IN THE IMS

Mia40 is an essential protein and its deletion is lethal on both ferment-
able and nonfermentable carbon sources [20–22]. The depletion of endoge-
nous Mia40 in vivo leads to a concomitant loss of proteins with twin Cx3C
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and twin Cx9C motifs from the IMS. Import experiments into isolated
mitochondria indicate that Mia40 directly binds to these proteins in a
transient manner after their translocation across the outer membrane.
In the absence of Mia40, proteins with twin Cx3C and twin Cx9C motifs
fail to be efficiently imported into mitochondria, whereas other IMS pro-
teins like cytochrome c or cytochrome c heme lyase are not affected. This
suggests that Mia40 has a receptor-like function for the import of IMS
proteins that contain conserved patterns of cysteine residues. It is presently
not clear whether, in addition to its role as a receptor, Mia40 is also more
actively involved in the folding or assembly of IMS proteins.

Human Mia40 is significantly smaller than the yeast protein (17 versus
40 kDa) and consists almost exclusively of the conserved domain that shows
75% sequence similarity to the yeast homologue [23]. Due to the lack of
the membrane-anchoring region, the human Mia40 forms a soluble factor in
the IMS that, similar to its fungal homologue, forms reduced and oxidized
conformers.Like inyeast, depletionof humanMia40 leads to reduced levels of
IMS proteins with twin Cx3C and twin Cx9C signatures and finally causes cell
death [23]. Thus, despite the differences in their structural organization, the
Mia40 proteins of yeast and human appear to exhibit comparable functions.

V. Erv1,aDisulfideOxidase in the IMS

The Erv1 protein of S. cerevisiae was initially identified as a protein
essential for respiration and vegetative growth [26]. Yeast Erv1 was the first
member to be discovered of a large family of proteins which are widely
distributed in eukaryotes [27–29]. These proteins share a conserved flavin
adenine dinucleotide (FAD)-binding domain that contains a sequence of two
cysteine residues spaced by two amino acid residues, the CxxC motif (see
below). It is characteristic for redox active proteins and a sulfhydryl oxidase
activity could be assigned to members of this family [30–33]. The best-
characterized member of the family is Erv2, a sulfhydryl oxidase of the
endoplasmic reticulum (ER) of fungi [31, 34], and most of what we know
about the molecular activity of this group of sulfhydryl oxidases is derived
from studies on Erv2.

A. STRUCTURAL ORGANIZATION OF ERV1 PROTEINS

Erv1 proteins of fungi and animals show a consistent architecture com-
prising two structural segments (Figure 13.3). The N-terminal segment that
in S. cerevisiae consists of 72 amino acid residues (8.8 kDa) is rich in glycine
and proline residues and presumably represents a poorly structured flexible
region. This segment of Erv1 is characterized by the presence of a CxxC
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motif that is essential for Erv1 function [35]. The C-terminal segment forms
an FAD-binding domain [36, 37] that in S. cerevisiae consists of 117 amino
acid residues (12.8 kDa). This domain is well conserved throughout the
Erv1/Erv2 protein family; the sequence identity between Erv1 and Erv2
proteins of this region is in the range of about 30% and functionally relevant
residues are largely identical between both proteins. Erv1 and Erv2 form
homodimers (Figure 13.4A) which, depending on the redox state, can be
transiently linked by disulfide bonds [30, 36, 38]. Achievements in the
crystallization of the C-terminal domain of Erv2 provided a detailed struc-
ture of the FAD-binding domain with 1.5-Å resolution which allowed sig-
nificant insights into the molecular mechanism by which this group of redox
enzymes can introduce disulfide bonds into substrate proteins [36].

Purification of recombinant Erv1 with subsequent absorbance spectro-
scopy revealed an FAD cofactor noncovalently bound to the C-terminal
fragment [30]. Its presence in Erv2 was demonstrated spectroscopically [31]
as well as by crystal structure determination [36] in an unusual horseshoe-like
conformation with the flavin and isoalloxazine parts buried in the interior of
the domain and the polar ribose and phosphate groups exposed to the solvent
[36, 39]. The FAD group and aromatic side chains form unusual planar-
stacking interactions (Figure 13.4A). The amino acid residues that form
the FAD-binding site are highly conserved between Erv1 and Erv2
(Figure 13.4B). In both proteins, the FAD-binding fold is stabilized by a
conserved permanent disulfide bond (Figure 13.3B, indicated with s).
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The essential CxxC motif of the FAD-binding domain is in proximity to
the isoalloxazine ring, facilitating an efficient electron transfer to FAD. In
general, CxxC motifs are a hallmark for redox active proteins and usually
present in a structure called the thioredoxin (TRX) fold. Although Erv1
and Erv2 do not share sequence homology with Ero1, the tertiary structure
of the FAD-binding domain of these sulfhydryl oxidases is surprisingly
similar [40].

While the FAD-binding domains of Erv1 and Erv2 proteins are very
similar, both proteins differ in the sequences that flank this region.
Erv2 proteins contain a characteristic cysteine-glycine-cysteine motif
C-terminally to the FAD-binding domain that is absent in Erv1 proteins.
This motif is part of a mobil lever arm that interacts with the CxxC motif in
the FAD-binding domain of the opposing Erv2 subunit in the dimeric Erv2
complex via a transient disulfide bridge and is thereby oxidized and acti-
vated. Erv2 can then interact with substrate proteins to introduce disulfide
bridges [36, 38]. In Erv1 proteins, the N-terminal CxxC motif might play an
analogous function in the communication between the FAD-binding
domain and substrate proteins. This CxxC motif is connected to the FAD-
binding domain via a stretch of variable length that contains a high number
of helix-breaking residues; for example, in S. cerevisiae, 19.4% of the resi-
dues in this stretch are proline and glycine residues. While such a lever
armlike function of the N-terminal part of Erv1 is intriguing, experimental
evidence for such a role of this region is still missing.

B. OTHER PROTEINS WITH ERV1-LIKE DOMAINS

Little is known on the molecular function of the human Erv1 homologue,
which was also named augmenter of liver regeneration (ALR). ALR was
initially identified in a screen for hepatotrophic growth factors [27]: to
select growth factors for hepatocytes, extracts from hepatoectomized rat
livers were injected into rats in which a part of the liver had been removed.
Thereby human Erv1 was isolated as a hepatic stimulator substance, HSS,
and termed hepatopoietin, HPO (for review see [29, 41]). However, the
mechanism by which human Erv1 stimulates the growth of hepatocytes is
still elusive and it is even not clear whether, in vivo, human Erv1 plays a
physiologically relevant role in liver development.

Apart from Erv1/ALR and Erv2, two additional groups of sulfhydryl
oxidases exist that contain Erv1-like FAD-binding domains, namely mem-
bers of the Quiescin/sulfhydryl oxidase (QSOX) family and viral Erv1-like
proteins (for review see [28]).

The QSOX proteins presumably arose from an ancient fusion event that
combined a TRX domain including a classical CxxC motif to an Erv1-like
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FIG. 13.4. Comparison of the molecular structures of Erv1 and Erv2. A colored version of

this figure is displayed at the end of this volume. (A) Shown is a model of the molecular

structure of the FAD-binding domains of an Erv1–Erv1 homodimer generated using the

PyMOL software by molecular replacement on the basis of the PDB file 1JRA of Erv2 [36].

The FAD cofactors are shown in light gray (yellow in the colored version). Note that different

structural details are indicated in the upper and lower subunit, which in vivo are identical. In

the upper subunit (shown in blue in the colored version), the aromatic side chains that fix the

FAD group via hydrophobic stacking interactions are illustrated. In the lower subunit (shown

in red in the colored version), the two disulfide bridges in the FAD-binding domain are

depicted in light gray (or yellow, respectively). The redox-active disulfide bridge (indicated

by a) is in direct proximity to the isoalloxazine group of FAD and exposed to the surface of

Erv1. The structural disulfide bridge (indicated by s) fixes a flexible unstructured C-terminus of

354 JOHANNES M. HERRMANN, ET AL.



sulfhydryl oxidase domain [42]. QSOX proteins are present in animals and
mainly distributed in compartments of the secretory pathway. These pro-
teins function as sulfhydryl oxidases in which the N-terminal TRX domain
might play a role in the transfer of the electrons between the FAD-binding
domain and substrate proteins. Thus, the mode of function is reminiscent to
that of Erv1 and Erv2, where also two functional pairs of cysteine residues
are believed to pass on electrons in a sequential transfer reaction.

Proteins of QSOX-like organization are present in plants (Figure 13.5).
Moreover, green algae likeChlamydomonas and cyanobacteria also contain
proteins containing a domain of significant similarity to the FAD-binding
domain of Erv1. These proteins, however, lack the TRX-like domain.

Interestingly, even some viral genomes encode Erv1 homologues.
A number of DNA viruses produce stably folded capsid proteins in the
cytosol by introduction of disulfide bonds. In order to oxidize cytosolic
cysteine residues, these viruses encode Erv1-like sulfhydryl oxidases
which are expressed in the cytosol of the host cell [43–45]. Well-studied
examples for such viruses are the vaccinia virus and the African swine fever
virus.

C. FUNCTIONS OF ERV1 IN THE IMS

Erv1 is located in the IMS of mitochondria [46]. Although the protein
was originally reported to be present also in the cytosol [35], convincing
evidence for a location of Erv1 outside of mitochondria is still missing.

A yeast strain expressing a temperature-sensitive allele of ERV1 was
initially identified that, on shift to restrictive growth conditions, showed a
variety of pleiotropic defects. Based on these observations, it was suggested
that Erv1 plays an essential role in various cellular processes ranging from
the generation of a functional respiratory chain to a role in the distribution
of mitochondria within the cell [26, 47, 48].

So far, only one direct substrate protein of Erv1 was identified which is
the Mia40 import receptor in the IMS (see below). Whether the variety of
defects observed in erv1 mutants is indirectly caused by defects in the
import process of different Mia40-dependent IMS proteins, or whether
Erv1 introduces disulfide bridges in several different substrate proteins, is
unclear.

Erv1 to the a-helix that is close to the adenine group of the FADmolecule. (B) Enlarged view

of the FAD-binding pocket of Erv2 [36]. Residues shown in light gray (or red in the colored

version) are identical between Erv1 and Erv2, whereas residues in dark gray (or blue, respec-

tively) are different. This illustrates that the side chains that contribute to the binding of FAD

are practically identical between Erv1 and Erv2.
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1. Erv1 Is Critical for the Import of Certain Proteins into the IMS

It was shown that Erv1 is directly involved in the translocation of
proteins that contain characteristic twin Cx3C and Cx9C motifs from the
cytosol to the IMS. In this process, Erv1 is essential for the formation of
disulfide bonds in the Mia40 receptor in the IMS converting or maintaining
this receptor protein into its active form [24, 25, 49]. In addition, depletion
of Erv1 leads to the loss of Cu/Zn-superoxide dismutase from the IMS,
suggesting that the import of this protein also depends on Erv1 function.
The role of Erv1 in the biogenesis of twin Cx3C and twin Cx9C proteins will
be described in detail in the following sections.
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sequences used for the analysis are for group IHomo sapiens (NP_005253),Drosophila melano-

gaster (AY094854.1), Caenorhabditis elegans (AAB97554), S. cerevisiae (NP_075527),

Neurospora crassa (XP_959716), Aspergillus nidulans (XP_660631), Arabidopsis thaliana

(AAM63908), for group II Candida albicans (XP_720875), S. cerevisiae (NP_015362), N. crassa

(NP_015362), for group III Oryza sativa (AAT85195), Zea mays (AAW66880), A. thaliana

(AAF31025), Chlamydomonas reinhardtii (AAV32452), for group IV Synechococcus sp.

CC9605 (ABB34539), Nostoc punctiforme (ZP_00107616), and for group V African swine fever

virus (NP_042767).
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2. Erv1 Is Critical for the Assembly of Iron–Sulfur Clusters into
Cytosolic Proteins

Yeast Erv1 was identified to be necessary for the maturation of cytosolic
but not of mitochondrial iron–sulfur proteins [46]. The generation of iron–
sulfur clusters for both mitochondrial and cytosolic proteins depends on a
series of biosynthetic reactions in the mitochondrial matrix [50]. A so far
unidentified precursor form of these clusters appears to be synthesized in
the matrix before it is transported via an ABC transporter into the IMS and
further into the cytosol where it is utilized for the biosynthesis of iron–sulfur
proteins [50]. Erv1 was shown to be critical specifically for the formation of
cytosolic but not of mitochondrial iron–sulfur proteins, suggesting that Erv1
plays a critical role in the export of the precursor form of iron–sulfur
clusters. Defects in the transport of iron sulfur clusters into the cytosol
appear shortly after loss of Erv1 function [46], leading to the hypothesis that
Erv1 is directly involved in this process.

3. Erv1 Is Critical for Normal Mitochondrial Morphology
and Distribution

Mutants in Erv1 were reported to be unable to distribute mitochondria
properly within the cell. Instead of a normal mitochondrial network, erv1
mutants show enlarged mitochondrial structures that lack cristae mem-
branes and that are preferentially localized at two poles of the cell [47].
The molecular basis of these morphology defects is elusive but it appears
likely that they are indirectly caused by the compromised import of mor-
phogenic components into the IMS. Indeed, one of the putative Erv1
substrates, Mdm35, was initially identified as a component critical for
mitochondrial distribution and morphology [51].

VI. AModelofMia40-Erv1-Mediated Import

Mainly on the basis of in vitro import experiments, a model was proposed
of how Erv1 and Mia40 mediate the import of proteins into the IMS
[25, 52]. It should be stressed that this model is still rather hypothetical,
but explains most of the observed results (Figure 13.6).

Proteins of the Mia40 pathway use the general import pore of the TOM
complex to cross the mitochondrial outer membrane. However, in contrast
to proteins with typical mitochondrial targeting signals, they apparently do
not detectably interact with surface receptors on the mitochondria [53]. It is
unclear why these proteins appear to avoid these high-affinity interactions,
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but it seems conceivable that the Mia40-dependent import process does not
provide the energy required to release the proteins from these binding sites
since this pathway functions independent of potent sources of external
energy like the hydrolysis of ATP or the membrane potential. Thus, instead
of being directed by a series of interactions of increasing affinity, these
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FIG. 13.6. Model of theMia40-Erv1-dependent protein import. (A) Stage 1: Mia40 is present

in mitochondria in its oxidized, active form. This species is able to interact with a newly imported

substrate protein that enters the IMS in a reduced conformation via the pore of the TOM

complex. Stage 2: Mia40 forms intermolecular disulfide bonds with its substrate protein leading

to an arrest of the substrate in the IMS. Stage 3: the substrate is released from Mia40 in the

oxidized and folded conformation. Since, in its folded state, these proteins are unable to traverse

the TOM complex, this leads to their stable trapping in the IMS. After the release, Mia40 is

present in the reduced, inactive state. (B) Reduced Mia40 is reoxidized by the sulfhydryl oxidase

Erv1 and therefore regenerated for the next round of import (see text for further details).
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proteins may initially reach the IMS by a diffusion-like process and are then
trapped at the cis side of the TOM complex by binding toMia40. In order to
bind these proteins, Mia40 needs to be present in its active, that is (at least
partially), oxidized form (Figure 13.6, stage 1). It was proposed that the
binding of the substrates occurs by reorganization of the initially intramo-
lecular disulfide bonds in Mia40 to intermolecular bridges between Mia40
and its substrates (Figure 13.6, stage 2).

The substrate proteins are subsequently released from Mia40, presum-
ably in an oxidized state. The imported proteins are locked in a stably
folded conformation and thereby irreversibly trapped in the IMS as the
folded proteins cannot pass the protein-conducting channel of the TOM
complex. According to this folding trap model, the conversion of the
initially unfolded protein into a stably folded structure determines the
directivity of the translocation process [53, 54]. The release of the substrate
from Mia40 was proposed to leave Mia40 in a reduced, nonfunctional form
(Figure 13.6, stage 3). However, experimental data on the redox states of
Mia40 and the released substrate proteins are still lacking. But since the
sulfhydryl oxidase activity of Erv1 is required to regenerate and reactivate
Mia40 (Figure 13.6B) [25], it appears likely that electrons are passed from
the substrate proteins via Mia40 to Erv1. Erv1 then presumably transfers
the electrons to molecular oxygen, explaining the observed import defects
of IMS proteins under low oxygen conditions [25]. In general, FAD-depen-
dent sulfhydryl oxidases can directly use molecular oxygen as final electron
acceptor producing H2O2. It was proposed that in vivo, Erv1 can use
cytochrome c as electron acceptor, which then transfers the electrons
via cytochrome oxidase to oxygen [24]. Experiments in vitro indeed
revealed a direct interaction of human Erv1 and cytochrome c where
cytochrome c was a 100-fold better electron acceptor for Erv1 than molec-
ular oxygen [55]. In contrast to Erv1 and Mia40, cytochrome c is, however,
not essential, indicating that cytochrome c cannot be the exclusive electron
acceptor of Erv1.

In addition to its role in protein translocation, Erv1 might also be
involved in the assembly of small Tim proteins [24, 49]. Experiments with
erv1mutants revealed specific defects in the formation of TIM10 complexes
from Tim9 and Tim10 subunits [49]. In addition, some temperature-
sensitive mia40 mutants still allow the binding of small Tim proteins to
Mia40 but block their subsequent assembly [20]. These data indicate a role,
either direct or indirect, of Erv1 in the assembly of Tim complexes that
cannot be explained by the Erv1-dependent reoxidation of reduced Mia40
suggesting that the function of Erv1 in the biogenesis of IMS proteins is not
restricted to protein import.
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VII. Substrate Proteins of theMia40-Erv1Pathway

A. PROTEINS OF THE TWIN CX3C FAMILY

The best-studied substrates of the Mia40 pathway are members of the
small Tim proteins. These proteins are characterized by the presence of an
invariant pattern of four cysteine residues forming two Cx3C motifs, and
therefore often are called twin Cx3C proteins. Mitochondria of fungi,
animals, and plants contain typically five members of this family which in
yeast were named Tim8, Tim9, Tim10, Tim12, and Tim13 (for review see
[56, 57]). They form hexameric complexes in the IMS that play an essential
role in the transfer of hydrophobic carrier proteins from the TOM complex
to their insertion sites in the inner membrane.

The presence of each of the four cysteine residues in this twin Cx3Cmotif
is critical for the efficient import of small Tim proteins into the IMS as well
as for their stable folding and assembly [53, 58, 59]. The crystal structure of
the TIM9–TIM10 complex was solved, suggesting that the twin Cx3C motif
forms a hairpin-like structure stabilized by intramolecular disulfide bridges,
one between the two central and one between the two distal cysteine
residues [60]. This central core in the small Tim proteins is flanked by less-
structured regions, which might participate in the binding of hydrophobic
carrier proteins. An oxidized state of the four cysteine residues is supported
by several studies both in vitro and in vivo [54, 61–63]. On the other hand,
experiments on purified small Tim proteins showed that the twin Cx3Cmotif
has the ability to bind zinc ions [58, 64, 65] and the presence of reduced
Tim13 was shown in vivo [53]. It was proposed that this seeming contradic-
tion between the redox states of endogenous small Tim proteins might be
due to an alteration between reduced and oxidized states, potentially in
dependence of the redox conditions in the cell or the specific functional state
in which the proteins were analyzed [4, 56, 66, 67].

It was recently suggested that the binding of zinc to reduced small Tim
proteins occurs already in the cytosol right after their synthesis. According
to this hypothesis, the zinc ions stabilize small Tim proteins in a reduced,
import-competent conformation. Once translocated to the IMS, the zinc
ions are released from the small Tim proteins, presumably during the
Mia40-dependent oxidation of the proteins [68].

B. PROTEINS OF THE TWIN CX9C FAMILY

The second group of Mia40-dependent substrate proteins is character-
ized by the presence of two pairs of cysteine residues, each spaced by short
helices formed by nine variable residues. These helices interact in an
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antiparallel orientation and are stabilized by intramolecular disulfide
bridges between the flanking cysteine residues [69]. Examples of proteins
that contain twin Cx9C motifs are: Cox17, Cox19, Cox23, all of which are
factors required for the assembly of cytochrome oxidase; Som1, a subunit of
the Imp1 protease; the FeS protein 5 of complex I and Mdm35, a protein
involved in mitochondrial morphogenesis. The best-characterized member
of this group is the Cox17 protein, a soluble copper chaperone of the IMS
[70, 71]. In S. cerevisiae, Cox17 contains 69 amino acid residues, 6 of these
representing conserved cysteine residues. The analyses on the Cox17 struc-
ture [69, 72, 73] suggested that this protein can be present in up to three
conformers which differ in their redox states and in the number of copper-
binding sites: (1) the species in which the cysteine residues of the twin Cx9C
motif form two disulfide bridges (residues C26–C57 and C36–C47) does not
bind copper. (2) On isomerization of the C26–C57 bond to a C24–C57 bond,
Cox17 forms a species that coordinates one copper ion. (3) The completely
reduced form of Cox17 is able to bind up to four copper ions per Cox17
monomer. Whether all these conformers represent physiological states of
the protein and whether changes in the redox states of Cox17 are relevant
for its function in the binding and delivery of copper to other proteins are
unclear. However, the different redox states found in Cox17 are reminis-
cent of those reported for small Tim proteins and it appears conceivable
that both groups of IMS proteins shuttle between oxidized and reduced,
metal-bound states in vivo.

VIII. Perspectives

The recent discovery of a disulfide relay system of Mia40 and Erv1 in the
IMS of mitochondria revealed insights into a completely novel and exciting
intracellular protein translocation pathway. The oxidation of cysteine resi-
dues obviously shows parallels to processes in the bacterial periplasm and in
the ER. However, some features are strikingly different between these sys-
tems. For example, unlike in the periplasm and in the ER, mitochondrial
proteins typically show four conserved cysteine residues forming characteris-
tic twin Cx3C and twin Cx9C motifs. These patterns allow, on binding of zinc
or copper ions, the stabilization of the structural fold even when the cysteine
residues are reduced [68]. It appears possible that this specific property is used
to encounter the specific necessity in the IMS to retain proteins folded
in a reducing environment. Future studies will have to address whether
endogenous IMS proteins indeed shuttle between oxidized and reduced,
metal-bound conformers and, if so, which physiological relevance such
conformational switches have. Since the oxidation by Erv1 depends on
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oxygen, it may be speculated that this system is used to adapt mitochondrial
functions to the respective oxygen concentrations in the mitochondria.
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6. Stuart, R.A., Fölsch, H., Gruhler, A., and Neupert, W. (1996). Sorting of proteins to

the mitochondrial intermembrane space, in Hartl, F.-U. (ed.). Adv Molec Cell Biol

pp. 193–220, London: Jai-Press.

7. Michaelis, G., Esser, K., Tursun, B., Stohn, J.P., Hanson, S., and Pratje, E. (2005). Mito-

chondrial signal peptidases of yeast: the rhomboid peptidase Pcp1 and its substrate cyto-

chrome c peroxidase. Gene 354:58–63.

8. Glick, B.S., Brandt, A., Cunningham, K., Muller, S., Hallberg, R.L., and Schatz, G. (1992).

Cytochromes c1 and b2 are sorted to the intermembrane space of yeast mitochondria by a

stop-transfer mechanism. Cell 69:809–822.

9. Burri, L., Strahm, Y., Hawkins, C.J., Gentle, I.E., Puryer, M.A., Verhagen, A., Callus, B.,

Vaux, D., and Lithgow, T. (2005). Mature DIABLO/Smac is produced by the IMP

protease complex on the mitochondrial inner membrane. Mol Biol Cell 16:2926–2933.

10. Nicholson, D.W., and Neupert, W. (1989). Import of cytochrome c into mitochondria:

reduction of heme, mediated by NADH and flavin nucleotides, is obligatory for its

covalent linkage to apocytochrome c. Proc Natl Acad Sci USA 86:4340–4344.

11. Mayer, A., Neupert, W., and Lill, R. (1995). Translocation of apocytochrome c across the

outer membrane of mitochondria. J Biol Chem 270:12390–12397.

12. Dumont, M.E., Ernst, J.F., and Sherman, F. (1988). Coupling of heme attachment to

import of cytochrome c into yeast mitochondria. J Biol Chem 263:15928–15937.

13. Nargang, F.E., Drygas, M.E., Kwong, P.L., Nicholson, D.W., and Neupert, W. (1988).

A mutant of Neurospora crassa deficient in cytochrome c heme lyase activity cannot

import cytochrome c into mitochondria. J Biol Chem 263:9388–9394.

14. Dumont, M.E., Cardillo, T.S., Hayes, M.K., and Sherman, F. (1991). Role of cytochrome c

heme lyase in mitochondrial import and accumulation of cytochrome c in Saccharomyces

cerevisiae. Mol Cell Biol 11:5487–5496.

362 JOHANNES M. HERRMANN, ET AL.



15. Diekert, K., de Kroon, A.I., Ahting, U., Niggemeyer, B., Neupert, W., de Kruijff, B., and

Lill, R. (2001). Apocytochrome c requires the TOM complex for translocation across the

mitochondrial outer membrane. EMBO J 20:5626–5635.

16. Field, L.S., Furukawa, Y., O’Halloran, T.V., and Culotta, V.C. (2003). Factors controlling

the uptake of yeast copper/zinc superoxide dismutase into mitochondria. J Biol Chem

278:28052–28059.

17. Steiner, H., Zollner, A., Haid, A., Neupert, W., and Lill, R. (1995). Biogenesis of mito-

chondrial heme lyases in yeast: import and folding in the intermembrane space. J Biol

Chem 270:22842–22849.

18. Rojo, M., Hovius, R., Demel, R.A., Nicolay, K., and Wallimann, T. (1991). Mitochondrial

creatine kinase mediates contact formation between mitochondrial membranes. J Biol

Chem 266:20290–29295.

19. Sickmann, A., Reinders, J., Wagner, Y., Joppich, C., Zahedi, R., Meyer, H.E.,

Schonfisch, B., Perschil, I., Chacinska, A., Guiard, B., Rehling, P., Pfanner, N., et al.

(2003). The proteome of Saccharomyces cerevisiae mitochondria. Proc Natl Acad Sci

USA 100:13207–13212.

20. Chacinska, A., Pfannschmidt, S., Wiedemann, N., Kozjak, V., Sanjuan Szklarz, L.K.,

Schulze-Specking, A., Truscott, K.N., Guiard, B., Meisinger, C., and Pfanner, N. (2004).

Essential role of Mia40 in import and assembly of mitochondrial intermembrane space

proteins. EMBO J 23:3735–3746.

21. Terziyska, N., Lutz, T., Kozany, C., Mokranjac, D., Mesecke, N., Neupert, W.,

Herrmann, J.M., and Hell, K. (2005). Mia40, a novel factor for protein import into the

intermembrane space of mitochondria is able to bind metal ions. FEBS Lett 579:179–184.

22. Naoe, M., Ohwa, Y., Ishikawa, D., Ohshima, C., Nishikawa, S., Yamamoto, H., and

Endo, T. (2004). Identification of Tim40 that mediates protein sorting to the mitochondrial

intermembrane space. J Biol Chem 279:47815–47821.

23. Hofmann, S., Rothbauer, U., Muhlenbein, N., Baiker, K., Hell, K., and Bauer, M.F. (2005).

Functional and mutational characterization of humanMIA40 acting during import into the

mitochondrial intermembrane space. J Mol Biol 353:517–528.

24. Allen, S., Balabanidou, V., Sideris, D.P., Lisowsky, T., and Tokatlidis, K. (2005). Erv1

mediates the Mia40-dependent protein import pathway and provides a functional link to

the respiratory chain by shuttling electrons to cytochrome c. J Mol Biol 353:937–944.

25. Mesecke, N., Terziyska, N., Kozany, C., Baumann, F., Neupert, W., Hell, K., and

Herrmann, J.M. (2005). A disulfide relay system in the intermembrane space of mitochon-

dria that mediates protein import. Cell 121:1059–1069.

26. Lisowsky, T. (1992). Dual function of a new nuclear gene for oxidative phosphorylation

and vegetative growth in yeast. Mol Gen Genet 232:58–64.

27. Hagiya, M., Francavilla, A., Polimeno, L., Ihara, I., Sakai, H., Seki, T., Shimonishi, M.,

Porter, K.A., and Starzl, T.E. (1994). Cloning and sequence analysis of the rat augmenter

of liver regeneration (ALR) gene: expression of biologically active recombinant ALR and

demonstration of tissue distribution. Proc Natl Acad Sci USA 91:8142–8146.

28. Coppock, D.L., and Thorpe, C. (2006). Multidomain flavin-dependent sulfhydryl oxidases.

Antioxid Redox Signal 8:300–311.

29. Polimeno, L., Lisowsky, T., and Francavilla, A. (1999). From yeast to man–frommitochon-

dria to liver regeneration: a new essential gene family. Ital J Gastroenterol Hepatol

31:494–500.

30. Lee, J., Hofhaus, G., and Lisowsky, T. (2000). Erv1p from Saccharomyces cerevisiae is a

FAD-linked sulfhydryl oxidase. FEBS Lett 477:62–66.

13. THE MIA40-ERV1 DISULFIDE RELAY SYSTEM 363



31. Gerber, J., Muhlenhoff, U., Hofhaus, G., Lill, R., and Lisowsky, T. (2001). Yeast ERV2p is

the first microsomal FAD-linked sulfhydryl oxidase of the Erv1p/Alrp protein family.

J Biol Chem 276:23486–23491.

32. Hofhaus, G., Lee, J.E., Tews, I., Rosenberg, B., and Lisowsky, T. (2003). The N-terminal

cysteine pair of yeast sulfhydryl oxidase Erv1p is essential for in vivo activity and interacts

with the primary redox centre. Eur J Biochem 270:1528–1535.

33. Hoober, K.L., Sheasley, S.L., Gilbert, H.F., and Thorpe, C. (1999). Sulfhydryl oxidase from

egg white. A facile catalyst for disulfide bond formation in proteins and peptides. J Biol

Chem 274:22147–22150.

34. Sevier, C.S., Cuozzo, J.W., Vala, A., Aslund, F., and Kaiser, C.A. (2001). A flavoprotein

oxidase defines a new endoplasmic reticulum pathway for biosynthetic disulphide bond

formation. Nat Cell Biol 3:874–882.

35. Hofhaus, G., Stein, G., Polimeno, L., Francavilla, A., and Lisowsky, T. (1999). Highly

divergent amino termini of the homologous human ALR and yeast scERV1 gene products

define species specific differences in cellular localization. Eur J Cell Biol 78:349–356.

36. Gross, E., Sevier, C.S., Vala, A., Kaiser, C.A., and Fass, D. (2002). A new FAD-binding

fold and intersubunit disulfide shuttle in the thiol oxidase Erv2p. Nat Struct Biol 9:61–67.

37. Stein, G., and Lisowsky, T. (1998). Functional comparison of the yeast scERV1 and

scERV2 genes. Yeast 14:171–180.

38. Vala, A., Sevier, C.S., and Kaiser, C.A. (2005). Structural determinants of substrate access

to the disulfide oxidase Erv2p. J Mol Biol 354:952–966.

39. Wu, C.K., Dailey, T.A., Dailey, H.A., Wang, B.C., and Rose, J.P. (2003). The crystal

structure of augmenter of liver regeneration: a mammalian FAD-dependent sulfhydryl

oxidase. Protein Sci 12:1109–1118.

40. Gross, E., Kastner, D.B., Kaiser, C.A., and Fass, D. (2004). Structure of Ero1p, source of

disulfide bonds for oxidative protein folding in the cell. Cell 117:601–610.

41. Pawlowski, R., and Jura, J. (2006). ALR and liver regeneration. Mol Cell Biochem 288

(1–2):159–169.

42. Coppock, D.L., Cina-Poppe, D., and Gilleran, S. (1998). The quiescin Q6 gene (QSCN6) is

a fusion of two ancient gene families: thioredoxin and ERV1. Genomics 54:460–468.

43. Senkevich, T.G., White, C.L., Koonin, E.V., and Moss, B. (2002). Complete pathway for

protein disulfide bond formation encoded by poxviruses. Proc Natl Acad Sci USA

99:6667–6672.

44. Lewis, T., Zsak, L., Burrage, T.G., Lu, Z., Kutish, G.F., Neilan, J.G., and Rock, D.L.

(2000). An African swine fever virus ERV1-ALR homologue, 9GL, affects virion matura-

tion and viral growth in macrophages and viral virulence in swine. J Virol 74:1275–1285.

45. Senkevich, T.G., White, C.L., Koonin, E.V., and Moss, B. (2000). A viral member of the

ERV1/ALR protein family participates in a cytoplasmic pathway of disulfide bond forma-

tion. Proc Natl Acad Sci USA 97:12068–12073.

46. Lange, H., Lisowsky, T., Gerber, J., Mühlenhoff, U., Kispal, G., and Lill, R. (2001).

An essential function of the mitochondrial sulfhydryl oxidase Erv1p/ALR in the matura-

tion of cytosolic Fe/S proteins. EMBO Rep 2:715–720.

47. Becher, D., Kricke, J., Stein, G., and Lisowsky, T. (1999). A mutant for the yeast scERV1

gene displays a new defect in mitochondrial morphology and distribution. Yeast

15:1171–1181.

48. Lisowsky, T. (1994). ERV1 is involved in the cell-division cycle and the maintenance of

mitochondrial genomes in Saccharomyces cerevisiae. Curr Genet 26:15–20.

364 JOHANNES M. HERRMANN, ET AL.



49. Rissler, M., Wiedemann, N., Pfannschmidt, S., Gabriel, K., Guiard, B., Pfanner, N., and

Chacinska, A. (2005). The essential mitochondrial protein Erv1 cooperates with Mia40 in

biogenesis of intermembrane space proteins. J Mol Biol 353:485–492.

50. Lill, R., and Mühlenhoff, U. (2005). Iron-sulfur-protein biogenesis in eukaryotes. Trends

Biochem Sci 30:133–141.

51. Dimmer, K.S., Fritz, S., Fuchs, F., Messerschmitt, M., Weinbach, N., Neupert, W., and

Westermann, B. (2002). Genetic basis of mitochondrial function and morphology in

Saccharomyces cerevisiae. Mol Biol Cell 13:847–853.

52. Tokatlidis, K. (2005). A disulfide relay system in mitochondria. Cell 121:965–967.

53. Lutz, T., Neupert, W., and Herrmann, J.M. (2003). Import of small Tim proteins into the

mitochondrial intermembrane space. EMBO J 22:4400–4408.

54. Allen, S., Lu, H., Thornton, D., and Tokatlidis, K. (2003). Juxtaposition of the two distal

Cx3C motifs via intrachain disulfide bonding is essential for the folding of Tim10. J Biol

Chem 278:38505–38513.

55. Farrell, S.R., and Thorpe, C. (2005). Augmenter of liver regeneration: a flavin-dependent

sulfhydryl oxidase with cytochrome c reductase activity. Biochemistry 44:1532–1541.

56. Koehler, C.M. (2004). The small Tim proteins and the twin Cx3C motif. Trends Biochem

Sci 29:1–4.

57. Bauer, M.F., Hofmann, S., Neupert, W., and Brunner, M. (2000). Protein translocation into

mitochondria: the role of TIM complexes. Trends Cell Biol 100:25–31.

58. Hofmann, S., Rothbauer, U., Muhlenbein, N., Neupert, W., Gerbitz, K.D., Brunner, M.,

and Bauer, M.F. (2002). The C66W mutation in the deafness dystonia peptide 1 (DDP1)

affects the formation of functional DDP1. TIM13 complexes in the mitochondrial inter-

membrane space. J Biol Chem 277:23287–23293.

59. Roesch, K., Curran, S.P., Tranebjaerg, L., and Koehler, C.M. (2002). Human deafness

dystonia syndrome is caused by a defect in assembly of the DDP1/TIMM8a-TIMM13

complex. Hum Mol Genet 11:477–486.

60. Webb, C.T., Gorman, M.A., Lazarou, M., Ryan, M.T., and Gulbis, J.M. (2006). Crystal

structure of the mitochondrial chaperone TIM9*10 reveals a six-bladed alpha-propeller.

Mol Cell 21:123–133.

61. Lu, H., Allen, S., Wardleworth, L., Savory, P., and Tokatlidis, K. (2004). Functional TIM10

chaperone assembly is redox-regulated in vivo. J Biol Chem 279:18952–18958.

62. Curran, S.P., Leuenberger, D., Oppliger, W., and Koehler, C.M. (2002). The Tim9p-

Tim10p complex binds to the transmembrane domains of the ADP/ATP carrier. EMBO

J 21:942–953.

63. Curran, S.P., Leuenberger, D., Schmidt, E., and Koehler, C.M. (2002). The role of the

Tim8p-Tim13p complex in a conserved import pathway for mitochondrial polytopic inner

membrane proteins. J Cell Biol 158:1017–1027.
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I. Abstract

Diverse pathways accommodate the import of proteins into the mitochon-
drion. In contrast to the translocase of the inner membrane 23 (TIM23)
import pathway utilized by matrix-targeted proteins, the TIM22 pathway
mediates the import of polytopic inner membrane proteins such as the mito-
chondrial carrier family and import components Tim17p, Tim22p, and
Tim23p. Substrates of the TIM22 pathway lack the typical N-terminal target-
ing sequence and instead contain targeting informationwithin themature part
of the protein. Components of the TIM22 pathway include the small Tim
proteins, Tim8p, Tim9p, Tim10p, Tim12p, and Tim13p, which are soluble
components in the intermembrane space. Tim9p partners with Tim10p and
Tim8p with Tim13p to form chaperone-like complexes and escort the precur-
sor across the aqueous intermembrane space. At the inner membrane, the
300-kDa insertion complex consisting of Tim12p, Tim18p, Tim22p, and
Tim54p and a fraction of the Tim9p and Tim10p mediates insertion into the
inner membrane. The TIM22 pathway is evolutionarily conserved from yeast
to plants and animals. However, homologues have not been identified in
prokaryotes, suggesting that the TIM22 pathway developed after
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endosymbiosis. Interestingly, the first mitochondrial disease (Mohr-Traneb-
jaerg or deafness-dystonia syndrome) associated with a defect in protein
import is caused by loss-of-function mutations in one of the small Tim pro-
teins, TIMM8A/DDP1. Identification of the TIM22 pathway confirms that
mitochondrial protein import and assembly pathways are indeed complex.

II. Introduction

The mitochondrion contains translocons on both the outer and inner
membrane [1–4]. Mitochondrial precursors pass through the translocase of
the outer membrane (TOM) complex and those destined for the intermem-
brane space, inner membrane, and matrix then take a variety of pathways.
This chapter will focus on the biogenesis of polytopic inner membrane
proteins that utilize the translocase of the inner membrane 22 (TIM22, the
major component is the 22-kDa Tim22 protein) pathway, which represents a
new addition to the import pathways in themitochondrion [5–8]. In contrast,
the TIM23 pathway was the first import pathway characterized, and it was
assumed that the TIM23 complex accommodated all proteins except those
of the outer membrane [9, 10]. However, mitochondrial biogenesis is indeed
complex and the TIM22 represents one of the latest discoveries.

The mitochondrion contains a genome that codes for a small number of
proteins that assemble in the respiratory complexes in the inner membrane
[11]. During endosymbiosis, most genes moved from the ‘‘progenitor mito-
chondrion’’ to the nucleus. Subsequently, these proteins had to develop
targeting sequences to return to the mitochondrion and the organelle had to
develop translocons [11, 12]. The outer membrane contains the TOM
complex. Generally all proteins that are destined for the mitochondrion
utilize the TOM complex [9, 10]. Most mitochondrial precursors contain
a typical N-terminal targeting sequence that directs them to the TIM23
translocon in the inner membrane [13, 14]. Here translocation is dependent
on the presence of a membrane potential. However, many inner mem-
brane proteins lack a typical N-terminal targeting sequence and instead
carry targeting information within the mature part of the protein; these
precursors utilize the TIM22 pathway for biogenesis [5–8].

The TIM22 pathway differs from the TIM23 pathway in that components
of the TIM22 pathway are both soluble in the intermembrane space and
embedded in the inner membrane (Figure 14.1; Table 14.1). In the inter-
membrane space, the small Tim family acts as chaperone-like complexes to
guide precursors across the intermembrane space [6, 15]. The complement
of small Tim proteins is 5 in yeast and 6 in mouse and human. At the inner
membrane, the 300-kDa membrane complex consists of the pore-forming
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FIG. 14.1. The TIM22 translocation pathway. The TIM22 transloconmediates the import of

inner membrane proteins such as those of the mitochondrial carrier family, Tim22p, and

Tim23p. The small Tim proteins form 70-kDa complexes in the intermembrane space; Tim9p

partners with Tim10p and Tim8p partners with Tim13p. The 300-kDa complex at the inner

membrane contains intermembrane space protein Tim12p with a fraction of the Tim9p and

Tim10p and the inner membrane components Tim18p, Tim22p, and Tim54p. Tim22p forms the

translocation pore while Tim18p and Tim54p perform accessory functions.

TABLE 14.1

COMPONENTS OF THE TIM22 TRANSLOCON

Component
Essential for
Viability

Membrane
Association

General
Function* References

Tim54p No* Integral Translocon
assembly?

[83]

Tim22p Yes Integral Translocon
pore

[27]

Tim18p No Integral Translocon
assembly?

[84, 85]

Tim13p No Soluble Chaperone [25, 59]
Tim12p Yes Peripheral Chaperone [63, 80]
Tim10p Yes Soluble Chaperone [63, 80]
Tim9p Yes Soluble Chaperone [58, 60]
Tim8p No Soluble Chaperone [25, 59]

* indicates that the gene can only be deleted under certain conditions.
? indicates most likely function.
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unit Tim22p, a fraction of the small Tim proteins (Tim9p, Tim10p, and
Tim12), and accessory proteins Tim18p and Tim54p [5–8]. Insertion
depends on the presence of a membrane potential, but energetic require-
ments for ATP seemingly are not required. In addition, matrix-sided com-
ponents such as the Hsp70-driven translocation motor do not associate with
the TIM22 machinery.

III. Properties of Precursors thatUtilize theTIM22
Import Pathway

The mitochondrial carrier family is a large protein family in the mito-
chondrial inner membrane that functions as metabolite transporters to
mediate the passage of ions, nucleotides, and metabolites between the
matrix and intermembrane space [16–18]. Yeast has �35 carriers, and
examples include the ADP/ATP carrier (AAC), the phosphate carrier
(PiC), and the mammalian uncoupling proteins (UCPs). All carriers consist
of 3 bipartite repeats of �100 amino acids in which 2 transmembrane
domains are separated by a positively charged loop (Figure 14.2A) [19].
As a result, the carriers contain six membrane-spanning domains and the
N- and C-termini face the intermembrane space [20]. The positively
charged regions facilitate the insertion of the carriers into the inner mem-
brane, taking advantage of the electrophoretic effect of the inner
membrane [21]; the intermembrane space side of the inner membrane is
more positively charged than the negatively charged matrix side because of
proton pumping by the respiratory complexes [22]. Biochemical studies
show that the carriers function as dimers in the inner membrane [23].
After many years of biochemical analysis, a crystal structure for AAC in
the monomeric form has been solved [20]. The crystal structure confirms
the predicted topology in the inner membrane from biochemical studies.

In addition, the import components Tim22p, Tim23p, and most likely
Tim17p utilize the TIM22 pathway for import (Figure 14.2A) [24–26]. In
contrast to the carrier proteins, Tim22p, Tim23p, and Tim17p contain four
predicted membrane-spanning domains and the N- and C-termini face the
intermembrane space [24, 27]. Tim23p has an additional 10-kDa domain on
the N-terminus that folds into a soluble domain [28]. Tim22p, Tim23p, and
Tim17p share an identity of 15–25% and show low similarity to the LivH
permease of the inner membrane of proteobacteria and the chloroplast
outer envelope import component Oep16 [29, 30]. The proteobacterial
protein transports branched chain amino acids. Therefore, Tim17p,
Tim22p, Tim23p, Oep16, and LivH are all members of the preprotein and
amino acid transporter motif (PRAT) family and may have evolved from a
common eubacteria [12].
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Where is the targeting information in the substrates? The carrier pro-
teins lack the typical N-terminal targeting sequence; however, a few carriers
oddly do contain an extension at the N-terminus, but these sequences have
been shown to be dispensable for import and assembly [31, 32]. The target-
ing information is located throughout the carrier proteins as shown by
peptide scan experiments (Figure 14.2B) [33–36]. In peptide scans, sequen-
tial peptides of �13 amino acids with a 10-amino acid overlap are spotted
on a membrane [37]. The protein of interest, such as the Tim9p–Tim10p
complex, is incubated with the peptide scan, and after washing, protein
binding is detected by immunoblot analysis and quantitated. By using this
approach, distinct binding sites for the TOM complex and the small Tim
complexes were found throughout the carrier proteins [33–36]. Specifically,
Tom70p bound to hydrophobic regions of the carrier, whereas Tom20p
bound to hydrophilic regions [33]. Tom70p and Tom20p are two receptors
at the outer membrane that direct the precursor to the TOM channel. The
small Tim proteins showed strongest binding in the membrane-spanning
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FIG. 14.2. Topology of inner membrane substrates of the TIM22 pathway and proposed

regions of substrate-import component interaction. (A) Topological model of substrates of the

TIM22 pathway. Proteins depicted include theAAC; import components Tim17p, Tim22p, and

Tim23p, and AGCs mammalian Aralar1 and citrin and yeast Agc1p. The black circles on

Aralar1 and citrin represent calcium-binding EF hands. (B) A linear representation of a typical

carrier protein showing the modules that contain two transmembrane domains. The gray boxes

represent binding regions for Tom70p [33], Tom20p [33], and Tim9p–Tim10p [34–36, 38] as

deduced by peptide scans. The specific binding sites for Tim22p have not been defined, but a

peptide that binds to Tim22p has been marked.
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domains [34–36, 38], suggesting that the small Tim proteins maintain
the hydrophobic proteins in an import-competent state in the aqueous
intermembrane space.

Whereas binding sites in the carrier proteins for the TOM receptors and
small Tim proteins have been mapped, interactions with the 300-kDa
membrane complex have not been specifically identified. The carriers
have been dissected into modules for in organello import assays [39, 40];
the targeting information seems to reside in Module III (Figure 14.2B).
However, because these experiments use truncated forms of the carriers,
their association with the translocons might be altered. Similarly, peptide
scan experiments in which integral membrane proteins such as Tim22p are
used as the probes are difficult because of folding and solubility problems.
An uncharged peptide from the intermembrane space loop between Mod-
ules II and III binds to reconstituted Tim22p and affects channel activity
[41]. Thus, specific regions of substrates can be expected to interact with
Tim22p, but have not been rigorously identified.

In general, precursors with an N-terminal targeting sequence cross the
TOM complex as an extended chain with the N-terminus entering the TOM
channel first. How do the TIM22 substrates negotiate the TOM channel?
Studies in which folded domains were appended to the N- and C-termini of
AAC or Tim23p demonstrate that the substrates crossed the TOM complex
as a loop [34, 35, 42]. The TOM channel stretches to 26 Å [43, 44] so it can
accommodate two unfolded polypeptide chains in the translocon at one
time. Thus, the TIM22 precursors negotiate the TOM complex differently
than precursors with an N-terminal targeting sequence, which may serve as
a sorting mechanism to divert a substrate to the correct translocon.

The inner membrane also contains inner membrane proteins in which the
biogenesis pathway has not been elucidated. As an example, the ABC
transporters Atm1p, Mdl1p, and Mdl2p are predicted to share a similar
topology in the inner membrane of six membrane-spanning domains
with the N- and C-termini facing the matrix [45]. Atm1p andMdl1p contain
typical N-terminal targeting sequences, whereas the N-terminus of Mdl2p is
not predicted to direct mitochondrial localization [45]. The import of sub-
unit e of the ATPase/Tim11p [46, 47], with one transmembrane domain,
may be translocated spontaneously or via a newmechanism because import
seemed independent of the TIM22 and TIM23 translocons [48]. Finally, a
new class of membrane protein is represented by the putative cardiolipin
remodeling enzyme, Taz1p, which contains one hydrophobic domain [49,
50]. Topology and localization studies indicate that Taz1p lines the inter-
membrane space in the outer and inner membrane [49]. Rather than tra-
versing the membrane, the hydrophobic domain anchors the protein to the
membrane with the N- and C-termini facing the intermembrane space [49].
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Biogenesis studies suggest that Taz1p may be imported to the outer mem-
brane, relying on the small Tim proteins [50]. Thus, many details about the
mechanism of membrane protein translocation and insertion remain to be
elucidated.

IV. TheSmall TimProteins

The small Tim proteins or the ‘‘tiny Tims’’ are a family of proteins in the
intermembrane space that share an identity of �25%, similarity of 40%,
and molecular weight near 10 kDa [6, 51]. The proteins are not similar to
other known proteins but contain an interesting ‘‘twin CX3C’’ motif in
which two cysteine residues are separated by three amino acids [52, 53].
Spacing between each CX3C motif varies from 11 to 16 amino acids. Yeast
have five small Tim proteins (Tim8p, Tim9p, Tim10p, Tim12p, and
Tim13p), whereas humans possess six (DDP1/TIMM8A, DDP2/TIMM8B,
TIMM9A, TIMM9B, TIMM10, and TIMM13) [6, 54]. The cysteine residues
are important for function because a mutation in one cysteine in DDP1
results in deafness-dystonia syndrome [55, 56]. In yeast, Tim9p, Tim10p,
and Tim12p are essential for viability, whereas deletion of TIM8 and
TIM13 does not significantly impair growth under normal conditions.
However, in certain strain backgrounds, loss of TIM8 and TIM13 display
cold sensitivity [25, 57].

The interactions between the small Tim proteins are complex [51 58–60].
Tim9p and Tim10p have two locations within the intermembrane space.
Approximately 95% of the Tim9p and Tim10p pair to form a 70-kDa
complex that is soluble in the intermembrane space, and the remainder
associates with the TIM22 membrane complex [61]. Likewise, Tim8p part-
ners with Tim13p to form a similar soluble complex [25, 57, 59]. In contrast,
Tim12p remains associated with the TIM22 membrane complex. The sub-
unit ratio in the 70-kDa complexes is 3:3. The twin-CX3C motif seems like
it may coordinate a metal. Initial studies showed that the recombinant
monomeric small Tim proteins indeed bound zinc, forming a zinc fingerlike
structure [57, 62, 63]. Likewise, import of the small Tims into the intermem-
brane space requires the four conserved thiol groups and zinc ions are
potentially critical for stable folding and assembly [64]. However, the
spacing of three residues between the cysteines differs from the canonical
zinc finger that typically has a spacing of two residues [65], suggesting that
the motif might have alternative properties.

In contrast to the metal-binding reports, a set of different studies demon-
strated that the recombinant and native Tim9p–Tim10p and Tim8p–
Tim13p complexes did not coordinate zinc, but instead formed disulfide
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linkages [34, 35, 53]. Specifically, the cysteine residues paired in juxtaposed
disulfide bonds [53]. Whereas the fully reduced Tim proteins can bind zinc,
binding does not promote complex formation in reconstitution experiments
withNeurospora crassa TOM complex in lipid vesicles; the trapped Tim9p–
Tim10p complex forms disulfide linkages and promotes translocation of
AAC [38]. Zinc coordination may be required for the import and assembly
of the small Tim proteins in the intermembrane space in yet another
pathway consisting of intermembrane space proteins Erv1p and Mia40p
[66–71]. Definitively, the first structure of the Tim9p–Tim10p complex has
been determined and confirms that the cysteine residues form intramolec-
ular disulfide bonds [72]. The structure unexpectedly resembles that of the
Skp/Prefoldin chaperones of the bacterial periplasm, although there is no
sequence similarity [72]. As the structures of additional mitochondrial
components are determined, a better picture of the mechanistic interactions
will become evident.

The Tim9p–Tim10p and Tim8p–Tim13p complexes have different sub-
strate specificities. The Tim9p–Tim10p complex predominantly binds to
carrier proteins and import components Tim17p and Tim22p [48, 58]. In
contrast, the Tim8p–Tim13p complex binds to Tim23p, but Tim9p and
Tim10p can also be cross-linked to an arrested Tim23p import precursor
[24, 48, 57]. The small Tim complexes bind to hydrophobic regions of the
substrates [34, 35, 38]. In addition, the reconstituted Tim9p–Tim10p complex
can prevent aggregation and mediate refolding of a model substrate [73].
Obvious substrate-binding pockets, however, were not detected in the struc-
tural analysis of the small Tim complex [72], suggesting that the complex may
undergo conformational changes when a substrate binds. Hence, the small
Tim complexes act as chaperones to prevent the hydrophobic substrates from
aggregating in the aqueous intermembrane space.

As the inner membrane substrates exit the TOM channel in an unfolded
conformation, a loop is exposed to the aqueous intermembrane space [34,
35]. The small Tim complexes then bind the precursor to escort it to the
Tim22p insertion complex in the inner membrane. In the carrier proteins,
the last transmembrane domain is important for translocation across the
TOM complex [39, 40]. Just as a direct interaction between the TOM and
TIM23 complex was not observed [74], direct binding between the TOM
complex and small Tims has not been observed by standard biochemical
methods [1].

Additional studies suggest that the small Tim complexes act as a general
chaperone complex in the intermembrane space to assist the import of
hydrophobic proteins. Cross-linking analysis illustrated that the small Tim
proteins bind directly to a Tom40p translocation intermediate that is
exposed to the intermembrane space during transport from the TOM
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complex to the SAM complex [75, 76]. The SAM complex mediates inser-
tion of b-barrel proteins into the outer membrane [77, 78]; the b-barrel
proteins including porin, Tom40p, and Sam50p are trafficked from the
TOM complex to the SAM complex via the intermembrane space. Whereas
the small Tim proteins facilitate import of the b-barrel substrates, loss of
function mutations in the small Tim proteins do not impair assembly of
outer membrane complexes [75]. In addition, interactions between the
prohibitins and Tim8p–Tim13p have been trapped [79]; the prohibitins
are anchored to the inner membrane, facing the intermembrane space.
However, from genetic approaches with yeast mutants, assembly of the
carrier family and Tim22p and Tim23p proteins seems to be most severely
affected when the function of small Tim proteins is impaired [59, 60, 80].
Thus the small Tim proteins act as general chaperones in the intermem-
brane space, but seem to play a specific role in assembly of the carrier
proteins, Tim22p and Tim23p, which may be reflected by their specific
association with the 300-kDa Tim22p complex at the inner membrane [61].

V. The TIM22 InnerMembrane Complex

The inner membrane substrates are guided to the 300-kDa insertion
complex at the inner membrane that contains Tim12p, Tim18p, Tim22p,
and Tim54p and a fraction of Tim9p and Tim10p [6, 81]. Although Tim22p
shares sequence similarity with Tim23p and Tim17, these translocons can-
not substitute for each other [27]. Tim12p and Tim22p are essential for
viability [27, 82]; Tim54p also was deemed essential for viability [83], but
additional studies have shown that it can be deleted under certain condi-
tions resulting in severely compromised growth [41]. In contrast, Tim18p is
not essential [84, 85], but strains lacking Tim18p exhibit cold sensitivity and
petite negativity [85, 86]. Tim22p mediates the insertion of carriers into the
inner membrane in the presence of a membrane potential; a translocation
intermediate has been arrested in association with Tim22p, presumably in
the translocation channel, when the membrane potential was lowered by
treatment with uncoupling agents [39, 87].

Pfanner and colleagues [87] have analyzed the TIM22 translocation
pore; a ‘‘minimal’’ Tim22p translocon has been purified from a yeast strain
that is viable without Tim54p. Biochemical characterization of the recon-
stituted Tim22 translocon and recombinant Tim22p in liposomes has
shown that Tim22p forms a channel with multiple conductance states and
more than one pore [87]. In its most open state of 18 Å, the Tim22p pore
could facilitate the insertion of two tightly packed a-helices, whereas
the intermediate confirmation of 11 Å could accommodate one single
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transmembrane helix. How these two open states are regulated to facilitate
translocation has not been elucidated; however, the current model would
predict that in the most open state a loop could be inserted across the inner
membrane and, following lateral diffusion of one transmembrane domain
from the translocation pore, the channel would constrict to the smaller
conformation to maintain the membrane potential across the inner mem-
brane [87]. Until structural studies or additional molecular experiments are
presented, the specific mechanism remains to be elucidated.

Less is known about the function of accessory proteins Tim54p and
Tim18p. In addition, these accessory proteins do not seem to be conserved
in higher eukaryotes, suggesting a fungal-specific function [12]. Interest-
ingly, Tim54p was identified in a two-hybrid screen with the morphology
component Mmm1p, but additional biochemical analysis showed that
Tim22p and Tim54p instead are partner proteins [83]. Tim54p is anchored
to the inner membrane by a hydrophobic domain at the N-terminus and
most of the protein folds into a domain in the intermembrane space. A
conditional allele of tim54 abrogated the import of AAC, but a direct
binding interaction was not detected [83], suggesting that Tim54p may not
directly facilitate import of precursors. Whereas Tim54p was initially
believed to perform an essential role in protein import, Pfanner, Jensen
and colleagues [41] have shown that deletion of tim54 yields a viable, albeit
extremely sick yeast strain. Moreover, loss of Tim54p did not compromise
assembly of the core TIM22 translocon [41]. Tim54p, therefore, plays a
peripheral role in protein import, perhaps mediating assembly of the com-
plex. Alternatively, given that fungal metabolism is generally more diverse
than metazoans, Tim54p may play a role under specific metabolic or stress
conditions.

Tim18p is another nonessential component of the TIM22 translocon.
First identified as a multicopy suppressor of a tim54 conditional allele and
as a binding partner with Tim54p, Tim18p is predicted to span the inner
membrane three times and is targeted to the mitochondrion by a classical
N-terminal presequence [84, 85]. Tim18p may play a role in assembly
because loss of Tim18p results in a smaller TIM22 translocon of 250 kDa
[84, 85]. In addition, mutants lacking Tim18p are inviable when the mito-
chondrial genome is lost (referred to as petite negative) and display a cold-
sensitive phenotype on rich glucose media [85, 86]. Studies suggest that
Tim18p might be involved in a genetic pathway from the cytosol to the
mitochondrial matrix for maintaining viability when the mitochondrial
genome is lost [86]; the proposed pathway increases mitochondrial translo-
cation under conditions of mitochondrial stress. Additional biochemical
and genetic studies will inevitably assign more specific roles for Tim18p
and Tim54p in mitochondrial biogenesis.
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VI. Disease Connections

The first inherited disease caused by a defect in protein import is asso-
ciated with a mutation in the TIM22 import pathway [59]. Mohr-Traneb-
jaerg syndrome (MTS) or deafness-dystonia syndrome is an X-linked
disease associated with deafness, blindness, and dystonia [88, 89]. When
the disease was first characterized in the 1960s, sensorineural deafness was
the prominent symptom but later investigations in the 1990s revealed that
families had a wide array of neurological defects including dystonia, blind-
ness, dysphagia, and mental deterioration [90]. Interestingly, this disease
differed from typical mitochondrial diseases that affect both muscular
(myopathy) and neural (neuropathy) tissues [91]. Also, the symptoms
varied dramatically within and across families [90], making diagnosis diffi-
cult. Although this disease is considered rare, it confirms that mitochondrial
biogenesis is important in the neural system. Additional diseases associated
with defects in mitochondrial biogenesis may be difficult to identify because
they are lethal. Finally, deciphering symptoms that are caused by a defect in
protein import prove difficult because of the variability of symptoms. As
methods are developed to more precisely map disease genes, additional
mitochondrial diseases will most certainly be identified [92, 93].

MTS is caused by loss-of-function mutations in the small Tim protein,
TIMM8A/DDP1 [89].DDP1 is on the X-chromosome near theBTK1 gene.
The locus was first identified by linkage analysis in a large family that
contained a 26-kb deletion on the X-chromosome [89]; the C-terminus of
the BTK1 and the entire DDP1 coding region were deleted. Subsequently,
additional families with MTS have been characterized and most cases result
in a loss-of-function mutation [94–97]. Interestingly, one family has a muta-
tion in which the fourth cysteine of the twin-CX3C motif is mutated to a
tryptophan (C66W) [56, 98]. This mutation was characterized in yeast and
patient cell lines and the DDP1 protein and the DDP1-TIMM13 complex
were not detected [55, 56].

A specific metabolic defect in target tissuesmight be the underlying cause
of MTS. Expression analysis shows that DDP1 and TIMM13 are highly
expressed in brain and liver and expressed to a lower extent in heart and
muscle [99]. Specifically, prominent expression was detected in the soma
and the dendritic portion of the Purkinje cells of the cerebellum, but not in
the glial cells. Scattered expression also was detected in the brain stem,
olfactory bulb, substantia nigra, hippocampus, and striatum [99]. From
patient studies, defects in basal ganglia function contribute to symptoms of
MTS [90, 95, 96, 100]. Specifically, pathological changes in the basal ganglia
and sensory cortex demonstrated the disintegration of subcortico-cortical

14. THE TIM22 IMPORT PATHWAY 377



circuits [95]. The small Tim proteins seem to display specific tissue expres-
sion patterns so different combinations of the small Tim proteins may be
required for different tissues. Frommolecular studies in yeast mitochondria,
the small Tim complexes have different substrate specificities [55, 99].
Additionally, the aspartate/glutamate carriers (AGCs), citrin and Aralar1,
display similar expression patterns with DDP1 and TIMM13 [101–104].
From biochemical studies, DDP1 and TIMM13 along with Tim9p and
Tim10p mediated the import of citrin and Aralar1 into mitochondria and
were specifically cross-linked in an in organello import assay. Therefore,
defects in the import of a specific subset of inner membrane substrates most
likely contribute to the pathophysiology of MTS.

The AGCs are an interesting branch of the mitochondrial carrier family
possessing an N-terminal extension. Whereas citrin and Aralar1 contain
Ca2þ-responsive EF-binding hands in the N-terminal domain, the yeast
Agc1p lacks the calcium-binding motif (Figure 14.2A) [101,105–107]. The
AGCs are important in the Nicotinamide adenine dinucleotide (NADH)
shuttle for moving reducing equivalents from the cytosol to the mitochon-
drion, potentially responding to calcium waves and allowing for rapid adjust-
ments to metabolism [102, 104, 106]. Studies to define the underlying
metabolic defect associated with MTS in patient fibroblasts have not been
very successful becauseobvious energetic differences havenot been identified
between patient and control cell lines [55]. This may be reflected by the fact
that fibroblast cell lines are not metabolically robust [108]. In addition, obvi-
ous differences were not detected in the assembly of the respiratory com-
plexes in fibroblasts and muscles [55, 95]. In a lymphoblast cell line derived
from the C66W MTS patient, the abundance of NADH and the AGCs was
decreased [99]. This implies that a specific defect associated with NADH
shuttling may contribute to MTS. Ultimately, until a suitable model is devel-
oped, themolecular basis forMTS in theneural systemcanonlybe speculated.

Additional defects in mitochondrial biogenesis have been recently
linked to disease. Mutations in a homologue of Mdj2p and Tim14p/
Pam18p result in the novel autosomal recessive condition, dilated cardio-
myopathy with ataxia syndrome [109]. This disease, identified in the Cana-
dian Dariusleut Hutterite population, is characterized by early onset
dilated cardiomyopathy, ataxia, growth failure, and 3-methylglutaconic
aciduria. Tim14p/Pam18p functions in the protein-associated translocation
motor of the TIM23 translocon, implicating a defect in import via the
TIM23 translocon. Recently, Alzheimer’s disease (AD) and Parkinson’s
disease have been linked to the mitochondrion. Specifically, the putative
mitochondrial kinase, PINK1, has been found mutated in an inherited form
of parkinsonism. Mutations in PINK1 confer different autophosphorylation
activity, which is regulated by the C-terminal portion of the protein [110].
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Potentially altered association or activity of PINK1 with mitochondria may
impact the development of parkinsonism. Interestingly, nonglycosylated
full-length and C-terminal-truncated amyloid precursor protein (APP)
has been found to accumulate exclusively in the protein import channels
of mitochondria of humanAD brains but not in age-matched controls [111].
Furthermore, the mitochondrial-associated APP formed stable complexes
of 480-kDa complexes with the TOM complex and 620 kDa with the TOM-
TIM23 supercomplex. As expected, accumulated APP inhibited the import
of other mitochondrial precursors, leading to impaired mitochondrial func-
tion, specifically complex I, and subsequent cellular stress. While this study
reports the first attenuation of protein import leading to a disease, addi-
tional studies should provide clues into the role of protein translocation in
the progression of AD [111].

The characterization of protein translocation in mammalian mitochon-
dria is a new frontier in mitochondrial biology. How defects in protein
import are linked to disease is just beginning to be understood. As improve-
ments in gene linkage analysis and new high-throughput technologies
develop with studies in model organisms such as worm, mouse, fly, and
zebrafish, mitochondrial dysfunction associated with defects in import
should represent a new and exciting avenue of research.
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I. Abstract

Mitochondrial matrix proteins utilize N-terminal presequences to direct
them to their destination within the organelle. After crossing the outer
mitochondrial membrane, the presequence targets precursor proteins to a
specific translocase in the inner membrane for further translocation: the
presequence translocase or TIM23 complex. The presequence translocase
forms a pore in the inner membrane through which precursors are trans-
ported toward the matrix. A minor fraction of presequence proteins are not
completely transported into the matrix, but become laterally integrated
into the inner membrane. Two distinct states of the translocase seem to
function in these two different transport pathways: the TIM23SORT complex
integrates membrane proteins in a membrane potential-dependent manner.
For the translocation of a matrix protein, the TIM23PAM complex binds the
presequence translocase-associated motor complex (PAM), which is
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necessary to provide additional driving force for the full translocation across
the inner membrane.

II. Introduction

Two lipid bilayers divide mitochondria into four subcompartments. The
outer and inner mitochondrial membranes provide a partition for two
aqueous compartments, the mitochondrial matrix and mitochondrial inter-
membrane space (IMS). Each of the four compartments is resident to an
elaborate collection of proteins that fulfill the various functions of the
mitochondrion. Since the mitochondrial genome encodes only a small
number of proteins, the majority of mitochondrial proteins are encoded
by the nuclear genome, translated on cytosolic ribosomes, and kept in an
unfolded and thus transport competent state by cytosolic chaperones [1–7].
An elaborate system of translocases and assembly machineries within the
organelle are necessary to direct nuclear-encoded precursors to their final
destination.

Protein transport across the outer membrane is mediated by the translo-
case of the outer membrane (TOM) complex, which serves as the general
entry gate into the organelle (Figure 15.1) (see Chapter 14 and [1, 3, 4, 8]).
Following translocation through the TOM complex, protein transport path-
ways diverge depending on the targeting signals in the precursor proteins,
which dictate their final intramitochondrial location. Outer membrane
proteins of the b-barrel family are initially translocated across the outer
membrane through the TOM complex. Subsequently, they contact the
small Tim proteins in the IMS, which deliver b-barrel precursors to the
sorting and assembly machinery (SAM) complex for integration into the
outer membrane (Chapter 14). Proteins of the IMS can be released from
the TOM translocase and either fold spontaneously into their native con-
formation or are assisted in folding and assembly by specialized factors in
the IMS such as the Mia40-Erv1 system. Proteins of the carrier family are
transported from the TOM complex with the aid of the small Tim proteins
to the inner membrane carrier translocase (TIM22 complex) for inner
membrane insertion (Chapter 16). Finally, a large number of mitochondrial
proteins carry N-terminal targeting signals, so-called presequences, which
direct them across the outer membrane via the TOM complex and eventu-
ally into or across the inner mitochondrial membrane [1–4, 8]. On translo-
cation through the TOM complex, presequence bearing precursors are
directed to the presequence translocase or TIM23 complex (Figure 15.1).
The TIM23 complex generally directs precursor proteins into the mitochon-
drial matrix. However, in the presence of additional targeting/sorting
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information in the transported polypeptide chain, proteins can also be
inserted into the inner membrane where they may remain as integral mem-
brane proteins or may be released into the IMS after proteolytic processing
steps [1–3, 5]. The presequence translocase forms a tightly regulated aqueous
pore in the inner membrane through which the preproteins are translocated.
The mitochondrial membrane potential (Dc) drives the initial translocation
of the positively charged presequence across the inner membrane and pro-
vides a sufficient driving force to promote lateral insertion of precursors into
the inner membrane by the TIM23 complex [4, 8, 9]. Yet, the majority of
presequence proteins are soluble proteins of the mitochondrial matrix. These
proteins use the presequence translocase for complete translocation across
the inner membrane. While the Dc serves to drive transport of the prese-
quence of such precursors across the inner membrane, it is insufficient for
full precursor translocation. Further transport of the precursor requires coop-
eration of the presequence translocase-associated motor complex (PAM).

FIG. 15.1. Protein-sorting pathways in the mitochondrion. Proteins cross the outer mitochon-

drial membrane (OM) through the TOM complex. Proteins with internal targeting sequences

are released into the IMS, become integrated into the outer membrane by the SAM, or become

integrated into the inner membrane (IM) by the TIM22 complex. Proteins that are targeted

into mitochondria by a presequence also cross the outer membrane through the TOM complex

and are then transported by the presequence translocase (TIM23), which exists in two forms.

Most presequence proteins are transported into the matrix by the TIM23PAM complex, which

acts together with the PAM complex. A different composition of this translocase (TIM23SORT)

is needed to integrate presequence proteins into the inner membrane.
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This specializedATP-driven complex is recruited to the pore-forming TIM23
complextoallowmatrix transport(Figure15.2) [2,3,10–13].Onimport intothe
matrix, the precursor proteins are processed by the mitochondrial processing
peptidase (MPP) into their mature form [14]. Molecular chaperones in the
matrix help to fold themature proteins into their native conformation [1, 15].

III. Mitochondrial Presequence Proteins

Proteins are usually targeted to different organelles by intrinsic signals.
In a number of cases, such as for many mitochondrial proteins, the targeting
signal is located at the N-terminus of the preprotein. These signal sequences
are recognized by specific receptors on the surface of the organelle permit-
ting subsequent translocation of preproteins into the organelle. Usually the
signal sequences do not contribute to the folding and function of a protein
and are cleaved by specific signal peptidases [16, 17]. In the baker’s yeast
Saccharomyces cerevisiae, it has been estimated that at least 43% of
nuclear-encoded mitochondrial precursors are targeted to the organelle
by an N-terminal presequence [18].

FIG. 15.2. Presequence proteins with different destinations in the mitochondrion are trans-

ported by two different forms of the presequence translocase. Precursor proteins with sorting

signals are transported in a membrane potential (Dc)-dependent manner by the TIM23SORT

complex. The TIM23SORT complex consists of Tim23, Tim17, Tim50, and Tim21. For the

membrane potential-dependent transport of proteins into the matrix, Tim21 is removed and

the TIM23PAM complex associates with the PAM complex to drive the complete translocation

of preproteins across the inner membrane. The PAM complex consists of the motor protein

mtHsp70 and the components Tim44, Pam16, Pam17, and Pam18.
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A. THE STRUCTURE OF THE PRESEQUENCE

Mitochondrial presequences are typically amphipathic a-helical seg-
ments formed by a stretch of 20–80 amino acids, which consists of hydro-
phobic, hydroxylated, or basic amino acids and have a clear bias against
acidic residues [1, 19–21]. The targeting information is not encoded by a
consensus sequence but rather by the distinct secondary structure and
charge distribution. Thus, natural presequences can be replaced with
more simplified amino acid sequences as long as this sequence resembles
the secondary structure and charge pattern of natural presequences [1, 8].
Mitochondrial presequences have been shown to be necessary and suffi-
cient for the transport of proteins into the organelle. A presequence fused
to the N-terminus of a nonmitochondrial protein can successfully target the
foreign protein into mitochondria, indicating that it contains all necessary
information for mitochondrial import [1, 8]. Accordingly, proteins are no
longer imported into mitochondria when the presequence has been
removed.

B. FUNCTIONS OF THE PRESEQUENCE

The distinct structural features of the presequence play important roles
at several steps during import. Initially, recognition of the presequence
protein occurs by interaction of the presequence with mitochondrial import
receptors. The primary import receptor Tom20, a component of the TOM
complex, forms a hydrophobic binding pocket that accommodates the
hydrophobic side of the a-helical presequence [22, 23]. After initial recog-
nition of the presequence by Tom20, other receptors of the TOM complex
execute their roles in the recognition of preproteins. These include the
receptor domains of Tom22, the major receptor of the TOM complex,
and Tom5, which has a function in the transfer of preproteins to the
channel-forming unit of the TOM complex, Tom40. Thus, these compo-
nents form a chain of binding sites for presequences during transport across
the outer membrane [1, 3, 8, 24], promoting the movement of preproteins
across the outer membrane and promoting specificity in the import path-
way. These interactions are thought to be mostly ionic and thus based on
the charged amino acids of the presequence. For translocation across the
inner membrane, these charges are similarly important. At the inner mem-
brane, the receptor domain of the inner membrane protein Tim23, the
pore-forming subunit of the TIM23 complex, recognizes the presequence
[25–27]. Moreover, the Dc generated by the activity of the respiratory chain
complexes exerts an electrophoretic force on the positively charged resi-
dues of the presequence. As it will be discussed later, this force contributes
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to the inward directed motion of preproteins across the inner membrane
[24, 28, 29].

C. PROCESSING AND SORTING OF THE MATURE PROTEIN

Although presequences play a vital role in early targeting processes, they
are usually not part of the mature protein since the presequence can interfere
with the folding of proteins into their native conformations [30]. On entry of
the presequence into the mitochondrial matrix, it is usually removed proteo-
lytically by the MPP [14, 31]. Some proteins undergo a second processing in
the matrix or IMS after MPP cleavage. Such proteins are processed by the
mitochondrial intermediate peptidase (MIP) or inner membrane peptidase
(IMP) [14, 32]. It is only in a few rare cases that the signal sequence remains
part of the mature protein [33–35].

While the presequence directs proteins into the matrix, additional tar-
geting information within the N-terminus leads to transport into the inner
membrane. A hydrophobic sorting sequence located behind the prese-
quence stalls transport across the inner membrane and leads to lateral
integration of the protein into the membrane, a process referred to as
inner membrane sorting [3–5, 8]. In some proteins, the second signal
sequence resembles bacterial signal sequences and consists of a hydropho-
bic stretch preceded by basic amino acids [1, 4, 8]. Proteins with such a
bipartite presequence are also integrated into the inner membrane or can
be exposed to a further processing event mediated by the IMP, a protein
complex with its catalytic domain facing the IMS, resulting in the generation
of a soluble IMS protein [32, 36].

IV. The Presequence Translocase: TIM23 Complex

The presequence translocase or TIM23 complex selectively translocates
presequence containing preproteins across the inner membrane. Integrated
into the inner membrane, it consists of a central pore-forming core, through
which preproteins are translocated across the membrane. The essential
Tim23 protein represents the actual pore-forming subunit and contains a
receptor domain in the IMS that recognizes the presequence of preproteins
[26, 27]. While the TIM23 complex alone is sufficient for sorting of proteins
into the inner membrane, translocation of precursors into the matrix addi-
tionally requires recruitment of the PAM complex.
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A. COMPONENTS OF THE TIM23 COMPLEX

The TIM23 complex consists of three essential membrane proteins:
Tim23, Tim17, and Tim50 (Figure 15.2). The first component of the prese-
quence translocase that was identified by a genetic screen for yeast mutants
with a transport defect for mitochondrial proteins was Tim23 [37, 38].
Tim23 is predicted to form four a-helical transmembrane domains with its
C-terminal half, while an N-terminal domain of �100 amino acids is
exposed into the IMS. The same genetic screen led to discovery of Tim17
as a further component of the presequence translocase [39]. In addition,
Tim17 has been found as a multicopy suppressor of a temperature-sensitive
tim23 mutant [40]. The sequence of Tim17 shows similarity to the
C-terminal membrane integral part of Tim23, but lacks the extended
N-terminal domain. Interestingly, the four transmembrane helices of
Tim23 and Tim17 display sequence similarities to a third mitochondrial
protein, involved in protein translocation, Tim22. Tim22 is the core compo-
nent of the TIM22 complex, which integrates carrier proteins into the inner
membrane. It has been suggested that Tim17, Tim23, and Tim22 represent a
novel family of transporter proteins. Interestingly, two amino acid trans-
porters, one of the bacterial plasma membrane and one of the outer chlo-
roplast envelope, belong to this protein family. Thus, it has been speculated
that Tim22, Tim23, and Tim17 have been derived from these transporters
[41]. Tim17 and Tim23 are present in equal amounts in the TIM23 complex
and a stable interaction between both protein has been shown by different
techniques [42–45]. Isolation of the Tim23-Tim17 complex and a cross-
linking approach led to the identification of the third essential component
of the presequence translocase complex, Tim50 [46–48]. Tim50 is integrated
into the membrane by a single transmembrane helix and exposes a
C-terminal domain to the IMS (Figure 15.2). The IMS domain of Tim50
(Tim50IMS) interacts with the N-terminal domain of Tim23 [46, 47]. Simi-
larly, to the other essential components of the TIM23 complex, Tim50 is
involved in the translocation of preproteins and can be chemically cross-
linked to precursor proteins arrested during transport, indicating that
Tim23, Tim17, and Tim50 are in proximity to the translocating polypeptide
chain [46–50]. While cross-links of precursors to Tim23 and Tim17 have
been observed during translocation in energized mitochondria, a cross-link
of a precursor to Tim50 is also found in mitochondria in which the mem-
brane potential has been dissipated [47, 48]. Moreover, Tim50 promotes
association of the precursors protein with the TOM complex [13]. Thus,
Tim50 acts in an early phase of the transport process.

Affinity purification of the intact TIM23 complex led to identification of
Tim21, a further component of the presequence translocase [13, 51]. Tim21
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is integrated in the inner membrane with its N-terminus. The C-terminal
hydrophilic domain is exposed to the IMS. The function of Tim21 will be
discussed later in greater detail.

B. THE TIM23 CHANNEL AND ITS REGULATION

In electrophysiological analyses, Tim23 was identified as the pore-
forming component of the presequence translocase [27]. A channel with
similarity to Tim23 had already been detected in previous electrophysiolog-
ical studies of inner mitochondrial membranes; however, its molecular
identity had remained open [52]. The Tim23 channel is selective for cations
and is activated by presequences [27].While theC-terminus forms the actual
channel, the IMS domain is critical for presequence recognition and thus
regulation of the channel [26, 27]. The sequence similarity between Tim17
and Tim23 has led to the proposal that Tim17may also form a channel in the
inner membrane; however, experimental evidence in support of this idea is
still lacking. Based on electrophysiological analysis and import experiments
using particles, the size of the Tim23 pore has been estimated to be about
1.3 nm [27, 53]. This corresponds to the pore size of the carrier translocase,
which has a diameter of about 1.2–1.7 nm [54, 55]. However, it is smaller
than the pore of the TOM complex (about 2.2 nm) [56, 57].

While necessary for protein transport, protein-translocating pores in the
inner mitochondrial membrane pose a certain problem for mitochondrial
function. Mitochondrial respiratory chain complexes convert metabolic
energy into a proton gradient across the inner membrane. This gradient
drives the FoF1-ATPase to generate the majority of cellular ATP. There-
fore, the inner mitochondrial membrane has to be tightly sealed to avoid
leakage of protons and thus collapse of the membrane potential. Thus, a
pore that is capable of transporting preproteins must be tightly regulated
such that channel opening only takes place for the transport of preproteins.
It became clear that the IMS domains of Tim50 and Tim23 cooperate in
this process [26, 58]. Closure of the Tim23 channel is mediated through
association of Tim50IMS with Tim23IMS [58]. Opening of the channel is
initiated by the presequence of the incoming preprotein, probably via
contact with the IMS domain of Tim23 [26, 27, 58]. The antagonistic action
of Tim50 and preproteins on the channel allow for on demand opening of
the channel while maintaining the inner membrane permeability barrier in
the inactive state [58]. Additionally, a function for Tim17 in the regulation
of the pore has been proposed based on the analysis of Tim17 mutant
phenotypes [59].
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V. Energy Requirement for Matrix Translocation: The
Motor Complex

A. THE MEMBRANE POTENTIAL AND ATP-HYDROLYSIS DRIVE

PROTEIN IMPORT

Transport of proteins across the inner mitochondrial membrane depends
on the Dc irrespective of which of the two TIM translocases is used [1–5, 8,
60].Asdescribed above, theDc exerts anelectrophoretic force on the charged
presequences and thus helps to move the N-terminal part of the precursor
proteins across the membrane toward the matrix. Moreover, the Dc is
important for activation of the Tim23 channel [26, 27]. However, due to
the spatial restriction of the Dc, it does not provide sufficient driving force
for full translocation of proteins into the matrix. Thus, a second driving
force is necessary for completion of the translocation process. In addition to
the Dc, transport of matrix proteins requires hydrolysis of ATP by the
PAM complex [2, 10, 12, 61–64]. The actual ATPase of this complex is a
chaperone of the family of Hsp70 proteins, mtHsp70 [65]. In addition to
mtHsp70, the PAM complex consists of five regulatory components Tim44,
Mge1, Pam16, Pam17, and Pam18 that are described in the following
sections (Figure 15.2).

B. MTHSP70: THE CENTRAL COMPONENT OF THE MOTOR COMPLEX

Chaperones of the Hsp70 family exert a broad spectrum of functions
within the cell, including assistance in folding of newly synthesized or mis-
folded proteins and prevention or reversion of their aggregation [66–68].
Hsp70 proteins consist of an ATPase domain and a substrate-binding
domain. In an ATP-dependent manner, the substrate-binding domain
switches between a closed conformation that tightly binds unfolded sub-
strate proteins and an open state, in which bound substrates can be
released. Hydrolysis of ATP leads to closure of the substrate-binding
domain, whereas the exchange of ADP against ATP leads to its reopening
[66, 67, 69]. The low intrinsic ATPase activity of Hsp70 is stimulated by
cochaperones of the J-protein family [70–73]. Exchange of nucleotides is
assisted by cochaperones, which belong to the class of the GrpE protein
family [66, 69].

Important insights into the function of mtHsp70 in protein translocation
were obtained through the analysis of mitochondria with mutant forms of the
protein, which displayed strong import defects. While in certain mutants this
defect can be partially overcome by chemical unfolding of the precursor prior
to import, other mtHsp70mutants display a full import defect for all forms of
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matrix preproteins [65, 74]. In addition, mtHsp70 mutant mitochondria dis-
play defects in folding of newly imported proteins in themitochondrialmatrix
[65]. This phenotype suggests that mtHsp70 is necessary for the transport of
proteins. It unfolds these proteins during import, promotes translocation
across the membranes, and subsequently assists in folding into their native
conformation [10, 12, 15]. For folding of proteins in the matrix, mtHsp70
forms a soluble complex with its substrate proteins and its activity is
controlled by the cochaperones Mge1 and Mdj1 [15]. For the transport of
proteins across the membrane, Hsp70 is part of the import motor complex
PAM, which is bound to the presequence translocase [2, 9, 12, 13, 75].

C. COMPONENTS OF THE MOTOR COMPLEX

Besides mtHsp70, additional components of the PAM complex have
been identified (Figure 15.2). The genetic screen that identified Tim23
and Tim17 as components of the mitochondrial translocase also led to the
identification of a further essential component Tim44 [76]. Tim44 can be
chemically cross-linked to precursor proteins during translocation and plays
an important role in protein transport [77–80]. Tim44 does not contain a
classical transmembrane domain, but is peripherally attached to the inner
membrane from the matrix side [43]. While Tim44 is able to directly
interact with the membrane, it has also been shown to interact with
Tim23 [81, 82]. MtHsp70 associates with Tim44 in an ATP-dependent
manner and binding of ATP to mtHsp70 leads to dissociation of Tim44
from mtHsp70 in organello [83–85]. The current view is that Tim44 acts as
an anchor for the binding of mtHsp70 to the presequence translocase.
Association of mtHsp70 to Tim44 is thought to be mainly mediated via
the ATPase domain; however, additional binding sites in the peptide-
binding domain seem also to contribute to the interaction between the
two proteins [12, 86–88]. Besides the Tim44-mediated recruitment of
mtHsp70 to the presequence translocase, mtHsp70 appears to associate to
the presequence translocase also via Tim17; however, this interaction is
independent of ATP [89].

As the activity of Hsp70 proteins is generally regulated by cochaperones,
it has been assumed that in analogy also at the inner membrane cochaper-
ones would regulate mtHsp70 during import of preproteins. The essential
exchange factor Mge1 was identified by its strong sequence homology to
bacterial GrpE. Mge1 has a function in protein folding as well as in import
of proteins into mitochondria [15, 90]. Its role in protein transport was
shown by accumulation of mitochondrial precursor proteins after down-
regulation of MGE1-expression in yeast cells [91–93]. The second cocha-
perone of mtHsp70 in the motor complex, Pam18 (Tim14), was only
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recently identified. Pam18 is an integral inner membrane protein essential
for yeast viability [94–96]. Pam18 possesses a single transmembrane
segment located in the N-terminal half of the protein, which divides the
protein into two domains, one small domain at the extreme N-terminus
facing the IMS and a C-terminal domain located in the matrix (Figure 15.2).
The N-terminal IMS domain of Pam18 binds to Tim17 and is important
for the recruitment of the PAM complex to the presequence translocase
[13]. The matrix domain shows strong sequence homology to J-domains
and indeed the ATPase activity of mtHsp70 in the presence of the purified
Pam18 matrix domain is strongly increased [94, 96]. This indicates that
Pam18 is a specific activator of mtHsp70 at the presequence translocase.
In agreement with this, a defect in the transport of matrix proteins is
observed when the function of Pam18 is compromised [94–96].

Another essential cochaperone of the import motor is Pam16 (Tim16)
[34, 35]. Pam16 is peripherally bound to the inner membrane and similarly
to Pam18 is required for import into the mitochondrial matrix. Yet, both
Pam16 and Pam18 are dispensable for inner membrane sorting, a process
that is largely independent of motor function [97]. Pam16 interacts with the
J-domain of Pam18 forming an 80-kDa complex [34]. The sequence of
Pam16 shows significant homology to J-domains but the critical amino
acids ‘‘HPD’’ which are crucial for activation of Hsp70 by J-proteins
are substituted. Indeed, measurements of the mtHsp70 ATPase activity in
the presence of the purified Pam16 did not show any stimulation. Instead,
the activation of mtHsp70 by Pam18 was efficiently inhibited by addition of
Pam16 [98, 99]. Thus, Pam16 was classified as a novel inhibitory cochaper-
one that has homologues in various organisms ranging from Caenorhabditis
elegans, Drosophila melanogaster, and humans. Recently, Pam16 was
reported to also bind to the nonessential J-protein Mdj2. Interestingly,
in vitro data suggests that binding of Pam16 to Mdj2 enhances its capability
to activate mtHsp70 instead of inhibiting it [100]. But since Mdj2 is not a
component of the active translocase, the relevance of this interaction for
the transport of mitochondrial proteins remains open.

Another component of the presequence translocase is Pam17, which was
identified by affinity purification of the presequence translocase [101].
Pam17 is integrated into the inner membrane by two transmembrane
domains and exposes a hydrophilic C-terminal domain to the matrix
(Figure 15.2). Deletion of PAM17 in yeast destabilizes the motor complex
and strongly impairs the import of matrix targeted proteins, whereas the
sorting of proteins into the inner membrane is not affected [101]. These
findings indicate that Pam17 has a function in the structural organization of
the motor complex.
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VI. Models of Motor Function

A. PROTEIN UNFOLDING FOR IMPORT

Proteins that are translated in the cytosol will not remain unfolded, but
may acquire a partially folded conformation before they reach the outer
mitochondrial membrane. This becomes apparent with the use of in vitro
import assays in which preproteins that have been synthesized in a cell-free
translation system are incubated with isolated mitochondria. The import of
mitochondrial precursor proteins fused to DHFR is blocked when the ligand
methotrexate is added [10, 102]. As binding of a ligand is indicative of protein
folding, this finding supports the notion that a protein must be in an unfolded
conformation for transport. Moreover, estimations of the pore diameter of
the TOM complex and the TIM23 translocase show that the pores are not
wide enough for the translocation of precursors in a folded state. Thus,
proteins must be unfolded before import into mitochondria [1, 10, 11]. The
role of cytosolic chaperones in unfolding of mitochondrial preproteins is still
unclear. In in vitro import assays, ATP depletion on the outside of mitochon-
dria prevents the import of aggregation prone hydrophobic membrane pro-
teins but not of hydrophilic matrix proteins [103]. Based on these findings, it
was suggested that the major role of chaperones in the cytosol is to prevent
aggregation rather than to unfold proteins before their import. This implies
that mitochondria are able to actively unfold preproteins. Indeed, an active
contribution of mitochondria to the unfolding of proteins was observed.
Unfolding of proteins in the presence of mitochondria is much faster than
unfolding of the same protein in solution [104]. Additionally, mitochondria
influence the folding pathway of proteins. The spontaneous unfolding of a
protein in solution is a global process in which large parts of the protein
unfold at an early stage. In contrast to this, proteins which are unfolded by
mitochondria start their unfolding at the N-terminus [105, 106]. The unfold-
ing of a protein is an energy-dependent process. The two energy sources that
play a role in protein transport, the Dc and mtHsp70, both contribute to
unfolding of preproteins. In the early stages of import in which the Dc exerts
an electrophoretic force on the presequence, the pulling force also contri-
butes to unravel the N-terminal parts of the protein [105]. In addition, it is
clear that the import motor also contributes to the unfolding process, since
mtHsp70mutant mitochondria display defects in the import of folded but not
of chemically unfolded proteins [10–12].

B. TWO MODELS OF HSP70 FUNCTION FOR MATRIX IMPORT

Two different models have been proposed to describe how the PAM
complex supports the transport of proteins across the inner membrane: the
trapping model and the pulling model [12, 87]. In the trapping model or
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Brownian ratchet model, the import is driven by the Brownian movement
of the precursor itself, which leads to a random in- and outward directed
movement in the pore of the presequence translocase. As soon as the
unfolded preprotein is moving toward the matrix, it will expose a binding
site for mtHsp70. The interaction of mtHsp70 with the polypeptide
chain induces ATP-hydrolysis and the tight binding of the chaperone to
the substrate protein. This tight binding prevents the backsliding of the
imported parts of the precursor protein and the precursor will remain at its
position until the next inward directed movement [12, 87]. In the trapping
model, the import motor provides the energy to transform the random
Brownian movement into a vectorial inward directed motion. Tim44 acts
as a molecular anchor that enriches the concentration of mtHsp70 at the
import pore and probably positions mtHsp70 at the pore for an efficient
interaction with the precursor protein (Figure 15.2). In the pulling or
power-stroke model, mtHsp70 drives the import process by exerting a
pulling force on the polypeptide chain. MtHsp70 is anchored to Tim44 at
the import pore in its open conformation. The binding of a substrate protein
and the subsequent ATP-hydrolysis induces the closing of the substrate
domain. The pulling model proposes a second conformational change,
which alters the position of the substrate-binding domain toward the
ATPase domain. If the ATPase domain is stably anchored to Tim44, this
conformational change can generate a pulling force on the precursor pro-
tein. This force pulls the protein across the membrane into the matrix [12,
15, 87]. In this model, Tim44 not only positions mtHsp70 at the import pore
but also has an important function to act as a molecular fulcrum, necessary
for the generation of the pulling force. Like the motor proteins myosin and
kinesin, mtHsp70 transforms energy derived from the hydrolysis of ATP
into a directed movement of proteins [10, 12]. However, the recently
emerging picture is that probably both mechanisms may apply during
protein import. While loosely folded or unfolded precursors may primarily
be imported by the trapping mechanism, it is becoming clear that folded
precursors depend on the pulling mechanism [107, 108].

C. FUNCTIONAL IMPLICATION OF PAM ORGANIZATION FOR

HSP70 REGULATION

The PAM complex is emerging as quite a complicated molecular
machine that regulates mtHsp70 during the import process. Several ana-
lyses and the identification of novel PAM components have shed new light
on the steps of the mtHsp70 cycle. In organello mtHsp70 binds to Tim44 in
an ATP-dependent manner [86, 88, 109]. In contrast, the in vitro interaction
of the purified proteins is independent of the nucleotide-binding state

15. PRESEQUENCE TRANSLOCASE 399



of mtHsp70 [110]. Further in vitro analyses revealed that although ADP-
mtHsp70 binds with the similar affinity to Tim44 as ATP-mtHsp70, its
interaction is sensitive to the addition of Mge1, whereas ATP-mtHsp70 is
not. This in vitro data suggests an unexpected function of Mge1 at the
import pore. By releasing nonproductive ADP-mtHsp70 from the import
pore, it increases the concentration of the active ATP-mtHsp70 [110, 111].

The PAM complex integrates mtHsp70 in a way that supports efficient
interaction of ATP-mtHsp70 with substrate proteins. At the same time, the
J-domain of Pam18 activates theATPase activity in order to allow closure of
the substrate-binding domain on the incoming precursor. How can the
machinery prevent premature activation of mtHsp70? It appears that a
major function of Pam16 is to prevent Pam18 from premature or unproduc-
tive activation ofmtHsp70. This inhibition is probably overcome only after a
substrate protein appears in the import pore and the incoming polypeptide is
bound by mtHsp70. The interaction with the substrate activates mtHsp70,
but also independent of this changes its affinity for Tim44. As described
earlier, in vitro experiments with purified proteins show that ATP-mtHsp70
and ADP-mtHsp70 bind to Tim44. However, ATP-mtHsp70-Tim44 com-
plexes are unstable in the presence of preproteins [110]. Thus, it was con-
cluded that during the import of preproteins the interaction ofmtHsp70with
substrate proteins induces the release of mtHsp70 from Tim44 and from the
motor complex.At this stage, Pam18 activates theATPase activity and leads
to closure of the substrate-binding domain. The strong acceleration of the
ATPase activity by Pam18 ensures that mtHsp70 stably interacts with its
substrate protein before dissociation from the import pore [112]. Subse-
quently, the stable interaction of mtHsp70 with the substrate protein is
released by action of Mge1. It exchanges the bound nucleotides in
mtHsp70 and allows opening of the substrate-binding domain [110].

VII. Transport of Proteins Across Two Membranes

A. STRUCTURAL CONNECTION BETWEEN TRANSLOCASES ON THE OUTER

AND INNER MEMBRANE

In mitochondria, the distance between the outer and the inner mem-
brane varies. At distinct sites, both membranes come into proximity to each
other. These so-called ‘‘contact sites’’ have been shown to be the sites of
protein translocation across two membranes. A precursor protein has been
arrested during its import by binding a specific antibody at its C-terminus.
Labeling the arrested precursor with protein A-gold particles and analysis
by electron microscopy revealed that most preproteins accumulate at con-
tact sites [102, 113]. The distance between the two closely apposed
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membranes has been estimated by electron microscopy to be about
15–18 nm. [102, 114]. In a systematic analysis, the minimal amount of
amino acids necessary to span both membranes has been determined to
be about 50 in an extended conformation [114]. The presence of contact
sites between the outer and inner membrane raised the question if the TOM
and TIM translocases directly interact with each other. Interestingly, based
on protease protection assays, Tim23 was suggested to span the outer
mitochondrial membrane with its N-terminal amino acids [115]. However,
an interaction between this domain and the TOM complex was not found
and later studies showed that the N-terminus of Tim23 is dispensable for
formation of a TOM–TIM supercomplex connected by a translocating
precursor protein [116].

Besides Tim50 and Tim23, Tim21 also exposes a domain to the IMS
(Tim21IMS). Binding studies with the purified Tim21IMS showed that this
domain directly interacts with the IMS domain of Tom22 (Tom22IMS), the
central receptor unit of the TOM complex (Figure 15.3) [13, 51]. The IMS
domain of Tom22 is important for protein transport since it binds the
presequence of precursor proteins after their passage through the TOM
complex [13, 25, 117–120]. Interestingly, the interaction of the presequence
with Tom22IMS domain is released on binding of Tim21IMS to Tom22IMS,
indicating that the presequences and Tim21 use the same binding site [13].
Thus, the emerging picture of the early steps in protein transport from the
TOM complex to the TIM23 complex is initiated by association of
Tim21IMS to Tom22IMS. This interaction releases the presequence from
the TOM complex and allows the precursor to contact the core of the
presequence translocase for inner membrane translocation (Figure 15.3).

B. THE TOM–TIM23 SUPERCOMPLEX

Despite the structural connection between the TIM and TOM, several
studies show that the presequence translocase can function independent of
the TOM complex. After removal of the outer membrane, the presequence
translocase is still able to transport precursor proteins [121, 122]. However,
for an efficient transport of proteins across both membranes in vivo, both
translocases need to work in a tightly coupled manner. Indeed, preproteins
that are transported through the TOM complex are directly handed over to
the presequence translocase and thus accumulation of a free transport
intermediate in the IMShas not been detected [1, 8]. During transport across
both membranes, the precursor protein spans both TOM complex and the
presequence translocase simultaneously in an extended conformation.
Experimental evidence for this was obtained through the use of transloca-
tion intermediates of precursor proteins with a tight-folded domain at their
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C-terminus. The tightly folded domain prevents the complete translocation
of the protein through the TOM pore and the arrested protein connects
the TOM and the TIM23 complex. This connection is stable enough
for affinity purification. The purification of components of the TOM com-
plex also leads to the copurification of components of the TIM23 complex
[116, 123–127].

VIII. Protein Transport Through Two Different Forms
of the Presequence Translocase

The presequence translocase cooperates with the PAM complex for
matrix protein transport. In contrast, precursor proteins with a hydrophobic
sorting sequence are inserted into the inner membrane by the presequence

FIG. 15.3 The translocation of a presequence proteins depicted in discrete steps. Prese-

quences that are transported across the outer membrane through the TOM complex bind to

Tom22, a core component of the translocase, as soon as they reach the IMS. The presequence

protein is chased from this interaction, when Tim21, a component of the presequence translo-

case, interacts with the same binding site of Tom22. The further translocation of a membrane

protein occurs by the TIM23SORT complex, which permits integration of the protein into

the inner membrane. For the transport of a matrix protein, the translocase switches to the

TIM23PAM form and recruits the import motor PAM, which provides the energy necessary for

the complete translocation across the membrane.
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translocase in a manner independent of PAM. Analyses have now shown
that indeed the presequence translocase exists in two distinct forms (1) a
PAM-bound form (TIM23PAM) and (2) a sorting competent but PAM-free
form (TIM23SORT) (Figure 15.2) [13, 58]. Thus, the molecular composition
of the translocase adapts to the requirements of the translocating prepre-
cursor, a process that must be highly regulated. Insight into how this process
is regulated came from the identification of Tim21. Biochemical analyses
show that Tim23, Tim17, and Tim50 are components of both TIM23PAM

and TIM23SORT complexes [13, 45–48, 51, 58, 81]. In contrast, Tim21 can
only be detected in the sorting competent TIM23SORT complex to which
PAM is not bound [13, 51]. Thus, Tim21 is a selective constituent of the
sorting competent form of the presequence translocase and its presence
excludes binding of the PAM complex to the presequence translocase [13].
In mitochondria, TIM23SORT and TIM23PAM appear to coexist in equilib-
rium. This equilibrium can be influenced by changing the protein levels of
Tim21 within mitochondria or by dissociation of the PAM complex from the
TIM23 complex. Deletion of Tim21 promotes recruitment of the PAM com-
plex to the presequence translocase and thus the formation of TIM23PAM.
In contrast, raising the mitochondrial levels of Tim21 shifts the equilibrium
toward TIM23SORT and, in agreement with the concomitant loss of PAM,
these mitochondria show selective defects in the transport of matrix
proteins [13]. Based on these observations, a model of the dynamic changes
of the presequence translocase between TIM23SORT and TIM23PAM was
proposed in which Tim21 acts as a molecular switch that regulates the
recruitment of the PAM complex or the formation of the sorting complex
dependent on the requirements of the substrate (Figure 15.2).
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I. Introduction

Chloroplasts contain an elaborate architecture that has evolved to opti-
mize the reactions of photosynthesis, regulate the partitioning of photo-
synthate metabolites, and participate in essential steps of amino acid, lipid,
and secondary metabolism [1]. The organelle contains at least six suborga-
nellar compartments that are defined by three independent membrane sys-
tems, the outer and inner envelopemembranes and the thylakoidmembrane.
Chloroplast biogenesis is dependent on contributions from both the organel-
lar and nuclear genomes in plant cells. An estimated 2500–3500 nuclear genes
encode chloroplast proteins in Arabidopsis thaliana [2–4]. This number cor-
responds to 10–15% of the total genes in the nuclear genome. The remain-
ing �120 genes are encoded in the organellar genome. The predominant
role of the nucleus in chloroplast biogenesis requires that thousands
of nucleus-encoded polypeptides be imported into the organelle from
their site of synthesis in the cytoplasm and accurately assembled into fun-
ctional protein complexes (Figure 16.1). The initial steps in the recognition
and translocation of proteins into chloroplasts are mediated by translocons
at the outer envelope membrane of chloroplasts (Toc complexes) [5].
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FIG. 16.1. Schematic representation of protein import into chloroplasts and the composition

of Toc complexes. Nucleus-encoded chloroplast preproteins are imported into the organelle

after the completion of synthesis on cytoplasmic ribosomes. The recognition and translocation

of preproteins across the outer and inner envelope membranes is directed by their N-terminal,

cleavable transit peptides. The initial docking of preproteins and their insertion across the outer

membrane is mediated by the Toc translocon. The translocon is composed of three core

components, Toc34, Toc159, and Toc75. Toc34 and Toc159 form a transit peptide receptor

system that is regulated by GTP binding and hydrolysis. In addition, the receptors regulate the

transfer of preproteins to Toc75, the major component of the Toc protein-conducting channel.

Targeting of preproteins from the cytoplasm to the chloroplast surface might be assisted by

cytoplasmic factors that include molecular chaperones. These complexes include a guidance

complex containing 14-3-3 and Hsp70 proteins, and an Hsp90 that binds to Toc64 at the

chloroplast surface. Once inserted across the outer membrane, the binding of an Hsp70 chaper-

one in the intermembrane space assists translocation through the channel. Toc12 forms a

potential docking site for the Hsp70 at the inner face of the outer membrane.
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These multisubunit Toc complexes physically associate with translocons at
the inner envelope membrane of chloroplasts (Tic complexes) to provide a
direct conduit from the cytoplasm to the chloroplast interior.

A general picture of Toc complex composition is now in hand
(Figure 16.1). This view reveals the existence of a subset of components
that are homologous to prokaryotic membrane transport components,
suggesting an evolutionary process in which existing membrane transpor-
ters were adapted for the novel function of protein import during endosym-
biosis [6]. The selectivity and directionality of the import process appears to
have evolved via the acquisition of unique targeting and receptor compo-
nents that assembled with the transporters to generate highly specific
protein translocons. Most studies on the import process predicted the
existence of a general translocon that provides a single portal for protein
translocation across the outer membrane [7, 8]. Although this appears to
be the case in simple photosynthetic eukaryotes, studies have revealed the
existence of multiple, distinct Toc complexes in complex land plants [9–11].
This diversity of Toc complexes appears to constitute a multipathway
system for the targeting of distinct subclasses of nucleus-encoded proteins
into the organelle. These pathways appear to play a critical role in the
development and maintenance of diverse plastid types within specific
organs of multicellular plants.

This chapter will focus on the molecular mechanism of Toc complex
function in chloroplast protein import. In addition to the structural, bio-
chemical, and genetic data that serve as the basis for hypotheses on Toc
function, we also will include a comparative analysis of the Toc complexes
within Arabidopsis and between different plant species. These comparisons
are particularly informative in understanding what constitutes the basic unit
of Toc complex function and what components likely contribute regulatory
or selective functions on the import apparatus.

II. General Overviewof Toc Complexes

The general principles that govern translocon structure and function at
other organellar membranes also apply to Toc complexes (Figure 16.1)
[12, 13]. The Toc translocon contains a set of surface-exposed receptors
that confer selectivity on the import process by specifically recognizing
the intrinsic targeting signals (transit peptides) of nucleus-encoded chloro-
plast preproteins in the cytoplasm [14–17]. Protein import is a posttrans-
lational process that does not appear to directly couple protein synthesis
with targeting. The preprotein receptors are linked to a protein-conducting
channel that provides an aqueous pore for the translocation of protein
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substrates across themembrane [16, 18, 19].Membrane translocation requires
an energetic driving force, and, in the case of the Toc translocon, this appears
to be fulfilled by nucleoside triphosphate hydrolysis at the receptors or
at molecular chaperones that associate with Toc complexes [20–23]. The
chaperones also appear to assist in maintaining the translocation substrate
in an import competent conformation [24–28].

Biochemical approaches based on in vitro import assays with isolated
chloroplasts have led to the identification of all known Toc components.
The bulk of this chapter will focus on a set of three core Toc components,
Toc75, Toc34, and Toc159 (the numbers refer to their molecular masses in
kilodaltons) [5]. These Toc proteins are defined as core components because
genetic analysis in Arabidopsis demonstrates that they are essential for pro-
tein import, and therefore plant viability [29–32]. In addition, biochemical
studies provide compelling evidence for their functions within the Toc trans-
locon [14–17]. Toc34 and Toc159 are membrane-integrated GTPases that
form the transit peptide receptor system at the translocon [16, 19]. The
experimental evidence indicates that Toc75 is a b-barrel membrane protein
that forms a major component of the protein-conducting channel [16, 19, 33].
A molecular chaperone of the Hsp70 family, Hsp70-IAP, associates with the
Toc complex in the intermembrane space [28, 34, 35]. Hsp70-IAP70 is pro-
posed to assist in import by providing a component of the translocationmotor
that drives preproteins across the Toc channel.

The three core Toc components form a complex in the chloroplast outer
envelope membrane under steady state conditions. These complexes are
500–800 kDa in size, indicating that multiple copies of each core component
are present within individual translocons [36]. Toc34 and Toc75 appear to be
present in a 1:1 stoichiometry within these complexes, whereas Toc159 is
present in substoichiometric amounts relative to Toc34 and Toc75 [36].
These isolated complexes canmediate protein translocation in reconstituted
proteoliposomes, providing direct evidence that they are sufficient to
support translocation across the outer membrane [37].

III. Toc Receptors

Toc34 and Toc159 form a coordinated transit peptide receptor system at
the chloroplast surface [16, 19]. Analysis of the Toc34 and Toc159 receptor
families in Arabidopsis demonstrates that members of both classes of
Toc GTPase are essential for chloroplast biogenesis and plant viability [30,
32, 38]. Therefore, the activities of both receptors are required for the import
process. In the absence of energy, both Toc34 and Toc159 cross-link to bound
chloroplast preproteins in isolated chloroplasts [16, 19, 20], indicating that
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they participate together in the initial steps of preprotein recognition at the
chloroplast surface. This interaction is transit peptide specific and readily
reversible, and is believed to represent the initial, specific binding of the
transit peptide at the Toc complex [19, 20, 39–41]. Nonhydrolyzable GTP
analogues block import at this stage, indicating thatGTPhydrolysis at theToc
GTPases promotes transfer of the preprotein into the protein-conducting
channel [19, 23].

The bulk of both receptors face the cytoplasm with their C-terminal
regions tethered to the membrane. Toc34 contains an �30-kDa cytoplasmic
GTPase domain that is anchored to the outermembranewith a short a-helical
transmembrane segment (Figure 16.2A) [15, 17]. The Toc159 receptor is
composed of a tripartite domain structure (Figure 16.2A). It contains an
N-terminal A-domain (�70 kDa) that is characterized by tandem repeats of
alternating acidic and hydrophobic residues [42–44]. The function of this
domain has not been determined. The A-domain is followed by the GTPase
or G-domain. The size and primary structure of the G-domain is similar to
that of Toc34 [15, 17]. The C-terminal M-domain (�52 kDa) of Toc159
anchors the protein in the outer membrane. The M-domain is protected
from external proteolysis and is not extracted from the outer membrane by
aqueous perturbants, indicating that it is integrated into the lipid bilayer [15,
17, 42, 43]. Despite these biochemical indications of membrane integration,
the M-domain lacks characteristic hydrophobic segments that could serve as
transmembrane helices. It has been proposed that the M-domain might
interface with the bilayer via b-strands or by exposing residues to the core
of the bilayer as it assembles with the other components of the Toc complex.

The GTPase domains of the Toc receptors contain amino acid sequences
that correspond to the five conserved motifs of the typical Ras-type GTPases
(G1–G5) (Figure 16.2B). On the basis of this observation, it was assumed that
the structure of theTocGTPase domainswouldmimic the canonicalGTPases
[15, 17]. On the contrary, the X-ray crystal structure of theGTPase domain of
Toc34 from pea revealed a reorganized set of motifs that result in a signifi-
cantly distinct class of GTPases [45]. The G1 and G3 motifs that include the
universal P-loop nucleotide-binding residues are conserved in Toc34. How-
ever, the conserved G2, G4, and G5 motifs of Ras and other GTPases are
rearranged in Toc34 and no longer participate in nucleotide binding. Instead,
these motifs have been substituted with newmolecular interactions that form
the nucleotide-binding site [45]. These structural changes suggest a novel
mechanism of coupling nucleotide state with conformational changes in the
Toc GTPases, a prediction that is reflected in some of the unique functional
characteristics of the receptors (see below). Toc159 is predicted to have a
similar G-domain structure as that observed in Toc34 based on the high
degree of sequence similarity between these regions of the proteins [45].
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FIG. 16.2. Structural comparisons of the Toc GTPases. (A) Schematic representation of the domain structures of Toc159 and Toc34. Toc34

contains a cytoplasmic GTPase domain (G-domain) that is anchored to the outer membrane with a single a-helical transmembrane helix. Toc159

contains a central G-domain that is structurally homologous to that of Toc34. The G-domain is flanked by an N-terminal acidic domain (A-

domain) of unknown function and a C-terminal M-domain that anchors the protein to the outer membrane. (B) Comparison of the primary

structures of the G-domains of pea Toc34 (psToc34) andArabidopsis Toc159 (atToc159) to Ras-p21. The G1–G5 motifs involved in GDP binding

in the psToc34 crystal structure and their conserved sequences within atToc159 or Ras-p21 are highlighted by boxes. PsToc34 contains the

consensus G1 (P-loop) and G2 motifs that are found in all regulatory GTPases, including Ras. The G2, G4, and G5 motifs of psToc34 are

conserved in atToc159, but are distinct from those of Ras and other GTPases. This figure is adapted from Sun et al. [45].
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Thekinetics of TocGTPase activity have been studiedmost extensively for
atToc33, the Arabidopsis orthologue of Toc34. Similar to other regulatory
GTPases, at Toc33 has a low intrinsic rate of hydrolysis (kcat ¼ �0.013–
0.31 min�1). Its affinities for GDP (Kd¼�4.5 mM) andGTP (Kd¼�2.6 mM)
are similar [39, 46, 47]. These affinities are significantly lower than those
of Ras (Kd ¼ �0.0001–0.1 mM), but similar to those measured for SRP/SR
(Kd ¼ 1–10 mM) [47]. Full-length Toc159 has not been purified, and
therefore, its GTPase activity only has beenmeasured in fragments consisting
of its G-domain or G- and M-domains [48]. These studies suggest that
its GTPase activity is approximately twofold higher than that of Toc34.

The crystal structure of Toc34 provided key information on the potential
mechanism by which GTPase activity controls preprotein recognition by
the Toc receptors. The Toc34 GTPase domain forms a dimer with a twofold
axis of symmetry in the crystal [45]. The GTP-binding pockets of each
monomer lie within the dimer interface, and each monomer extends resi-
dues into the nucleotide-binding site of the reciprocal monomer. Interest-
ingly, polypeptide loops in the dimer form a cage around the bound GDP
and appear to preclude nucleotide exchange. Furthermore, Glu73 of Toc34
lies adjacent to the b-phosphate of the bound GDP, and therefore this
residue would need to relocate on GTP binding to accommodate the
g-phosphate. These structural data predict that the form of bound nucleo-
tide (i.e., GTP versus GDP) strongly influence dimerization. Alternatively,
changes in dimerization would be required to allow nucleotide exchange.
Subsequent binding studies demonstrated that Toc34-Toc159 dimerization
via interactions that involve their G-domains also occurs and is controlled
by nucleotide state [46–50].

A variety of experimental approaches combined with the structural data
have led to at least two possible roles of Toc GTPase activity. The first
proposes that Toc34 and Toc159 form a GTP-regulated gate that controls
the transition from preprotein binding at the chloroplast surface to mem-
brane translocation during the import process (Figure 16.3A) [17, 51]. In this
hypothesis, transit peptide binding to the receptors would stimulate GTPase
activity and lead to changes in homo- or heterodimerization. This would
constitute a molecular switch that opens the gate to the translocon and
results in transfer of the preprotein into the protein-conducting channel.
This model is supported by the observation that transit peptide binding
is mediated, at least in part, by theG-domains of both receptors, and binding
stimulates their GTPase activities, providing evidence for a direct interac-
tion between preprotein recognition and GTPase activity [40, 46, 52]. Fur-
thermore, studies have shown that Toc34-Toc159 dimerization is nucleotide
dependent [48, 49]. This model is somewhat analogous to the role of GTP
in regulating the association of the signal recognition particle (SRP) and its
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receptor (SR) during the targeting of nascent chain ribosome complexes to
the Sec61p translocon of the endoplasmic reticulum (ER) [53]. The inter-
change between homo- and heterodimeric states as a potential regulator
of Toc complex function is very appealing, and future studies should
demonstrate the importance of dimerization in the targeting reaction.

A second proposed function for Toc GTPase activity, in addition to
translocon gating, is to provide the energetic driving force for translocation
across the outer membrane (Figure 16.3B) [37]. In this model, Toc159 is
proposed to function as a molecular motor that drives translocation via
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FIG. 16.3. Two proposed roles for the GTPase activities of Toc34 and Toc159 in preprotein

recognition by the Toc translocon. (A) The Toc GTPases are proposed to regulate pre-

protein recognition by forming a GTP-regulated gate to the translocon. In this model, transit

peptide binding at Toc159 and Toc34 stimulates the GTPase activities of the receptors.

Hydrolysis is proposed to open the gate to the translocon by altering homo- and/or hetero-

dimerization of the receptors. This, in turn, results in transfer of the preprotein into the

translocon channel. (B) In addition to regulating preprotein recognition, the GTPase activity

of Toc159 is proposed to provide the energy for preprotein translocation through the Toc

channel. In this model, Toc159 acts as a motor that drives translocation through repetitive

cycles of GTP-dependent preprotein binding and release.
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repeated cycles of GTP binding and hydrolysis in addition to contributing
to translocon gating. This activity is supported by the observation that
Toc159 and Toc75 alone can mediate a minimum level of GTP-dependent
preprotein insertion into reconstituted proteoliposomes [37]. Although
multiple lines of evidence support a role for GTP hydrolysis in transferring
the preprotein from the Toc GTPases to the translocon channel, several
observations indicate that repeated GTP hydrolysis at Toc159 is not
required for complete translocation. First, nonhydrolyzable GTP analogues
do not block the translocation of preproteins across the outer membrane
once they have initially inserted into the Toc translocon channel [23].
Translocation from this early intermediate step requires only ATP, impli-
cating molecular chaperones as the driving force for import. Second, the
GTPase activity of Toc159 does not appear to be an absolute requirement
for import. Preprotein import occurs in chloroplasts in which the Toc159
A- and G-domains have been proteolytically removed [44]. Moreover, a
Toc159 deletion construct, consisting solely of the M-domain, can partially
complement a Toc159 null mutant in Arabidopsis [54]. A possible explana-
tion to reconcile the results from the reconstitution studies with those in
isolated chloroplast and in vivo is that Toc159 GTPase activity might
contribute to dissociation of the preproteins from the receptor complex
and transfer to the Toc channel, thereby facilitating insertion in the chan-
nel. In the reconstituted system, this activity might be sufficient to allow
some transport across the membrane in the absence of Toc34. However, in
intact Toc complexes, the activity of the Toc34 GTPase also appears to be
important in the initiation of the translocation reaction [55].

IV. TheToc Translocon Channel and
MembraneTranslocation

The function of Toc75 as the major component of the protein-conducting
channel of the Toc translocon is supported both by biochemical and electro-
physiological studies. In the presence of low concentrations of GTP and
ATP, the bound preprotein is transferred from the Toc GTPase receptors
into the channel of the translocon [20]. Protease protection studies indicate
that the preprotein is inserted across the outer membrane and makes
contact with the translocon at the inner membrane. At this stage, both the
transit peptide and mature regions of the polypeptide form predominant
cross-links to Toc75, indicating that it directly participates in membrane
translocation. Direct evidence that Toc75 forms a membrane channel was
provided by electrophysiological studies using recombinant Toc75 recon-
stituted into lipid bilayers [18]. These studies demonstrated that Toc75
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forms a relatively unselective channel whose conductance is responsive to
the binding of preproteins. The conductance measurements indicate that
Toc75 can form a channel with a diameter of �14 Å. This pore is large
enough to accommodate an unfolded polypeptide chain [18].

The structural similarities of Toc75 to Tom40, the translocon channel of
the mitochondrial outer membrane, and to bacterial outer membrane solute
transporters also support the assignment of Toc75 as the translocon channel
[56]. Although there is no apparent identity at the level of primary structure,
Toc75 and Tom40 are both members of the b-barrel integral membrane
protein family. Toc75 is deeply embedded in the outer membrane with up to
16 membrane-spanning b-strands.

Interestingly, Toc75 has been implicated in the insertion of membrane
proteins into the Toc [11]. This process appears to be independent of the Toc
GTPases, suggesting that Toc75 might function as a relatively nonselective
polypeptide channel that assembles with different receptors to mediate the
transport or insertion of a variety of proteins at the outer membrane. This
proposal is consistent with the observation that the amounts of Toc75
exceed those of the Toc GTPases, and a significant portion of Toc75 is not
found in complexes with the Toc GTPase receptors [57].

Although it is clear that Toc75 is an essential component of protein-
conducting channels, covalent cross-linking and genetic studies suggest that
Toc159 also participates in the translocation reaction [19, 20, 30]. The
M-domain of Toc159 forms covalent cross-links with early import inter-
mediates that are inserted across the membrane [20]. This observation
suggests that the M-domain assists in the formation of the channel or
interacts with the preprotein in the intermembrane space as it crosses the
outer membrane. A role for the M-domain in preprotein translocation also
is supported by the observation that overexpression of the M-domain alone
can partially complement a Toc159 null mutant in Arabidopsis [54].

As mentioned previously, the Hsp70-IAP in the intermembrane space of
the chloroplast envelope is proposed to bind to preproteins and provide the
unidirectional driving force for translocation across the outer membrane
[28, 34]. Although GTP hydrolysis at the Toc receptors appears to be
required to transfer the preprotein into the channel, ATP hydrolysis in
the intermembrane space is necessary for the formation of early intermedi-
ates that stably span the outer membrane [21, 23]. The Hsp70-IAP is
proposed to use the ATP to bind and trap the polypeptide, thereby pre-
venting it from slipping out of the translocon. The Hsp70-IAP likely also
plays a role in preventing the folding or aggregation of preproteins in
the intermembrane space prior to their insertion in the Tic translocon at
the inner membrane. Translocation through the Toc translocon appears
to require an unfolded substrate because preproteins with covalently
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stabilized tertiary structures are not imported into chloroplasts [58–60]. A
small outer membrane protein, Toc12, was discovered that contains a
J-domain similar to those found in Hsp70 cochaperones in bacteria [61].
Toc12 is an excellent candidate for a protein that coordinates association of
the Hsp70-IAP with the core Toc complex.

V. Cytoplasmic Events

Several studies suggest that cytoplasmic factors aid in the delivery and
translocation of preproteins at the Toc translocon (Figure 16.1). Two dif-
ferent studies implicate cytoplasmic Hsp70s in targeting, suggesting that
this class of chaperone might play a role in preprotein targeting as has
been shown in mitochondria and the ER. Preproteins cross-link with a
cytoplasmic Hsp70 that associates with the chloroplast surface [62, 63].
Furthermore, an Hsp70 and a 14-3-3 protein were shown to associate with
the precursor to the small subunit of rubisco (preSSU) in wheat germ
extracts [63]. Fractions of preSSU containing the 14-3-3 and Hsp70 were
shown to have a higher efficiency of import compared to those lacking
the factors. Based on these and subsequent studies, it was proposed that
the 14-3-3 protein and Hsp70 form a guidance complex that docks at Toc34
and delivers the preprotein to the Toc complex [64]. The association of
guidance complex with the preprotein appeared to require phosphory-
lation of the preSSU transit peptide. Subsequent studies demonstrated
that mutagenesis of the phosphorylation site on the preSSU transit pep-
tide did not affect its targeting in vivo [65]. Furthermore, preSSU from a
number of plant species lack phosphorylation sites. Therefore, it is possible
that the guidance complex plays an accessory but nonessential role in
targeting. The specific role of Hsp70 in import also is not clear because a
stimulation of import by the addition of purified Hsp70 has not been
demonstrated, and genetic studies have not implicated this chaperone in
import [65].

In vitro binding studies have implicated a complex involving Hsp90 and
an outer membrane protein, Toc64, in the targeting of a subset of prepro-
teins to Toc complexes [64]. Toc64 is an integral outer membrane protein
that is loosely associated with the core Toc components through a proposed
interaction with Toc34 [64, 66]. Toc64 also appears to interact with a
cytoplasmic Hsp90 [64]. This led to the proposal that the Hsp90 binds to
preproteins in the cytoplasm and docks at Toc64 at the outer membrane.
Delivery of the preprotein-Hsp90-Toc64 complex to the translocon is pro-
posed to occur via a GTP-dependent interaction with Toc34. The potential
role of Hsp90-Toc64 system appears to be specialized. To date, only a single
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preprotein has been shown to interact with these factors. Furthermore,
double null mutants of the two Toc64 isoforms in moss do not exhibit a
detectable phenotype [67], and a Toc64 null mutant in Arabidopsis exhibits
only a modest defect in the import of one preprotein, preOE33 [64]. It is
possible that the ‘‘guidance complex’’ and/or the Hsp90/Toc64 systems
represent scavenger processes or mechanisms of regulating the import
process under certain physiological conditions (e.g., stress and fluctuations
in import demand). This would explain why bypassing these systems does
not have apparent effects under normal growth conditions. Additional
in vivo experiments will be important in defining the specific roles of
these components in the import process.

VI. Toc Complex Evolution andDiversity

Chloroplasts are hypothesized to have arisen by the endosymbiotic
assimilation into a nucleated cell of a photosynthetic bacterium similar to
a cyanobacterium [68]. The evolution of the bacterium into a chloroplast
resulted in the transfer of several thousand genes from the prokaryotic
genome to the nucleus, and the concomitant development of a protein
import system to compensate for the fact that the synthesis of proteins
required for organelle biogenesis was displaced to the cytoplasm [4].
A protein import pathway comparable to those in chloroplasts is not
known to exist in Gram-negative bacteria, suggesting that this trafficking
pathway evolved anew in response to gene transfer [69]. Analysis of the
core Toc components provides insight into the evolution of the import
apparatus in response to endosymbiosis. Furthermore, the availability of
EST and genome information from photosynthetic eukaryotes that closely
resemble what are believed to be early stages in endosymbiosis provide
information on the basic unit required for protein import.

The outer and inner chloroplast envelope membranes are evolutionarily
related to the outer and cytoplasmic membrane of Gram-negative photo-
synthetic bacteria, respectively. Of the Toc components, only Toc75 has
clear homologues in bacteria [6]. A closely related gene in cyanobacteria,
SynToc75, is essential for viability [42, 43, 70]. The protein is located in the
outer membrane of the bacterium and has demonstrated channel activity.
However, the precise role of this protein is not known. Toc75 and SynToc75
are related to the Omp85 family of bacterial outer membrane proteins.
Omp85 is implicated in bacterial outer membrane biogenesis by assisting in
the integration of integral membrane proteins [71]. Other more distant
relatives of the Omp85 family are known peptide transporters. This has
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led to the hypothesis that Toc75 evolved from the preexisting bacterial
peptide transporters to assume a new function in protein import.

The evolutionary origins of the Toc GTPases are unclear with no readily
apparent evolutionary homologues in bacteria or other organisms outside
of plants. The only similarities to proteins other than their orthologues in
plants are other GTPases. Yet, the GTPase domains of the Toc receptors
appear to have diverged sufficiently to prevent the establishment of evolu-
tionary links. Perhaps the most interesting information on the evolution of
Toc complexes comes from examining genomic data from a wide variety of
photosynthetic origins that span the phylogenetic spectrum [72, 73]. Geno-
mic analysis of simple photosynthetic eukaryotes, such as the red algae,
indicates the presence of Toc75 and Toc34 orthologues [73, 74]. Proteins
comparable to the Toc159 receptors are not present. Comparative protein
import studies demonstrate that the basic mechanism of protein import is
conserved between these simple organisms and vascular plants [72, 74, 75]
Thus, it appears that Toc75 and Toc34 constitute the most basic unit of Toc
complexes that can mediate protein import into chloroplasts.

The addition of the Toc159 receptor family to the Toc translocon appears
to coincide with the evolution of more complex plant lineages, including
multicellular plants that undergo cellular differentiation [72, 73]. In higher
plants, cellular differentiation resulted in the specialization of chloroplasts
(plastids) to serve specific metabolic functions within various tissue and cell
types in addition to photosynthesis, for example, starch metabolism in roots
and tubers (amyloplasts) and lipid metabolism during senescence and fruit
ripening (chromoplasts)[76]. A simple plastid, the proplastid, evolved as the
basic plastid form in undifferentiated meristematic tissues. The proplastids
possess the ability to differentiate into any of the specialized forms during
plant growth and development [77]. As with most plant cells, plastid differ-
entiation is not terminal, and plants maintain the ability to interconvert the
specialized organelles as required to match the metabolic demands of the
cell. The coincidence of Toc159 appearance with the evolution of plastid
differentiation has led to the proposal that the addition of the Toc159
receptors to the translocon conferred distinct preprotein selectivities on
the individual translocon types, thereby giving rise to distinct protein target-
ing pathways [30, 32]. These pathways appear to be critical for the develop-
ment of specific plastid types or specialized functions, perhaps by regulating
the content and flux of protein trafficking into the organelles over the course
of plant development.

Arabidopsis contains four isoforms of the Toc159 receptor: atToc159,
atToc132, atToc120, and atToc90 [30, 78]. These isoforms appear to assem-
ble with Toc75 and the two isoforms of Toc34, atToc33 and atToc34, to form
structurally and functionally distinct Toc translocons (Figure 16.4) [9, 10].
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AtToc159 is the most abundant receptor form in chloroplasts. Its expression
is dramatically upregulated in green tissues, whereas atToc132 and atToc120
appear to be constitutively expressed at relatively lower levels in all tissues
[9]. Null mutants of atToc159, ppi2, exhibit an albino phenotype and are
unviable on soil [30]. However, ppi2 plants are viable if supplemented with
sucrose, indicating a primary deficiency in photosynthetic capacity within
these plants. AtToc132 and atToc120 appear to be functionally redundant.
However, double attoc132/atoc120 mutants exhibit severe growth defects
and are seedling lethal. This phenotype is not reversed by sucrose supple-
mentation [9, 10]. These results indicate that atToc159 is primarily required
for the development of photosynthetically competent chloroplasts, whereas
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FIG. 16.4. The functional and structural diversity of Toc complexes. Small gene families

encode the Toc GTPase receptors in Arabidopsis. The four members of the Toc159 family

(atToc159, atToc132, atToc120, and atToc90) assemble with the two members of the Toc34
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atToc159 translocons appear to mediate the import of a subset of genes that are required for

the development of chloroplasts, whereas the Toc132/Toc120 translocons are proposed to

mediate the import of preproteins required for the housekeeping functions of all plastids.

The structure and function of atToc90 complexes remains to be defined. The diversity of Toc

complexes is essential to maintain the homeostasis of protein import during critical periods of

plastid development.
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atToc132/atToc120 likely participate in the maintenance of plastid
housekeeping functions, such as amino acid and lipid metabolism, and
plastid replication and gene expression.

atToc132 and atToc159 are unable to rescue ppi2 or attoc132/attoc120
double mutant plants, respectively [9, 10]. Furthermore, these two receptor
isoforms exhibit distinct preprotein selectivities in in vitro binding studies
[9]. These observations, in conjunction with the fact that they form struc-
turally distinct Toc translocons, indicate that they mediate different path-
ways for protein import into the organelle. The major structural variability
among the Toc159 family members is in the length and sequence of their
A-domains. This has led to the hypothesis that the A-domain dictates
receptor specificity [30]. However, the A-domain does not appear to bind
preproteins directly [40]. Therefore, its role in preprotein binding, if any,
is likely to be through an indirect effect on the G-domain. AtToc33
and atToc34 also appear to contribute to the formation of distinct translo-
cons (Figure 16.4). AtToc33 and atToc34 are enriched in atToc159 and
atToc132 complexes, respectively [9]. Furthermore, they exhibit some
preferences in preprotein binding consistent with their atToc159 and
atToc132 counterparts [46]. However, in vitro studies demonstrate that
the expression of atToc33 or atToc34 is capable of fully complementing
null mutants in either gene [32]. Therefore, atToc33 and atToc34 exhibit
significantly more functional overlap than that observed with the members
of the Toc159 receptor family.

The existence of Toc complexes with distinct transit peptide specificities
could explain why the definition of common targeting determinants within
transit peptides has remained elusive. Transit peptides range in length from
�30–100 amino acids, and lack apparent similarities in their primary
structures [79, 80]. Furthermore, biophysical analysis of synthetic transit
peptides has failed to detect the formation of stable secondary structures in
aqueous solution, indicating that transit peptides do not form structures
analogous to the amphipathic a-helices common to mitochondrial prese-
quences [81, 82]. Although this apparent lack of common characteristics
likely reflects the complexity of the targeting process itself, the common
targeting determinants within transit peptides might only be detected
within subsets of chloroplast preproteins that utilize a common import
pathway.

The appearance of Toc34 and Toc75 as the original unit of the outer
membrane import machinery provides a compelling argument that these
two components define the minimal Toc translocon. This concept is further
supported by import studies that demonstrate functional similarity in the
ability of plastids to import preproteins from both simpler unicellular
organisms and more complex higher plants [74]. The addition of the
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Toc159 family to the translocon with the advent of plastid differentiation
and the observation that these receptors define distinct translocons support
the biochemical studies that Toc159 is primarily responsible for conveying
preprotein specificity on Toc complexes [9, 40]. Although there are several
genes encoding proteins with similarity to Toc75 in plants, only one of these
appears to be involved in protein import [29]. Thus, the same Toc75 channel
appears to be a common unit of all Toc translocons, consistent with the
general concept of a nonselective protein-conducting channel that assem-
bles with specific targeting receptors to generate a selective, unidirectional
translocon.

VII. Toc Complex Assembly

Nuclear genes encode all known translocon components. In addition to
studies on the function of individual translocon components, recent inves-
tigations have begun to reveal the determinants and mechanism of Toc
complex assembly. These investigations demonstrate that each of the three
core Toc components is targeted to the outer membrane via a unique
mechanism.

Toc34 is similar to a number of other outer membrane proteins in
possessing an a-helical transmembrane domain that inserts into the lipid
bilayer [15, 17]. As with other outer membrane proteins, Toc34 does not
contain a transit peptide or other cleavable targeting signal. The informa-
tion for targeting the receptor is contained within its transmembrane helix
and in adjacent residues. Efficient insertion of Toc34 into the membrane
relies on its intrinsic GTP binding; however, it is not clear whether nucleo-
tide binding plays a direct role in insertion or an indirect role by stabilizing
an insertion competent conformation. Studies with another model outer
membrane protein, OEP14, suggest that Toc75 might provide the channel
for insertion of this class of proteins into the membrane [11, 83].

Toc75 is unique among outer membrane proteins because it possesses a
cleavable N-terminal transit peptide [84, 85]. This transit peptide is divided
into two regions [84, 85]. The N-terminal region is functionally interchange-
able with the transit peptides of proteins destined for the interior of the
organelle [85]. Therefore, it appears that Toc complexes mediate at least
some stages of Toc75 targeting to the chloroplast. The initial cleavage of the
first segment of the transit peptide occurs in the stroma by the stromal
processing peptidase [85], demonstrating that the N-terminal region of pre-
Toc75 translocates into the stroma. This generates a size intermediate that
remains associated with the envelope. The second region of the transit
peptide contains a glycine-rich segment that appears to block complete
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translocation of Toc75 across the envelope membranes and trigger its
insertion into the outer membrane [85]. This segment of the transit peptide
is cleaved later in the targeting process by an envelope-associated peptidase
with similarity to the type 1 signal peptidases found in prokaryotes [86]. The
mechanism of integration of the b-strands of Toc75 into the outer mem-
brane is unknown. It also is not known whether Toc complexes play a direct
role in Toc75 integration or simply provide the initial entry point for the
polypeptide into the organelle. In mitochondria, the Tob/Sam proteins
mediate b-barrel integration into the mitochondrial outer membrane [87].
Proteins similar to the Tob/Sam components have not been detected in
genomic or proteomic analysis of chloroplast proteins, suggesting that this
mechanism of b-barrel membrane integration is not conserved between the
two organelles. As mentioned earlier, at least one protein with similarity to
the Omp85 proteins of Gram-negative bacteria are present in chloroplasts
[69], but it remains to be seen if they play direct roles in Toc75 biogenesis
specifically or outer membrane biogenesis in general.

In vitro targeting studies with Toc159 demonstrate that its association
with the outer membrane requires both Toc34 and Toc75 [88]. Binding of
the receptor at the chloroplast surface appears to be mediated by an
interaction between the G-domains of Toc34 and Toc159 [88]. These
observations led to a third proposed role for Toc dimerization and GTPase
activity; Toc159 targeting and assembly into Toc complexes (Figure 16.5).
Studies using GTPase mutants and nonhydrolyzable GTP analogues dem-
onstrate that the intrinsic GTPase activity of Toc159 is absolutely required

GTPGTP

GTP

GTP

Toc159

GTPGTP

Toc75

Toc34 GDPGDP
GTPGTP GTP

Pi

GTP GDP
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Toc159 into Toc complexes. Cytoplasmic Toc159 is targeted to Toc complexes by an interac-
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required for the insertion of the M-domain of Toc159 into the outer membrane and the
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for insertion of theM-domain of the intact receptor into Toc complexes [48,
49]. In the absence of GTP hydrolysis, the receptor binds, but does not
integrate into the outer membrane [48, 49]. Binding is mediated by G-domain
dimerization between Toc159 and Toc34 [47, 48]. These observations suggest
that dimerization mediates targeting of the receptor to the Toc complex, and
subsequent GTP hydrolysis provides the energy for integration of the receptor
into the translocon complex. As mentioned previously, atToc33 and atToc34
appear to be differentially enriched in Toc complexes containing atToc159 and
atToc132 [9], respectively. Therefore, the formation of distinct Toc complexes
could be dictated by preferential binding of the atToc159 receptors to atToc33
and atToc34. A population of Toc159 was detected in the cytoplasm concomi-
tant with the discovery of the role of GTP in receptor targeting [50]. This led to
the proposal that Toc159 might function as a cycling receptor whose docking,
insertion, and release at theToc transloconare regulated via aGTPbinding and
hydrolysis. To date, data supporting the existence of a cycling receptor and its
relevance to preprotein targeting is lacking.

VIII. Future Directions

Although the major players in Toc translocon function have been identi-
fied, the underlying mechanism of Toc function remains to be defined. The
accumulated evidence supports the roles of Toc34 and Toc159 as an
integrated preprotein receptor system at the Toc translocon [16, 19, 20,
39, 41]. Their GTPase activities appear to be critical in regulating Toc
translocon assembly and function, providing additional novel roles for
GTPases in regulating intracellular protein trafficking. The molecular
details of GTPase function remain to be elucidated, and the availability of
atomic resolution structures and the power of Arabidopsis genetics are
providing experimental approaches that complement well-established
in vitro import assays. The study of mutants containing alterations in
GTPase activity and dimerization should reveal insights into the roles of
these two properties of the receptors. In addition, the reverse genetic studies
can address the relative contributions of the two receptors to preprotein
recognition and the initiation of translocation at the Toc translocon. The
molecular interactions between the receptors and the Toc75 channel also
have to be defined. In particular, the mechanism by which preproteins are
transferred from the surface receptors into the channel remains a mystery.

Another particularly exciting area of investigation centers on the roles of
the distinct Toc complexes in plastid function and development. The sub-
strate classes for each translocon remain to be discovered, and comparative
studies among the translocons should provide important information on
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the determinants of transit peptide-binding specificity. Investigations of the
diversity of Toc complexes also must be expanded to include nonconven-
tional translocons. Studies on the chloroplast proteome suggest the exis-
tence of hundreds of nucleus-encoded chloroplast proteins that lack
detectable transit peptides [2]. The import of only a couple of these proteins
has been studied, and it appears that they do not compete with stromal
proteins for import. Therefore, it is likely that their targeting involves
translocons that are distinct from those used by proteins containing stan-
dard transit peptides. It is of particular interest to determine if these path-
ways involve any of the known Toc translocons (e.g., Toc132/Toc120
translocons) or individual Toc components. In summary, it is clear that
our concept of a single general import complex must be discarded and
replaced with a picture of a diverse set of translocons that have evolved
to reflect the complexity and diversity of plastid function within plants.
Future studies not only will provide information on the mechanisms of
novel import pathways but also will provide insight into the roles of these
pathways in plastid development and responses to changes in cellular
physiology during plant growth and development.
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I. Abstract

Plastids are a heterogeneous family of organelles found ubiquitously in
plant cells. Most prominent are the chloroplasts which carry out essential
functions such as photosynthesis, the biosynthesis of fatty acids, as well as
amino acids.

Like mitochondria, chloroplasts are derived from an endosymbiotic
event. They are believed to have evolved from an ancient cyanobacterium
which has been engulfed by an early eukaryotic mitochondriate ancestor.
During evolution, the plastid genome has been greatly reduced, and most of
the genes have been transferred to the host nucleus. Consequently, most
plastid proteins are translated in the cytosol and must be posttranslationally
imported into the organelle. Thus, chloroplast development is dependent
on the coordinated expression of both plastid and nuclear-encoded genes.
Especially import into the chloroplast, which is mediated by complex
molecular machines in the outer (Toc complex) and inner (Tic complex)
envelope of chloroplasts, respectively, and assembly into functional com-
plexes have to be tightly regulated.

This chapter deals with the translocon of the inner envelope membrane
(IEM), the Tic complex. Seven components have been annotated so far
to exert a function in protein translocation across the inner envelope.
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Here, we summarize what is known today about the single Tic constituents,
take a glimpse at evolutionary aspects and discuss a possible regulation
mechanism of Tic.

II. Introduction

Chloroplasts are the prominent organelles of green plant tissue. Accord-
ing to the widely accepted endosymbiotic theory [1] they originated from an
ancient cyanobacterium, which was engulfed by a eukaryotic host cell. The
metamorphosis of the autonomous cyanobacterium into a cell organelle
included the transfer of the cyanobacterial genes to the host nucleus. About
98% of all chloroplast genes are now found in the nuclear genome. Conse-
quently, the vast majority of chloroplast proteins is synthesized on cytosolic
ribosomes and has to be transported posttranslationally into the plastid.
This includes specific targeting to the organelle, binding to receptor pro-
teins on the organellar surface and translocation across the double envelope
membranes. Most of the proteins destined for a plastidic subcompartment
are synthesized as precursor proteins with a cleavable N-terminal prese-
quence. Targeting sequences reveal only little similarity at the level of
primary sequence or length [2], but all contain predominantly positively
charged and hydroxylated amino acids such as threonine and serine [3].
Proteins which are located in the outer envelope use a different, yet mostly
unknown, mechanism for targeting and insertion [4]. Translocation itself is
mediated by two complex machineries, called Translocon at the outer
envelope of chloroplasts (Toc) and Translocon at the inner envelope of
chloroplasts (Tic).

The characteristics of Toc are extensively described by D. Schnell in
this volume. Here, we will delineate the knowledge about Tic, which is
still rather scarce at this point. In general, single subunits have been char-
acterized by biochemical approaches, especially focusing on interaction
with precursor proteins. For each member convincing evidence has been
provided of it being a Tic component, even though their specific function in
most cases remains to be clarified. The same applies to the exact composi-
tion of the complex under different conditions and the regulation of the
import process across the inner envelope. Due to the growing number of
available mutant lines of Arabidopsis, also genetic approaches shed further
light on the possible function of Tic constituents. The analysis of knockout
or antisense mutants of the respective Tic genes is a very valuable tool for
gaining more insight into protein translocation into chloroplasts. We will
focus on the characterization of the single subunits and try to fit all known
facts into a larger picture of Tic function and regulation.
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III. Tic110:TheTranslocation Channel

Tic110 was the first component of the inner envelope translocon to be
identified and still is the best-studied subunit today.

Its most prominent feature is its abundance in the inner envelope mem-
brane (IEM), which made it an early target for chloroplast research and of
course a good marker protein for this membrane fraction in chloroplast
preparations [5–7]. Additionally, analysis of the Tic110 expression pattern
showed that it is present throughout development in various green and
nongreen tissue types, pointing out its importance in the general import
pathway [8, 9].

Cloning as well as molecular and biochemical characterization of the
protein from pea (Pisum sativum) confirmed that Tic110 is an integral inner
membrane protein containing a 37-amino acid cleavable presequence for
chloroplast localization, and suggested the presence of two hydrophobic
transmembrane (TM) a-helices in its extreme N-terminus followed by a
long (>97 kDa) hydrophilic domain [10, 11]. However, the topology of this
C-terminal domain as well as Tic110’s functional properties have been a
matter of debate (see below). DNA sequence analysis and database queries
showed that the Tic110 gene is well conserved among higher plants
and shares no obvious homologies to any other protein family (except to
itself in certain domains pointing to partial gene duplication events during
evolution) [12].

Tic110 was initially characterized as a Tic component when it was found
associated with a late translocation intermediate of precursor protein [13,
14]. These late translocation intermediates were observed when a nuclear-
encoded preprotein (usually preSSU) destined for the chloroplast was
imported in vitro under low ATP conditions (�100 mM), which slowed the
translocation process of this precursor down on its way through the envel-
ope membranes. Subsequent cross-linking and purification of the resulting
complex led to copurification of Tic110 with the preprotein.

The high abundance and the size of Tic110 suggests a role as a central
subunit of the IEM translocon with complex regulation and functional pro-
perties [15]. Several studies have found this assumption to be true, associat-
ing Tic110 with at least four different features necessary for effective
preprotein import:

1. Constituting the translocon pore [16]
2. Reacting to the redox state of the chloroplast (see sectionsVII–IX) [17–19]
3. The recruitment of chaperones to the import site (whether directly or

indirectly via Tic40) [10,20–22]
4. The formation of Toc–Tic joint translocation sites [23]
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It is generally accepted that preprotein import occurs simultaneously
through the OEM and IEM of the chloroplast in distinct EM-visible patches
where the two envelope membranes come in physical proximity, called
contact sites [13, 24]. Toc and Tic complexes are believed to interact in
these areas to enable a more direct translocation of preproteins from the
cytosol to the chloroplast stroma. However, the exact subunit composition
is still elusive.

In addition, it is not clear whether these sites are permanently present or
associate only on precursor translocation. Despite these open questions, the
theory has been confirmed in many experiments in which Tic110 was shown
to coimmunoprecipitate with Toc components (and vice versa) from cross-
linked complexes in the presence of precursors [11, 20]. It has to be noted
though that only a minor portion of the Tic110 pool (as well as Toc) is
assembled into these high molecular weight complexes at any given time
[9, 21] and that the connection from Tic110 to Toc is most likely not direct
but mediated by precursor proteins and/or other intermembrane space
(IMS)-localized factors like Tic22 (see below) and Toc12, but clearly
Tic110 is required for a functional import machinery composed of both
translocons.

The exact conformations of Tic110 as well as its topology in the IEM still
need to be established, but from the experimental data presented earlier, it
can be concluded that parts of Tic110 are exposed to the IMS. The short
loop of only a few amino acids connecting the two predicted N-terminal
transmembrane (TM)-helices alone would probably be insufficient to fulfil
this role, therefore large portions of the long C-terminus should be exposed
to the IMS, as proposed in the topology model by Lübeck et al. (1996) [11].
This conclusion was based on trypsin treatment of inner envelope vesicles
as well as limited proteolysis of intact chloroplasts using an experimental
setup which did not allow the protease to reach the stroma.Moreover, Heins
et al. (2002) showed that the C-terminus of Tic110 alone could integrate into
artificial liposomes [16] (see below). Jackson et al. (1998) challenged this
view, arguing that Tic110 was not degraded by added protease under their
experimental conditions [25]. Additionally, Inaba et al. (2003) found that
an N-terminally truncated atTic110 construct expressed in Arabidopsis was
not inserted into the IEM [26]. These results led the authors to conclude
that the C-terminus rather forms a hydrophilic stromal domain which may
coordinate protein import at this side of the Tic complex.

Another important step occurring at the IEM is the direct binding to
incoming transit peptides. Using hexahistidine-tagged preprotein fusions
(or the respective mature forms) immobilized on a Ni2þ-NTA resin
together with in vitro translated [35S] atTic110 in a binding assay, Inaba
et al. (2003) demonstrated that Tic110 indeed has the ability to bind the
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transit peptide of preproteins directly [26]. Exploiting a series of N-terminal
deletion constructs of Tic110 as competitors in the binding assay, the
group could even narrow down the transit peptide-binding domain roughly
to a region between amino acids 185 and 370. They hypothesized that
this domain was located adjacent to the translocon pore and therefore in
a promising position to bind the TP directly after transit through the Tic
channel. Other stromal proteins could very likely then ‘‘take over’’ the pre-
cursor and maybe use the Tic110 C-terminus as a platform for coordinated
action [26]. In their subsequent work, Inaba et al. (2005) also claimed that
amino acids 93–602 of atTic110 are important for the assembly into Toc–Tic
complexes [9]. Even though it was still argued that this region was part of
the stromal domain, both results would also be in line with a model in which
parts of the C-terminus face the IMS.

Early chloroplast import studies already demonstrated that cytoplasmi-
cally (or in vitro) synthesized polypeptides are imported into the chloro-
plast in an ATP-dependent process [27] in which the energy is not used
to generate a membrane potential for driving the import reaction but
that exerts its effect on a stromal ATPase with a different function [28].
Subsequently, at least two proteins (Cpn60 and ClpC) have been reported
to associate specifically with the Tic complex that could represent those
factors postulated a decade earlier [10, 22].

Chaperonin of 60 kDa (Cpn60) represents a stromal oligomeric ATPase
homologous to bacterial GroEL (Hsp60 family), which acts in the folding
of proteins in its central cavity [29, 30]. It was initially implicated with
preprotein translocation when it was found to be the major protein
coimmunoprecipitating with Tic110 in Triton X-100 solubilized chloro-
plasts (without added precursors [10]). The interaction was further shown
to be specific andATP-sensitive (detectable only in the absence of ATP). In
the same ATP-dependent manner, both Tic110 and Cpn60 associated with
the processed (mature) form of a newly imported (urea-denatured) protein
(mSSU). Binding of the precursor form (preSSU) was also detected, but
this interaction was much less ATP-dependent and by that in all probability
a direct interaction with Tic110, whereas the interaction of Tic110 with
mSSU was mediated by either Cpn60 (as claimed by the authors) or the
stromal processing peptidase, which obviously has to be present at this stage
as well [31].

ClpC (or Hsp93) is a second stromal chaperone shown to be involved
in the late translocation events [20, 22]. It belongs to the Hsp100 class of
chaperones and represents a functional homologue to prokaryotic ClpA,
being the regulatory ATPase subunit of the serine protease Clp (caseino-
lytic protease [32]). ClpA/C and their proteolytic counterpart ClpP associ-
ate to form oligomeric ring-like complexes which have been implicated
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in intracellular degradation and substrate turnover [33]. Interestingly, the
ClpC protein is also able to function as an independent molecular
chaperone—promoting protein unfolding and disassembly of protein aggre-
gates and complexes [34]. ThatClpCalso supports the translocation process at
the Tic complex was put into focus by Nielsen et al. (1997), who showed that
components of both Tic (meaning: Tic110) and Toc could be found
in a complex with ClpC under import conditions (and even when precursor
was not present) [22]. Using a coimmunoprecipitation approach with chloro-
plasts solubilized in a mild detergent, the interaction was again demonstrated
to be specific and destabilized by ATP, analogous to the results obtained for
Cpn60. An important difference became obvious when the interaction with
precursor proteins was analyzed in a time course import experiment: while
Cpn60 was found to predominantly associate directly with themature form of
translocated proteins, ClpC interaction could only be detected with the pre-
cursor, implicating that the binding process takes place before the stromal
processing peptidase and Cpn60 come into action and very shortly after the
preprotein emerges from Tic110. Analysis of T-DNA knockout mutants of
the predominantly expressed ClpC isoform in Arabidopsis (Hsp93-V) con-
firmed its function in protein import [35]. Homozygousmutant plants showed
apale phenotype, defects in chloroplast biogenesis, and a significant reduction
in import rate in vitro.

Surprisingly, no specific interaction of any chloroplastidic Hsp70 homo-
logue with the import machinery could be detected [20, 22]. A recruitment
of a stromal Hsp70 by Tic110—analogous to the Tim44–mtHsp70 interac-
tion in the mitochondrial PAM motor complex [36]—could have been
envisaged but does not seem to exist. Instead, published data argue in
favor of ClpC being (at least part of) the ‘‘import motor,’’ probably fixing
the preprotein and preventing any retrograde movement in a Brownian
ratchet manner [37], and maybe in cooperation with Tic110.

The most important function assigned to Tic110 is its role as the Tic
channel [16]. Being the pore component of Tic fits nicely to the large
amount of available data which put Tic110 in a very central position of
preprotein translocation across the IEM (see above). Direct interactions
with transit peptides of incoming precursors, the Toc translocon, most of
the other Tic subunits as well as the stromal chaperones (all reviewed in
[15]) would be very well in line with this proposed function.

Heins et al. (2002) demonstrated that heterologously expressed Tic110
from pea (as well as a construct without the N-terminal TM-helices) recon-
stituted into liposomes formed an ion channel [16]. It had a high conduc-
tance and was shown to prefer cations over anions. This seems
appropriate for the usually positively charged transit peptides of translo-
cated precursors and fits very well to the unusually high abundance of
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negatively charged amino acids in the Tic110 protein [16]. The Tic110
channel displayed a specific block after the addition of purified transit
peptide at the trans side of the lipid bilayer. The electrophysiological prop-
erties indicated a pore size of �15–20 Å, which is similar to the pore size of
the OE channel Toc75 and large enough to allow the passage of an unfolded
polypeptide chain. Furthermore, Heins et al. identified a channel with very
similar properties (high conductance, cation-selectivity, and voltage-
dependence) after fusion of inner envelope vesicles with a planar bilayer,
supporting the suggestion that both channels are identical.

Again, the debate over Tic110 being a channel protein or rather a
scaffold for the coordination of purely stromal events brought back the
question about its topology. As mentioned earlier, Inaba et al. (2003) found
their soluble constructs of the atTic110 C-terminus protease-indigestible
[26]. On the other hand, Heins et al. (2002) clearly demonstrated that
the C-terminus of Tic110 is able to form a channel independent of the
N-terminal TM-helices [16]. Moreover, after reconstitution into liposomes,
Tic110 could be digested with protease resulting in a similar pattern as
Lübeck et al. (1996) had shown for the native protein in intact chloroplasts
[11]. These results seem mutually exclusive but may indicate that the topol-
ogy of Tic110 is actually more complex than previously assumed (probably
depending on the environmental or experimental conditions). Clearly,
further structural investigations are needed to finally solve this issue.

More recently, the availability and detailed analysis of T-DNA knockout
mutants in Arabidopsis thaliana has provided valuable insights into the Tic
subunits and their respective functions in vivo. Concerning Tic110, Inaba
et al. (2005) and Kovacheva et al. (2005) were able to confirm and extend
our knowledge about chaperone recruitment and Tic complex assembly
[9, 35]. Most importantly, T-DNA knockouts of the Tic110 gene were
shown to have an embryo-lethal phenotype in the homozygous state.
Mutant embryos did not progress beyond the globular stage and had a
‘‘raspberry’’-like phenotype (compare [38]). Interestingly, a very similar
phenotype had been described for one of Tic110’s interaction partners
(Cpn60a [39]) as well as for a gene of unknown function predicted also
to be localized in the chloroplast, called Raspberry 3 (Rsy3 [40]). These
findings highlight that Tic-mediated action is essential from the very begin-
ning of chloroplast development and, more general, that plastid biogenesis
and embryo development seem to be tightly linked.

Equally interesting is the fact that even the heterozygous knockout plants
already showed a phenotype, indicating that mutations in the Tic110 gene
are semidominant [35]. This effect is rather rare and underlines the impor-
tance of Tic110. From the mentioned high abundance of Tic110 in the IEM
alone, one could have anticipated that a drop even by �50% of functional
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transcripts has no effect on plants, but the opposite seems to be true.
Heterozygous plants were shown to have a subtle but obvious chlorotic
phenotype and the import rates in chloroplasts isolated from these plants
were significantly reduced [9, 35]. Deleterious effects were also observed
when full length Tic110 or N- and C-terminally truncated constructs,
respectively, were overexpressed in Arabidopsis. The most plausible expla-
nation for these results is the presence of a highly dynamic but sensitive
stoichiometry of subunits within the complex. Obviously, the amount of
Tic110 integrated into the translocon is directly dependent on the overall
amount of expressed protein. Too little or too much immediately disrupts
the stoichiometric order of the system or, in the case of the truncated
constructs, displaces functional subunits from the complexes [9].

Mutant plants of two different genes, which are both viable, can be
crossed to study the effect of double mutations in one genetic background.
This can be used to assess functional relationships between the analyzed
proteins. If the new phenotype is a sum of severity of both single pheno-
types, the proteins are generally believed to function in different pathways.
However, if no phenotypic additivity becomes obvious, but one phenotype
masks the other or the double mutants rather show signs of suppression,
there is reason to believe that they are involved in a common process. This
effect is called ‘‘epistasis.’’ Kovacheva et al. (2005) demonstrated that epis-
tasis comes into effect when double mutants of attic110 and athsp93-V (see
above) as well as another Tic component, called atTic40, are generated [35].
This indication for a close functional cooperation has only been the latest
in a long row of experiments showing that Tic40 indeed plays a prominent
role in preprotein translocation across the IEM.

IV. Tic40:The Cochaperone

Tic40 had initially been identified as two envelope polypeptides of �44
and �42 kDa, respectively, involved in chloroplast protein import by virtue
of their physical proximity to translocating proteins [14]. Conflicting results
did not allow the clear assignment of the protein(s) to either the inner or the
outer envelope membrane, reflected by the given name chloroplast inner
membrane/chloroplast outer membrane protein of 44 kDa (Cim/Com44).
After subsequent identification of a first seemingly full-length cDNA clone
from Brassica napus, the protein was renamed Toc36 due to the finding that
the in vitro translated peptide was only attached to the chloroplast but
neither processed nor imported [41]. Finally, Stahl et al. (1999) settled this
issue when they identified a pea cDNA clone with an extended 50-terminus
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(compared to bnToc36) and demonstrated by N-terminal sequencing of the
native protein isolated from detergent-solubilized envelope membranes
that the clone originally identified by Ko et al. (1995) did indeed not repre-
sent a full-length clone but lacked the N-terminal signal peptide, which had
probably been the main reason for its mistargeting to the OE [42]. Addi-
tionally, the N-terminal sequencing revealed that the 42 kDa polypeptide
originally thought to be a second family member actually represents only a
proteolytic fragment of Tic40.

Secondary structure prediction algorithms indicated that Tic40 contains
a single TM span within the extreme N-terminal region of the protein,
anchoring it to the envelope membrane. Stahl et al. (1999) also showed that
the C-terminus of Tic40 is protease resistant and therebymost likely oriented
towards the stroma. Using biochemical fractionation of purified chloroplasts
as well as immunogold labeling of ultrathin sections from pea leaves, the
exclusive localization of Tic40 to the IEM could be demonstrated.

As for the possible function of Tic40, sequence alignments and BLAST
searches indicated that the best conserved regions are around the TM
domain and in the C-terminal half of the hydrophilic domain. Especially
the region from residues 380 to 438 of psTic40 shows a high homology
(�40% identity) to the C-terminal globular domain shared by the cocha-
perones Hsp70-interacting protein (Hip) and Hsp70 and Hsp90-organizing
protein (Hop) [42–44].

Hip represents one of several cochaperones that are known to regulate
the activities of the Hsp70 chaperone family [45, 46]. It appears to stabilize
Hsp70 in its ADP-bound conformation, prolonging its association with
the substrate, but was also shown to possess chaperone activity on its
own, independent of Hsp70. Hop then seems to subsequently mediate the
cooperation and physical association between the Hsp70/Hsp40/Hip com-
plex and Hsp90 (necessary to generate the so-called ‘‘intermediate com-
plex’’ in the Hsp90 chaperone cycle [47, 48]), but a Hop protein from yeast,
Sti1, has also been shown to bind to Hsp104, another Hsp100 family mem-
ber [49]. Also involved in the binding processes of Hip and Hop to Hsp70,
Hsp90, and Hsp104, respectively, is a structural motif called tetratrico-
peptide repeat (TPR; for review see [50]). These domains are degenerate
34-amino acid repeats often arranged in tandem arrays, each forming two
antiparallel a-helices, and they are used ubiquitously to mediate a variety
of protein–protein interactions (generally with non-TPR proteins). In addi-
tion toHip andHop, TPRs are present in a number of functionally unrelated
proteins.

For Tic40, further tertiary structure predictions indicated that immedi-
ately preceding the Hip/Hop domain, seven a-helices are found that form a
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structure with similarity to TPR domains. Experimental evidence sup-
porting this prediction was gained from the finding that an antibody raised
against TPR1, a protein containing a single TPR domain, could cross-react
with Tic40 [43].

Taken together, the structural predictions strongly suggest that Tic40
may have the function of an IEM-anchored cochaperone. Theoretically,
Tic40 could either associate with the unfolded preproteins as they emerge
from the Tic channel (analogous to or in coordination with Cpn60) or
modulate the activity of a close chaperone, potentially Hsp93. Experimen-
tal data supporting the former notion is rather scarce. In the previously
mentioned experiments performed by Kessler and Blobel (1996) which
identified Cpn60 as amajor component coimmunoprecipitatingwith Tic110,
another minor signal of about 40 kDa had been detected, which was argued
to possibly represent IAP36 (nowTic40), but no further data were presented
to clarify this point [10]. Additionally, time course import experiments
presented by Chou et al. (2003) showed predominant (but not exclusive)
interaction with themature form of SSU [43]. All these data could link Tic40
to the posttranslocational chaperone-mediated folding processes, but other,
more recent, indications gained from biochemical as well as genetic data
put Tic40 rather in an earlier position as part of the Tic motor complex,
together with Tic110 and Hsp93/ClpC.

Wu et al. (1994) had already shown Tic40 to be in a complex associated
with late import intermediates, a stage of import halted before processing
and folding occurs [14]. Furthermore, via chemical cross-linking of whole
chloroplasts with DSP or in isolated inner envelope vesicles with DSP and
even the 0-Å cross-linker CuCl2 [42], a very close connection of Tic40 to
Tic110 has been reliably established. In the same cross-linking studies,
Chou et al. (2003) also investigated the presence of Toc subunits or stromal
chaperones implicated in protein translocation in the Tic40-immunopreci-
pitates. These experiments revealed an association with Toc75 and Hsp93/
ClpC but not with Toc159, Hsp70, or Cpn60, speaking in favor of the latter
hypothesis. Moreover, when Chou et al. (2003) characterized the import
efficiency of chloroplasts from mutant tic40 plants, binding of preproteins
to the chloroplasts seemed normal, but striking differences became obvious
when import was performed under high ATP conditions (5 mM). Total
import of the analyzed precursors was reduced by 25–40%, but, even
more interesting, significant quantities of precursor as well as small
amounts of mature forms were detectable in the posttranslational superna-
tant even though chloroplasts had been reisolated after the precursor-
binding step. Additionally, immunoblots from whole chloroplasts showed
that unprocessed forms of chloroplastidic proteins could be found also
in vivo. The authors concluded from these results that the absence of
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Tic40 led to defects in the ability to interact with preproteins during late
import steps and in translocation to the stroma, thereby releasing them
back into the cytosol or import medium, respectively [43]. This proposal
would draw a nice parallel to the already discussed ‘‘motor’’ function of
ClpC (see above), and could be done in a concerted action.

In consequence of the available data, a close connection of Tic40, Tic110,
and the chaperone ClpC can be anticipated. The reported similarity in
chloroplast phenotypes from the respective mutants, concerning, for exam-
ple, the defects in import efficiency or chloroplast ultra structure [35, 43], as
well as the accumulated biochemical data, place all three components at the
same stage in preprotein import. The most intriguing possibility for a
concerted action, of course, would be the role as the Tic import motor.
The fact that the tic40 knockout plants are still viable though, while tic110
mutants are embryo-lethal, shows that Tic40 function does not seem to be
essential for plant development in general. If this was the case, Tic40 could
rather fulfill an accessory function, maybe in modulation or optimization of
the ATPase activity of Hsp93.

However, another interesting side effect of the tic40 phenotype was a
significant reduction in the number of chloroplasts in the mutant plants [35,
51]. It was further demonstrated that undeveloped plastids were present,
which were then degraded more extensively in the vacuoles as compared to
wild-type. These results could give an indication of the fact that Tic40 may
also be an important factor for chloroplast biogenesis and survival in the
cell [51].

V. Tic20:APutative ChannelProtein

At first sight, Tic110 and another IEM protein, called Tic20, could not be
more different, but still both proteins have been implicated with the role of
being a translocation channel [16, 52]. However, the idea of Tic20 being
able to form a channel has not yet been proven experimentally and is based
mainly on sequence comparison studies and structural predictions [53].

The initial detection of Tic20 has to be contributed to Ma et al. (1996),
who detected the protein cross-linked to a modified version of preSSU in
an intermediate stage of import [54]. After subsequent identification of a
full-length cDNA clone from pea, BLAST searches revealed a distant
sequence similarity to two prokaryotic branched-chain amino acid trans-
porters (AZLC of Bacillus subtilis and LivH of Methanococcus jannaschii
[53]). A similar sequence similarity had also been detected for the mito-
chondrial channel proteins Tim23, Tim22, and Tim17 [55]. A structural
feature common to Tic20 and the Tim proteins is, for example, the prediction
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of four TM-domains, embedding them deeply into the inner membrane of
mitochondria and chloroplasts, respectively. Using a covalent label-transfer
cross-linking study in order to map the sequence of events during import,
Kouranov and Schnell (1997) found Tic20 (and Tic22) in intermediate
to late stages, with Tic22-binding preproteins before Tic20 [56]. Interest-
ingly, Tic110 could not be detected in this study. The presence of a close
connection of Tic20 to Tic22 was further demonstrated by immunological
pull-down assays, in which Tic20 could be detected in an anti-Tic22
immunoprecipitate [21]. However, when solubilized chloroplast envelope
membranes were subjected to sequential immunoaffinity chromatography,
Tic20 and Tic22 could not be detected in the anti-Tic110-bound fraction
after the samples had already been immunodepleted of Toc components
(with anti-Toc34- and anti-Toc86/159-Sepharose). Additionally, in Blue
Native PAGE (BN-PAGE) analysis of pea chloroplasts, Tic20 and Tic22
show a running behavior which is quite distinct from the Tic core complex
as described by Küchler et al. [19] (containing Tic110, Tic62, and Tic55—
see sections VIII and IX and Benz and Bölter, unpublished results). These
results reveal a close connection of Tic20 to Tic22 and Toc as well as
to translocating precursors, but also raise the question whether Tic20 and
Tic110 are present in the same Tic complex or rather work independently
of each other maybe in distinct Tic complexes.

In Arabidopsis, four homologues to Tic20 from pea (psTic20) seem to
exist [12]. Two of these, namely atTic20-I (�62% identity) and atTic20-IV
(�35% identity), are thought to represent real orthologues and/or para-
logues of the pea gene, respectively. The other two (atTic20-II and
atTic20-V) are more distantly related and less well conserved. Expression
analysis of the former two genes in Arabidopsis has shown them to be the
least abundant of all Tic components [57], but atTic20-I seems to be present
in all tissues analyzed so far (including roots and etiolated seedlings [52]).

The importance of Tic20 for preprotein import and plant development
has been studied using antisense lines in Arabidopsis [52]. Comparable to
the previously described Tic components Tic110, Tic40 (and Hsp93-V),
plants with reduced Tic20 expression showed a pale to chlorotic phenotype
as well as altered chloroplast ultrastructure. Protein import experiments
performed with preSSU indicated a specific defect in preprotein translo-
cation across the IEM. Furthermore, it was shown that the accumulation
of nuclear-encoded plastid proteins was impaired in antisense plants,
whereas the abundance of major translocation components remained con-
stant (Toc75, Toc159) or rather increased slightly, for example, for Tic110.
These results implicate a significance of Tic20 in preprotein translocation,
though they do not provide any evidence for a function as a channel protein.
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VI. Tic22:AConnection to Toc inthe IntermembraneSpace

As already mentioned, Tic22 was discovered along with Tic20 [21]. It is
the only partially soluble Tic translocon component identified so far and is
localized in the intermembrane space between the outer and inner envelope
of chloroplasts. Tic22 has been detected by label-transfer cross-linking in
direct contact to a precursor protein and seems to join the Tic complex only
in the presence of Toc to form joint translocation sites [21].

A cyanobacterial homologue of Tic22 in Synechocystis (slr0924) has
been identified and localized in the thylakoid lumen as well as the periplas-
mic space by immunogold labeling [58]. It has been found to comprise an
essential protein which has not yet been determined for its counterpart in
plants.

The import of Tic22 has been reported to follow a different pathway than
the general import route, though the data are less than convincing [59]. It
seems clear that Tic22 has a cleavable N-terminal transit peptide and needs
only minor amounts of ATP to reach the intermembrane space. This is not
surprising since the major amount of ATP necessary for import into the
stroma is used by stromal chaperones [10, 20] (see section III) which may
not play a role in import to the intermembrane space.

Becker et al. (2004) found that Tic22 is a member of a translocation-
mediating intermembrane space complex consisting of Toc64, the J-protein
Toc12, Hsp70, and Tic22 [60]. In the presence of ATP, Toc64 recruits Tic22
into the complex, where it directly interacts with Hsp70 and the translo-
cating precursor protein. This scenario is reminiscent of the mitochondrial
system where distinct complexes composed of small Tim proteins mediate
translocation of proteins across the intermembrane space [36]. Thus, it
cannot be excluded that an intermembrane space complex also exists in
plastids that might be restricted to specific classes of proteins. This would be
in line with the observation that Hsp70, Toc12, Toc64, and Tic22 are less
abundant than the core components of Toc, namely Toc159, Toc34, and
Toc75 [57].

Regarding the intermembrane space complex, a feature indicative of a
redox-mediated import process comes to mind: the loop region of Toc12
following the HPD motif comprises two cysteine residues unique in the
class of J-proteins. The disulfide (S–S) bridge formation between both
cysteins was shown to stabilize the structure. This disulfide bond might
also be important for the regulation of the import process itself, because
reversible S–S bridge formation is a common mechanism to alter chloro-
plast enzyme activity [61]. It may be able to ‘‘sense’’ the redox state, the
signal coming from the chloroplast through Tic32, 62, and 55, which will be
discussed later (sections VII–IX).
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VII. Tic32: AShort ChainDehydrogenase

Tic32 has been identified as an interaction partner of the N-terminal part
of Tic110 [18]. The first 200 amino acids of Tic110 were heterologously
expressed, purified on a nickel column and refolded to build a Tic110
affinity matrix which was then incubated with solubilized inner envelope
proteins. Bound proteins were eluted from the matrix by a salt gradient
resulting in a single protein being detached from Tic110-N. This protein of
32 kDa was then sequenced and identified as a member of the conserved
class of short chain dehydrogenases (SDRs).

SDRs are a functionally heterogeneous protein superfamily found in
all organisms and are defined by three distinct functional domains: an
NAD(P)H-binding site at the N-terminus (TGXXXGXG), a b-sheet stabi-
lizing motif in the central part (NNAG) and an active site containing an
essential tyrosine residue at the C-proximal part [62]. SDRs are involved in
as different functions as fatty acid and sugar metabolism, control of hor-
mone ligand levels, transcriptional regulation, and apoptosis. Very often
those enzymes are membrane bound and found in complexes with other
membrane proteins [63, 64].

If inner envelope vesicles are treated with 1 M sodium chloride, pH 11.5
or 6 M urea and subsequently separated into pellet and supernatant, Tic32
is almost exclusively detected in the pellet fraction. This indicates that it
represents an integral membrane protein, though secondary structure pre-
diction programs place it within the class of soluble proteins [65]. Protease
treatments of inner envelope vesicles showed that Tic32 is protected from
degradation, indicating that it faces the stromal side of the IEM. It could be
shown by chemical cross-linking and immunoprecipitations that Tic32
interacts with precursor proteins during the translocation process even at
a very late stage of import. The affiliation of Tic32 to the inner envelope
translocon was verified by coimmunoprecipitations. Tic32 not only inter-
acts with Tic110 but is found in a complex with Tic40, Tic22, and Tic62.
On analyzing T-DNA knockout mutants inA. thaliana, it became clear that
Tic32 is essential for plant development. No homozygous plants were found
in an extensive screen. Closer investigation of siliques from heterozygous
plants revealed aborted seeds which contained aberrant embryos. This
indicates that the presence of Tic32 is required for embryogenesis [18].

The tight interaction of the SDR Tic32 with the protein-conducting
channel Tic110 reminds of the association of potassium channels with
their regulative beta subunits [66]. Those Kvb oxidoreductases couple the
Kv channel activity with cellular redox regulation. Although it is still
speculative that Tic32 is in fact responsible for the gating of the Tic110
channel, it could be shown that the heterologously expressed protein indeed

452 PHILIPP BENZ, ET AL.



shows dehydrogenase activity and that the interaction with Tic110 is influ-
enced by binding of NADPH (F. Hörmann and F. Chigri, personal
communication).

Another fascinating feature of Tic32 was revealed on studying its import
behavior. In contrast to almost all other components destined for an inner
compartment of the chloroplast, Tic32 does not posses a cleavableN-terminal
transit peptide, though the essential targeting information is contained within
the 10 most N-terminal amino acids [67]. Not only the targeting of Tic32
differs from most other precursor proteins using the Toc/Tic machinery for
the passage across the two envelope membranes, but also the actual route
Tic32 takes into the plastids. Tic32 is imported in the presence of very low
amounts of ATP (20 mM) at 4 �C and is not dependent on protease sensitive
receptors on the chloroplast surface, as was demonstrated by import of Tic32
into thermolysin treated chloroplasts. It could also not be cross-linked to any
Toc components indicating that Tic32 bypasses the known Toc machinery on
an unknown pathway. The only member of the general import translocons
found in connectionwithTic32was Tic110. But this does not necessarily point
at an involvement of Tic110 in the import of Tic32 but could simply reflect the
final situation of the two proteins being in very close proximity. Those results
prove that beside the so-called general import pathway there must exist at
least one other pathway into the chloroplast which circumvents the Toc/Tic
machinery. Only one other example of an inner envelope protein being
imported without a cleavable transit peptide has been published, although
this protein (chloroplast envelope quinone oxidoreductase homologue
(ceQORH) does not contain any essential targeting information within the
first 59 amino acids [68, 69].

VIII. Tic62:The FNR-BindingProtein

Tic62 shares a specific feature with Tic32, which is a pyridine-nucleotide-
binding site at the N-terminal part of the protein. It has been identified as a
member of the Tic-core complex (containing Tic110, Tic55, and Tic62)
isolated from BN-PAGE [19]. This result has been corroborated by
coimmunoprecipitation, making Tic62 a bona fide member of Tic which
coprecipitates together with Tic110, Tic40, Tic55, and Tic32. Besides contain-
ing an NADPH-binding site, which was experimentally confirmed, Tic62
exhibits a repetitive module of three repeats in the C-proximal part of the
protein. It could be shown that this module interacts with a stromal enzyme,
the ferredoxin oxidoreductase (FNR). FNR is known to be localized at the
stromal face of thylakoids where it transfers electrons from ferredoxin to
NADP, thereby playing a crucial role in photosynthesis and chloroplast
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redox-controlled metabolism [70]. FNR is known to be released from thyla-
koids on oxidative stress [71], which might provide a pool of FNR free to
interact with Tic62. Since transcription, translation as well as import of FNR
itself is dependent on the chloroplast’s redox state [72], association with Tic62
might reflect the presence of a signal cascade to sense the redox state of
chloroplasts in which FNR could mediate electron transfer to Tic62-bound
NADP.

IX. Tic55:TheRieske-FamilyMember

Similar to Tic62, BN-PAGE was the method used to discover Tic55 [17].
In this case, Tic110 was used as a marker protein for a possible Tic complex.
A band of �280 kDa was shown to contain Tic110, ClpC, a 60-kDa protein
(which we now know to be Tic62), a 55-kDa band and two others of 45 and
36 kDa, respectively. The 55-kDa protein was identified by peptide sequenc-
ing and screening of a pea cDNA library as a Rieske-type protein containing
an additional mononuclear iron binding site. It was localized to the inner
envelope membrane, shown to be resistant to treatment with pH 11.5 and to
comprise a protease-protected fragment of 47 kDa. These results, together
with secondary structure predictions, indicated that Tic55 spans the inner
membrane twice, with the bulk of the protein being exposed to the stroma.
It could be coimmunoprecipitated with Tic110, confirming the result from the
BN-PAGE of it being a member of the inner envelope translocation
machinery.

Rieske-type proteins play important roles in electron transfer, for example
in the respiratory chain complexes. It has been shown that the chemical
compound diethylpyrocarbonate (DEPC) inhibits the electron transfer activ-
ity of mitochondrial complex III (containing a Rieske-type cytochrome) by
ethoxyformylation of a critical histidine residue [73]. The effect of DEPC on
chloroplast protein import was studied using the precursor of SSU (preSSU).
In the presence of 1 mM DEPC translocation of preSSU was drastically
inhibited at the level of the inner envelope membrane, indicating that a
Rieske-type protein like Tic55 plays a crucial role during protein transloca-
tion. Using a different experimental approach, direct binding of preSSU to
Tic55 was demonstrated [17].

Database research revealed significant homology to bacterial aromatic
ring-hydroxylating dioxygenases. Within the plant clade, close homologues
were found inmaize lethal leaf spot (LLS1); today:pheophorbide a oxygenase
(PAO) and Arabidopsis, classifying Tic55 as a member of CAO/PAO-
like oxygenases [74]. Since the sequencing of the Arabidopsis genome has
been completed [75], it became clear that Tic55 belongs to a tightly clustered
family of plant oxygenases, containing LLS1 and Ptc52 (a chlorophyll a
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oxygenase) which share a unique C-terminal part strictly conserved within
this family comprising 25 members. Thus, those three proteins are closely
related and likely to have derived from a common ancestor. The presence
of PAO-like proteins correlates strongly with the emergence of oxygenic
photosynthesis, indicating that oxygenase-like proteins may have evolved to
allow oxygenic photosynthetic organisms to adapt and become fine tuned to
oxygen/light levels in the water and on land [76]. The C-terminal conserved
region of the PAO family comprises a cysteine, which supports Küchler’s
hypothesis of the redox-regulated Tic translocon; redox-regulated proteins
exhibit conserved cysteine residues which could be targets of thioredoxin
regulation.

Regarding the presence of Tic55 as a Rieske protein (see above) as well as
Tic62 and Tic32 as possible dehydrogenases in the Tic machinery, the possi-
bility of redox regulated import across the inner envelope becomes highly
feasible. It was shown by Hirohashi and colleagues in 2001 that different
ferredoxin and FNR isoforms are differentially imported dependent on the
redox state of chloroplasts [77]. Those authors used light or darkness to alter
the state of the plastidic NADPH pool. Küchler et al. used the chemical
compounds deamino-NAD and HAR to demonstrate the influence of the
chloroplasts’ redox stage on import of those precursor proteins [19]. Also, it
had already been reported by several researchers that the expression of
nuclear-encoded plastid proteins is regulated by redox mechanisms [78].
Therefore, an additional redox controlled checkpoint at the level of protein
import into the chloroplast seems only logical. Gene expression is in some
cases a long-term response to the redox state [79], whereas import activity
could represent a more instant response.

Taken together, we find three components in the Tic complex which
exhibit features indicative of being involved in redox regulation, namely
Tic55, Tic62, and Tic32. Although the in vivo substrates of the dehydro-
genases are not known to date and the sequence of any electron transfer has
to be pure speculation at this point, it seems highly probable that import
across the inner chloroplast envelope is a redox-regulated process—either
directly by influencing the gating behavior of the translocation pore Tic110
or indirectly by sensing and ‘‘reporting’’ the plastidic redox state.

X. TravelingBack in Time

The evolutionary ancestors of plastids, the cyanobacteria, lack a protein
import system. Thus, in the course of integrating the cyanobacterial endosym-
biont into the host cell, a mechanism for protein import needed to be estab-
lished along with or successively to the gene transfer from the organelle to the
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nucleus. Only three of the Tic components have homologues in cyanobac-
teria, namelyTic55, Tic22, andTic20 [53]. All other components seem to have
derived from the eukaryotic host and/or underwent intensive mutations,
which impedes their recognition. Reumann and Keegstra performed detailed
phylogenetic studies of the Tic components [12]. According to their conclu-
sions, two of the four Tic20 homologues in Arabidopsis thaliana correspond
to the most ancient form (see section V). The other two homologues, includ-
ing the pea orthologue, have acquired N-terminal targeting signals to exert
their yet unknown function in chloroplast protein import.

The Synechocystis homologue of Tic22 (slr0924) has been studied exper-
imentally and found to be localized in the thylakoid lumen as well as the
periplasmic space (see section VI). Since slr0924 comprises an essential
gene in Synechocystis, a possible role in photosynthesis or glucose meta-
bolism was discussed, which would tally with the restriction of Tic22 pro-
teins to cyanobacteria. Whether another Arabidopsis Tic22 homologue
(atTic22-III) also resides in the chloroplast remains to be determined.

Interestingly, Tic20 and Tic22 also have homologues in the red algae
Porphyra purpurea and Cyanidium caldarium, which are still encoded in
the plastidic genome [12]. In C. merolae, one copy is still in the plastome,
one other already found in the nucleus. Thus, looking at eukaryotes close to
the base of the phylogenetic tree, representing intermediate stages of gene
transfer, provides a neat possibility to get a direct glimpse of evolutionary
processes.

Tic55-like proteins are found in cyanobacterial genomes as well [53].
Although no close homologues for Tic62 have been identified in prokary-
otic organisms, just looking at the N-terminal part of the protein draws a
different picture: the first 200 amino acids are closely related to cyanobac-
terial nucleoside-diphosphate sugar epimerases [12]. Thus, this Tic compo-
nent seems to have been poached from a different function, extended by
the C-terminal repeats and thereby integrated in the redox sensing of the
chloroplast by binding to FNR. This seems to have happened rather late
in evolution since the Tic62 orthologue in Physcomitrella also lacks the
FNR-binding repeats (A. Stengel and B. Bölter, unpublished observation).

Generally, it seems quite likely that the subsequent assembly of translo-
con components originated from a primitive translocation machinery
already present in the ancient ancestor of plastids, most likely mediating
transport out of the cell. A very basic member of such an early translocon
should be the protein conducting channel. This would suggest that it either
derived from the cyanobacterial endosymbiont or was first in line to be
targeted to the newly acquired organelle from the host organism. The fact
that Tic20 has a cyanobacterial homologue would argue for Tic20 as the
ancient channel, whereas the rather late transfer of the Tic20 gene to the
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nuclear genome speaks against this notion. It could also be imagined that
until the recruitment of Tic20 and/or Tic110 as protein translocation chan-
nels a cyanobacterial Sec-component might have taken over this function.
The principal possibility of retrograde transport has been shown for the
eukaryotic Sec61 homologue [80].

Taken together, there are still a lot of questions to be solved concerning
the Tic complex (a current model is depicted in Figure 17.1) but it became
quite clear that the regulation of import across the inner membrane is
different from that of the Toc machinery. While Toc is regulated via
nucleotide exchange, a clearly eukaryotic feature, Tic seems to use the
prokaryotic way of redox regulation for coordinating the needs of chloro-
plasts with the cellular metabolism.

Tic22

IE

Stroma

T
ic

20

ClpC

Tic62

NADPH

FNR

Tic55

Tic110

Tic32
NADPH

Cpn60

Tic40

FIG. 17.1. Model of the Tic complex. Components of the Tic complex are designated as Tic,

followed by their molecular masses in kDa, associated chaperones as Cpn60 and ClpC,

respectively. The translocation channel Tic110 is associated with the cochaperone-like Tic40,

the dehydrogenases Tic32 and Tic62, the Rieske-type Tic55 (all constituents involved in redox

regulation are depicted in blue) and the chaperones ClpC/Cpn60. Tic22 has been shown to be

involved in complex formation in the intermembrane space. For Tic20 a pore forming function

is discussed.
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I. Abstract

Most chloroplast proteins are encoded by nuclear genes, translated in the
cytosol as precursor proteins, and posttranslationally imported into the
chloroplast. A subset of imported proteins is further localized to the thyla-
koid membrane and lumen by mechanisms conserved from the cyanobac-
terial endosymbiont that evolved into the chloroplast. The Sec and Twin
arginine translocation (Tat) pathways are themajor systems for transporting
proteins across the thylakoid membrane into the lumen. Both systems
employ hydrophobic cleavable signal peptides for targeting, but Tat signal
peptides also contain an essential twin arginine motif. Biochemical studies
indicate that the thylakoid Sec system operates similarly to the Escherichia
coli Sec system, that is a chloroplast SecA powers transport of unfolded
protein substrates through a fixed cpSecYE channel. Indirect evidence also
suggests that the thylakoid Sec system can integrate plastid-encoded
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multispanning membrane proteins cotranslationally. The Tat pathway is a
newly discovered translocation system that can transport folded protein
domains using the DmH

þ
as the sole energy source. Three membrane

proteins, High chlorophyll f luorescence 106 (Hcf106), Thylakoid
assembly 4 (Tha4), and cpTatC constitute the components of the Tat
machinery. Precursor proteins bind to a large cpTatC–Hcf106 complex by
contact of the signal peptide twin arginine region to cpTatC and its hydro-
phobic core to Hcf106. This triggers recruitment of a Tha4 oligomer, setting
the stage for transport. During the translocation step, the Tha4 oligomer
undergoes a conformation shift that aligns its amphipathic helices and
carboxyl tails, possibly in association with the bilayer interface. These
results have been interpreted in a general model in which the Tha4 oligo-
mer facilitates passage of the substrate across the lipid bilayer.

II. Overview of Protein Trafficking to the Plant
Thylakoid Membrane and Lumen

Chloroplasts are structurally complex organelles with three membranes
and three aqueous compartments. A double-envelope membrane system
encloses the aqueous stroma; the thylakoid membrane, embedded in the
stroma, encloses the aqueous lumen, which is the innermost compartment
of the chloroplast. Chloroplasts contain 2000–3000 different proteins [1],
most of which are stromal proteins and most of which are encoded in
the cell nucleus. The thylakoid membrane and lumen each contain �100
different proteins [2, 3]. About 50% of thylakoid membrane proteins are
encoded by plastid genes [4, 5] and translated on 70S ribosomes. The
remaining thylakoid membrane proteins and all of the known lumenal
proteins are encoded on nuclear genes, synthesized in the cytosol as pre-
cursor proteins, and posttranslationally imported into the chloroplast [6, 7].
Because of robust in vitro assays, much more is known about the targeting
pathways of the nuclear-encoded thylakoid proteins. Chloroplasts are read-
ily isolated from a number of plant species and are active in importing
precursor proteins that are either made by in vitro translation or produced
by heterologous expression in bacteria [8]. Studies with chloroplast import
assays have shown that localization of nuclear-encoded thylakoid proteins
is a two-step process [6, 7], wherein precursor proteins are first imported
across the chloroplast envelope and transiently appear in the stroma as
soluble intermediates before translocation into thylakoids [9, 10]. Import
into the chloroplast is directed by stroma targeting transit peptides that are
present on the N-terminus of precursors. Cleavage of transit peptides by the
stromal processing peptidase exposes thylakoid-targeting signals that direct
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integration into or transport across the thylakoid membrane (shown for the
Sec and Tat pathways in Figure 18.1).

The pathways and mechanisms for thylakoid targeting have been exam-
ined in assays either with intact chloroplasts or with isolated thylakoids.
There are several ways of manipulating chloroplast import assays to specif-
ically inhibit the thylakoid translocation step. These include dissipating the
proton gradient with ionophores [11, 12], depleting internal nucleoside
triphosphates (NTPs) with glycerate [13], inhibiting SecA with azide [14,
15], and competing for precursor transport with saturating quantities of
other precursors [16]. However, the isolated thylakoid translocation assay
allows more precise control of experimental conditions and has been the
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assay of choice for mechanistic studies of the translocases (http://www.hos.
ufl.edu/clineweb/).

Biochemical characterization of thylakoid protein transport in the early
1990s determined that there were two precursor-specific pathways for
lumenal protein transport that could be distinguished by their functional
requirements [12, 17] and could also be selectively competed with saturating
quantities of precursors [16]. One of these pathways was found to be homol-
ogous to the well-characterized bacterial Sec system [18, 19]. The other
pathway turned out to be a novel translocation system. It was initially called
the DpH-dependent pathway because of its requirement for the thylakoidal
DpH as sole energy source. It has been renamed ‘‘Tat’’ for Twin arginine
translocation to reflect the presence of two contiguous and essential arginine
residues in the signal peptides of precursors that use this pathway. It is
now known that Tat systems are widely represented in prokaryotes and
prokaryote-derived organelles. Surprisingly, they are, unlike almost all
other translocation systems, able to transport fully folded proteins.

There are four known pathways for protein localization to thylakoids [6,
7, 20]. In addition to Sec and Tat, the cpSRP and ‘‘Spontaneous’’ pathways
are involved in membrane protein integration and are covered elsewhere in
this volume. All of these pathways are highly homologous to protein
transport and integration pathways found in prokaryotes and assuredly
are conserved from the cyanobacterial endosymbiont that gave rise to the
chloroplast. This chapter will focus on the chloroplast Sec and Tat protein
transport pathways (Figure 18.1).

III. Targeting to the Sec and Tat Pathways

Most of the known substrates of the thylakoid Sec and Tat pathways are
resident proteins of the thylakoid lumen. In addition, simple membrane
proteins with large lumenal domains, for example cytochrome f (Cytf) and
photosystem 1 F subunit (PsaF), are integrated by the Sec pathway (see
later) and two single span membrane proteins are integrated by the Tat
pathway [21, 22]. Thylakoid Sec may also integrate multispanning mem-
brane proteins such as D1 (see later). Virtually all of the lumenal and
single-span membrane proteins are targeted to their respective pathways
by cleavable hydrophobic signal peptides with features similar to bacterial
signal peptides (Figure 18.2). These include a charged N-terminal region
(N), a hydrophobic core region (H), and polar C-terminal region (C) with
an A-X-A motif for cleavage by the thylakoid processing peptidase (TPP).
Characteristics of thylakoid Sec and Tat signal peptides have been reviewed
[23–25]. One notable feature is that both thylakoid Sec and Tat signal
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peptides generally possess unusually long N domains that usually contain
acidic residues near the N-terminus. We previously referred to these acidic
regions as ‘‘A’’ domains [23]. A domains can be deleted from certain pre-
cursors without adversely affecting transport competence in vitro. Deleting
the A domains of 23-kD subunit of the oxygen evolving complex (OE23)
and 17-kD subunit of the oxygen evolving complex (OE17) precursors
actually improves Tat transport competence [26] and increases OE17-bind-
ing affinity for Tat components [27]. The physiological relevance of A
domains is unclear; presumably they regulate access of precursors to the
translocases.

A twin arginine (RR) motif in the N-domain of signal peptides is a
specific targeting signal for the Tat pathway. Nearly all known Tat pathway
precursors contain RR in their signal peptides. One exception is the Rieske
FeS protein that has a KR in an uncleaved signal peptide [21]. Mutating the
twin arginine motif to QQ or even KK prevents translocation as well as
several other measurable interactions with Tat pathway machinery [26, 28,
29] (and see later). However, such mutated precursors do seem to interact
with the Tat pathway because they stimulate proton counterflow [30] and
can alter the transport behavior of authentic precursor proteins [30]. Based
on the presence or absence of the twin arginines, prediction programs
suggest that about 50% of lumenal proteins use the Tat pathway and 50%
the Sec pathway [2].

Other features of Tat signal peptides make them incompatible with the
Sec pathway. For example, the frequent occurrence of basic residues in Tat
signal peptide C domains [31] and a somewhat reduced hydrophobicity of
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Tat signal peptide H domains [2] appear to prevent transport of Tat path-
way precursors by the Sec pathway. In this regard, dual targeting signal
peptides have been engineered by fusing a twin arginine N domain to the H
and C domains of a Sec pathway signal peptide [26]. There also appears to
be a general lack of compatibility of Tat pathway mature proteins with the
Sec machinery [26, 32], as chimeric proteins with a Sec signal peptide and a
Tat pathway mature protein are not transported or even recognized by the
Sec machinery. This incompatibility may relate to tight folding of Tat
precursors prior to transport (see section V.B.1).

IV. The Sec Transport System in Chloroplasts

A. INTRODUCTION

Sec systems are evolutionarily conserved protein translocation machi-
neries that are present in the eukaryotic endoplasmic reticulum [33], the
archaeal plasma membrane [34], the eubacterial plasma membrane [35–37],
and thylakoid membranes of plant and algal chloroplasts. Sec systems are
versatile translocases capable of transporting soluble protein completely
across the bilayer, of integrating multispanning membrane proteins, and a
combination of both for those proteins that contain large transported
domains as well as transmembrane domains. A common mechanistic fea-
ture of all Sec systems is that the substrates are transported in an unfolded
conformation through a protein-conducting channel. The Sec channel con-
sists of two essential proteins, the multispanning SecY (Sec61a) and the
usually single spanning SecE (Sec61g). Sec channel complexes usually also
contain a nonessential additional subunit (SecG in bacteria). Protein trans-
port and integration is accomplished by a variety of accessory factors that
include molecular chaperones on both sides of the membrane, targeting
chaperones and their receptors, translocation motors, and membrane pro-
tein assembly chaperones. The specific accessory factors depend on the
evolutionary origins of the organism and membrane system.

The thylakoid Sec system derives from the cyanobacterial endosymbiont
that evolved into the chloroplast and thus is most closely related to eubac-
terial Sec systems. Among these, the Escherichia coli Sec system is the
best characterized. E. coli Sec operates in a modular fashion. The SecYEG
channel couples with the SecA ATPase for transporting soluble periplas-
mic proteins and with the ribosome for integrating multispanning membrane
proteins. SecAbinds both the signal peptide andmature domain of precursors
and SecYEG. Through a cycle of ATP binding, hydrolysis, and release, SecA
undergoes major conformational changes that serve to thread 20–30 residue
segments of preproteins through the channel. The ribosome is thought to
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perform a similar function via GTP hydrolysis during the peptide bond
formation [38]. However, the ribosome apparently does not provide an
equivalentmotive force because proteins with large periplasmic loops require
both the ribosome and SecA for translocation [36]. E. coli possesses other
accessory factors for transport of subgroups of proteins that include the
cytoplasmic chaperone SecB [39], the heterotrimeric membrane complex
SecDFyajC [35], and the signal recognition particle (SRP) and its receptor
FtsY that target nascent chain ribosomal complexes to SecYEG [33]. In
addition, during insertion of membrane proteins, the membrane protein
YidC associates with SecYEG and may chaperone transmembrane segments
as they partition from the SecYEG channel into the lipid bilayer [40].

B. THYLAKOID COMPONENTS

As previously discussed [20, 24], chloroplasts possess some of these
components, but lack others. Chloroplasts possess SecA (cpSecA), SecY
(cpSecY), and SecE (cpSecE), but lack SecB, SecG, and SecDFyajC. Chlor-
oplasts have an SRP (cpSRP) and an FtsY (cpFtsY) [38], but the SRP lacks
an RNA component and instead has a novel protein subunit called
cpSRP43. Chloroplasts also contain a YidC homologue. The Arabidopsis
genome encodes two chloroplast SecY family members (cpSecY and
cpSecY2), two SecA family members (cpSecA and cpSecA2), and two
YidC homologous family members (Alb3 and Alb4) [41]. Current knowl-
edge regarding the operation of the thylakoid Sec system pertains to one of
each family member, that is cpSecY, cpSecA, and Alb3.

C. CAPABILITIES AND OPERATION OF THE THYLAKOID SEC SYSTEM

1. Sec Transport of Lumenal Proteins in the
cpSecA-cpSecYE Configuration

The thylakoid Sec system in the cpSecA-cpSecYE configuration for trans-
porting soluble protein precursors has been examined in most detail. In vitro
analyses of transport are conducted with washed thylakoids, purified cpSecA
[18], or stromal extract as a source of cpSecA, and in vitro translated precur-
sor proteins. Potentially necessary chaperones are apparently provided by
the stromal or translation extracts. Studies with this system indicate that
thylakoid cpSecA/cpSecYE operates similarly to the E. coli system. Precur-
sors bind to thylakoids in the absence of ATP (presence of apyrase) in a
reaction that is stimulated by added cpSecA [42, 43]. Chemical cross-linking
of membrane-bound precursors stabilizes a complex containing precursor,
cpSecA, and cpSecY [42, 43]. Bound precursors can be chased into the
thylakoid lumen withATPwithout additional cpSecA [43]. The translocation
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step is inhibited by the SecA inhibitor azide [15, 18] or by pretreating
membranes with anti-cpSecY IgGs [44], is stimulated by the thylakoidal
DpH [17, 45], and requires that the precursor can be unfolded. For example,
a chimeric precursor containing dihydrofolate reductase (DHFR) in a
methotrexate-stabilized folded conformation caused translocation arrest of
the thylakoid Sec system [46, 47]. Time course analysis of the progression of
precursor across the thylakoid Sec pathway demonstrated that the
N-terminal signal peptide reached the lumenal signal peptidase while the
bulk of the protein was accessible from the stromal (cis) side of the mem-
brane, suggesting a linear mode of translocation [48].

2. Cotranslational Integration of Membrane Proteins by Sec in the
Ribosome-cpSecYE Configuration

Thylakoids possess a substantial number of nuclear encoded and plastid-
encoded multispanning membrane proteins that are potential candidates
for Sec-mediated integration. Unfortunately, it has not been possible to use
the isolated thylakoid assay to determine the integration pathway of most
of these proteins. For example, the plastid encodes many multispanning
membrane proteins. Because these proteins are frequently ligated to pig-
ments and other cofactors and are assembled deep within core photosystem
complexes, their assembly has been difficult to reconstitute with isolated
thylakoids. In addition, their integration is cotranslational and must be
reconstituted with an organelle-free plastid translation system programmed
with exogenous RNA, and this system is technically difficult. Thus, indirect
evidence has been used to infer pathway usage as described for the following
two plastid-encoded proteins Cytf and D1.

Cytf consists of a large lumenal domain and a single membrane anchor.
The requirement of cpSecA for Cytf integration was indicated by its accu-
mulation as preCytf in the maize cpSecA-null mutant called tha1 [49]. The
involvement of cpSecA in Cytf integration was confirmed by in vitro recon-
stituted assays [50, 51]. The fact that Cytf is translated on thylakoid-bound
ribosomes implies that Cytf is integrated by a cpSecA and ribosome-coupled
cpSecYE. Cytf may be targeted to the cpSec channel by the chloroplast SRP
because the Cytf signal peptide was found to cross-link to the 54-kDa
subunit of the chloroplast SRP (cpSRP54) in a wheat germ translation
system [52]. However, this point requires further study because in a chloro-
plast translation system cross-links of preCytf to cpSRP54 were not
observed [51].

The multispanning photosystem 2 A subunit (PsbA) protein called D1 is
also cotranslationally integrated into thylakoids. The translation and matu-
ration of D1 is readily reconstituted in organello with intact chloroplasts.
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Analysis of D1 ribosome nascent chain complexes produced during in
organello protein synthesis showed that cpSecY is associated with nascent
D1 chains, but not full-length D1, and is also bound to ribosomes in a salt-
sensitive and puromycin-insensitive fashion [53]. D1 nascent chains pro-
duced by an organelle-free translation system can be cross-linked to
cpSRP54 [54]. Taken together, these findings suggest that D1 ribosome
nascent chain complexes are targeted to the cpSecYE complex by the
chloroplast SRP, where D1 is integrated by the ribosome-coupled cpSecYE
configuration.Alb3 appears necessary for efficient assembly ofD1 into PS II
reaction centers in C. reinhardtii, suggesting that Alb3 associates with cpSe-
cYE for membrane protein assembly [55].

The existence of cpSecY in several different membrane complexes sup-
ports the idea that thylakoid Sec operates in multiple configurations. Blue
native polyacrylamide gel electrophoresis (BN-PAGE) analysis of
dodecylmaltoside-solubilized spinach thylakoids detected cpSecY in an
�100-kDa complex and in another complex near the top of the gel that
comigrated with ribosomes [53]. Other studies have identified a complex
that contains cpSecY, cpSecE, and Alb3 [56]. Thus, it appears from these
studies that the thylakoid Sec system operates in the same configurations as
the E. coli Sec system, with the cpSecYE channel playing the central and
indispensable role. The relative severity of maize mutants lacking cpSecA
versus cpSecY supports this notion. The maize cpSecA null strain tha1 is
reduced in many, but not all, thylakoid proteins and protein complexes [49].
The maize cpSecY null strain, although possessing plastids and surviving to
the seedling stage, is virtually devoid of thylakoid membranes [57].

D. CPSECY2 AND CPSECA2

cpSecY is localized exclusively to thylakoids in mature chloroplasts [58],
and its function appears limited to thylakoids [57]. TheArabidopsis and rice
genomes encode a second predicted chloroplast SecY (cpSecY2) that is
significantly diverged on the sequence level from cpSecY. cpSecY2 is also
widely represented in the EST collections of a range of plant species.
cpSecY2 appears to play a different role in plastid biogenesis because an
Arabidopsis cpSecY2 null line is lethal at the globular embryo stage in
developing seeds and thus does not even progress to the seedling stage
(D. Fernandez, personal communication, Madison, WI). Promoter-swap-
ping experiments between cpSecY and cpSecY2 demonstrate that the
different phenotypes of the null mutants are not due to different expression
patterns, but rather to different functions of the proteins (C. Skalitzky and
D. Fernandez, personal communication, Madison, WI). These findings
suggest that cpSecY2 is essential for biogenesis of a membrane other than
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the thylakoids. cpSecY2 has a predicted chloroplast-targeting signal and
in vitro translated cpSecY2 was imported into pea chloroplasts in an in vitro
import assay (J. Martin and K. Cline, unpublished data). The imported
protein was recovered in both the envelope and the thylakoids subfractions
(J. Martin and K. Cline, unpublished data). Thus, one possibility is that
cpSecY2 participates in translocation of inner plastid envelope proteins
and/or interenvelope space proteins. In that regard, a study of an
Arabidopsis signal peptidase 1 protein reported a dual localization in chlo-
roplast envelope and in thylakoids [59], and cpSecY of the algaCyanophora
paradoxa is reported to be present in envelope and thylakoids [60]. A
second SecA homologue with a predicted chloroplast-targeting signal is
encoded in the Arabidopsis genome. This putative cpSecA2 may be a
functional partner of cpSecY2, but is as yet uncharacterized.

E. PROSPECTS

Future progress in identifying substrates of cpSecY and cpSecY2 will
likely require production and analysis of conditional mutants, depletion
strains, or with other protein-disabling methodologies such as CALI [61].
Plastid-encoded thylakoid membrane proteins are the probable substrates
for ribosome-coupled cpSecYE. On the other hand, nuclear-encoded thy-
lakoid or envelope multispanning membrane proteins might involve an
unknown configuration of cpSecYE as they are imported into the chloro-
plast after release from 80S ribosomes. Mechanistic characterization of
cpSecY-mediated integration of plastid-encoded membrane proteins may
come from use of the organelle-free chloroplast translation system and
in vitro coupled integration assay [51], possibly with simpler substrates as
an inroad to approaching the more highly complex proteins that make up
photosynthetic complexes. Mechanistic studies of the nuclear-encoded sub-
strates of cpSecY and cpSecY2 may provide novel insights into the ways
chloroplasts have adapted to the posttranslational integration imposed as a
result of endosymbiosis.

V. The Tat System in Chloroplasts

A. INTRODUCTION

Studies of the thylakoid Sec system benefited from the extensive knowl-
edge of Sec systems in other organisms. By contrast, characterization of Tat
systems began with thylakoid studies in the early 1990s and the first Tat
component, maize High chlorophyll f luorescence 106 (Hcf106), was
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identified in 1997 [62]. Thus, the Tat system is being approached simulta-
neously in a variety of organisms. The presence ofHcf106 homologous genes
and twin arginine signal peptides in sequenced organisms indicates that the
Tat system is widely represented among prokaryotes and prokaryote-
derived organelles, but absent from fungi and animals [63, 64]. Tat systems
are uniformly present in the chloroplasts of plants and algae. In addition,
one Tat component, TatC, is usually encoded in plant and algal mitochon-
drial genomes, although the presence of a functional Tat system in mito-
chondria has not been demonstrated. In eubacteria, Tat substrates represent
a small subset of the total secretome (less than 10% in E. coli) and are
frequently metal cofactor-containing proteins that employ cytosolic
mechanisms for cofactor insertion. Several studies have shown that bacterial
Tat substrates, which are as large as 7 nm [65], are folded prior to transport
[66, 67]. Of the �50 predicted substrates of the thylakoid Tat system, only a
few possess cofactors. One possible reason for the continuedmaintenance of
this system in chloroplasts is that imported Tat substrates are rapidly folded
by stromal chaperones and may be difficult to unfold by the thylakoid Sec
system.

Mechanistic investigations of Tat systems are being done primarily with
bacterial and plant thylakoid systems. Work in E. coli has been particularly
effective in examining the in vivo activity of the system and structural
characteristics of Tat complexes. Plant thylakoids permit a robust in vitro
assay, well-characterized energetics, and amenable biochemistry. The fol-
lowing discussion will summarize results directed toward a mechanistic
understanding of the thylakoid system, with reference to similarities and
differences between thylakoids and bacterial Tat systems.

B. CAPABILITIES AND REQUIREMENTS OF THE THYLAKOID TAT SYSTEM

1. Folded and Unfolded Proteins

The thylakoid Tat system appears capable of transporting both tightly
folded and unfolded proteins. The observation that at least two natural Tat
substrates adopt tight folds suggested folded protein transport [68, 69]. This
was directly demonstrated in experiments where internally cross-linked
bovine pancreatic trypsin inhibitor (BPTI) was efficiently transported
when fused to the C-terminus of precursor to OE17 (pOE17) [70], and in
which DHFR locked in a folded conformation was efficiently transported
when fused to the C-terminus of precursor to OE23 (pOE23) [46]. An
experiment, showing that thylakoid Tat, but not Sec, can transport GFP,
is also indicative of folded protein transport [71]. Predicted thylakoid Tat
substrates range in size from �2 kDa to over 60 kDa, although the folding
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status of nearly all of these substrates is unknown [2]. Thus, it is not clear if
thylakoid Tat can transport the very large folded protein domains that the
E. coli Tat system appears to transport [72].

A number of investigators have asked whether the thylakoid system can
transport unfolded proteins with differing results. An influence of passen-
ger protein structure on the efficacy of transport has been noted for both
OE23 and OE17. Specifically, C-terminal truncations of pOE23 impaired
its transport [73] and insertion of proline residues into the fourth helical
region of OE17 severely inhibited its transport (Braun and Theg, unpub-
lished data). On the other hand, Hynds et al. [46] reported efficient trans-
port of a C-terminally truncated pOE23-DHFR as well as pOE23-DHFR
that was translated with amino acid analogues to destabilize its conforma-
tion. Experiments (K. Cline, in preparation) have examined the ability of
Tat to transport tandem repeats of the (Gly4Ser) peptide, which has been
used as an unstructured linker in producing single chain antibodies [74].
Efficient transport was obtained for a chimeric protein consisting of a
targeting peptide fused to 15 such repeats (75 amino acids), which theoreti-
cally could be 25 nm in length. Transport of unfolded or unstructured
proteins differs from the situation with the E. coli Tat system, which rejects
unfolded substrates [67].

2. Biochemical Requirements

a. Soluble Factors and NTPs Are not Required

Thylakoid Tat protein transport of purified precursors into washed
thylakoids [16, 69, 75, 76] is as efficient in the absence as in the presence
of stromal extract [16]. It is possible or even likely that after import into the
chloroplast, Tat pathway precursors interact with stromal chaperones, for
example, to assist folding, but these appear unnecessary for protein trans-
location per se. Tat transport also occurs efficiently without NTPs. Careful
removal of all NTPs from the assay mixture and inclusion of nonhydrolyz-
able NTP analogues does not impair transport [12]. Furthermore, the
measured ATP concentration in the lumen is less than 1 mM [12], and the
identified Tat components lack nucleotide-binding motifs. In this respect,
Tat systems differ from virtually all other protein translocation systems.

b. Tat Transport Requires the Thylakoidal DmH
þ

Tat transport in vitro requires energy in the form of the thylakoidal DmH
þ
.

The DmH
þ
is typically generated with light through photosynthetic electron

transport, but can also be generated by reverse action of the ATP synthase
[12]. With isolated thylakoids, the DmH

þ
is usually parsed primarily into the

474 KENNETH CLINE AND STEVEN M. THEG



pH gradient [11, 12]. Thus, dissipating the DpH with selective ionophores is
generally sufficient to prevent transport.

A careful analysis of the energetics of the Tat system arrived at three
major conclusions [76]. First, there is a threshold DpH for transport that
varies with the substrate protein and beyond which the rate of protein
transport is linearly dependent on the driving force. This is the expected
behavior of a chemiosmotic system, in which the threshold represents the
minimum thermodynamic potential below which there is not enough
energy in the gradient to perform the measured work, in this case, protein
transport. Second, a proton counterflow occurs during protein transloca-
tion. Again, this is a requirement of chemiosmotic coupling, as the energetic
content of the gradient must be traded for the work of protein translocation.
What was unexpected was the magnitude of the proton counterflow, some
80,000 Hþ per protein transported. Finally, it was observed that the number
of protons drained from the gradient per protein translocated is constant
at varying DpHs, indicating that the proton flow is not due to a leak, the
rate of which would certainly vary with the concentration gradient of
protons. Indeed, it was calculated that over 90% of the proton counter-
flow is mechanistically linked to protein translocation. As will be seen in
section V.C.2.b, the DpH is also required for assembly of the translocase,
although it is not known if proton counterflow accompanies this process.

A challenge to the in vivo requirement for the DpH has come from
experiments with the alga C. reinhardtii [77]. Using a variety of experimen-
tal approaches, including a mutant incapable of generating a pH gradient,
the authors showed that a DpH per se is not necessary for Tat protein
transport. However, they had previously reported that a considerable Dc
is generated in the mutant alga and could not rule out the possibility that Dc
can be used to power transport in place of the DpH [78]. Experiments with
isolated thylakoids, in which the DpH was deliberately reduced to require
that more of the DmH

þ
be carried by the electric potential, show that the Dc

can contribute to the driving force for transport (Braun, Davis, and Theg,
submitted for publication).

A second in vivo study employed tobacco protoplasts and overexpressed
precursor proteins and concluded that neither the Dc nor the DpH are
required for Tat transport [79]. Here, nigericin and valinomycin were
applied to the protoplasts to dissipate the DpH and Dc, respectively, and
Tat transport was observed under conditions where no thylakoidal poten-
tials were expected. Although carefully planned and executed, these experi-
ments are subject to some uncertainties. First, the Dc was not measured
and the DpH was assessed by loss of the rapid phase of the nonphotochem-
ical fluorescence quenching (NPQ) signal. As with other methods that
measure the DpH, NPQ is not sensitive to the pH gradient when it drops
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to low but significant values [80]. In this regard, experiments (Braun and
Theg, in preparation) have demonstrated ionophore-sensitive Tat transport
in isolated thylakoids long after cessation of illumination and when a pH
gradient could not be detected spectroscopically. Also, the time frame
during which protein transport was measured in the tobacco protoplast
experiments was in the range of one to several hours. This not only allows
very inefficient transport reactions to be scored as successful but also
extends the time past which the applied ionophores are effective. For
instance, it has been shown that in some circumstances the membrane
electric potential can recover in isolated thylakoids in the presence of
valinomycin under steady state illumination [81]. These considerations
emphasize the complexities of thylakoid energetics and caution that it is
premature to conclude that Tat pathway energetics are substantially different
in vivo than in vitro. Clearly, this is an area requiring more experimentation
before it will be settled.

If, as it seems, the Tat system can use the full DmH
þ
to power protein

transport, then there are important mechanistic implications. Mitchell [82]
pointed out that, although the DpH and Dc provide thermodynamically
equivalent forces, there is no obvious mechanistic reason why the two
should lead to equivalent rates of a given chemiosmotic process. Mitchell
proposed the existence of a ‘‘proton well’’ as a device that would enable a
process to employ either the DpH or Dc. A proton well would convert the
electric potential into a chemical potential, that is the DpH, by allowing
free passage of protons much of the way across the membrane. Such a
proton well is observed in the structure of the F0/F1 Hþ-ATPases of
energy-transducing membranes, wherein the F0 portion of the enzyme is
a proton channel. This consideration suggests that a similar proton channel
will be found within the structure of the Tat machinery to serve as an
energy-transducing proton well.

c. Components of the Tat Machinery: Three Membrane Proteins Are
Required for Transport

The above-mentioned capabilities and requirements describe a system
that can transduce the electrochemical energy of the DmH

þ
into the mechan-

ical energy necessary to transport folded proteins of varying diameter or
completely unfolded proteins across a sealed membrane [75]. These tasks
appear to be accomplished by only three membrane proteins (Figure 18.3).
The first identified Tat component, maize Hcf106 [49, 62] came from a
genetic screen for plants selectively defective in transport of proteins
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known to require only the DpH. This was quickly followed by identification
of E. coli Tat components [83–85], which are encoded in the same operon,
and the remaining thylakoid components Tha4 [86] and cpTatC [87, 88].
The bacterial orthologues of Tha4, Hcf106, and cpTatC are called
TatA, TatB, and TatC, respectively. In pea thylakoid membranes, Tat
components have been estimated at 140,000 Tha4, 95,000 Hcf106, and
18,000 cpTatC per chloroplast equivalent or an 8:5:1 ratio [87]. A similar,
but even more pronounced ratio has been determined for E. coli Tat
components [72].

Hcf106 and Tha4 are similar structurally and on the amino acid sequence
level, yet they seem to play different roles in the transport process
(Figure 18.3). Both proteins are anchored to the membrane by an amino
proximal transmembrane domain, followed by predicted glycine–proline
hinge, a stroma exposed amphipathic helix, and an acidic C-terminal tail
[58]. cpTatC is an integral membrane protein with six predicted membrane
spanning helices and its N- and C-termini exposed to the stroma [87]. All
three components are required for protein transport in vitro as assessed by
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FIG. 18.3. Components of the translocation machinery for the Tat pathway in chloroplasts.

(A) Diagram of the predicted structural features of the thylakoid Tat pathway the components.

The molar ratios of components in pea thylakoid membranes are in parentheses. Hcf106 and

Tha4 both possess a conserved transmembrane glutamate (E), a predicted flexible hinge, and

predicted amphipathic helix (APH). (B) Amino acid sequence alignment of the mature form of

pea Tha4 (psmTha4) with the mature form of pea Hcf106 (psmHcf106). Alignment was made

with ClustalW and the shading by Boxshade.
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antibody inhibition studies. Pretreatment of pea thylakoids with antibodies
to any single component specifically disables the Tat pathway [44, 87].
Antibodies to Hcf106 or cpTatC inhibit precursor binding and protein
translocation; antibodies to Tha4 inhibit translocation but are without
effect on binding [29].

Several arguments have been advanced for the notion that there are no
other core components of the translocase. These include the observation
that although genes for TatA, TatB, and TatC are frequently genetically
linked, no uncharacterized genes are consistently linked to the Tat genes in
sequenced prokaryotic genomes [65]. Second, purified E. coli Tat com-
plexes contains only TatA, TatB, and TatC [89, 90]. Nevertheless, until
transport is reconstituted with proteoliposomes-containing purified compo-
nents, this will remain an open question. In addition to the essential com-
ponents of the Tat machinery, other factors may regulate or stimulate Tat
transport. For example, a genetic selection in E. coli identified PspA as a
protein that relieved the pressure of overexpressing a Tat substrate [91].
Studies with the thylakoid system have shown that the cyanobacterial and
chloroplast orthologues of PspA, called Vipp1, stimulate Tat transport
in vitro to �150% of control (Theg, unpublished data).

Structure–function studies of thylakoid Tat components have been lim-
ited to analyses with in vitro assays. An in vitro substitution assay was
developed to replace endogenous Tha4 with recombinant in vitro translated
Tha4 [92]. It involves anti-Tha4 antibody treatment to inactivate the endog-
enous protein, followed by in vitro integration to introduce the recombinant
protein. Mutational analysis with this assay showed that the Tha4 amphi-
pathic helix and transmembrane domain, but not the carboxyl tail, are
essential for function [92]. This result is similar to findings for E. coli
TatA [93]. Replacement of the Tha4 transmembrane domain with the
Hcf106 transmembrane domain resulted in a partially functional Tha4
[92]. Cysteine-scanning mutagenesis of the Tha4 transmembrane and
hinge region had minor effects on function with a single exception. Substi-
tution of transmembrane glutamate E10 totally eliminated function [94].
Several other amino acid substitutions of Tha4’s E10 were also nonfunc-
tional; even substitution with aspartate was largely ineffective [92]. The
Tha4 E10 residue was shown to be essential for Tha4 assembly into the
translocase (see section V.C.2.b), but certainly is also a candidate for
sensing or transducing the DpH. Hcf106 contains a conserved transmem-
brane glutamate in the same relative position as the Tha4 E10 (Figure 18.3).
In vitro integrated Hcf106 assembles with cpTatC [58] and, interestingly,
substitution of the Hcf106 transmembrane glutamate with glutamine pre-
vented this assembly [58]. This implies that the Hcf106 transmembrane
glutamate is also essential for function.
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C. OPERATION OF THE TAT SYSTEM

The thylakoid Tat transport process has been staged into two steps;
precursor protein binding to the membrane and protein transloca-
tion. Precursor binding is generally assayed in the absence of the DpH.
Translocation is then initiated by energizing the membrane.

1. Precursor Protein Binding

Precursors show differing ability to bind to thylakoids and Tat compo-
nents that varies with the specific precursor and the method of preparation.
Some precursors bind in a highly reversible manner. For example, associa-
tion of the OE23 precursor with Tat components can only be detected if
chemical cross-linkers are used to stabilize the interaction [95]. On the
other hand, several laboratories have shown that certain precursors bind
irreversibly to thylakoids [27, 69, 96]. Two studies have demonstrated
precursor binding to the lipid bilayer. Others have demonstrated a primary
association with Tat components.

a. Precursor Protein Binding to the Lipid Bilayer

Bacterially expressed and purified pOE17 (Figure 18.2) bound to thyla-
koids or liposomes in a salt or alkaline-resistant interaction [69]. At least
some of this binding was productive in the sense that energizing the mem-
branes led to transport of the bound precursor. Similarly, an in vitro trans-
lated chimeric precursor called 16/23 bound to protease-treated thylakoids
or to liposomes [96]. Proteolysis of the bound 16/23 precursor produced a
14-kDa fragment. This latter result was interpreted to mean that the first
stage of precursor association with thylakoids involves insertion of the
signal peptide and some of the mature protein into the lipid bilayer.

b. Precursor Protein Binding to a cpTatC–Hcf106 Receptor Complex

Other precursors bind primarily to Tat components. In thylakoids that
are not transporting proteins, Tat components exist in several different
complexes. cpTatC and Hcf106 comprise a �700-kDa complex as deter-
mined by BN-PAGE analysis and coimmunoprecipitation with digitonin-
solubilized thylakoids [29]. Cross-linking of thylakoids with disuccinimidyl
suberate resulted in a ladder of cpTatC-containing bands up to at least
600 kDa on an sodium dodecyl sulfate (SDS) denaturing gel (K. Cline,
unpublished data). Because the ladder of bands can be immunoprecipitated
with anti-Hcf106 IgGs, this confirms that the large cpTatC–Hcf106 complex
is the native complex rather than an artifact of detergent solubilization.
Partial purification of the thylakoid complex (H. Mori and K. Cline, unpub-
lished data) and analogy with the large E.coli Tat complex [90, 97] suggests
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that the 700-kDa complex contains multiple copies of cpTatC and Hcf106 in
a 1:1 ratio. Tha4 exists in a separate complex that appears to be a Tha4
homo-oligomer (C. Dabney-Smith and K. Cline, in preparation). There is
also a separate pool of Hcf106 with unknown composition or function.
Chemical cross-linking studies have confirmed that this organization exists
in situ [29, 95].

Precursors that bind irreversibly to Tat components include several
recombinant proteins [27, 29, 98], including truncated precursor to OE17
(tOE17), a truncated form of the OE17 precursor (Figure 18.2). These
precursors bind to the 700-kDa cpTatC–Hcf106 complex (termed the
receptor complex) [27, 29, 95, 98] and can be cross-linked to cpTatC and
Hcf106, but not Tha4 [29, 95, 98]. Precursors that bind to the cpTatC–
Hcf106 complex are >85% productive [27, 98] and their binding is strictly
dependent on the twin arginine motif and an uninterrupted hydrophobic
core region of the signal peptide [29, 95, 98]. The stoichiometry of precursor
to receptor complex components under saturating conditions is yet to be
determined, but the cpTatC–Hcf106 complex is presumably multivalent. In
this regard, a kinetic study of Tat transport of the OE17 precursor found
evidence for cooperativity with respect to substrate concentration, which is
consistent with a multivalent cpTatC–Hcf106 complex [30].

Fine mapping of tOE17-component interactions by site directed
photocross-linking showed that signal peptide residues proximal to the RR
strongly interact with cpTatC, whereas residues in the hydrophobic core
interact with Hcf106 [98]. Cross-linking products were not obtained when
the photoreactive group was placed in the early mature domain of tOE17,
nor was any cross-linking to Tha4 observed. These results are similar to the
pattern of interactions determined for preSufI and E. coli Tat components
[99] with an interesting difference. In theE. coli study, cross-linking to TatA
was also observed when the membranes were energized.

An unexpected result of the photocross-linking analysis was that substi-
tution of some tOE17 signal peptide residues with the photoreactive (Tmd)
Phe, an analogue of phenylalanine, altered the nature of the interaction
between tOE17 and the cpTatC–Hcf106 complex. Whereas tOE17 binds to
cpTatC–Hcf106 in a salt-sensitive interaction that is somewhat unstable
during BN-PAGE, the Tmd-Phe substituted tOE17 bound in a salt-resistant
interaction that was completely stable to BN-PAGE [98]. A similarly tight
binding precursor was obtained by a single phenylalanine substitution of the
RR proximal valine-20 of tOE17 (Figure 18.2, F. Gerard and K. Cline, in
preparation). tOE17F-20 also appeared to bind more deeply into the
cpTatC–Hcf106 complex. The accessibility of the thylakoid-bound precur-
sor signal peptide regions was determined by engineering factorXa cleavage
sites into the precursor. Whereas both the amino- and carboxyl regions
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flanking the signal peptide were accessible to factor Xa protease with
thylakoid-bound tOE17, the same regions including up to 40 residues into
the mature OE17 were inaccessible to factor Xa with thylakoid-bound
tOE17F-20 (F. Gerard and K. Cline, in preparation).

So what is the physiological significance of this range of binding interac-
tions? Two observations suggest that tight binding represents an advanced
stage of the transport reaction. First, tight binding precursors are the most
efficient transport substrates [27]. Second, thylakoid-bound tOE17 was
more salt resistant and less exposed to factor Xa when thylakoids were
energized with the DpH (F. Gerard and K. Cline, in preparation). A caveat
to this type of experiment is that it could only be conducted with thylakoids
pretreated with anti-Tha4 IgGs to prevent translocation [29, 92]. One
possible interpretation of these results is that strong binding of cpTatC–
Hcf106 to the signal peptide enables it to move the precursor across the
membrane. In fact, a study demonstrated efficient transport of tOE17
despite its covalent attachment to cpTatC via an RR-proximal residue of
the signal peptide [98].

2. The Translocation Step

a. Simultaneous Translocation of the Entire Protein Through Some Sort
of Permeation Pathway

In contrast to the precursor-binding step, which is stable, the transloca-
tion step is transient and difficult to characterize. Nevertheless, several
observations give some insight into the process. First, the entire mature
domain is transported at once. Hashimoto et al. [48] showed that during
transport of the natural precursor protein preOE23, cleavage of the signal
peptide occurred simultaneously with acquisition of protection to exoge-
nous protease. This differs from the progressive linear transport by the Sec
system (above). Second, several experiments with recombinant precursors
demonstrated access of the signal peptide cleavage site to the lumen, while
part or all of the mature passenger protein was still accessible to proteases
added from the stromal side of the membrane. One such experiment used a
Tat pathway precursor bound to avidin via a biotin moiety incorporated
into the C-terminus [100]. After transport, this substrate was associated
with the membrane, cleaved by the thylakoid signal peptidase, but the
mature domain of the substrate was accessible to proteases added from
the cis side of the membrane. A second experiment placed the unstructured
(Gly4Ser) repeat peptide (above) between pOE17 and protein A. After
transport, this substrate, with its signal peptide removed, spanned the
membrane with the OE17 moiety in the lumen and the protein A moiety
accessible to proteases on the cis side of the membrane (K. Cline, in
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preparation). An in vivo experiment in which Tat substrates were tran-
siently overexpressed in tobacco protoplasts found processed Tat substrates
in the stromal fraction of recovered chloroplasts [101]. One interpretation
of this result is that the precursor was transported far enough to allow signal
peptide processing but not far enough to deliver the passenger protein to
the lumen, and the processed protein resolved back into the stromal space.

A third observation is that the N-terminus of the signal peptide remains
on the cis side of the membrane following transport of the mature domain.
For example, pOE17 that contained a large protein fused to its N-terminus
was efficiently transported to the lumen, while the N-terminal fusion pro-
tein remained on the cis side of the membrane [102]. In addition, the
chimeric precursor 16/23, which was transported without signal peptide
cleavage, exposed its N-terminus to protease added to the cis side of the
membrane and remained associated with the Tat complex [103].

Transport of folded proteins of varied diameter across a sealed mem-
brane poses a substantial mechanistic challenge. Several models have been
proposed including an endocytic mechanism, a gated box [104], a flexible
dynamic channel [65], and direct transport through the lipid bilayer [105].
The above observations argue against an endocytic mechanism, but do not
specifically address the other possibilities. However, the fact that the
N-terminus of the signal peptide remains on the cis side of the membrane
evokes a transport mechanism in which the precursor pivots on a point
defined by the RR region of the signal peptide and its attachment site on
cpTatC (Figure 18.4).

b. A Tha4 Oligomer Assembles with the Precursor–cpTatC–Hcf106
Complex to Form the Putative Translocase

Tat components assemble into a supercomplex during translocation and
this may reflect the mechanism of protein transport (Figure 18.4). Tha4 can
be chemically cross-linked to the cpTatC–Hcf106 complex in the presence
of precursor and a thylakoidal DpH [95]. A synthetic signal peptide was
sufficient to induce this assembly, but a KK-mutant precursor did not. Time
course analysis showed that Tha4 assembled with the precursor receptor
complex in advance of translocation and disassembled after the precursor
had been transported [95]. These results imply that signal peptide binding
triggers the formation of a ‘‘translocase’’ complex that transports the pre-
cursor and then disassociates to reset the system. Because Tha4 plays no
role in precursor recognition, this result points to a specific and essential
role for Tha4 in the translocation step.

The chemical cross-linking approach yielded little information on the size,
organization, or stoichiometry of components in the putative translocase.
However, oxidative disulfide cross-linking between singly Cys-substituted
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Tha4 gave some insight into Tha4 organization during transport [94]. Tha4–
Tha4 interactions were found to occur at comparable sites across the entire
Tha4 molecule. Interactions through the transmembrane domain occurred
even with transport-inactive membranes. Interactions mediated through
the amphipathic helix and carboxyl tail occurred were strictly dependent

FIG. 18.4. Model for thylakoid Tat protein translocation with Tha4 providing a passive

trapdoor protein-conducting channel. The figure depicts a cyclical model for the operation of

the thylakoid Tat apparatus. Experimental data supports several aspects of this model:

(1) cpTatC–Hcf106 and Tha4 are present as independent complexes (the additional Hcf106

complex is not shown); (2) the folded precursor protein binds to cpTatC–Hcf106, which triggers

docking of a Tha4 oligomer that undergoes conformational rearrangement; and (3) the protein is

translocated and the Tha4 oligomer dissociates. Speculative aspects of the model are that the

Tha4 oligomer amphipathic helices fold into the lipid bilayer and provide a passive permeation

pathway for the translocated protein. Other investigators have suggested that Tha4 (TatA)

provides a fixed gated channel or that Tha4 (TatA) serves to ‘‘weaken’’ the bilayer, thereby

lowering the resistance to protein movement, or that Tha4 (TatA) adjusts the size of a channel

provided by the cpTatC–Hcf106 (TatBC) complex (see text). Although the cpTatC–Hcf106

complex is shown as a heterodimer in the figure, experimental evidence indicates that it contains

multiple copies of cpTatC and Hcf106.
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on precursor and the thylakoidal DpH. Limited cross-linking with disucci-
nimidyl suberate, which reacts with the lysine residues in the amphipathic
helix and carboxyl tail, showed that interactions through these domains
result in oligomers at least as large as octamers [94]. This result has now
been confirmed by disulfide cross-linking experiments with doubly Cys-
substituted Tha4. Tha4 with double Cys substitutions in the transmembrane
domain yielded oligomers at least as large as decamers with transport-
inactive thylakoids, whereas double Cys substitutions in the stromally
exposed regions yielded Tha4 oligomers of a similar size, but only under
transport conditions (C. Dabney-Smith and K. Cline, in preparation). Tha4
oligomers could be induced with a synthetic signal peptide but not a KK-
mutant precursor, indicating that the mature domain of the precursor does
not influence Tha4–Tha4 interaction or the apparent size of the oligomer.
Furthermore, oligomerization was prevented by pretreating thylakoids with
anti-cpTatC IgGs, suggesting a requirement for Tha4 interaction with the
cpTatC–Hcf106 complex [94].

One interpretation for these results is that Tha4 exists in nonactive
thylakoid membranes as an oligomer that associates through its transmem-
brane domain. Signal peptide binding to the cpTatC–Hcf106 complex
exposes a docking site for Tha4 and docking induces a conformational
reorganization that brings Tha4s amphipathic helices and carboxyl tails
into direct contact. This might be accomplished by alignment of the am-
phipathic helices in the interfacial region of the lipid bilayer. Tha4’s
amphipathic helix is predicted to be surface active [94].

D. MODELS FOR THE TAT TRANSLOCASE AND FUTURE DIRECTIONS

Several models have been proposed for Tat transport systems in bacteria
and thylakoid membranes [24, 25, 65, 94, 99, 106]. Most models include
binding of the precursor to cpTatC–Hcf106 (TatBC) and the subsequent
recruitment of Tha4 (TatA) to form the translocase. A different order of
steps has emerged from studies of the Bacillus subtilis Tat system, where a
TatA oligomer appears to bind the precursor in the cytosol and target it to
membrane anchored-TatC [107].

Two models for the translocation step suggest that the precursor is
transported through a fixed channel. These models are based primarily on
single particle imaging of isolated Tat complexes. Robinson and Bolhuis
[25] suggest that the TatBC complex provides the basic channel and that
TatA binds TatBC and adjusts the channel diameter to fit the precursor
[25]. This model draws on images of the isolated E. coli TatBC complex,
which appear to show channel-like openings [108]. A second ‘‘channel’’
model suggests that TatA oligomers provide size-appropriate channels for
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the substrate being transported [89]. This model is based on single particle
imaging of purified TatA that appears to show a collection of ring-like
complexes with varying diameters [89]. Both channel models imply a
mechanism that can sense the dimensions of the substrate and either adjust
the channel opening or select the appropriate TatA complex, such that a
leak-free translocation pathway is obtained.

Two significantly different models for translocation suggest that precur-
sors do not pass through a channel in the accepted sense, but are carried
across the lipid bilayer in a manner that is facilitated by Tha4 (TatA).
Bruser and Sanders [105] suggest that the presence of massed TatA proteins
near the precursor-bound TatBC complex induces a locally ‘‘weakened’’
bilayer through which the precursor could be pulled. Dabney-Smith et al.
[94] propose a mechanistic explanation for such membrane ‘‘weakening.’’
Specifically they suggest that the Tha4 oligomer facilitates transport by
allowing its amphipathic helices to fold into the bilayer in response to a
mechanical force on the precursor. This could provide a passive and tran-
sient gate in which the hydrophilic/charged faces of the amphipathic helices
would contact the folded precursor domain (Figure 18.4). Because the size
and shape of the substrate would dictate the number of Tha4 protomers
that undergo infolding, the chances of ion leakage would be minimized.
This model is based on the finding that the size of the cpTatC–Hcf106
associated Tha4 oligomer appears independent of the size of the precursor,
or even the presence of the mature domain [94]. It also draws on analogy
with the pore-forming amphipathic helical peptides [109] that concentrate
on the membrane surface before forming a transmembrane permeation
pathway, and on observations that E. coli TatA undergoes topology inver-
sion as a result of protein translocation [110]. If proteins pass through the
bilayer, then one might expect that specific lipids play crucial roles in
transport efficiency. In a study, Ma and Browse [111] found that thylakoids
from Arabidopsis mutants with more highly saturated fatty acids were
impaired in Tat pathway transport but enhanced in Sec pathway transport.
In addition,E. coli Tat transport has been found to be dependent on anionic
and nonbilayer forming phospholipids [112].

Only one of the models addresses the mechanical force required for trans-
port. Bruser and Sanders [105] suggest thatTatC pulls the precursor across the
membrane. Presumably this is predicated on the demonstrated strong inter-
action between TatC and the signal peptide (above, sectionV. C.1.b) and on a
hypothetical major conformational change of TatC. Precedent exists for such
amechanism; Colicin Ia undergoes aDc-induced conformational change that
moves a segment across the bilayer and is capable of carrying peptides with it
[113]. Such a mechanism could work for folded protein domains, although
there would be a limitation on the length of unfolded domain that could be
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transported by a pulling mechanism unless TatC could attach at multiple
points along the substrate.

At present the lack of information about the translocation step precludes
a knowledge-based evaluation of the various models. However, each model
makes predictions that hopefully will be tested in the near future. For
example, the channel models predict that arrested substrates such as those
described above (section V.C.2.a) would be trapped in a Tat component-
lined channel, whereas the ‘‘weakened’’ membrane and the Tha4-facilitated
membrane models predict that arrested substrates would be trapped in or
across the bilayer. Because these are hydrophilic segments, they presumably
would resolve cis or trans to one or the other side of the membrane or be
stuck in ametastable state across the bilayer, depending on the arrangement
of folded and unfolded domains. Testing these and other predictions of the
models are important goals for future efforts, as is determining which
component if any contacts the mature domain of the precursor during the
translocation step. Finally, determining the identity of the proton carrier
during transport and the manner by which this is coupled to translocation
will be a crucial step in unraveling the mechanism of Tat transport.
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I. Abstract

Chloroplast signal recognition particle (cpSRP) and its receptor are
stunning examples of evolutionarily conserved components that serve to
bind and target proteins to the thylakoid membrane. Unlike its cytosolic
counterparts, which direct proteins cotranslationally to the endoplasmic retic-
ulum and the cytoplasmic membrane in bacteria, cpSRP has a dual function.
In addition to its cotranslational role in targeting chloroplast-synthesized
membrane proteins, a second structurally distinct form of cpSRP functions
posttranslationally to target nuclear-encoded light-harvesting chlorophyll-
binding proteins (LHCPs) to the thylakoid following their import into the
chloroplast from the cytosol. The target of the posttranslational pathway is
the translocase Albino3 (Alb3), which integrates LHCPs into the thylakoid
membrane. Homologues of Alb3 in mitochondria (Oxa1p and Oxa2p) and
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bacteria (YidC) promote integration of membrane proteins into the inner
mitochondrial membrane and into the cytoplasmic membrane, respectively.
Studies of the Oxa1/Alb3/YidC gene family indicate that this family of pro-
teins is functionally diverse, serving alone or in conjunction with other com-
ponents to integrate some proteins while acting as amembrane chaperone for
stable assembly of other membrane proteins. Based on biochemical, struc-
tural, and genetic studies, along with studies of SRP and Alb3 homologues, a
more detailed model has begun to emerge for how these archaic targeting/
integration components function to promote the biogenesis of photosynthetic
complexes. The model reflects both conserved and unique functions that
evolved tomeet protein sorting requirements impacted by the endosymbiotic
event that gave rise to chloroplasts from a cyanobacterial progenitor.

II. Introduction

Chloroplast thylakoid membranes form the internal membrane system in
chloroplasts that function as a quantum-, electron-, and proton-transfer
machine, essential for sustaining life on earth. The energy-generating cap-
abilities of these membranes stem from the action of four different supramo-
lecular protein complexes, each assembled from 14 to 26 different protein
subunits originating from both plastid and nuclear genomes. The shear abun-
dance of thylakoid membranes and photosynthetic complexes that operate in
thesemembranes requires the thylakoid to be one of themajor protein export
sites of the photosynthetic cell. At least four different thylakoid export path-
ways originate in the stroma, which is also the site of transcription and
translation for plastid-encoded proteins. In that context, the stroma is much
like the bacterial cytosol or mitochondrial matrix. Yet the function of thyla-
koid export pathways is best understood for nuclear-encoded thylakoid pro-
teins, which are expressed in the cytoplasm as full-length precursors and
imported into the stroma where they gain access to conserved thylakoid
export systems.

Based on the evolutionary origin of organelles, it is not surprising that
protein export from the stroma to the thylakoid resembles export to the
endoplasmic reticulum (ER), to the mitochondrial inner membrane, and to
the bacterial cytoplasmic membrane [1]. For example, proteins that must
cross the thylakoid to reach their functional location on the luminal side of
the membrane are transported by homologous twin-arginine-targeting
(TAT) or secretion (Sec) transport systems, similar to those that translocate
bacterial proteins across the cytoplasmic membrane. Integral thylakoid
proteins present a uniquely different set of localization issues that stem, in
part, from their propensity to form aggregates in solution. For many

494 RALPH HENRY, ET AL.



proteins that must integrate into the ER membrane, the mitochondrial
inner membrane, or the bacterial cytoplasmic membrane, aggregation is
avoided by mechanisms that promote membrane insertion as the polypep-
tide is being translated. Similar cotranslational insertion mechanisms
appear to support integration of chloroplast-synthesized thylakoid proteins,
the majority of which are integral membrane proteins. However, the
nuclear-encoded light-harvesting chlorophyll-binding proteins (LHCPs)
are often the most abundant integral membrane proteins in chloroplast
thylakoids and must enter conserved protein export pathways following
their import into the chloroplast.

The question of how LHCPs find their way posttranslationally from the
chloroplast envelope to the thylakoid and subsequently insert into the mem-
brane has been the subject of research for more than 20 years. Hence, this
question is a central theme of this chapter owing to the finding that a
chloroplast signal recognition particle (cpSRP) and SRP receptor homologue
(cpFtsY) function in LHCP routing to the thylakoid where the protein
Albino3 (Alb3) is required for stable integration of LHCPs. The SRP trans-
port pathway in chloroplasts also serves to export chloroplast-encoded pro-
teins to the thylakoid by an overlapping cotranslational mechanism.
However, details of the localization mechanism are sparse for this set of
proteins owing to difficulties associated with reconstituting their localiza-
tion into isolated thylakoids.Nevertheless, based on a combination of genetic,
biochemical, and structural studies, as well as studies of protein export in
mitochondria, bacteria, and through the ER, a more detailed model of
cpSRP-mediated protein export has begun to emerge. The model reflects
both conserved and unique functions of an archaic targeting/ integration
mechanism that evolved to meet protein-sorting requirements associated
with the endosymbiotic event that gave rise to chloroplasts from
a cyanobacterial progenitor.

III. The General Pathway for Posttranslational
Targeting of LHCPs by cpSRP

Like other nuclear-encoded thylakoid proteins, LHCPs are synthesized
in the cytosol as full-length precursors (Figure 19.1). An N-terminal chlo-
roplast targeting peptide directs their transport across two envelope
membranes by a mechanism that relies on the Toc and Tic translocase
(see [2, 3] for review). The chloroplast-targeting peptide is processed by
a stromal processing protease during or soon after import into the
chloroplast, yielding mature-sized proteins (generally ranging from 20 to
30 kDa). Subsequent localization to the thylakoid leads to integration,
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chlorophyll attachment, and assembly of homotrimers, which further assem-
ble to form peripheral light-harvesting complexes (LHCs) for photosystem I
(PS I) and photosystem II (PS II). The Arabidopsis nuclear genome codes
for multiple LHC family members [4], each containing three to four
membrane-spanning domains.
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FIG. 19.1. Nuclear-encoded thylakoid proteins use evolutionarily conserved transport path-

ways. Precursor proteins are imported across the chloroplast envelope by the general import

machinery composed of the Toc and Tic translocases (not shown, see [2, 3] for reviews). On

entry into the stroma, stromal processing proteases remove the chloroplast-targeting domain.

The three major pathways, Sec, SRP, and TAT, are distinguishable by their protein and

energetic requirements as well as their substrate specificity. The chloroplast Sec pathway

transports N-terminal signal sequence containing proteins (e.g., 33-kDa subunit of the

oxygen-evolving complex, OE33) to the thylakoid lumen in a process that requires soluble

cpSecA and a membrane complex of cpSecY/cpSecE [25]. The SRP pathway in chloroplasts

serves to integrate the LHC family of proteins into the thylakoid membrane. The SRP pathway

relies on the conserved GTPases, cpSRP54 and cpFtsY, a novel cpSRP43, and the membrane

protein Alb3. TAT pathway substrate proteins (e.g., OE23) contain a twin arginine motif (RR)

in the signal peptide. The membrane proteins cpTatC, Tha4, and Hcf106 as well as a DpH and

Dc in vivo (see [82] for review) are required for proper function of the TAT pathway. A limited

set of proteins are transported by an apparently spontaneous mechanism, which has no known

proteinaceous or energetic requirements [83].
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Early biochemical studies by Cline’s group established that the pathway
for thylakoid localization of LHCPs in intact chloroplasts involves the
formation of a soluble pathway intermediate in the stroma termed transit
complex, which has a molecular weight of �120 kDa [5]. Transit complex
formation serves to prevent LHCP aggregation and preserves LHCP in an
integration competent conformation, consistent with transit complex being
the substrate form of LHCP that is targeted to the thylakoid for integration.
These studies, coupled with the discovery by Hoffman’s group of an SRP in
chloroplasts [6] and the finding that GTP is the only required nucleotide for
LHCP integration into isolated thylakoids [7], set the stage for biochemical
and genetic studies that have established the function of a posttranslational
SRP transport pathway in chloroplasts.

IV. Soluble andMembrane Components of the
Posttranslational SRPPathway

A. CPSRP IS COMPOSED OF A CONSERVED 54-KDAGTPASE AND A 43-KDA

SUBUNIT UNIQUE TO CHLOROPLASTS

Cytosolic SRPs, which function cotranslationally to target protein sub-
strates to the ER of eukaryotes and the cytoplasmic membrane of prokar-
yotes, contain a 54-kDa subunit (SRP54; Ffh in Escherichia coli) that is
central to the targeting mechanism (Figure 19.2). In addition to binding
hydrophobic signal sequences of targeting substrates as they emerge from
the ribosome, SRP54/Ffh possesses GTP binding and hydrolysis capabilities
that are coordinated by its binding to the ribosome, its interaction with an
SRP receptor at the target membrane, and its release of the targeting
substrate to a protein translocase in the membrane [8–10]. Identification
of a nuclear-encoded cpSRP54 homologue (cpSRP54) [6] fueled studies
that showed cpSRP54 to be a component of the soluble LHCP transit
complex and established its requirement for posttranslational LHCP inte-
gration into isolated thylakoids [11]. Like its pro- and eukaryotic counter-
parts, sequence comparison revealed the presence of a conserved NG
domain that functions in GTP binding and hydrolysis along with a
C-terminal M- (methionine-rich) domain, which in cytosolic SRPs interacts
with the hydrophobic region of signal sequences and binds a conserved
RNAmoiety. It is noteworthy that the chloroplast genomes of higher plants
and Chlamydomonas lack an indentifiable cpSRP RNA gene and analysis
of cpSRP has failed to identify an RNA component, even though an SRP
RNA is critical for function of cytosolic SRPs. However, the absence of an
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SRP RNA moiety in the chloroplast genomes of these organisms is consis-
tent with the identification of amino acid substitutions at sites in cpSRP54
that would be expected to reduce their affinity for an SRP RNA [12, 13].

Further characterization of cpSRP led to the unexpected discovery of a
novel 43-kDa subunit (cpSRP43) [14, 15]. Sequence analysis of the nuclear-
encoded cpSRP43 predicts that nearly the entire protein is composed of
known protein interaction domains, including three chromatin (CD)-binding
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FIG. 19.2. Homologous components of the SRP pathway. Although there is considerable

variation in signal recognition particles, many critical features of SRP, the SRP receptor, and

translocase proteins are conserved. The cytosolic SRP in eukaryotes consists of an RNA

moiety and six polypeptides, including the conserved GTPase SRP54. The bacterial SRP is

composed of Ffh (54 homologue) and a smaller RNA moiety. cpSRP contains the conserved

54-kDa GTPase, but no RNA component. In addition, cpSRP contains a novel 43-kDa subunit

that functions exclusively in posttranslational targeting. All SRP-targeting mechanisms rely on

at least twoGTPases, SRP54 noted above, and the receptor, SRa (FtsY inE. coli and cpFtsY in

chloroplasts). In mammalian systems, the SRP receptor contains a second GTPase, the mem-

brane protein SRb. The translocase components of the SRP pathway are more diverse. In the

ER, the translocation channel is formed by subunits of the Sec61 complex. The Sec61a and

Sec61g proteins of the Sec61 complex are similar in sequence to the SecY and SecE translocase

components of the bacterial and chloroplast cotranslational targeting pathways. In bacteria

and chloroplasts, the YidC/Alb3 families of proteins also function in membrane protein

integration. For translocation into the lipid bilayer, association with TRAM is required.

In the bacterial SRP pathway, conflicting reports of in vitro and in vivo protein requirements

suggest a different translocase composition in relationship to the use of SRP. In chloroplasts, it

appears that Alb3, like YidC, may have two distinct functions. cpSecYE may function in

association with Alb3 during cotranslational integration, while a second pool of Alb3 functions

independently of cpSecYE in posttranslational integration.
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and four ankyrin (Ank)-binding domains (see [16, 17] for review, and see
below). Unlike cpSRP54, the evolutionary origin of cpSRP43 remains uncer-
tain in the absence of identifiable prokaryotic homologues. Biochemical
assays demonstrated that cpSRP43 is required for transit complex formation,
is a component of the cpSRP–LHCP transit complex, and is required for
LHCP integration into isolated thylakoids [15]. It is notable that in stroma,
cpSRP54 is found in two distinct pools, one associated with chloroplast ribo-
somes and another associatedwith cpSRP43 [15]. Only the cpSRP43-contain-
ing pool of cpSRP54,which appears to be a heterodimerwith one copy of each
subunit [12], exhibits the ability to bind full-length LHCPs and reconstitute
thylakoid integration of LHCP. This is indicative of a specialized role for
cpSRP43 in posttranslational cpSRP functions. This observation is also con-
sistent with a dual function of cpSRP54 where the ribosome-associated pool
of cpSRP54 is used for cotranslational routing of chloroplast-synthesized
proteins (see below). High performance liquid chromatography analysis of
recombinant cpSRP failed to detect GTP, suggesting that (as is the case for
other SRPs) cpSRP is stable in the nucleotide-free form [12].

B. A CPSRP RECEPTOR HOMOLOGUE IS REQUIRED FOR CPSRP-BASED

PROTEIN TARGETING TO THE THYLAKOID MEMBRANE

While it is possible that cpSRP serves simply as a chaperone to prevent
the aggregation of LHC polypeptides as they traverse the stroma en route to
the thylakoid, the need for GTP hydrolysis in LHCP integration supports the
function of anSRP receptor at the thylakoid, and hence amembrane targeting
role for cpSRP. Studies of protein targeting by cytosolic SRPs have shown
that SRP receptors function at the target membrane to bind SRP54/Ffh,
thereby delivering ribosome-bound targeting substrates to the membrane
where the substrate can be released to transporters for cotranslational trans-
location into or across the lipid bilayer. The SRP receptor (SR) at the ER is
composed of two GTPases, an integral b-subunit (SRb) and a peripheral
a-subunit (SRa) that interacts directly with SRP54 (Figure 19.2, for review
see [10]).GTP hydrolysis by both SRa and SRP54 is used to release SRP from
SR for subsequent rounds of targeting. SRP receptor function in E. coli is
mediated by the SRa homologue FtsY, a GTPase that partitions between the
soluble and membrane phases owing in part to its affinity for phospholipids
[18]. Consistent with the role of GTP hydrolysis in releasing cpSRP from a
thylakoid receptor, a chloroplast homologue of SRa and FtsY (cpFtsY) was
identified inArabidopsis by sequence homology. Antibodies to cpFtsY inhib-
ited LHCP integration, establishing the participation of FtsY in posttransla-
tional targeting by cpSRP [19].Moreover, reconstitution of LHCP integration
into isolated thylakoids requires cpFtsY along with cpSRP54, 43, and GTP
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[20, 21]. Similar to E. coli FtsY, cpFtsY partitions between a soluble and
a membrane-bound phase [20] and contains a conserved NG domain
that is used in GTP binding and hydrolysis [19]. An acidic (A) domain at
the N-terminus ofE. coli FtsY is absent in cpFtsY. However, nearly all of the
A-domain is dispensable for FtsY function inE. coli [22] and numerous FtsY
homologues in other prokaryotes lack an A-domain [23].

C. LHCP INTEGRATION APPEARS INDEPENDENT OF THYLAKOID SEC AND

TAT TRANSPORT PATHWAYS

For the ER and bacterial systems, cotranslational insertion of
SRP-targeted membrane proteins utilizes a homologous Sec translocase.
In bacteria, the Sec translocase along with the SecA ATPase also supports
transport of proteins across the lipid bilayer to the periplasm. Hence, both
SRP- and SecA-dependent substrates can use SecYEG [24]. A Sec translo-
case in thylakoid membranes is composed minimally of SecY and SecE
homologues (cpSecY and cpSecE, respectively) and functions along with
the SecA homologue (cpSecA) to transport a subset of nuclear-encoded
lumen-resident proteins across the lipid bilayer in anATP-dependentmech-
anism (for review see [25]). Based on homology to bacterial protein sorting
mechanisms, it would be expected that the cpSec translocase serves as the
entry point for cpSRP-targeted proteins to enter the lipid bilayer and for
cpSecA-dependent proteins to be transported across the bilayer into the
lumen. While convergence at the cpSec translocase may hold true for
cotranslational targeting by cpSRP, Mori and Cline [26] showed that anti-
body binding to cpSecY has no influence on LHCP integration despite
inhibiting transport of lumen-resident proteins that require cpSecA. The
same study also showed that LHCP integration was insensitive to antibodies
that bind and inhibit the function of TAT translocase components. The
results of these studies along with the fact that LHCP integration is sensitive
to protease pretreatment of thylakoids [27] suggested that LHCP integra-
tion may utilize a protein-mediated insertion mechanism distinct from the
TAT and Sec transporters.

D. THE OXA1/ALB3/YIDC FAMILY FUNCTIONS IN LHCP INTEGRATION

Work in mitochondria, which lack Sec and SRP components, showed
that a subset of mitochondrial- and nuclear-encoded inner membrane pro-
teins rely on the function of Oxa1p for co- and posttranslational polypeptide
integration from the matrix side [28]. Chloroplast and bacterial homologues

500 RALPH HENRY, ET AL.



of Oxa1p, Alb3 and YidC were identified by sequence homology (see [29]
for review). Consistent with the chlorophyll-less phenotype of nuclear inser-
tion mutants that prevent Alb3 accumulation in Arabidopsis [30], Moore
et al. [31] showed that antibody binding to Alb3 inhibits LHCP integration
into isolated thylakoids without affecting protein transport across the thyla-
koid membrane by either the Sec or TAT translocation machinery.

Members of the Oxa1/Alb3/YidC family, which also includes Oxa2p in
mitochondria and two Alb3 homologues in Chlamydomonas chloroplasts
(see below), are polytopic membrane proteins that exhibit the greatest level
of sequence similarity in their membrane-spanning regions.While Oxa1 and
Alb3 each contains five hydrophobic membrane spans, YidC spans the
cytoplasmic membrane six times owing to an additional nonconserved
transmembrane region near its N-terminus [32]. As a result, both termini
of YidC remain exposed on the cytosolic side of the membrane, whereas the
N-terminus of both Oxa1p and Alb3 is translocated across the lipid bilayer
and exposed to the mitochondrial inner membrane space or thylakoid
lumen, respectively. YidC also differs from its organellar homologues in
that it lacks an extended C-terminus. In mitochondria, the lengthy matrix-
exposed C-terminus of Oxa1p is required for ribosome binding and cotran-
slational insertion of membrane proteins into the inner membrane, whereas
Oxa2p lacks a ribosome-binding domain [33, 34]. The functional role of
the stroma-exposed C-terminal extension in Alb3 is not known, but it
is required for Alb3 to interact with cpSecY in a yeast split ubiquitin
system [35].

Cross-linking studies have demonstrated that Alb3 is a nearest neighbor
of cpSecY in the thylakoid [36]. This is consistent with studies in E. coli
where a pool of YidC is found associated with the Sec translocase and
appears to function in lateral movement of membrane-spanning domains
into the lipid bilayer from the Sec complex during cotranslational integra-
tion [37, 38]. However, YidC plays a diverse role in membrane protein
biogenesis. A Sec-independent pool of YidC is responsible for insertion of
certain phage coat proteins as well as insertion of the F0-subunit of the F1F0

ATP synthase by a mechanism that has been reconstituted with YidC
proteoliposomes in the absence of SRP and Sec components [39]. Beyond
its role in membrane protein insertion, YidC has also been shown to
function as a membrane chaperone to promote proper folding and stability
of LacY that is integrated in a YidC-independent manner [40]. Based on the
fact that Alb3 can replace the function of YidC in E. coli, it is likely that
Alb3 plays a similarly diverse role in the biogenesis of thylakoid membrane
proteins, which is further supported by results of biochemical and genetic
studies ([41] and see below).
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E. POSTTRANSLATIONAL BINDING TO CPSRP IS LINKED TO AN ALB3
REQUIREMENT FOR INTEGRATION

In E. coli, the Sec-independent mechanism for protein insertion still
requires the function of YidC [42]. Hence, it would be expected that proteins
thought to integrate spontaneously into thylakoids might actually rely on
Alb3. Surprisingly, Robinson’s group showed that only LHC polypeptides
exhibit an Alb3 requirement for integration, which correlates with a strict
requirement for cpSRP [43]. Other membrane proteins examined that are
capable of posttranslational integration by an SRP-independent mechanism
showed no requirement for functional Alb3. These data provided evidence
that the cpSRP–LHCP transit complex may be targeted to the Alb3 translo-
case via interaction of cpSRP/cpFtsY with Alb3, but the relative dependence
of specific LHCPs on cpSRP and cpFtsY in vivo differs (see below).

V. Steps in the Posttranslational SRP Targeting Pathway

A. CPSRP ASSEMBLY

1. Posttranslational Targeting by cpSRP Requires Formation of a
cpSRP54/cpSRP43 Dimer

cpSRP54 is present in two pools in the chloroplast, a ribosome-
associated, cotranslationally active form and a cpSRP43-associated, post-
translationally active form [6, 11, 15]. The interaction of cpSRP43 with
cpSRP54 defines the targeting activity of cpSRP54 in the posttranslational
pathway. A recombinant cpSRP43/cpSRP54 dimer supports LHCP integra-
tion, while the removal of either component prevents LHCP integration
[12, 21]. Hence, assembly of the cpSRP43/cpSRP54 dimer is a prerequisite
for cpSRP functions in posttranslational transport pathways.

cpSRP43 is an elongated molecule composed almost entirely of known
protein interaction domains, an N-terminal CD (CD1) followed by four
Ank repeat regions and two closely spaced CDs at the C-terminus (CD2
and CD3) ([12, 44, 45], Figure 19.3). Early work utilizing a yeast-two-hybrid
system suggested that the two C-terminal CDs working together are
responsible for cpSRP43 binding to cpSRP54 [44]. Subsequent analysis of
glutathione S-transferase-fused CDs and domain deletions suggested that
the central CD (CD2) alone is responsible for binding cpSPR54 [45].
Further analysis by isothermal titration calorimetry confirmed that CD2,
and not the N- or C-terminal CDs, is involved in binding of cpSRP54 [46].
However, recent quantitative binding comparisons of CD2 containing con-
structs and full-length cpSRP43 suggest that other regions of cpSRP43 may
also play a role in the binding of cpSRP43 to cpSRP54 [47].
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CD structures are typically characterized by the presence of three antipar-
allel b-strands organized in a triple-stranded b-barrel structure along with a
C-terminal a-helix. Structural comparisons of the three CDs in cpSRP43
revealed several important differences [46]. Although all three CDs contain
a triple-stranded b-barrel structure, CD1 lacks the typical helical segment.
BothCD2andCD3maintain a standardCDstructure; however, thea-helix of
CD2 is positioned perpendicular to the plane of the antiparallel b-sheet, while
the a-helix of the C-terminal CD is in an unusual position parallel to the plane
of the b-sheet (see Figure 19.3). A CD2 chimera in which the helix residues in
CD2 were swapped for those in CD3 failed to bind cpSRP54 [46]. However,
the CD2 a-helix did not impart cpSRP54 binding to the opposite chimera
(Goforth and Henry, unpublished data). Together these data suggest that
both residue identity and orientation may be important. Additional analysis
of the residues within CD2 by mutagenesis and a pepscan approach have
provided additional support for the importance of specific negatively charged
amino acids in the a-helix as being important for the ability of cpSRP43 to
coprecipitate critical regions of cpSRP54 [47].

An additional notable difference between the CDs of cpSRP43 is in the
surface charge distribution. The surface charge distribution of the N-terminal
CD is nearly zero, while in the C-terminal CD, the exterior of the b-sheet
is neutral but the surface charge potential of the a-helix is positive [46].
In contrast, the surface charge potential of CD2 is highly negative owing to

FIG. 19.3. cpSRP43 structural model. All three CDs of cpSRP43 contain a characteristic

triple-stranded, antiparallel b-sheet as determined by NMR [46]. Several important structural

differences are likely responsible for functional differences between the CDs (see below).

CD1 lacks the characteristic C-terminal helix, while this helix is at notably different orientations

in CD2 and CD3. Sequence analysis of the Ank region suggests the adoption of a typical

canonical helix-loop-helix-b-hairpin-loop fold. Molecular modeling (courtesy of Kumar, T.K.S.),

incorporating known NMR structures of the CDs and modeled structures of the Ank region have

been used to generate a structural model for cpSRP43, which is consistent with its elongated

biophysical characteristics [12].
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the even surface distribution of acidic residues. This surface charge distribu-
tion seems especially relevant to cpSRP54 binding given the identification of
essential, positively charged residues in cpSRP54 [46, 48].

cpSRP54 is composed of an N-terminal NG-domain responsible for a
GTPase function and a C-terminal methionine-rich (M) domain [16]. Of
particular note is the highly charged and extended nature of the C-terminal
region of cpSRP54 as compared to the E. coli homologue Ffh [12].
A pepscan approach used to map the interactions between cpSRP43 and
cpSRP54 using a peptide library of sequences generated for cpSRP54 from
Arabidopsis revealed a large number of interactions with cpSPR43. These
interacting peptides corresponded to areas in the G-domain near the con-
sensus nucleotide-binding site, the flexible linker between the G- and
M-domains, and portions of the M-domain including the C-terminal 26
residues [12]. Yeast-two-hybrid and coprecipitation data indicate that the
M-domain of cpSRP54, and not the NG domains, is solely responsible for
binding to cpSRP43 [44, 45]. Further research has narrowed identification
of the interaction site for cpSRP43 to a unique 10-amino acid-long segment
contained within the extended C-terminal region of the M-domain [48].
This peptide is characterized by the presence of a positively charged
RRKRK sequence, and it seems likely that charge–charge interactions
play an important role in interactions between this region of cpSRP54
and CD2. The presence of this sequence in cpSRP54, but not in Ffh, may
explain the inability of Ffh to bind cpSRP43. It is interesting to question
whether incorporation of this 10-amino acid sequence into Ffh would
support binding of cpSRP43 to Ffh.

B. TRANSIT COMPLEX FORMATION

1. cpSRP43 Binding to LHCP and cpSRP54 Coordinates Transit
Complex Formation

An investigation of the LHCP structural properties required for transit
complex formation suggests that interactions between LHCP and cpSRP43
are required for cpSRP54 to bind hydrophobic sequences in LHCP. For-
mation of a cpSRP–LHCP transit complex requires two domains of LHCP,
a hydrophobic domain and a unique SRP recognition element termed L18,
which is composed of an 18-amino acid hydrophilic motif that resides
between transmembrane domains 2 and 3 [49]. Consistent with the exclu-
sive role of L18 in posttranslational cpSRP binding to LHCP family mem-
bers, L18 functions as a cpSRP43-binding domain conserved among LHCP
family members [50]. Arabidopsis LHCP family members are 50–83%
identical compared to pea Lhcb (used to identify the L18 motif [49]) in

504 RALPH HENRY, ET AL.



the region of the L18 motif [4]. Taken together, these data indicate that
the L18-cpSRP43 interaction is used to recruit proteins to the posttransla-
tional SRP sorting pathway in chloroplasts. This is largely supported in
Arabidopsis mutants that lack cpSRP43 accumulation and exhibit a loss
of LHC polypeptides, but accumulate normal levels of chloroplast-
synthesized thylakoid proteins ([14] and see below). The possible role of the
cpSRP43-L18 interaction in promoting cpSRP54 binding to hydrophobic
sequences comes from studies in which L18 was fused to the N-terminus
of bovine preprolactin (PPL), a protein normally targeted to the ER by
the cotranslational SRP targeting mechanism. While full-length PPL and
L18-PPL showed almost no ability to bind cpSRP54 alone, the L18-PPL
fusion bound to cpSRP43 formed transit complex with cpSRP54 [50]. Muta-
tions to the hydrophobic PPL signal sequence that have been shown to inhibit
signal sequence binding of PPL to cytosolic SRP54 in cotranslational assays
also prevented formation of transit complex with L18-PPL without influen-
cing interactionwith cpSRP43. Taken together, these data support amodel of
transit complex formation in which posttranslational binding of hydrophobic
substrates by the cpSRP54 M-domain only takes place following interaction
of cpSRP43 with the L18 motif in the targeting substrate.

It is interesting that the structure of cytosolic SRP54 changes from a
closed conformation to an extended conformation on binding to the ribo-
some, thereby exposing a hydrophobic groove in the M-domain to accom-
modate its interaction with hydrophobic signal sequences (for review see
[51]). It is reasonable to expect that posttranslational binding of an LHCP
hydrophobic region by cpSRP54 relies on a similar structural rearrangement
of cpSRP54 within the M-domain. It is anticipated that the L18-cpSRP43
interaction may trigger the change in cpSRP54 so it can bind a nearby
hydrophobic sequence in LHCP, similar to the function of the ribosome
interaction with SRP54. It is noteworthy that cotranslational binding of
signal peptide hydrophobic domains to all SRP54s requires a threshold of
hydrophobicity [52–55]. When segments of LHCP were presented as ribo-
some nascent chains, efficient cross-linking of LHCP nascent chains to
cpSRP54 or mammalian SRP54 was restricted to constructs that exposed
the C-terminal membrane-spanning region, the most hydrophobic of the
three membrane-spanning domains in LHCP [52]. Similar results were
obtained by peptide scanning; only LHCP peptides containing the third
membrane span showed interaction with cpSRP54 [12]. A minimal LHCP
composed of the L18motif and the thirdmembrane span is sufficient to form
transit complex with cpSRP [49]. Based on the fact that recombinant cpSRP
is a heterodimer and the size of the cpSRP–LHCP transit complex is
�120 kDa, it is likely that the stoichiometry of cpSRP54, cpSRP43, and
LHCP in transit complex is 1:1:1, but this remains to be firmly established.
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Since transit complex appears to be the form of LHCP targeted to the
thylakoid membrane, it seems likely by comparison to cotranslational tar-
geting models [56] that cpSRP54 in transit complex is in a GTP-bound state
(Figure 19.4). GTP is not required for transit complex formation, nor is it
required for cotranslational binding of mammalian SRP54 to signal
sequences. But a strict conservation of the GTP binding and hydrolysis
cycle implies that affinity of cpSRP54 for GTP will be increased by one or
more interactions that lead to transit complex formation in order to ready
cpSRP54 for binding to its receptor, cpFtsY. Since L18 binding to cpSRP43
appears to signal the arrival of targeting substrate, it is interesting to specu-
late that binding of the L18 motif to cpSRP43 could act as the signal to
increase affinity of cpSRP54 for GTP. Results of yeast-two-hybrid studies
indicate that L18 binding takes place in the Ank repeat region of cpSRP43,
specifically with Ank1 [44]. This is consistent with the results of transit
complex formation assays using cpSRP43 domain deletions; a minimal
cpSRP43 still capable of forming transit complex with cpSRP54 and
LHCP is composed of the Ank repeat domain along with CD2. Both CD1
and CD3 are dispensable for transit complex formation [45].

FIG. 19.4. Model of posttranslational cpSRP function in LHCP integration. cpSRP, com-

posed of cpSRP54 (54) and cpSRP43 (43), interacts in solution with the substrate LHCP (black

line, LHCP) to form a soluble intermediate termed transit complex. The cpSRP receptor,

cpFtsY is located both in the soluble phase and at the thylakoid membrane. Transit complex

arrives at the membrane loaded with substrate and interacts with cpFtsY. Interaction of cpSRP

and cpFtsY likely promotes GTP binding by both cpSRP54 and cpFtsY (T, indicating GTP

bound form). In the absence of accessible Alb3, the complex containing cpSRP, cpFtsY, and

LHCP remains associated with the membrane until Alb3 is available. There the substrate is

released to Alb3 for integration, and GTP hydrolysis (D, GDP-bound form) liberates cpSRP

and cpFtsY for a successive round of targeting. See text for additional details.
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C. MEMBRANE EVENTS IN THE POSTTRANSLATIONAL CPSRP PATHWAY

1. Alb3 Is a Target for cpSRP–cpFtsY Binding at the Membrane

The Alb3 requirement for stable integration of LHC polypeptides sug-
gests that Alb3 is the membrane target for transit complex and that Alb3
functions to insert LHC polypeptides. Moreover, posttranslational target-
ing by cpSRP appears linked to the function of Alb3. SecY has also been
shown to interact with at least a portion of the Alb3 in thylakoids [36].
Despite the fact that antibody binding to cpSecY does not affect LHCP
integration [26], the inhibitory action of cpSecY antibody on transport of
Sec pathway substrates could stem from inhibition of cpSecA binding to
cpSecY rather than an inhibition of cpSecY function per se. Therefore, the
membrane target for LHCPs may be cpSecY associated with Alb3. How-
ever, studies by Moore et al. [57] do not support a function of cpSecY in
LHCP integration (see below). In either case, the mechanism for bringing
LHC polypeptides to the target site at the membrane must include the
action of cpFtsY, which likely binds cpSRP54 in a manner homologous to
other SRP-targeting systems [58, 59]. Although cpFtsY partitions to both
the stroma and thylakoid, there is no evidence that cpFtsY binds transit
complex in solution. This is similar to E. coli where FtsY is found in both
the soluble and membrane phase, but there is no requirement for FtsY to
enter the soluble phase [60].

One approach to identify steps at the membrane involved in posttransla-
tional targeting by cpSRP has been to use nonhydrolyzable GTP (GMP-
PNP) to stabilize an interaction between cpSRP and cpFtsY. In the presence
of thylakoids, a cpSRP–cpFtsY complex accumulates on the membrane in a
GMP-PNP-dependent manner and copurifies as part of a larger complex
containing Alb3 and cpSecY [57]. The cpSRP–cpFtsY complex occupies
functional Alb3 translocation sites, demonstrated by decreased LHCP inte-
gration into thylakoids where this complex was stabilized prior to integra-
tion assays. Importantly, antibody binding to cpSecY removes cpSecY
from membrane complexes containing cpSRP, cpFtsY, and Alb3 without
inhibiting Alb3 activity. This argues that cpSecY is likely not part of the
functional complex that is used to integrate LHCP. Interestingly, neither
cpSRP43 nor LHCP is required to form a complex with Alb3, suggesting
that cpSRP43 functions to link the substrate to the true targeting com-
ponents, cpSRP54 and cpFtsY, which form the targeting–translocation
interface with Alb3.

It is still uncertain if Alb3 function in LHC biogenesis is strictly limited to
polypeptide insertion into the lipid bilayer. Since chlorophyll is required for
stable insertion of LHC polypeptides, it has been hypothesized that chloro-
phyll attachment may take place at the site of LHC polypeptide insertion
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(see [4] for review). One possibility is that enzymes which function late in
chlorophyll biosynthesis are closely associated with Alb3. It is also possible
that an added function of Alb3 is to hold inserted LHC polypeptides in
position to promote chlorophyll attachment and proper folding, thereby
acting as a membrane chaperone [32]. InChlamydomonas, Alb3.1 functions
as a membrane chaperone to promote assembly of inserted reaction center
protein D1 into PS II, but is not required for D1 insertion into the lipid
bilayer [61]. Characterization of cpSRP/cpFtsY/Alb3 complexes that rep-
resent functional LHCP integration sites in the thylakoid may lead to the
identity of other components necessary for stabilizing LHC polypeptides
during or after their insertion into the lipid bilayer.

2. Targeting to the Membrane by cpSRP/cpFtsY May Precede
Binding to Alb3

It is noteworthy that in studies of cpSRP–cpFtsY binding to the thylakoid
membrane, antibody binding to Alb3 prevented cpSRP–cpFtsY interaction
with Alb3, but did not prevent attachment of the cpSRP–cpFtsY complex to
the membrane [57]. Hence, LHCP targeting to Alb3 by cpSRP/cpFtsY may
involve a step at the membrane that precedes interaction with Alb3 (refer to
Figure 19.4). This step could require binding to an unknown membrane
protein that has affinity for the targeting components or be mediated by
affinity of the targeting components for lipids. Presumably, interaction(s)
between Alb3 and the targeting components is required to initiate release of
LHCP from both cpSRP54 and cpSRP43 and then initiate GTP hydrolysis by
cpSRP54/cpFtsY to promote their separation from each other. A translocon-
sensing mechanism appears to function in SRP targeting to the ER and may
be a central feature of all SRP-targetingmechanisms, albeit with evolutionary
adaptations unique to the target membrane and targeting components.

3. cpSRP43 Functions at a Step Following Transit Complex Formation

Although cpSRP54 and cpFtsY are able to interact with Alb3 in the
absence of cpSRP43, we cannot rule out the possibility that cpSRP43 is
involved inmembrane events critical to control the timing of substrate release
or control some aspects of the GTP cycle central to posttranslational integra-
tion ofLHCpolypeptides. Indeed, addition of cpSRP43 lackingCD1has been
shown to raiseGTPhydrolysis rates by cpSRP54/cpFtsYwithout affecting the
ability of cpSRP43 to bind LHCP and cpSRP54, or support transit complex
formation [45]. The fact that cpSRP43 lackingCD1 loses the ability to support
LHCP integration into isolated thylakoids without affecting any of its known
soluble phase activities points to a critical role of cpSRP43 in directing events
at the membrane. In the ER system, the reciprocal stimulation by SRP54 and
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SRa of each protein’s GTPase activities is promoted by the 60S ribosomal
subunit [62], which has led to the intriguing possibility that cpSRP43 may
functionally replace the ribosome as an activator of the cpSRP54/cpFtsY
GTPase cycle [45]. A better understanding of cpSRP43’s role at the mem-
brane will require a detailed understanding of the interplay between the GTP
cycle and protein interactions, especially those involving cpSRP43 at the
membrane.

VI. AnOverlapping Post- and Cotranslational Function
of cpSRP/cpFtsY/Alb3

A. BIOCHEMICAL EVIDENCE FOR A COTRANSLATIONAL

CPSRP-TARGETING PATHWAY

A limited number of cotranslational substrates (i.e., chloroplast-
synthesized proteins) have been examined in biochemical assays that recon-
stitute thylakoid localization, making it difficult to fully understand how
specific soluble and membrane components are linked. Localization condi-
tions have only been established successfully for one chloroplast-synthesized
thylakoid protein, cytochrome f, using isolated thylakoids and a homologous
chloroplast translation system [63]. Cytochrome f is a single membrane-
spanning protein that is localized using a cleavable signal peptide. Localiza-
tion studies conducted with isolated thylakoids have shown that cpSRP does
not bind the cytochrome f signal sequence as it emerges from the ribosome.
Rather, the signal peptide interacts with cpSecA and integration is ATP
dependent, which implicates cpSecYE function in the cotranslational inte-
gration of cytochrome f. The possibility exists that Alb3 may be required to
move the singlemembrane-spanning domain from the cpSecYE pore into the
lipid bilayer, similar to the function of Sec-associated YidC in E. coli
(see Figure 19.2).

1. Chloroplast-Synthesized D1 Binds Cotranslationally to cpSRP54
Prior to Integration by cpSecY

The PS II reaction center protein, D1, is a polytopic membrane protein
that has been shown to form cross-links with cpSRP54 when presented as a
nascent chain synthesized in vitro by chloroplast ribosomes [64]. No inter-
action of D1 was observed with cpSRP43, which is consistent with the
finding that only cpSRP54 is found associated with chloroplast ribosomes
and functions in the absence of cpSRP43 to support cotranslational activ-
ities. Recruitment of D1 to the thylakoid membranes of intact chloroplasts
results in its cotranslational integration, which proceeds through distinct
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pauses in translation. D1 translation intermediates can be found associated
both with the ribosome and cpSecY [65] implicating cpSecYE function in
the integration mechanism. Presumably, cpFtsY acts in recruiting
cpSRP54-bound nascent D1 to the thylakoid, but a requirement for cpFtsY
has not been established for targeting activities that lead to D1 association
with cpSecY (see below).

2. Alb3 Is a Chaperone for Assembly of Integrated D1

Based on the function of YidC in clearing transmembrane domains from
the cpSecY translocase into the lipid bilayer, it would be predicted that
Alb3 is necessary for D1 insertion into the membrane. However, a mutant
of Alb3.1 in Chlamydomonas that exhibits a reduction in PS II assembly
accumulates properly integrated D1 in thylakoids and is free of cpSecY
[61, 66, 67]. The finding that Alb3.1 associates with fully integrated D1
suggests that Alb3.1 is not required to move D1 transmembrane domains
from the Sec translocation pore into the lipid bilayer. Rather, Alb3.1 func-
tions as a membrane chaperone for D1 to facilitate its assembly into PS II
(see below). This is consistent with the diverse range of activities exhibited
by the YidC/Alb3/Oxa1 family of proteins in bacteria and mitochondria.

B. ANALYSIS OF MUTANTS LACKING COMPONENTS OF THE

CPSRP PATHWAY

1. CpSRP Mutants

Arabidopsismutants lacking cpSRP43 (chaosmutant) [14], cpSRP54 (ffc
mutant) [68], or both cpSRP subunits (chaos/ffc double mutant) [69] were
analyzed. A summary of the main features of the mutants is given in
Table 19.1. The chaos mutant was characterized by a specific defect in
LHCP biogenesis, supporting the specialized role of cpSRP43 in LHCP
targeting. The plant had a chlorotic phenotype with a 50% reduction
of chlorophyll content. Western blot analysis revealed that the amount of
most analyzed LHCPs is significantly reduced, whereas no reduction
of other proteins could be detected.

Plants lacking functional cpSRP54 differed from the chaosmutant in two
aspects [68, 70]. First, the phenotype of these plants was most visible at the
young seedling stage when the first true leaves are yellow. In contrast to the
chaos mutant, the phenotype becomes less severe when the plant matures,
as seen by a recovery of the first true leaves and by the observation that the
older ffc leaves are greener than the young ffc leaves. Second, the young
leaves of the ffc mutant showed a reduced level of the chloroplast-encoded
PS I and PS II reaction center proteins in addition to a reduction of the
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TABLE 19.1

ARABIDOPSIS, MAIZE, CHLAMYDOMONAS, OR SYNECHOCYSTIS MUTANTS LACKING COMPONENTS OF CPSRP OR MEMBERS OF THE YIDC/OXA1P/
ALB3 FAMILY

Mutant Species
Mutated
Protein Appearance

Chlorophyll
Content Ultrastructure Affected Proteins References

ffc (x-ray) A. thaliana cpSRP54 Yellow first true leaves,
virescent

Reduction by
75% in first
true leaves

Fewer thylakoids (first
true leaves)

Reduction of most LHCPs; PS I, PS II
reduced

[68]

chaos

(transposon)
A. thaliana cpSRP43 Chlorotic, all leaves

pale green
50% reduction Normal Reduction of most LHCPs; PS I, PS II

normal
[14]

ffc/chaos A. thaliana cpSRP54/
cpSRP43

All leaves more yellow
than chaos

85% reduction Strong reduction of
thylakoids

Strong reduction of most LHCPs; PS I,
PS II reduced

[69]

csr1 (transposon) Maize cpFtsY Pale yellow-green,
seedling lethal

88% reduction Largely reduced and
unstacked thylakoids

Strong reduction of most LHCPs; all
photosystem complexes reduced;
cpSecY, Alb3, cpTatC not affected;
targeting and insertion of D1 not
affected

[77]

alb3 (transposon) A. thaliana Alb3 Albino, seedling lethal 95% reduction Very few unstacked
thylakoid
membranes

[30]

alb4 (RNAi) A. thaliana Alb4 Normal appearance Large chloroplasts; less
appressed grana
stacks

[79]

ac29 C. reinhardtii Alb3.1 Yellow; retarded
growth under low
light

70% reduction Strong reduction of LHC I and LHC
II; PS I, ATP synthase and
cytochrome b6f complex not
affected; Reduced PS II; assembly of
D1 into PS II affected

[66]

alb3.2 (RNAi) C. reinhardtii Alb3.2 Cell death after a
prolonged period

25–50%
reduction

Enlarged vacuoles Reduction of PS I and PS II
(�50–75%); less severe reduction of
LHC II, ATP synthase, and
cytochrome b6f complex not
affected; increased Vipp1, Hsp70,
Cdj2

[67]

Dslr1471O
(disruption by
antibiotic
cassette)

Synechocystis Alb3 (No complete
segregation
achievable)

60% reduction
of pigments

Severe damage of
thylakoid
morphology

[81]



same subset of LHCPs as the chaos mutant. These data support the over-
lapping roles of cpSRP43 and cpSRP54 in LHCP targeting and the addi-
tional involvement of cpSRP54 in targeting chloroplast-encoded thylakoid
membrane proteins.

Interestingly, the phenotype of a double mutant containing no functional
cpSRP54 or cpSRP43 was more severe than that of the single mutants [69].
The double mutant had pale yellow leaves at all stages of growth and the
levels of almost all LHCPswere significantlymore reduced than in the single
mutants. As expected, the double mutant exhibited a reduction of the
chloroplast-encoded PS I and PS II reaction center proteins and the abun-
dance of the inner antennae proteins CP43 and CP47 was also diminished.
As in the single mutants, no reduction was observed for PsbS, a thylakoid
membrane protein capable of spontaneous insertion [71]. The stronger
phenotype of the doublemutant suggests that the individual cpSRP subunits
are partially active in LHCP targeting in vivo, although in vitro experiments
demonstrated that the cpSRP subunits are inactive individually [12, 15, 16,
21]. Alternatively, it is also possible that the loss of just one subunit of the
cpSRP can be compensated in the single mutants by the upregulation of
factors that are active in combination with the remaining cpSRP subunit.

It should be noted that the cpSRP mutants were not seedling lethal,
indicating that these mutant plants contained some photosynthetic activ-
ities. This is reflected by the observation that even the double mutant ffc/
chaos still contained significant amounts of some members of the LHCP
family (for review see [17]). Therefore, it may be proposed that the mutant
plants can either partially compensate for the loss of cpSRP or are able to
transport some LHCPs by an alternative cpSRP-independent pathway.
An adaptation to the loss of the cotranslational SRP pathway by a slowdown
of growth, a reduction of protein synthesis, and an induction of heat-shock
proteins was described for Saccharomyces cerevisiae [72]. In addition, it was
shown that Streptococcus mutans could also survive extensive disruptions of
the SRP pathway [73]. Several studies analyzing the biogenesis of thylakoid
membranes indicate that vesicles budding from the envelope membrane
transport lipids to the growing thylakoids (reviewed in [74–76]). It is tempt-
ing to speculate that these vesiclesmight also be used tomove proteins to the
thylakoid membrane, although there is no indication for such a transport
mechanism in chloroplasts.

2. cpFtsY Mutant

The analysis of a maize mutant containing a Mu transposon in the
cpFtsY gene (chloroplast SRP receptor1; csr1) provides insights into the
role of cpFtsY in vivo [77] (Table 19.1). The null cpFtsY mutant csr1-1 was
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seedling lethal and died shortly after germination. The young develop-
ing seedlings showed a chlorophyll-deficient phenotype with an otherwise
almost normal morphology (reduction of chlorophyll to �12%). Mutant
bundle sheath and mesophyll chloroplasts possess an altered ultrastructure
with largely reduced and unstacked thylakoid membranes. Detailed analy-
sis of the steady state levels of individual members of the LHCP family
revealed a drastic reduction of most LHCPs and further studies demon-
strate that isolated mutant plastids import LHCP but are incapable of
inserting LHCP into the thylakoid membrane. These data point to a crucial
role of cpFtsY in LHCP biogenesis and support the previously published
in vitro experiments demonstrating that an anti-cpFtsY antibody inhibited
the LHCP insertion into thylakoid membranes [19] and that cpFtsY is
required for the in vitro reconstitution of LHCP integration [20]. Interest-
ingly, the csr1mutant does not only show a defect in LHCP biogenesis but is
also characterized by a reduced abundance of all photosynthetic complexes,
whereas the amount of subunits of the thylakoid protein transport machin-
ery is not altered (e.g., cpSecY, Alb3, cpTatC). The observed pleiotropic
defects of the csr1 mutant point to an essential role of cpFtsY in the
biogenesis of the photosynthetic apparatus, and it is tempting to speculate
that cpFtsY might be involved in the cotranslational targeting of the
chloroplast-encoded photosynthetic subunits. However, Asakura et al.
showed that the targeting and insertion of D1, the reaction center protein
of PS II, into the thylakoid membrane is not affected in the csr1mutant [77].
In summary, current data clearly demonstrate an important role of cpFtsY
in the biogenesis of the LHCs, but the role of cpFtsY in the transport of
other thylakoid membrane proteins remains unclear [77].

3. Alb3 Mutants

The albino3 (alb3) null mutant of Arabidopsis, generated by transposon
mutagenesis, showed a drastic albinotic phenotype and was seedling lethal
[30, 78]. Detailed analysis of the mutant plants revealed a strong chlorophyll
deficiency (5% of wild-type chlorophyll content), abnormal chloroplasts
with very few thylakoid membranes, and almost no grana stacking [30].
The phenotype of the alb3 mutant resembles that of the cpFtsY mutant
rather than the phenotypes of the ffc, chaos, and ffc/chaos mutants, which
were not seedling lethal and contained some photosynthetic competency.
This suggests that the function of Alb3 extends beyond insertion of a subset
of LHCPs and is required for the insertion or assembly of other thylakoid
membrane proteins. Alternatively, it is also possible that Arabidopsis
mutants lacking cpSRP exhibit a milder phenotype since they might be
able to compensate for this defect by upregulation of stromal chaperones.
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A second chloroplast homologue of the Alb3/Oxa1/YidC family, named
Alb4, was identified in Arabidopsis [79]. Alb4 represents the Alb3/Oxa1/
YidC domain of the mistakenly identified 110-kDa inner envelope protein
Artemis [80]. Like Alb3, Alb4 is expressed in the green tissues of
Arabidopsis and is located in the thylakoid membrane. The strong pheno-
type of the alb3 null mutant indicates that Alb4 cannot compensate the loss
of Alb3 which points to a specialized function of Alb4.Arabidopsismutants
with a strong reduction (�90%) of the Alb4 level are vital and do not have
an apparent visual phenotype under normal growth conditions. However,
analysis of the ultrastructure of the mutant chloroplasts revealed that the
mutant plastids are larger, more spherical in appearance and the grana
stacks within the mutant lines are less appressed than in the wild-
type chloroplasts. These data indicate that Alb4 is required for proper
chloroplast biogenesis but nothing is yet known about the precise function
of Alb4.

The green algae Chlamydomonas reinhardtii also contains two Alb3
homologues, Alb3.1 and Alb3.2 [66, 67]. AChlamydomonasmutant lacking
Alb3.1 (ac29 mutant) is mainly characterized by a reduction of the light-
harvesting systems. In addition, the alb3.1 mutant has a reduced amount of
PS II, whereas the abundance of PS I, the cytochrome b6f complex, and the
ATP synthase is not altered [66]. Interestingly, another study demonstrated
that the alb3.1 mutant shows a defect in the assembly of D1 into PS II,
whereas the integration of D1 into the thylakoid membrane appeared to be
normal [61]. These data indicate that Alb3.1 has dual functions and is
involved in the integration of the LHCPs and in the assembly of functional
PS II. However, it should be pointed out that the mutant is still able to grow
photoautotrophically and therefore exhibits a much milder phenotype than
the alb3 mutant of Arabidopsis.

Alb3.1 and Alb3.2 are both closely related to Alb3, whereby Alb3.2
shows a slightly higher homology to Alb3. It was demonstrated that deple-
tion of Alb3.2 by RNA interference resulted, after a prolonged period, in
cell death indicating an essential function of Alb3.2 in Chlamydomonas
[67]. The abundance of PS I and PS II was reduced by 50–75% in the RNAi
mutant, whereas the amount of light-harvesting chlorophyll a/b complex II
was less affected. Remarkably, the effects of the Alb3.2 depletion were not
restricted to the plastid since the mutant exhibited a large increase in
vacuolar size [67]. These data indicate that Alb3.2 is not only involved
in the assembly of photosynthetic complexes but has additional, not yet
clarified essential functions.

Interestingly, Synechocystis sp. PCC6803 contains just a singleAlb3 gene
(slr1471) [81]. Analysis of slr1471 mutant cells revealed that the Alb3
homologue is essential for cell viability and that depletion of this protein
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results in severely damaged thylakoid morphology [81]. These data indicate
that Alb3 plays a general role in protein insertion in Synechocystis (as
in other bacteria) and is possibly required for the biogenesis of both
the plasma membrane and the thylakoid membrane. A summary of the
described mutants is given in Table 19.1.

VII. Conclusions andOutlook

Biochemical and genetic studies of the posttranslational cpSRP–Alb3
transport pathway, coupled with knowledge of homologous targeting/inte-
gration systems, have provided a general picture of the steps required to
target LHCPs to the membrane where interaction of cpSRP/cpFtsY with
Alb3 culminates in LHCP integration. These studies indicate that compo-
nents have evolved specialized functions unique to both the membrane
target and to the requirements for targeting a full-length substrate. Yet,
certain fundamental aspects of the SRP-targeting mechanism remain intact,
including the use of GTP binding and hydrolysis by conserved GTPases to
control the timing of events in both the soluble and membrane phases of the
transport pathway. Presumably, this level of control is aimed at ensuring
substrate release from SRP only in the presence of an available translocase.
A detailed understanding of the relationship between GTP binding and the
dynamics of targeting component interactions, with each other and with
Alb3, will be required to elucidate details of a targeting mechanism that is
anticipated to ‘‘sense’’ availability of Alb3.

It is interesting that genetic studies point to a more irreplaceable role of
cpSRP43, cpFtsY, and Alb3 in posttranslational integration; the absence of
cpSRP54 is more easily compensated as evidenced by a less severe pheno-
type. One possibility is that cpSRP43 binding to LHCPs serves a nonre-
placeable function in vivo, whereas alternative mechanisms, for example
stromal chaperones, compensate for the absence of cpSRP54. This raises
the possibility that the severity of the cpFtsY phenotype is related to the
commitment of targeting substrates to the cpSRP pathway on binding of
cpSRP54, where cpFtsY may now be required to release cpSRP54 from the
substrate. In this scenario, proteins targeted by both post- and cotransla-
tional cpSRP-targeting mechanisms would be affected, which is consistent
with the cpFtsY mutant phenotype. Given the apparent indispensability of
Alb3 for integration of LHCPs (and possibly other thylakoid membrane
proteins) in vivo, a mechanism must operate in vivo to deliver LHCPs to
Alb3 that is independent of cpSRP54. At present, little is known about how
Alb3 interacts with LHCPs (or chloroplast-synthesized membrane pro-
teins) to promote their integration into the membrane. Development of a
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cotranslational assay that faithfully reconstitutes integration into isolated
thylakoids for a wide range of substrates would help elucidate the diverse
roles of Alb3 in protein insertion or as a chaperone.

NOTE ADDED IN PROOF

Tzvetkova-Chevolleau et al. [84] found that Arabidopsis containing a
mutation in cpftsy fails to accumulate cpFtsY protein and exhibits a severe
chlorotic phenotype similar to that observed for the cpsrp54/chaos double
mutant lacking both cpSRP54 and cpSRP43. Intriguingly both thylakoid
biogenesis and LHCP accumulation are largely normal when both cpFtsY
and cpSRP54 are absent (cpftsy/cpsrp54 double mutant) yet cpSRP43 is
present. The authors also demonstrate that cpSRP43, in the absence of
cpSRP54 and cpFtsY, exhibits the ability to bind the Alb3 translocase.
Taken together, these findings indicate that cpSRP43 has developed fea-
tures to funtion independently of cpSRP54/cpFtsY in targeting LHCPs to
the thylakoid memberane and serves as a component of an alternative
pathway for targeting to the Alb3 translocase.
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I. CatalyticMachines Involved inPeroxisomalMatrix
Protein Import

Peroxisome biogenesis requires the action of about 32 PEX genes encod-
ing a family of proteins known as peroxins [1]. These are distributed in
the cytosol, peroxisomal membrane, or peroxisome lumen. While a number
of these proteins, particularly components of a peroxisome membrane-
associated complex known as the importomer [2], regulate the entry of
cargoes and cargo receptors into and out of peroxisomes, a number of
proteins act catalytically to facilitate the import of proteins into the peroxi-
some matrix. This chapter will focus on two sets of proteins that act in this
fashion.
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1. The peroxisome-targeting signal (PTS) receptors that repeatedly bind
cargo in the cytosol ferry the cargo into the peroxisome lumen, and then
recycle back to the cytosol for another round of import [3].When recycling
of these receptors is compromised, enzymes involved in a peroxisomal
pathway known as receptor accumulation and degradation in the absence
of recycling (RADAR) function to keep the peroxisome membrane clear
of cargo-free receptors [3]. These will also be described briefly.

2. The Hsp70 class of proteins that undergoes cycles of ATP binding and
hydrolysis.

Other enzymes required for peroxisomal matrix protein import include
those, such as Pex4p, involved in protein ubiquitylation, and the AAA
ATPases, Pex1 and Pex6, that associate with each other and are needed
for receptor recycling from peroxisomes to the cytosol—these are reviewed
separately in this volume.

II. Components Involved inPeroxisomalMatrix
Protein Import

To set the stage for the discussion of these catalytic machines, we first
need to understand the peroxisome biogenesis machinery itself and the
general mechanism by which proteins are sorted to the peroxisome matrix.

Most proteins destined for the peroxisome matrix possess one or more
PTSs. A few peroxisomal matrix proteins lack a PTS but enter the matrix
simply by association with other protein partners that do have a PTS, which
is a consequence of the fact that folded, oligomeric and cofactor-bound
proteins can be transported into the peroxisome lumen [3]. Two classes of
conserved PTSs have been described—a C-terminal tripeptide or PTS1 and
an N-terminal or internal nona-peptide, named PTS2. Following the syn-
thesis of peroxisomal matrix proteins in the cytosol, these PTSs are recog-
nized by specific receptors/coreceptors. The Pex5 protein is the PTS1
receptor [4–7], and the Pex7 protein is the PTS2 receptor in yeasts, plants,
and mammals [8–15]. However, the PTS2 pathway of import requires an
auxiliary protein, or coreceptor, to transport cargoes into the matrix. In
yeasts, members of the Pex20 family of proteins (Pex18 or Pex21 in
Saccharomyces cerevisiae and Pex20 in Neurospora crassa, Pichia pastoris,
and Yarrowia lipolytica) are also necessary for the PTS2 import pathway
[16–20], whereas in plants and mammals, a long isoform of Pex5, called
Pex5L, serves as the auxiliary protein for the PTS2 pathway [15, 21].

The complexes formed between cargo and the PTS coreceptors and/or
receptors then interact at the peroxisomal membrane with a docking
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subcomplex, comprised in yeasts of the peroxisomalmembrane ormembrane-
associated peroxins, Pex3, Pex8, Pex13, and Pex14 (Figure 20.1). This dock-
ing subcomplex likely serves as the translocon for the receptor/cargo
complexes [3] and associates with a second subcomplex in the peroxisome
membrane, the really interesting new gene (RING) subcomplex, composed
of three RING-domain proteins, Pex2, Pex10, and Pex12 [22, 23]. The
docking and RING subcomplexes have been reported in different yeasts
to be bridged either by Pex3 or by Pex8 to form a larger complex known as
the importomer, all of whose individual constituents are necessary for
import of most PTS1- and PTS2-containing proteins [22, 23].

The importomer is also in proximity, if not association, with a receptor
recycling machinery [17, 24, 25], comprised in yeasts of the E2-like
ubiquitin-conjugating enzyme, Pex4, anchored to the peroxisome mem-
brane via Pex22, and two AAA ATPases, Pex1 and Pex6, that associate
with the peroxisome membrane (via Pex15 in S. cerevisiae and PEX26 in
mammals) (Figure 20.1).

There is evidence from epistasis and biochemical analyses that the dock-
ing, RING, and recycling subcomplexes act sequentially during the matrix
protein import cycle [17, 26].
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FIG. 20.1. Steps in the extended shuttle cycle of the PTS receptors during peroxisomal

matrix protein import. See text for details.
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A. RECEPTOR SHUTTLINGDURING PEROXISOMALMATRIX PROTEIN IMPORT

The PTS receptors function in multiple rounds of cargo import into
peroxisomes [24, 25, 27]. They do so by binding cargo in the cytosol,
ferrying it to the peroxisome lumen, releasing cargo in the peroxisome
matrix, and recycling back to the cytosol. This cycle of receptor dynamics
is referred to as the extended shuttle [27, 28]. This mechanism allows each
molecule of receptor to participate in several rounds of cargo import into
peroxisomes. We consider first the experimental evidence for the extended
shuttle model of receptor dynamics and then outline features of the specific
steps in receptor shuttling.

Early work on the subcellular location of the PTS1 receptor, Pex5, was
confusing because in different organisms it was found to be either cytosolic,
or mostly cytosolic and partially peroxisomal, or inside peroxisomes. These
could have been attributed to organism-specific variations. However, when
the S. cerevisiae PTS2 receptor was identified by two laboratories, it was
very puzzling that one group reported Pex7 to be cytosolic, while the other
found it to be intraperoxisomal [10, 13, 14] (only later it was found that
the predominantly intraperoxisomal localizaion of Pex7 was caused by the
attachment of a C-terminal tag used to localize the protein [29]). These
discrepancies suggested the possibility of a shuttling receptor [10, 30]. It was
hypothesized that the use of tagged proteins to follow their subcellular
location might alter the steady state distributions of these proteins among
the compartments between which they shuttle.

More careful experiments with human PEX5 revealed a dual location with
most of the protein being cytosolic but somewas peroxisome-associated [4, 7].
The ability to shift the equilibrium between these two populations, either by
modulation of conditions used for peroxisomal protein import or the use of
mutants, suggested that there might be a dynamic movement of PEX5 from
the cytosol to the peroxisomes. For example, under low temperature or ATP-
depletion conditions that affect matrix protein import, more PEX5 was
peroxisome-asssociated, and the peroxisome-associated pool was reduced
on raising the temperature or on readdition of ATP [31]. Similar perturba-
tions of the mammalian PEX5 population in the cytosol versus the peroxi-
somes were observed in certain pexmutants affecting peroxisome biogenesis
[31]. Intraperoxisomal accumulation of Pex5 was also observed in the
Hansenula polymorpha pex4 mutant [32]. As a result of these data, the idea
of a cycling receptor was given more credence, but these early studies
assumed implicitly that the receptor ferried cargo to the peroxisomal translo-
con, released cargo there, and returned directly to the cytosol for another
round of import (simple shuttle) [10]. Although the entry of the receptor into
peroxisomes had been suggested [30], experimental data supporting this
notion was lacking.
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Evidence that PEX5 uses instead an extended shuttle, where it goes in
and out of peroxisomes during the import cycle, came from the work of
Dammai and Subramani [27]. In this study, a modified version of PEX5
was processed by a peroxisome-specific protease, before returning to the
cytosol, indicating that PEX5 can sample, if not enter, the peroxisome
matrix. The study also suggested that specific cis-acting sequences and
trans-acting proteins may be necessary for PEX5 export from peroxisomes
and recycling to the cytosol—predictions now supported by experimental
data (see below).

Experiments using in vitro systems have addressed the requirements for
the association of PEX5 with peroxisomes, as well as for its recycling to the
cytosol [24, 33, 34]. These experiments also shed light on the steps in the
PEX5 extended shuttle cycle. The existence of several populations of PEX5
found in these studies was correlated with different stages of the peroxi-
somal matrix protein import cycle [33]. PEX5 molecules in stages 0 and 1
were protease-sensitive and localized in the cytosol and to peroxisome
membranes, respectively. Stage 2 defined PEX5 molecules that were
peroxisome membrane-associated and rendered 2 kDa shorter at their
N-termini on protease treatment, indicating that these were embedded
deep in the peroxisome membrane with about 2 kDa exposed to the cyto-
sol. Finally, stage 3 PEX5 molecules were peroxisome-associated and
completely protease-resistant, suggesting they might be in the lumen.
ATP-limiting conditions, which inhibit matrix protein import and receptor
recycling (as indicated later), enhance the amount of stage 3 molecules.
These data are compatible with a model in which PEX5 begins in the
cytosol (stage 0), docks at peroxisomes (stage 1), inserts into the peroxi-
some membrane (stage 2), and then translocates to the preoxisome matrix
(stage 3), before its final recycling to the cytosol (stage 0), for another round
of import. These intermediates in the shuttling of PEX5, as well as the
ability of shuttling PEX5 to participate in more than one round of import,
has also been documented beautifully in an in vitro system capable of
importing proteins into the peroxisome matrix [24].

Do the receptor and coreceptor for the PTS2 pathway also exhibit the
extended shuttle?Work on S. cerevisiae and P. pastoris shows this to be true
for Pex7 and Pex20, respectively [17, 29]. The N-terminal 56 amino acids of
Pex7 are necessary for its peroxisomal entry [14], and fusion of green
fluorescent protein (GFP) or other tags at the C-terminus slows down or
inhibits Pex7 recycling from peroxisomes [29]. Further details of Pex7
behavior during the import cycle are not as clear as they are for Pex5.

The auxiliary proteins (Pex18, Pex21, or Pex20) are required for PTS2
import, but different models have been proposed for their exact functions
[17, 19]. In S. cerevisiae, Pex18 is suggested to stabilize the PTS2 cargo/Pex7
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interactions by formation of a ternary complex that then docks at the
peroxisome [19]. In P. pastoris, Pex7 and Pex20 can independently dock
at the peroxisome membrane, but Pex20 is needed for the translocation of
PTS2 cargo into the matrix [17]. Interestingly, the PTS2 pathway corecep-
tor in mammals, Pex5L, is also needed to translocate the Pex7/PTS2 cargo
complex into peroxisomes [35].

The extended shuttle has been well documented for Pex20 from
P. pastoris [17]. About two-thirds of Pex20-GFP is cytosolic in wild-type
cells and the remaining one-third is peroxisomal and protease-protected,
suggesting that it is in the matrix. In the absence of Pex14, a key constituent
of the docking subcomplex, none of the Pex20-GFP associates with peroxi-
somes and all of it is cytosolic. Therefore, the docking subcomplex is
necessary to translocate Pex20 into peroxiosomes. In P. pastoris cells
lacking components of the RING subcomplex, all the Pex20-GFP is
peroxisome-associated, suggesting that this subcomplex may aid the export
of Pex20 from the peroxisome matrix. Finally, in the absence of any com-
ponent of the receptor recycling machinery, both Pex5 and Pex20 cannot
recycle from the peroxisomes to the cytosol. Under these conditions, one
might expect them to accumulate on the peroxisome membrane just prior
to relocation to the cytosol, but instead both Pex5 and Pex20 are degraded
by a ubiquitin-proteaseome-dependent machinery responsible for a process
we have dubbed RADAR [17].

The extended shuttle exhibited by the PTS1 and PTS2 receptors pro-
vides a satisfying explanation for the varying subcellular locations reported
in the early studies on these proteins. The shuttle would still function as
long as there is a dynamic exchange of receptors from the peroxisomes to
the cytosol, irrespective of whether the predominant pool is in one or the
other compartment.

The details of the receptor recycling process and the mechanism by
which this is achieved are described elsewhere in this volume and will not
be reiterated here. However, it is worth considering briefly how RADAR is
activated and implemented.

B. THE PEROXISOMAL RADAR PATHWAY

In wild-type cells there appears to be little or no turnover of Pex5 or Pex20
as long as receptor recycling is active and functional [17, 36, 37]. It is possible
that receptor recycling precedes RADAR, or that the latter machinery is
inactive under these conditions. Upon a block in receptor recycling (and this
is true of both Pex5 and Pex20), RADAR kicks in, and the receptors that fail
to recycle from the peroxisomemembrane are targeted for polyubiquitylation
by UBCs other than Pex4 (most likely Ubc1, Ubc4, or Ubc5 in S. cerevisiae)
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and degradation by the proteasome [17, 36, 37]. This RADAR pathway
requires specific lysines, near the N-terminus of Pex5 and Pex20, which are
the targets for polyubiquitylation [17, 38]. InP. pastoris, K22 in Pex5 and K19
in Pex20 are necessary for RADAR [17]. Mutations of one or other of these
lysines abolish RADAR for that protein [17, 38]. Interestingly, the Pex18
protein from S. cerevisiae is constitutively degraded in a ubiquitin- and
proteasome-dependent manner [39], which is characteristic of coreceptor
engagement by the RADAR pathway [17, 36, 37]. We have found, in P.
pastoris, that Pex20 mutants that are recycled to the cytosol inefficiently
behave in exactly this manner, that is RADAR now clears the peroxisome
surface of cargo-free receptors (Leon and Subramani, unpublished data).
Notably, these PpPex20 mutants and endogenous ScPex18 are degraded by
RADAR only if the import cycle is functional [39].

Mutation of these lysines (Pex5K22R or Pex20K19R) in P. pastoris, or of
the corresponding lysine inH. polymorpha Pex5, does not affect peroxisome
biogenesis, consistent with the lack of a significant role for RADAR under
conditions when receptor recycling is functional [3, 38]. However, in the
absence of receptor recycling (due to mutations in the receptors or
in the receptor-recycling machinery), these proteins accumulate at the per-
oxisome membrane in their polyubiuquitylated forms, providing formal
evidence for the requirement of Pex4, Pex22, Pex1, and Pex6 for receptor
recycling from peroxisomes to the cytosol [3]. Thus, the effects of the
RADAR pathway become apparent only when receptor recycling is com-
promised. This provides a clue to the physiological function of the RADAR
pathway, which might be to clear, from the peroxisome membrane,
cargo-free receptors that cannot be recycled by other mechanisms.

C. PTS RECEPTOR-MEDIATED STEPS IN THE MATRIX PROTEIN

IMPORT CYCLE

A complete understanding of the receptor shuttling pathway and mech-
anism requires an appreciation of the following steps (Figure 20.1):

1. Cargo binding: For the PTS1 pathway, most cargoes are bound by Pex5,
via interactions of the TPRmotifs on Pex5 with the C-terminal PTS1 peptide
on the cargo [5, 40, 41]. In a few special cases, proteins such as S. cerevisiae
acyl-CoA oxidase are imported into peroxisomes in a Pex5-dependent man-
ner but this protein does not have a functional PTS1 [42]. Instead, the cargo
protein interacts with a segment of Pex5 that is upstream of the canonical
cargo-recognition site (i.e., the TPR repeats [42]).

Most PTS2 cargoes are recognized by Pex7 [12, 14], but may need proteins
of the Pex20 family to stabilize this interaction, as reported for Pex18
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of S. cerevisiae [19]. However, some cargoes, such as PpPex8 [43] and
H. polymorpha amine oxidase [44], interact directly with Pex20. Therefore,
the Pex20 family of proteins may be viewed as coreceptors for the PTS2
pathway. In plants and mammals, which do not have a Pex20-like protein,
the Pex5L isoform serves as the coreceptor for the PTS2 pathway [15, 21].
Although most PTS2 proteins are recognized by their receptors or corecep-
tors interacting directly with the PTS2 sequence on the cargo, there are
occasional exceptions to this rule, as noted above for the PTS1 cargoes.
For example, Y. lipolytica thiolase interacts with Pex20 through a region
outside the PTS2 [20].
2. Receptor docking at the peroxisomal membrane: Complexes formed
between cargo and receptors/coreceptors interact with constituents of the
docking subcomplex on the peroxisommal membrane [2]. Yeast Pex5,
Pex7, and Pex20 are reported to interact independently with Pex13 and
Pex14 of the docking subcomplex [3]. Pex5 and Pex20 also interact with
Pex8 of this subcomplex. Although Pex17 is also a part of the docking
subcomplex, none of the receptors or coreceptors appear to interact with
this protein directly.
3. Receptor/cargo translocation across the peroxisomal membrane: It is
quite likely that Pex14 and perhaps the whole docking subcomplex is
necessary for the translocation of receptor/cargo complexes into the perox-
isome matrix. A fraction of Pex5, Pex7, and Pex20 in yeasts is peroxisome-
associated and protease-resistant, but in the absence of Pex14, Pex5 is not
peroxisome-associated [43], Pex7 exhibits reduced binding to peroxisomes
[45], and Pex20 is exclusively cytosolic [17]. The cotranslocation of receptor/
cargo complexes is not surprising in view of the ability of peroxisomes to
import folded and/or oligomeric proteins [3].
4. Cargo release in the peroxisome matrix: How this is achieved is not
exactly clear. The environment in either the peroxisome matrix or specific
proteins, such as Pex8, may be necessary, but it should be noted that the
only intraperoxisomal peroxin, Pex8, is found only in yeasts, leaving open
the question of how cargo release might occur in plants and mammals.
5. Receptor export to the peroxisome membrane: As predicted by Dammai
and Subramani [27], both cis-acting sequences and trans-acting proteins are
necessary for the export of receptors/coreceptors (presumably after cargo
release) from the peroxisome matrix to the peroxisome membrane, from
where they have to be recycled to the cytosol. The first 17 amino acids of
human PEX5 are necessary for this step [46]. Similarly, the first 19 amino
acids of Pex20 are required for its export [17]. Pex5 and Pex20 proteins
share sequence similarities at their N-termini and these two proteins also
exhibit similar dynamics and behavior during the matrix protein import
cycle [3]. Hence, their mechanisms of export may be based on similar
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principles. The nature of the sequences in Pex7 necessary for its export are
not clear, but fusions to its C-terminus affect export efficiency [29].

Among the trans-acting proteins, components of the RING subcomplex,
Pex2, Pex10, and Pex12, are necessary for the export of Pex20 [17]. In these
mutants, Pex20 is peroxisome-associated but inaccessible to the RADAR
machinery, suggesting that it is inside peroxisomes. In mammalian systems,
the stage 2 state of Pex5 described earlier [47] may correspond to an
intermediate that has been exported from the peroxisome matrix
to the membrane, where only about 2 kDa of its N-terminus is exposed to
the cytosol where it is clipped by protease. This model would be consistent
with a role for the N-terminus in two distinct events—receptor export and
recycling.
6. Recycling of cargo-free receptors to the cytosol: This probably requires
monoubiquitylation of the N-termini of the Pex5 and Pex20 by Pex4 and the
action of the two AAA ATPases, Pex1 and Pex6 [3, 25, 48]. The details of
this process are reviewed separately in this volume.
7. Clearance of the receptor from the peroxisome membrane when recycling
is affected: This process involves the RADAR pathway and has been
described above.

D. ENERGETICS OF RECEPTOR RECYCLING AND CARGO IMPORT

Peroxisomal protein import is unusual in that the entry of both receptors
and cargo is ATP independent [24, 25, 49]. However, the export of Pex5 from
peroxisomes to the cytosol is ATP dependent [24, 25, 49]. Part of this require-
ment is that the ATP-dependent UBC, Pex4, probably monoubiquitylates
the receptors, as a prelude to receptor export and/or recycling [3, 25, 48].
In addition, the ATPases, Pex1 and Pex6, act in a complex to hydrolyze ATP
and facilitate the relocation of the receptors from the peroxisome to the
cytosol [24, 25]. Finally, as described below, Hsp70, which also hydrolyzes
ATP, is necessary for matrix protein import [50, 51]. It is still unclear exactly
how many ATPs are consumed for the import of each molecule of cargo.

The receptor dynamics and the sites of the energy-requiring steps in
peroxisomal matrix protein import are reminiscent of nuclear protein
import, where cargo enters the nucleus in association with the NLS recep-
tor, importin, but no GTP hydrolysis is required for this step per se [52]. The
energy-requiring step in nuclear import is actually in the cytosol, where
GTP hydrolysis on Ran-GTP releases the import receptor for another
round of cargo binding and import. In peroxisomal protein import, ATP
hydrolysis in the cytosol is also necessary for replenishing receptors in the
cytosol for another round of cargo binding and import [24, 25, 49].
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III. Roleof Hsp70 Familyof Proteins inPeroxisomal
Matrix Protein Import

The first evidence for the role of chaperones in peroxisomal matrix protein
import came fromamicroinjection-based assay for the import of proteins into
peroxisomes of mammalian cells [51]. This work showed an involvement of
the constitutive (Hsp73), but not the inducible, heat-shock proteins (Hsps) of
the 70-kDa family. Proteins of this family were associated with proteins being
imported into the peroxisome matrix. Antibodies against the Hsp70 proteins
inhibited peroxisomal import and the inhibition was reversed by the addition
of exogenousHsp70. This class of proteins was found associated with purified
rat liver peroxisomes, and more peroxisome-associated Hsp70s were found
during peroxisome proliferation. Interestingly, protease protection assays
suggested that the association of Hsp73 terminated at the peroxisome
membrane because Hsp73 remained protease-sensitive. However, when an
unfolded protein, such as reduced, alkylated, and biotinylated human serum
albumin conjugated to a peptide ending in the PTS1, SKL (bHSA-SKL), was
microinjected intomammalian cells, Hsp70 associated with the cargo andwas
found inside the peroxisomes [53]. The rate of peroxisomal import of folded
and unfolded bHSA-SKLwas essentially the same [53]. The ability of chaper-
ones to enter peroxisomes in association with unfolded proteins may circum-
vent the absence of chaperones in mammalian peroxisomes. The roles of
intra- and extraperoxisomal Hsp70 in the import cycle may be quite distinct.

Proteins of the Hsp70 family function as ATPases, like the DnaK protein
of Escherichia coli [54]. These proteins exist is two conformational states,
one bound to ADP and with a higher affinity for protein/peptide binding,
and the other bound to ATP and possessing a lower affinity for protein/
peptide binding. The ATP hydrolysis rate, and hence the conversion of
Hsp70 to the ADP-bound form, for this family of proteins is stimulated by
members of the DnaJ, or Hsp40, family [55]. Thus, it was anticipated that
members of this Hsp40 family would also be required for peroxisomal
matrix protein import. In mammalian cells, this is indeed true as judged
by the inhibition of import in a permeabilized mammalian cell system by
antibodies specific to Hsp40 or Hsp70 [41]. Although the requirement of
members of the Hsp70/Hsp40 family for peroxisomal matrix protein import
was first demonstrated for PTS1-containing proteins [51], subsequent work
in permeabilized mammalian cells revealed that this was also true for PTS2-
containing proteins [56]. Thus, all or most peroxisomal matrix proteins need
these chaperones for their import. Lending further support to this idea is
the finding that among the mammalian organellar proteins that bound to
E. coli Hsp70 were peroxisomal matrix proteins (the multifunctional
enzyme and an isoform of 2,4-dienoyl-CoA reductase) [57].
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The role of the Hsp70 family of proteins is not well studied in yeast
systems that have been so instrumental in advancing our knowledge of the
mechanism of peroxisome biogenesis. A member of the DnaJ family,
Djp1p, has been reported to be involved specifically in the import of
peroxisomal matrix proteins [58]. Cells lacking this protein were impaired
only in peroxisomes and peroxisomal matrix protein import was affected
to various extents. However, nuclear, endoplasmic reticulum (ER) and
mitochondrial import were not affected.

Many members of the Hsp70 family also act in concert with nucleotide
exchange factors that replace ADP with ATP (e.g., the BAG family of
proteins in eukaryotes) [54]. No specific exchange factor has been identified
to play a role in peroxisomal matrix protein import. However, there is
indirect, suggestive evidence for the involvement of a plant nucleotide
exchange factor in the targeting of a peroxisomal membrane protein, cot-
tonseed ascorbate peroxidase (APX), to the ER, from where it is proposed
to be sorted to peroxisomes [59].

In plants, there are several reports of the existence of Hsp70 family
proteins on or in peroxisomes, as well as of their requirement for peroxisome
biogenesis. An Hsp70 homologue from Citrullus vulgaris was shown to be
targeted to both chloroplasts and peroxisomes by initiation of protein trans-
lation at two different methionines [60]. The peroxisomal variant has a PTS2
sequence. A DnaJ (Hsp40) homologue from Cucumis sativus was found to
be attached to the glyoxysomal membrane, in association with a cytosolic
Hsp70 [61]. Plant peroxisomal protein import in vitro is enhanced by the
presence of chaperones [50]. Peroxisomes isolated fromheat-shocked pump-
kin seedlings showed more import than those from untreated seedlings.
Additionally, antibodies to wheat germHsp70 (and E. coli Hsp90) inhibited
peroxisomal import of isocitrate lyase. Finally, immunoprecipitates of
Hsp70 contained peroxisomal matrix proteins.

The posttranslational import of a plant peroxisomal membrane protein,
APX, into purified ER membranes (from where they are proposed to
sort to the peroxisomes) in vitro, was also impaired by the immunodeple-
tion of Hsp70, AtJ2 (a DnaJ homologue), and AtE1 (an E. coli GrpE
homologue) [59].

Small heat-shock proteins (sHsps; 16–42 kDa) with PTS1- and PTS2-
targeting sequences have been described in plants [62]. Although the func-
tion of these proteins is unclear in plants, in other systems they prevent
protein aggregation.

In other organelles that transport unfolded proteins across their mem-
branes (ER, mitochondria, and chloroplasts), the requirement for Hsp70/40
proteins is not surprising because these chaperones help to maintain the
newly synthesized proteins in the unfolded state prior to translocation

20. SHUTTLING PTS RECEPTORS AND HSP70 535



across the membranes. However, the peroxisomal translocon is unusual in
that folded, oligomeric and cofactor-bound proteins can be translocated
across the peroxisomal membrane [3]. In view of this, the exact role of
Hsp70 remained an enigma but three models have been proposed [63].

In the first model, the chaperones might stabilize the exposed C-terminal
PTS1 sequence during thermal fluctuations that unfold the C-terminal end
of the protein, without unfolding the rest of the protein. This would predict
that the presence of chaperones might aid the interactions between the PTS
receptor and its cargo. The second model suggests that Hsp70 proteins
might help to facilitate assembly of the cargo/receptor complexes with
docking proteins on the surface of peroxisomes. The final model is one
where Hsp70/Hsp40 act in a manner analogous to clathrin-uncoating
ATPase, to disassemble protein complexes on the peroxisome membrane.
In the light of current knowledge regarding the extended shuttling and
recycling of PTS receptors, an obvious possibility is a late requirement for
Hsp70 in the receptor-release step at the peroxisome membrane.

The binding between the purified PTS1 receptor domain that binds
cargo and a PTS1 peptide was studied by fluorescence anisotropy [64].
Specific binding of the receptor to the PTS1 peptide was observed, but no
effect was seen on addition of Hsp70, Hsp70 and ATP, or Hsp70 and ADP.
However, in these experiments, no Hsp40 was added. In a conflicting
report, it was shown that mammalian Hsp70 interacts with the cargo-
binding (TPR) domain of PEX5, and that Hsp70 and ATP synergistically
enhance the binding of PEX5 to the PTS1 of acyl-CoA oxidase, a peroxi-
somal matrix protein [65]. However, the energy dependence of cargo bind-
ing is not consistent with other reports that cargo binding and import into
peroxisomes do not require ATP [24].

Therefore, at present it is still unclear exactly how and when Hsp70/
Hsp40 proteins act during peroxisomal matrix protein import.
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I. Introduction

Peroxisomes are cellular organelles present in all eukaryotic cells. They
compartmentalize many enzymes involved in lipid metabolism and defense
against oxidative stress [1, 2]. The importance of peroxisome-specific meta-
bolic processes is reflected by human disorders associated with peroxisomal
defects [3]. These genetically determined disorders can be categorized as
(1) disorders resulting from a defect in a single peroxisomal metabolic
enzyme like the X-linked adrenoleukodystrophy or (2) disorders that result
from a deficiency in the biogenesis of the peroxisome, referred to as
peroxisome biogenesis disorders (PBDs) with the Zellweger syndrome
being the best known example. The incidence of PBDs is rather low;
however, there is no cure to date for these fatal diseases that normally
lead to the death of the affected children within their first year of life.
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Peroxisomes were first described by Rhodin [4] as ‘‘microbodies’’ in
mouse kidney. Subsequently, DeDuve [5] isolated an organelle fraction
containing catalase and H2O2-producing oxidases which he named peroxi-
somes. During the following two decades, advances in our understanding
of the biochemistry of peroxisomes and their important role in b-oxidation
(all organisms), glyoxylate cycle (plants and fungi), photorespiration
(plants), ether lipid and cholesterol biosynthesis (mammals), and glycolysis
(trypanosomatids) were achieved [3, 6–8]. This pronounced variability in
enzyme content and thus metabolic function marked peroxisomes as multi-
purpose organelles. Additionally, they vary in morphology, size, and num-
ber depending on the species or cell type. The study of peroxisomal
biogenesis and protein import was hampered for a long time by the low
abundance of peroxisomes in many tissues and their great fragility. This
changed when it became clear that peroxisome proliferation could be
induced by manipulation of the carbon source in baker’s yeast [9]. When
offered a fatty acid as the sole carbon source, peroxisomes are required for
growth because they are the exclusive site for fatty acid degradation in
yeast. This allowed the screening and identification of mutants in peroxi-
some function with genetic approaches [10, 11]. Mutants affected in per-
oxisome biogenesis are phenotypically characterized by the mislocalization
of peroxisomal matrix proteins and referred to as pex mutants, which iden-
tifies the corresponding gene as a PEX gene and the protein it encodes as a
peroxin [12]. To date 32 peroxins are known [13]. They are involved in the
three key stages of peroxisomal development: (1) formation of the peroxi-
somal membrane (import of peroxisomal membrane proteins), (2) compart-
mentalization of peroxisomal matrix enzymes (import of peroxisomal
matrix proteins), and (3) peroxisome proliferation.

This chapter will focus on the enzymatically catalyzed mechanisms
underlying transport of matrix proteins across the peroxisomal membrane
into the lumen of the organelle, a process that involves most of the known
peroxins.

II. PeroxisomalMatrix Protein Import

Peroxisomes are surrounded by a single membrane and lack DNA. This
means that their proteins are encoded in the nucleus, and the matrix proteins
and most of the membrane proteins are synthesized on free ribosomes and
imported posttranslationally (reviewed in [14]), while accumulating data
indicate that the peroxisomal membranes and a subset of the peroxisomal
membrane proteins might derive from the endoplasmic reticulum (ER)
(reviewed in [13]). After formation of the protein import machinery at the
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peroxisomal membrane, the matrix proteins are recognized by dynamic
receptors in the cytosol and directed to the peroxisome. According to the
model of shuttling receptors, the receptor/cargo complex reaches the luminal
side of the peroxisome, where the complex is disassembled in order to release
the cargo and the receptor is returned to the cytosol.

A. IMPORT OF FOLDED AND OLIGOMERIC PROTEINS ACROSS THE

PEROXISOMAL MEMBRANE

Another characteristic feature of peroxisomes is the fact that they can
import fully folded and even oligomeric protein complexes. This distin-
guishes them from the well-established translocons of mitochondria, chlor-
oplasts, and the ER, which import unfolded polypeptides only. One
example is catalase that can cross the peroxisomal membrane as a tetramer
[15]. The abundant matrix protein alcohol oxidase had been shown to be
imported in Candida bondinii as fully folded monomers that form homo-
octameric complexes soon after import [16]. Another example is acyl-CoA
oxidase, which was shown to be imported as a pentameric complex in
Yarrowia lipolytica [17].

B. SEQUENTIAL MODEL FOR PTS-RECEPTOR CYCLE

The import of matrix enzymes is accomplished by receptors that shuttle
between the cytosol and the peroxisomal compartment. In the following
sections, we will briefly summarize the basic steps of this receptor cycle
(Figure 21.1).

1. Receptor-Substrate Binding

In principle, proteins destined for import into peroxisomes are targeted
via two pathways that rely on two conserved peroxisomal targeting signals
(PTSs). The majority of peroxisomal matrix proteins possess a PTS1 at the
very C-terminus consisting of the tripeptide SKL sequence or species-
specific variants [18]. Pex5p interacts with the signal via six tetratrico-
peptide repeats (TPRs) within its C-terminal half [19]. The PTS2 is found
near the N-terminus of only a few matrix proteins and has the consensus
sequence (R/K)/(L/V/I)X5(H(Q)(L/A) [20]. PTS2-containing proteins are
recognized by the WD40 protein Pex7p [21, 22]. Pex7p cooperates
with the coreceptors Pex18p and Pex21p in Saccharomyces cerevisiae [23]
or its orthologues Pex20p-like proteins in different yeast and fungi species
[24–27] in order to form the receptor/cargo complex. In mammalian cells, a
short and a long isoform of Pex5p have been identified, termed Pex5S
and Pex5L [28, 29]. These proteins differ only in a short insertion, which
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has been demonstrated to bind Pex7p. Furthermore, it has been shown that
PTS1 and PTS2 pathways are also coupled in plants [30, 31]. Consequently,
while in yeast und fungi both PTS pathways share the same membrane-
bound protein import machinery, they converge in higher eukaryotes
already at the level of Pex5L [32].

2. Docking and Membrane Association of the Receptor/Cargo Complex

The docking complex of the peroxisomal import machinery for
matrix proteins comprises the three peroxins Pex13p, Pex14p, and Pex17p.
Pex17p is a peripheral membrane protein that associates to peroxisomes via
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FIG. 21.1. PTS receptor cycle during peroxisomal matrix protein import. The peroxisomal

matrix protein import receptor Pex5p recognizes cargo proteins harboring the PTS1. Cargo

proteins containing the PTS2 sequence bind to the PTS2 receptor Pex7p, which is associated

with the coreceptors Pex18p and Pex21p in S. cerevisiae. The receptor/cargo complexes reach

the peroxisomal membrane and associate with the docking complex, consisting of the integral

membrane protein Pex13p as well as the peripheral Pex14p and Pex17p. The PTS receptors

reach the peroxisomal lumen, release their cargo, and are dislocated back to the cytosol. The

RING-finger motif-containing peroxins Pex2p, Pex10p, and Pex12p form a complex that is

connected to the docking factors via Pex8p. The RING-finger proteins are supposed to be

involved in the process of receptor dislocation to the cytosol. Pex10p is linked to the ubiquitin-

conjugating enzyme Pex4p, which is anchored to the peroxisomal membrane by Pex22p. The

AAA proteins Pex1p and Pex6p are involved in PTS receptor release. They interact with each

other and are attached to the peroxisomal membrane via Pex15p.
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Pex14p [33]. Pex13p is an integral membrane protein that contains an Src
homology (SH3) domain that directly binds Pex5p as well as Pex14p, whereas
the N-terminal region is required for interaction with Pex7p [34]. Pex5p and
Pex20p contain Wxxx(F/Y) repeats that have been demonstrated to be
needed for interaction with the docking factors [27, 35–37]. The amount of
Pex5p, Pex7p, and Pex20p that can be found at peroxisomal membrane
remnants is dramatically reduced in pex14D mutant cells in comparison to
pex13D, pex12D or wild-type membranes [29]. Additionally cargo-loaded
Pex5p exhibits a higher binding affinity to Pex14p than Pex13p [38]. Thus,
the interaction to Pex14p is believed to be the entrance for Pex5p to the
complex network of protein–protein interactions at the peroxisomal
membrane.

3. Translocation and Cargo Release

The exact mechanism underlying translocation and the components of the
translocon have not yet been identified. The possibility is discussed that
components of the docking subcomplex themselves are part of the translocon
[39]. The multiple binding sites for Pex5p at the peroxisomal membrane
might reflect the existence of an import cascade where cargo-loaded receptor
interacts with different components of the import machinery [40].

One interesting fact about Pex5p is that it changes itsmembrane topology
during protein import cascade as it behaves like an integral membrane
protein in concert with Pex14p [41]. Finally, Pex5p enters the lumen of the
peroxisome [42], although it is still a matter of debate if the whole receptor/
cargo complex (extended shuttle hypothesis) or just a part of Pex5p (simple
shuttle hypothesis) does see the matrix during cargo release [43]. Pex7p has
been demonstrated to behave like a cycling receptor as well [44]. A model
was postulated drawing parallels to pore forming toxins and suggesting that
a population of Pex5p itself forms the dynamic import pore via protein–lipid
interactions, thereby opening themembrane dynamically for a cargo-loaded
second Pex5p species [39].

The exact mechanism of cargo release inside the peroxisome is not
understood. The functional role of the intraperoxisomal Pex8p, which con-
tains both the PTS1- as well as the PTS2-sequence that may function in
disassembling the receptor/cargo complex, is discussed controversly [45, 46].

4. Receptor Release to the Cytosol

Following to cargo liberation, Pex5p, Pex7p, and Pex20p are exported to
the cytosol again. This process may need the peroxins Pex2p, Pex10p, and
Pex12p, which are RING (really interesting new gene)-finger-containing
proteins. This model is based on the observation that Pex5p and Pex20p
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accumulate in the peroxisomal lumen in RING-finger mutants [27, 47–49].
This RING-finger complex itself is linked to the docking complex via Pex8p
in S. cerevisiae [47].

Pex4p is a ubiquitin-conjugating enzyme [50], which is anchored to the
peroxisomal membrane via Pex22p [51–52]. An epistasis analysis placed
Pex4p and Pex22p at the end of the Pex5p receptor cycle together with the
AAA peroxins Pex1p and Pex6p [53]. The AAA (ATPases associated with
various cellular activities) peroxins form a complex in the cytosol [54] and
are linked to the peroxisomal membrane via Pex15p in S. cerevisiae [55] or
the orthologue Pex26p in mammalian cells [56]. Deletion of these compo-
nents leads to an accumulation of Pex5p at the peroxisomal membrane and
impairs Pex5p export in vitro in cells of S. cerevisiae [57] and human
patients [58]. After remerging to the cytosol, the receptors are available
for further rounds of protein import.

While the import of Pex5p appears to be based on binding affinity-
mediated protein–protein or, according to the ‘‘transient pore model,’’
additional protein–lipid interactions [39], the export relies on three peroxi-
some specific enzymatic activities: ubiquitin-conjugating enzymes (Pex4p),
ubiquitin-protein isopeptide ligases (putatively the RING-finger peroxins),
and ATPases (the AAA peroxins Pex1p and Pex6p).

III. Overview: Enzymes Involved inUbiquitination

A. ENZYMATIC CASCADE FOR PROTEIN MODIFICATION

Ubiquitination takes place as an enzymological cascade requiring the
sequential activity of three types of enzymes. The ubiquitin-activating
enzyme (Uba or E1) hydrolyzes ATP and forms a high-energy thioester
bond between the cysteine of its active site and the C-terminal Gly76 of
ubiquitin, thereby activating the COOH-terminus of ubiquitin for nucleo-
philic attack. Activated ubiquitin is then passed on to a ubiquitin-
conjugating enzyme (Ubc or E2) by transthiolation. Finally, ubiquitin is
covalently attached to the e-amino group of a target lysine residue within
the substrate protein through an isopeptide bond. This last reaction is
mediated by a ubiquitin-protein isopeptide ligase (E3), which provides
substrate specificity for this reaction, as it binds directly to the target protein.
While homologous to E6-AP C-terminus (HECT)-E3 enzymes can form a
thioester with ubiquitin themselves before substrate attachment, RING-
and U-box E3s do not seem to interact with ubiquitin and primarily serve
as platforms to coordinate E2 and substrate [59]. The organization of
this reaction sequence is hierarchical: Most species contain only one single
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E1 enzyme, while in yeast 11 and in humans about 100 E2 enzymes are
known. The number of ubiquitin-ligases is still growing and is anticipated to
be around 50 in yeast and about 1000 in human cells [60].

The types of ubiquitin modifications that can form are diverse. In the
simplest form, one single ubiquitin molecule is attached, which is defined as
monoubiquitination. Alternatively, several lysine residues can be charged
with single ubiquitin molecules, giving rise to multiple monoubiquitination
(multiubiquitination). Since ubiquitin contains seven lysine residues itself,
ubiquitin molecules can become substrates for ubiquitin-ligation them-
selves and are able to form different types of chains in a process known as
polyubiquitination.

B. DOWNSTREAM COMPONENTS OF UBIQUITIN-BASED

PROTEIN-TARGETING SYSTEMS

Ubiquitin is an inducible and reversible signal. The different kinds of
ubiquitin modifications function as signaling-dependent devices for regu-
lating cellular functions [61]. Modification of target proteins with polyubi-
quitin chains linked via K48 are the best characterized to date. This
modification serves as the classical degradation signal for cytosolic and
organellar proteins as K48-branched chains of at least four ubiquitin mole-
cules are recognized by the 26S proteasome. K63-linked chains and mono-
ubiquitination are involved in internalization during endocytosis of plasma
membrane receptors. Monoubiquitin is further associated with membrane
protein uptake in late endosome vesicles for delivery to the lysosome or
vacuole [62]. Especially (multiple) monoubiquitination events are linked to
a wide range of nonproteolytical processes by serving as targeting signals
[63]. Examples include p53 or Rad18 that alternatively need to be mono-
ubiquitinated for export from the nucleus or they are polyubiquitinated
for proteasomal degradation [61, 64, 65]. Monoubiquitination of histones
is required for mitotic cell growth and meiosis and regulation of eukaryotic
transcription activation [66]. DNA repair (nucleotide excision repair) is
linked to transient posttranslational modifications of PCNA, which is
marked by monoubiquitination, a K63-linked polyubiquitin chain or by
the ubiquitin-like protein SUMO at the same lysine residue [67].

The different forms of modification are recognized by proteins containing
specialized ubiquitin-binding domains (UBDs) that noncovalently bind to
ubiquitin and thus function as downstream components of the ubiquitin-
targeting system. They all have different ubiquitin-binding affinities, depend-
ing on the nature of the ubiquitin modification [60]. The conjugation of
ubiquitin to its target protein is a reversible process. Removal of ubiquitin is
mediated by deubiquitinating enzymes (DUBs). Besides recycling of free
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ubiquitin molecules, DUBs function in stabilization of proteins or quenching
of ubiquitin-based targeting signals [68].

IV. TheUbiquitin-Conjugating Enzyme Pex4p
in PeroxisomeBiogenesis

A. UBIQUITIN-CONJUGATING ENZYMES OF THE Ubc4p FAMILY INVOLVED

IN PTS RECEPTOR REGULATION

Ubiquitin-conjugating enzymes play a central role in the process of
ubiquitination. They function to bridge the first, nonspecific step of ubiqui-
tin activation byE1with the transfer of activated ubiquitin to target-proteins
by substrate-specific E3 enzymes.

Peroxisomal biogenesis has been implicated with ubiquitination ever
since the discovery of the ubiquitin-conjugating enzyme Pex4p in 1992
[50], which had also been classified as Ubc10p [59]. Studies identified the
Ubc1p/Ubc4p/Ubc5p familiy to be involved in peroxisomal processes in
S. cerevisiae as well [69–72]. Members of this group are particularly well
conserved in higher metazoans, for example, being represented by the
UbcH5 family in humans. They show a capacity to interact with a wide
range of E3 enzymes from both HECT and RING-finger families and,
depending on the specific activity of the E3 enzyme in question, are capable
to facilitate mono- or polyubiquitination via K29, K48, or K63 of different
proteins. This ability allows them to be involved in both proteasomal and
lysosomal degradation processes [73].

1. PTS1 Receptor Polyubiquitination

The cycling PTS1 receptor Pex5p has been shown to be a substrate for
Ubc4p [69–72]. Catalyzing the formation of K48-linked polyubiquitin
chains, Ubc4p marks the PTS1 receptor for proteasomal degradation.
In UBC4-deletion strains, this function can be taken over by Ubc5p [69]
and Ubc1p [71], which can be explained by the fact that these enzymes
share a sequence similarity of over 90% [74–76].

Polyubiquitination of Pex5p has been demonstrated to take place at the
peroxisomal membrane at the end of the receptor cycle, as Pex5p has to
pass the docking- and the RING-finger complexes before it can be mod-
ified. These modified receptor molecules are targeted to the 26S protea-
some as polyUb-Pex5p accumulates in strains with temperature-sensitive
mutants of the 19S-cap (cim3-1, cim5-1) in vivo [69, 72] or after treatment of
lysates from wild-type cells with MG132 in vitro [57]. Current evidence
suggests that Pex5p polyubiquitination in S. cerevisiae is not essential for
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Pex5p function in peroxisomal protein import under physiological condi-
tions. More likely, it seems to be a part of a quality control system that
withdraws a fraction of the membrane-accumulated Pex5p that has got
stuck in the export pathway by targeting it to the proteasome. Alternatively
to ‘‘quality control,’’ the term RADAR (receptor accumulation and degra-
dation in absence of recycling) has been suggested [27]. This mechanism is
supposed to reopen binding capacities for cargo-loaded receptors at the
peroxisomal membrane. However, it can be imagined that failure in the
removal of Pex5p designated for disposal would affect matrix protein
import. In fact, while deficiency in Ubc4p or Ubc5p alone can be compen-
sated, the deletion of both leads to a partial import defect of peroxisomal
matrix proteins [69].

Polyubiquitinated species of Pex5p accumulate in S. cerevisiae cells lack-
ing ‘‘late’’ import pathway peroxins Pex1p, Pex4p, Pex6p, Pex15p, and
Pex22p, making them detectable even without the inhibition of the protea-
some. Apparently, the efficiency of proteasomal disposal of the receptor
varies among different species drastically. While ScPex5p is heavily poly-
ubiquitinated in mutants that are supposed to block receptor recycling,
single deletions in the same set of proteins result in a dramatic decrease of
the Pex5p steady state concentration in human cells [49, 77], plants [78],
Hansenula polymorpha [79–81], or Pichia pastoris [53]. The phenomenon of
polyUb-Pex5p accumulation in S. cerevisiae facilitated the discovery and
functional characterization of Pex5p ubiquitination and provides the long-
sought for explanation for the instability of Pex5p in human cell lines [77].

2. PTS2 Coreceptor Polyubiquitination

Ubiquitination plays an important role in regulation of the PTS2 recep-
tor pathway. In contrast to Pex5p, which facilitates PTS1 protein import on
its own, the PTS2 receptor Pex7p is associated with auxiliary proteins.
S. cerevisiae possesses the two redundant coreceptors Pex18p and Pex21p
[23].

While the PTS1 receptor Pex5p is a stable protein with a life span of over
5 h under wild-type conditions [71], the PTS2 coreceptors Pex18p and
Pex21p exhibit a half-time of only about 10 min [70]. This rapid turnover
may be closely connected to the physiological function of these proteins.
Their degradation takes place in the 26S proteasome and is mediated by
Ubc4p and Ubc5p [70]. In ubc4Dubc5D mutant cells, Pex18p is still poly-
ubiquitinated by Ubc1p, but the efficiency of this process is reduced (Platta,
unpublished data). Interestingly, Pex18p accumulates in mutants of the
membrane-standing components of the peroxisomal protein import
machinery, for example pex13D, pex2D or pex1D. This stabilization and
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accumulation is reverted if additionally PEX7 is disrupted, which identifies
Pex7p as a stabilizing factor for Pex18p at the peroxisomal membrane.
Based on coimmunoprecipitation studies, apparently not all Pex7p forms
a complex with Pex18p, while the entire pool of Pex18p seems to be
saturated with Pex7p [70]. These results indicate that the Ubc4p-mediated
turnover of Pex18p is associated with its normal function during matrix
protein import rather than being an abortive degradation.

The family of PTS2 coreceptors is evolutionary divergent. While
S. cerevisiae contains Pex18p/Pex21p and human as well as plant cells
harbor the Pex5L, most other yeasts and fungi have Pex20p-like proteins.
The Pex18p/Pex21p orthologue Pex20p displays interesting parallels to the
PTS1 receptor Pex5p in terms of its Ubc-based regulation. In contrast to
Pex18p and Pex21p, which exhibit a turnover rate of 10 min, Pex20p of
H. polymorpha is stable for at least 60 min [26] and is not destabilized in
the absence of Pex7p in P. pastoris [27]. A further similarity to Pex5p is
that Pex20p of P. pastoris is polyubiquitinated with K48-branched chains
in the absence of either Pex4p, Pex1p, or Pex6p [27].

3. Conserved Regulatory Mechanism

Although the degree of functional regulation of the PTS receptors in
general may differ on the cell biological level, the basic biochemical recog-
nition signals and mechanisms are the same.

It has been known that the C-terminal half of Pex5p, which contains
the TPR-motifs, serves as binding region for the PTS1-cargo proteins,
while the N-terminal half contains the peroxisomal targeting function,
docking-complex interaction sites made of diaromatic pentapeptide repeats
(Wxxx[F/Y]), and the yet not fully defined putative export signal within the
first 20 amino acids [82]. The PTS2 receptor complex seems to be function-
ally divided in a comparable manner in that Pex7p binds the PTS2-cargo
and the coreceptors seem to contain the structural requirements for the
membrane-bound steps of receptor cycle [82–85]. One striking example is a
chimeric protein consisting of Pex18p (without its Pex7p-binding site)
fused to the TPR domains of Pex5p, which is still able to mediate PTS1
protein import [85]. Amino acid sequence alignments of the N-termini of
Pex5p, Pex18p, Pex21p, and Pex20p proteins reveal that the very first
lysine residue of each receptor is evolutionary highly conserved between
these molecules. Experimental evidence has been provided from studies
of H. polymorpha Pex5p [86] and P. pastoris Pex20p [27] that this
lysine residue indeed is the acceptor of the polyubiquitin chain. Taking
these findings together, an evolutionary conserved biochemical basis for
Ubc4p-mediated PTS receptor ubiquitination can be defined.
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B. FUNCTION OF Pex4p/Ubc10p IN RECEPTOR RECYCLING

Pex4p/Ubc10p is a ubiquitin-conjugating enzyme essential for peroxi-
somal biogenesis, which defines it as the only ubiquitin-conjugating enzyme
known to be indispensable for the biogenesis of an organelle. The molecu-
lar function of this enzyme has been a mystery since its initial description in
1992 [50].

1. Pex4p in Peroxisomal Biogenesis

Pex4p is anchored to the peroxisomal membrane via its interaction to the
membrane-integrated Pex22p in yeasts and plants [51, 52]. This interaction
is needed for Pex4p function as pex22D strains are characterized by the
complete mislocalization of Pex4p to the cytosol and they share a similar
phenotype like pex4D cells.

Pex4p contains the catalytically relevant active site Cys residue of
ubiquitin-conjugating enzymes within the core Ubc fold [50, 87]. Site
directed mutagenesis of the Cys residue results in a loss of Pex4p activity
as the point mutant exhibited the same phenotype as the pex4D deletion
strain, while it was still attached to peroxisomes [50]. This Cys residue is
needed to form a thioester bond to ubiquitin, as this Ub-Pex4p conjugate
could be detected in vivo under nonreducing conditions only and was
disrupted under reducing conditions or in a Cys to Ala point mutated Pex4p
[87]. Loss of Pex4p ubiquitin-conjugating activity is closely connected to an
import defect of peroxisomal matrix proteins. This argues for a direct role of
Pex4p-mediated ubiquitination in receptor cycle during matrix protein
import. Indeed, Pex5p stability has been found to depend on the presence
and activity of Pex4p as the Pex5p level drops significantly in PEX4 or PEX22
mutants in humans and different yeasts, with the exception of S. cerevisiae
where polyubiquitinated Pex5p accumulates at the peroxisomal membrane
[69, 72]. Instability in pexmutants was also observed in P. pastoris in the case
of Pex20p [27], which was used as a tool to examine the sequence of Pex5p
interactions at the peroxisomal membrane [53]. This epitasis study placed
Pex1p and Pex6p downstream of the RING-finger complex and found Pex4p
and Pex22p to act even later at the very end of the receptor cycle, as double
deletions of Pex1p and Pex4p displayed a pex1D-like phenotype. Similar
experiments in S. cerevisiae showed a mixed phenotype (namely a combined
polyubiquitin pattern of pex1D and pex4D) and indicated the Pex5p interac-
tion sequence to be branched spatially after the RING complex ([69] and
unpublished data). Studies in pex4D strains ofH. polymorpha found residual
amounts of Pex5p to accumulate inside of peroxisomes, indicative for a
functional connection of Pex4p and receptor release. The mislocalization of
PTS1 matrix proteins to the cytosol in a PEX4 deletion strain can partially be
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restored by amassive overexpression of Pex5p [80]. This observation strongly
suggests that it is not the physical interaction between Pex4p and Pex5p but
the Pex5p-specific activity of this Ubc which is supposed to be a regulatory
device involved in protein import into peroxisomes.

2. Model I: Monoubiquitination

The finding that the deletion of a ubiquitin-conjugating enzyme results in a
specific polyubiquitination and degradation of its potential substrates argues
for a ubiquitin-dependent, physiological, and nonproteolytic role of this mod-
ification. Interestingly, Pex5p has been reported to be monoubiquitinated at
two different lysine residues in wild-type cells of S. cerevisiae [71]. Ubc4p is
not required for Pex5p monoubiquitination, which has also been demon-
strated to be the case for Ubc1p, Ubc5p, and Ubc8p, raising the attractive
possibility that Pex4p may be the responsible E2 enzyme. Like the Ubc4p-
dependent polyubiquitination, the monoubiquitination event takes place
after docking and is located at or after the RING-finger complex. Pex5p is
only transiently modified, as the monoubiquitinated Pex5p forms can only be
detected by treatment with thiol-alkylating reagent N-ethylmaleimide
(NEM), supposed to inhibit deubiquitinating enzymes, which are Cys pro-
teases in yeasts. As monoUb-Pex5p is exclusively found at the peroxisomal
membrane, it is proposed to be deubiquitinated under wild-type conditions
prior or during export back to the cytosol. These results gave rise to the still
hypothetical idea that Pex4pmonoubiquitinates the PTS1 receptor to prime it
for release to the cytosol [39].

3. Model II: Polyubiquitination

Two studies report data that argue for a polyubiquitination activity of
Pex4p. Kiel and coworkers [86] noticed that obstruction of polyubiquitina-
tion by overexpression of Ub(K48R) affects PTS1 matrix protein import
in the methylotrophic yeastH. polymorpha. Under these conditions, Pex5p
is ubiquitinated and rapidly degraded by the proteasome. To test whether
Ub(K48R) interferes with the function of HpPex4p, the pex4D deletion
strain was complemented by massive overexpression of Pex5p as described
previously [80] and in addition, Ub(K48R) was overexpressed in parallel.
Interestingly, the Pex5p overexpression did result in a compensation of the
Ub(K48R) effect, which was considered as evidence for a Pex4p-dependent
polyubiquitination of an unknown substrate involved in receptor recycling
[86]. The important role of K48-branched polyubiquitin chains for peroxi-
somal biogenesis has also been noticed in P. pastoris [27]. Overexpression
of Ub(K48R) in P. pastoris results in a peroxisome biogenesis defect and
induces accumulation, polyubiquitination, and degradation of Pex20p.
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Thus, overexpression of Ub(K48R) mimics the characteristics of a defect
in receptor export which might be explained by the assumption that
polyubiquitination (1) might provide some kind of ‘‘rescue signal’’ under
conditions when the physiological export signal for the receptors is not
functional. As a result, recycling might be hampered so that the membrane
has to be cleared of cargo-unloaded receptors by the proteasome in order to
open binding capacities for new cargo-loaded receptors; (2) might trigger
the constitutive degradation of a yet unknown protein which functions as
a repressor of receptor export; or (3) might represent a physiological pro-
cess concerning known parts of the export machinery itself: it has been
demonstrated in other systems that E3- as well as E2 enzymes undergo
autoubiquitination reactions in vivo [88–91].

Another study concerns Pex4p and Pex22p from Arabidopsis thaliana
and discusses the potential role of Pex4p-mediated polyubiquitination as a
regulator of matrix protein composition [51]. Glyoxysomes are specialized
microbodies that function in early seedling development and are converted
to peroxisomes in leafs when photosynthesis is initiated. Isocitrate lyase is
a glyoxysome-specific enzyme that usually is not anymore present in
leaf peroxisomes. Interestingly, this protein remains stable in peroxisomes
in the absence of Pex4p and Pex22p, indicating that the proteins may
be important during the remodeling of peroxisome matrix contents as
glyoxysomes transition to leaf peroxisomes.

Basically, both models can be true, as Pex4p may interact with dif-
ferent E3 enzymes to either mono- or polyubiquitinate their substrate(s).
Studies in Pex4p-affected mutants have been extremely valuable to
explore the functional context of this Ubc. However, taking in account
that the Pex4p/Pex22p unit is part of the peroxisomal protein import
machinery, which is a multiprotein complex also consisting of docking-,
RING-, and AAA-subcomplexes [47, 92, 93], it might be difficult to distin-
guish direct from indirect effects. For future research, it therefore will be of
significant importance to establish in vitro assays to unequivocally prove
Pex5p or other proteins to be substrates for ubiquitination reac-
tions mediated by Pex4p. This will also require the identification of
the corresponding E3 enzymes for which the peroxisomal RING-finger
peroxins are the best candidates.

C. PEROXISOMAL RING-FINGER PROTEINS AS PUTATIVE

UBIQUITIN-LIGASE-COMPLEX

The RING-finger motif was first identified in the protein encoded by
the Really Interesting New Gene 1 by Freemont et al. [94] and has ever
since been implicated in mediating protein–protein interactions of different
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kinds. In recent years, it has become evident thatmost if not all RING-finger-
containing proteins have ubiquitin-protein ligase (isopeptidase) activity and
act as E3 enzymes [95, 96]. The canonical RING-finger consensus sequence
has been defined as Cys-X2-Cys-X9–39-Cys-X1–3- His-X2–3-Cys/His-X2-Cys-
X4–48-Cys-X2-Cys, whereX stands for any amino acid residue. Like otherCys-
rich motifs, the RING-finger binds Zn2þ ions through its conserved Cys and
His residues but is set apart from the rest by its unique ‘‘cross-brace’’ arrange-
ment of their twoZn-coordination sites,whereCys1/Cys2 andCys5/Cys6 bind
the first and Cys3/His4 and Cys7/Cys8 bind the second. Zn2þ ion. The major-
ity of RING-finger proteins fall into two subclasses, RING-HC and RING-
H2, depending on the presence of aCys or aHis in the fifthZn2þ-coordination
site [97].

The three peroxins Pex2p, Pex10p, and Pex12p are peroxisomal integral
membrane proteins and possess cytosolically exposed RING domains
in their C-termini. All belong to the RING-HC family, but only in Pex10p
both Zn2þ-coordination sites are well conserved. Pex2p and Pex12p contain
substitutions for the conserved Cys- and His residues in the second Zn2þ-
coordination site. The zinc-binding capacity of Pex10p was investigated
and the protein has been proven to coordinate zinc with its RING
domain [98]. This zinc-dependent activity of the peroxisomal RING-fingers
could provide the basis for the general zinc requirement of matrix protein
import [99]. The RING-finger peroxins are essential for peroxisomal bio-
genesis in all species analyzed [100–105]. They interact with each other by
forming a unique trimeric RING-finger complex and are also capable of
interaction with Pex5p [48, 100, 105–107]. More than one decade after
the identification of the first RING peroxin [108], the molecular function
of the peroxisomal RING-finger complex is still a matter of debate.
While some studies demonstrate that the RING peroxins are required for
Pex5p import in an in vitro system [58], others find Pex5p [48, 49, 58] or
the PTS2-coreceptor Pex20p [27] to accumulate inside the peroxisomal
lumen in cells with disrupted RING complex. Direct evidence for E3 ligase
activity of the RING peroxins is still missing. It is important to note,
however, that both mono- and polyubiquitination of Pex5p depend on the
presence of the RING-finger peroxins [69, 71, 72]. Additionally, a Pex22p-
dependent interaction between Pex4p and Pex10p has been observed in the
split ubiquitin system [109]. Thus, Pex4p and Ubc4p might be recruited to
the peroxisomal membrane and exhibit their E2-activity in concert with
the putative E3-ligase peroxins in order to mono- or polyubiquitinate the
PTS receptors.
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V. TheAAAFamilyATPases

Pex1p is one of the defining members of the large AAA family of
enzymes [10, 110]. AAA proteins are characterized by the presence of
200- to 250-amino acid ATP-binding domains that contain Walker A and
B motifs. AAA proteins themselves belong to the superfamily of P-loop
NTPases [111].

A. FUNCTION AND STRUCTURE OF AAA-TYPE ATPases

AAA proteins have an N-terminal non-ATPase domain that is followed
by either one or two AAA domains (D1 and D2). In some proteins with two
AAA domains, both are evolutionarily well conserved (like in Cdc48p/97).
In others, either the D2 domain (like in Pex1p and Pex6p) or the D1 domain
(in Sec18p/NSF) is better conserved in evolution (Figure 21.2) The classical
AAA has been expanded by inclusion of a number of more distantly related
cellular regulators and termed AAAþ family of ATPases [112]. AAAþ

proteins are involved in protein degradation, membrane fusion, DNA
replication, microtubule dynamics, disassembly of protein complexes, and
protein aggregates [111]. AAAs are mechanoenzymes that manipulate the
structure of substrate proteins and thereby unfold them or disassemble
protein complexes.

The physiologically active form of these enzymes often is a homohex-
amer. The hexameric enzymes have an overall shape that resembles a
double-ring with a central pore that might be involved in substrate proces-
sing. In the hexameric configuration, the ATP-binding site is positioned at
the interface between the subunits. On ATP binding and hydrolysis, AAA
enzymes undergo conformational changes in the AAA domains as well as
in the N-domains. These motions can be transmitted to substrate protein.

AAA proteins are not restricted to eukaryotes. Prokaryotes have AAA
which combine chaperonewith proteolytic activity, like theClpAPS complex,
which mediates protein degradation and recognition in Escherichia coli. The
basic recognition of proteins by AAAs is thought to occur through unfolded
domains in the substrate protein [113]. In HslU, a bacterial ClpX/ClpY
homologue of the Hsp100 family of AAAþ proteins, the N- and C-terminal
subdomains move toward each other when nucleotides are bound and hydro-
lyzed. The terminal domains are most distant in the nucleotide-free state and
closest in the ADP-bound state. Thereby the opening of the central cavity is
affected [114, 115].
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B. AAA ATPases in Protein Transport

1. ER-Associated Protein Degradation

The AAA-type ATPase Cdc48p/p97 is perhaps the best-studied AAA
protein. Misfolded secretory proteins are exported from the ER and
degraded by the ER-associated degradation pathway (ERAD) [116]. Sub-
strate retrotranslocation and extraction are assisted by the Cdc48p (Ufd1p/
Npl4p) complex on the cytosolic side of the membrane where the substrate
is ubiquitinated by ER-based E2 and E3 enzymes before degradation by the
26S proteasome [116].

2. Targeting to Multivesicular Bodies

Multivesicular bodies (MVB) are endosomal compartments that sort
ubiquitinated membrane proteins by incorporating them into vesicles.
This process involves the sequential action of three multiprotein complexes,
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FIG. 21.2. Domain structure of AAA protein family members. Pex1p and Pex6p as well as

Sec18p and Cdc48p are members of the AAA family of ATPases. These AAA proteins share a

common structural organization as they exhibit an N-terminal domain (N) and two AAA

ATPase domains (D1 and D2). The AAA domains contain an ATP-binding site (Walker A)

and a site for ATP-hydrolysis (Walker B). Depending on the degree of conservation of the

AAA domains, these AAA ATPases can be divided into three groups. Sec18p is an example

for type I with the first AAA domain (D1) being better conserved than the second one (D2).

Pex1p and Pex6p belong to type II as their second domain is the one that is highly conserved.

It is interesting to note that Pex6p has no ATP-hydrolysis site in its first AAA cassette. Cdc48p

stands for type III, where both domains are well conserved. In many cases, the N-domain of the

AAA proteins proved to be capable to interact with adaptor proteins.
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ESCRT I–III [62]. Vps4p is an AAA-type ATPase involved in this MVB
sorting pathway. It had originally been identified as a ‘‘class E’’ vps (vacuo-
lar protein sorting) mutant [117] and was subsequently shown to catalyze
the dissociation of ESCRT complexes [118]. It is anchored via Vps46p to
the endosomal membrane. Vps4p assembly is assisted by the conserved
Vta1p protein, which regulates its oligomerization status and ATPase
activity.

VI. Pex1p andPex6p: AAAProteins Required for
Peroxisomal Biogenesis

Two lines of research have converged into the recognition of AAA
proteins as enzymes important for peroxisome biogenesis. One is the study
of the energetic requirement of protein import. The other is the molecular
characterization of AAA peroxins.

A. ATP-DEPENDENCY OF MATRIX PROTEIN IMPORT

Peroxisomal matrix protein import was shown to be ATP-dependent
in several in vitro systems. In permeablized CHO cells, import of
PTS1 proteins depends on ATP, but not on GTP or a membrane potential
[119]. As the peroxins Pex1p and Pex6p are the only ATPases among the
known peroxins, they were considered as being responsible for the bulk
ATP requirement of peroxisomal matrix protein import. The de-
scribed ATP requirement may comprise several steps in the function of
the AAA peroxins.

1. Mutations in the AAA peroxin genes represent the most frequent
cause of human peroxisomal biogenesis disorders (PBDs) [120]. Cells
with defective Pex1p or Pex6p mislocalize peroxisomal matrix pro-
teins to the cytosol [10, 121, 122]. As Pex1p and Pex6p interact ATP-
dependently with each other [54, 81, 123, 124], it is important to note that
the most common cause of Zellweger syndrome is a disruption of the
Pex1p–Pex6p interaction caused by a point mutation in the conserved
ATP-binding site of Pex1p [120, 125].

2. Based on two-hybrid data, it has been discussed that ATP hydrolysis in
the conserved domain of Pex6p contributes to the disassembly of the
Pex6p–Pex15p complex [55], which indicates that the AAA peroxins
interact dynamically with Pex15p.

3. In vitro experiments indicated that ATP is needed predominantly for the
recycling of the PTS1 receptor Pex5p rather than for its insertion into the
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membrane [41, 126]. The in vitro reconstitution of the complete Pex5p
cycle revealed that ATP binding and hydrolysis in the conserved
domains of both Pex1p and Pex6p were needed for this reaction [57].
The binding and consumption of ATP may result in conformational
changes that could generate the driving force to pull the receptor out
of the membrane.

4. Additionally to their involvement in matrix protein import, Pex1p and
Pex6p also play a role in peroxisome membrane fusion. In the yeast
Yarrowia lipolytica, six peroxisomal membrane subforms have been
identified that in a multistep pathway assemble into mature peroxisomes
[127]. The fusion of early forms in this pathway requires ATP and
the AAA peroxins, which are heterogeneously distributed over these
subforms [127].

B. STRUCTURAL CHARACTERIZATION OF THE AAA PEROXINS

The domain structure of Pex1p and Pex6p is similar to other AAA
proteins: N-D1-D2 (Figure 21.2). The second AAA domain, D2, is better
conserved than the first. The mouse Pex1p N-domain is the only part
of AAA peroxins for which X-ray structural information is available
[128]. It consists of two structurally independent lobes separated by a
shallow groove (Figure 21.3). The structure is strikingly similar to the
N-domains of other AAA proteins with two ATPase domains that have
been solved: Sec18p, NSF, p97, and the archaeal Cdc48p/p97 homologue
VAT [129–132]. In spite of the low degree in sequence similarity, the cleft
between the subdomains is structurally conserved. The structure looks
similar to the cleft in NSF, which is a binding site for a-SNAP. While the
adaptor protein for the N-terminal domain of Pex1p is still elusive, Pex6p
has been demonstrated to interact with the peroxisomal membrane protein
Pex15p in yeast [55] and Pex26p in human cells [56] via the N-terminus.
Pex15p/Pex26p is the membrane recruitment factor for the cytosolic AAA
complex. We have little information yet on the oligomerization status of the
AAA peroxins. They are thought to build up hexameric structures [92], but
it is unclear weather they form homo- or heterohexamers.

C. SIMILARITIES OF THE PEROXISOMAL IMPORT MACHINERY

WITH ERAD COMPONENTS

There is striking similarity of the peroxisomal import machinery that
we portrait in this chapter with a special focus on Pex4p and the AAA
peroxins on one side and the ERAD pathway on the other side
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(Figure 21.4). Both pathways depend on the ubiquitination cascade starting
with the general ubiquitin-activating enzyme E1 (Uba1p). Both systems
include two Ubcs that are recruited to their destination via a membrane
anchor (Ubc7p-Cue1p/Pex4p-Pex22p). Involved are integral RING-finger
proteins Doa10p and Hrd1p in ERAD, while peroxisomes rely on the
trimeric RING-finger complex Pex2p-Pex10p-Pex12p. The AAA ATPase
Cdc48p/p97 as well as the AAA peroxin complex Pex1p-Pex6p provide
the driving force for protein extraction from the membranes. Furthermore,
the proteasome is involved in both systems. The resemblance in terms of
protein equipment has been backed up by two studies on the evolutionary
basis of this similarity [133, 134]. Both studies concluded that peroxisomes
are of eukaryotic origin with few ancestral protein motifs in prokaryotes.
While abandoning the suggestion that peroxisomes might be endosymbionts,
the topological question remains open. ERAD transports proteins out of the
endomembrane compartment; while in peroxisome biogenesis, matrix pro-
teins are imported. If, however, ubiquitinated ERAD substrates are equated

FIG. 21.3. Structure of the N-terminal domain (amino acids 3–180) of the AAA protein

PEX1 from mouse. The polypeptide is folded into two globular subdomains. The N-terminal

lobe folds as double-w-barrel and the C-terminal loop as a b-barrel. In spite of the low similarity

(less than 10%) with other N-domains of AAA proteins, the overall structure is remarkably

similar to the N-domains of Cdc48p/p97 or NSF, suggesting that these structures have a

common function, for example, in substrate binding. Image was generated form Protein

Data Bank (PDB) structure 1WLF using Kinemage (Duke University, United States).
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FIG. 21.4 Similarities between PTS receptor recycling during peroxisomal matrix protein

import and ERAD. The schematic representation of the Pex5-recycling pathway (left) and

ERAD (right) displays similarities in terms of protein composition. Both contain integral

RING-finger proteins that are proven E3 enzymes (Doa10p, Hrd1p) or have putative E3

activity (Pex2p, Pex10p, Pex12p). The peroxisomal E2 enzyme Pex4p is anchored via

Pex22p, whereas Ubc7p is attached to the ER membrane through Cue1p. Additionally,

Ubc7p interacts with the membrane integrated Ubc6p. The members of the Ubc4p/Ubc5-

pUbc1p family participate in both pathways, which also is the case for Uba1p, which charges

the E2 enzymes with activated ubiquitin. Each system includes membrane-anchored AAA

complexes. The AAA ATPase Cdc48p interacts with the integral ER-membrane protein

Der1p, whereas the AAA peroxin Pex6p binds to Pex15p in S. cerevisiae or Pex26p in

human cells. Additionally, Pex6p forms a complex with the second AAA peroxin, Pex1p.

Both AAA peroxins are required for dislocation of the PTS1 receptor Pex5 back to the cytosol.

This is reminiscent of the function of Cdc48p, which translocates polyubiquitinated proteins
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with the peroxisomal import receptor, both processes can be understood as a
ubiquitin-dependent protein dislocation from an endomembrane system
(Figure 21.4).

VII. Receptor Ubiquitination: A Link Between Pex4p,
AAAPeroxins, and ProteinTransport?

This chapter summarizes the basic experimental evidence concerning the
functional roles of Pex4p and the AAA peroxins in Pex5p recycling and
matrix protein import in order to combine and discuss them in a unified
model (Figure 21.5).

Peroxisomal matrix protein import is an energy-dependent reaction pro-
cess as hydrolysis of ATP is needed for protein translocation [119, 135]. This
energy-consuming step was further characterized to involve the receptor
cycle of Pex5p [49]. Studies in a permeabilized cell system of human fibro-
blasts provided first evidence that Pex5p accumulated reversibly under
conditions when protein transport was blocked due to the absence of ATP
[49]. Detailed in vitro studies revealed that the binding and translocation of
Pex5p itself is ATP-independent, while the ATP-dependent step concerns
the export of Pex5p back to the cytosol [41]. Pex14p-associated Pex5p
exposes the majority of its mass into the peroxisomal lumen, suggesting
that translocation of cargo proteins into the matrix of the organelle occurs
concomitantly with the formation of the Pex5p–Pex14p membrane complex
and is succeeded by the ATP-dependent export reaction [41, 126, 136, 137].
The ATP-dependent export of Pex5p might be the rate-limiting step in the
protein import process. Supposedly, the binding capacities for Pex5p at the
peroxisomal membrane are nearly saturated under wild-type conditions so
that the cargo-free receptor has to be removed from the membrane in order
to keep the flow of protein import going. Themost simplified idea is that one
cargo-free receptor has to leave in order to enable a cargo-charged receptor
to enter the peroxisomal matrix. The identity of the ATPase required for
Pex5p export remained amatter of debate until recently in vitro systems in S.
cerevisiae [57] and human cells [58] identified the peroxisomal AAA
ATPases Pex1p and Pex6p as the motor proteins of Pex5p export
(Figure 21.5).

from the ER lumen to the cytosol for proteasomal disposal. This part of the pathway is

branched in peroxisomes. While polyubiquitinated receptors are supposed to be degraded by

the proteasome, monoubiquitination may function as signal for Pex5p recycling in order to

facilitate another round of matrix protein import.
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The ATP-binding and hydrolysis sites of the second AAA domain of
Pex1p and Pex6p proved responsible for the observed energy dependence
of the export process [57]. Furthermore, membrane-integrated Pex5p was
disassembled from Pex14p and released to the cytosol, indicating that
the integral Pex5p population is a target for the AAA-ATPases [57].
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FIG. 21.5. Model for Pex5p ubiquitination and retrotranslocation. The cycling PTS1 recep-

tor Pex5p has to be exported back to the cytosol after release of the cargo protein

into the peroxisomal lumen. At this point of its cycle, Pex5p behaves like an integral membrane

protein. Presumably three enzymatic activities, localized at the peroxisomal membrane, are

required for Pex5p release: (1) ubiquitin-conjugation, (2) ubiquitin-protein isopeptide ligation,

and (3) ATPase activity. Members of the Ubc4p/Ubc5p/Ubc1p family function

in polyubiquitination of Pex5p. This process requires the RING-finger peroxins Pex2p,

Pex10p, and Pex12p as well which may function as E3 enzymes. The polyubiquitinated forms

of Pex5p can be recognized by the AAA peroxins Pex1p and Pex6p that are anchored to the

peroxisomalmembrane via Pex15p. PolyUb-Pex5p is extracted from themembrane in anAAA

peroxin and ATP-dependent manner and is degraded by the 26S proteasome. Pex5p destined

for recycling is supposed to be modified by monoubiquitination. This process also requires the

RING-finger peroxins and is proposed to be mediated directly by the peroxisomal Ubc Pex4p.

Monoubiquitinated Pex5p is supposed to be dislocated by the AAA peroxins, deubiquitinated,

and thereby made available for further rounds of matrix protein import.
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The exact mechanism in terms of substrate recognition by the AAA
peroxins is still not known. The N-terminus of membrane-integrated
Pex5p is exposed to the cytosol and was demonstrated to be required for
in vitro export of human Pex5p [82]. Accumulation of an N-terminally
truncated version of Pex20p at the peroxisomal membrane points to similar
conditions for the PTS2 coreceptors [27]. The first 20 amino acids of the
PTS receptors contain a conserved motif of unknown function (Cys-Xn-
Asn-(Ala/Gly)-(Leu/Ala)), which could act as the putative binding site
for Pex1p or Pex6p. However, to date no direct interaction of Pex5p with
Pex1p or Pex6p was detected, despite their obvious formation of a complex
at the peroxisomal membrane [57, 58, 92]. Thus, we also have to consider
that this interaction is regulated or mediated by a third factor, leading to
the more general question of how the AAA peroxins can distinguish
Pex5p forms destined for dislocation from cargo-charged Pex5p species.
Current evidence draws the attention to the activity of the ubiquitin-
conjugating enzyme Pex4p, which is required for matrix protein import
[50] and might be involved in the recycling of Pex5p [53, 69, 72, 80] and
Pex20p [27]. Taking further in account that the peroxisomal RING-finger
complex consisting of Pex2p, Pex10p, and Pex12p may function as putative
E3-ligase complex needed for protein import and Pex5p release, the dislo-
cation of the PTS1 receptor may be linked to ubiquitination processes.
Based on the observation that Pex5p is monoubiquitinated in wild-type
cells [71], the model of a Pex4p- and Pex10p-mediated monoubiquitination
of the PTS1 receptor with the purpose of this modification is to prime Pex5p
for efficient export mediated by the AAA peroxins has been discussed [39].
However, the experimental evidence for this modification being required
for Pex5p export is still missing. It is known that ubiquitin-based signals can
be recognized by proteins harboring UBDs [60]. Based on this idea, the
interaction between Pex5p and Pex1p/Pex6p could be mediated by ubiqui-
tin. This would postulate that the AAA peroxins contain UBDs or associate
with adaptor proteins that can bind ubiquitin. Another possibility is based
on the finding that the N-terminal half of Pex5p is a natively unfolded
domain [138]. The attachment of ubiquitin to substrates can induce confor-
mational changes within the modified protein and make formally hidden
binding sites accessible [60]. This mode of interaction is also discussed for
the AAA-ATPase Cdc48p/p97. While it is clear that the adaptor complexes
Ufd1-Npl4 or Ubx proteins bind polyubiquitin chains, the N-terminus of
the AAA ATPase itself is able to recognize chains as well as nonmodified
segments of its substrates [139, 140]. Thus, monoubiquitination of Pex5p
may alter its folding state and enable a direct interaction with the AAA
peroxins not via but depending on ubiquitin. As a consequence of receptor
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export, ubiquitin has to be cleaved off after or during dislocation by one
of the many deubiquitinating enzymes [68].

The importance of an optimal PTS receptor release is also supposed
to be the reason for the above-mentioned existence of a quality control
system at the peroxisomal membrane [27, 69, 72, 138], which leads to the
receptor polyubiquitination and proteasomal degradation in mutants lack-
ing peroxins involved in PTS receptor export [69, 71, 72]. A physiological
function for polyubiquitination in peroxisomal biogenesis can be postulated
from the ‘‘transient pore model’’ [39]. In this context, it is thinkable that the
pore forming Pex5p population represents a dead-end structure that is
withdrawn from the recycling process and has to be removed by the
ubiquitin-proteasome system. Alternatively, polyubiquitination may substi-
tute for the putative monoubiquitin-based export signal for receptor release
under yet to define conditions. A similar effect has been demonstrated
in the case of p53 export from the nucleus [65]. Although mono- and
polyubiquitination target p53 to different fates, at least one of them has to
be present for dislocation to the cytosol.

Summarizing the current evidence, one can draw the conclusion that
the energy dependence of peroxisomal protein import is caused by the cycle
of the PTS receptors. Retrotranslocation of the receptors is the energy- and
thus most likely the rate-limiting step of matrix protein import. This energy
dependence can be separated into two groups of enzymatic activities: on the
one hand, receptor ubiquitination by Pex4p, as ubiquitin has to be activated
by E1 before Pex4p can be charged; and on the other hand, ATP hydrolysis
in the conserved AAA domain of Pex1p and Pex6p in order to pull the
primed Pex5p out of the membrane.

A model is emerging in which the previously disparate roles of Pex4p
and the AAA peroxins are combined in a concerted reaction sequence. For
future research, it will be a challenge to elucidate how ATP-dependent
receptor dislocation is mechanistically linked to import of folded proteins.
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cotranslational translocation, 181

GTPases regulation and, 182

ribosome on translocon, docking

reaction of, 186–187

SRb, characterization of, 187–190

mRNA partitioning, 183–185

signal hypothesis, 181–183

structure-function analysis

SRP, 187–188

SRP RNA, 188–190

SRP19, 192

SRP21, from yeast, 199

SRP54, 196–199

SRP68 and SRP72, 191–192

SRP9 and SRP14, 190–191

translocation complex, 195–196

Enzymes disulfide bond formation, 112

Epistasis, 446, 527, 546

ER degradation enhancing a-mannosidase-

like protein, 286

ER homeostasis, 246, 260

ER lectins, calnexin and calreticulin, 260–261
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polyubiquitination, 553

Pex4p/Ubc10p functions, 551

Pex5 protein, 526

intraperoxisomal accumulation of, 528

with peroxisomes, 529

Pex5p, 545

ATP-dependent export, 561

binding and translocation, 561

monoubiquitination, 552, 563

polyubiquitination, 548

ubiquitination and retrotranslocation, 562f

Pex5p–Pex14p membrane complex, 561
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Pex7 protein, 526

intraperoxisomal localizaion of, 528

Pf3 coat protein, 96

Phosphatidylethanolamine (PE), 165

Pisum savitum, 143

Plastid-encoded thylakoid membrane

proteins, 472

Plastids, 427, 439, 455

Polycystic liver disease, 235

POlypeptide-TRAnsport-associated domain

(POTRA domain), 142–143, 327

Polyubiquitination, 547

in peroxisomal biogenesis, 564

Posttranslational protein translocation in

E. coli, 42f

Posttranslational SRP pathway

cpSRP assembly, 502

membrane events in, 507–508

soluble and membrane components

of, 497, 498f

transit complex formation, 504–506

Posttranslational translocation

BiP-interacting factors, 256

BiP/Kar2p, unidirectional movement of

polypeptide in, 255–257

and Sec complex, 254

POTRA domain. See POlypeptide-

TRAnsport-associated domain

Precursor envelope components, 130

Precursor protein binding

and cpTatC–Hcf106 receptor

complex, 479

and lipid bilayer, 479

Preemptive quality control (pQC), 235

PrePhoD transport, 86

Preprolactin (PPL), 505

Preprotein cross-linking domain (PPXD), 43

Preprotein–SecB complexes, 40

Presequence proteins, translocation of, 402f

Presequence translocase

PAM-bound (TIM23PAM) and PAM-free

(TIM23SORT), 403

and regulation, 392–394

Presequence translocase-associated motor

(PAM) complex, 381, 386

Prion protein (PrP), 235

PROPKA method, 116

Protein chaperone activity of DsbC and

DsbG, 122

Proteins disulfide bonds, in IMS, 348t

Protein disulfide isomerase, 259, 261

yeast crystal structure, 289–292, 290f

Protein export pathways in E. coli., 76f

Protein import and IMS, Erv1 function, 356

Protein translocation, 36–37, 69

cotranslational, 256–259

and protein topology, 210f

machinery, in TOM and TIM, 311f

posttranslational, 254–256

ribosome-translocon complex, 223f

SEC complex, role of, 251–254, 252f, 253

translocon, 36

Proteins transport

by translocases on outer and inner

membrane, 400–401

TOM–TIM23 supercomplex, 401–402

by presequence translocase, 402

Protein-sorting pathways,

mitochondrion, 383f

Protein-protein interactions, 553

Proteins disulfide bond

isomerization, 121–123

Proteins nonnative disulfide linkages, 122

Proteoliposomes, 257

‘‘Proton well’’, 476

Pseudomonas aeruginosa, 169

PTC. See Peptidyl transferase center

PTSs. See Peroxisomal targeting signals

PTS receptor

regulation Ubc4p family in, 548

functional regulation of, 550

PTS1 receptor, 530

polyubiquitination, 548

subcellular location of, 528

PTS2 receptor

coreceptor polyubiquitination, 549

in mammals, 530

Pex20 family of proteins, 532

S. cerevisiae, 528

Puinones and reoxidation of DsbA, 119

PulA, pullulanase, 157

Purkinje cells, Tim protein expression, 377

Puromycin, aminoglycoside antibiotic, 180

Putative mitochondrial kinase

(PINK1), 378

Q

Quiescin/sulfhydryl oxidase protein

(QSOX), 355
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R

Receptor accumulation and degradation in

absence of recycling

(RADAR), 526, 549

Redox reactions of oxidoreductase,

schematic representation, 293f

Respiratory complexes proteins, coding

of, 368

Rhodobacter capsulatus, 72

Rhodobacter sphaeroides, 72

Ribosomal tunnel, 4–5

Ribosomal tunnel exit chaperon and

targeting factors, 8–14

Ribosomes

nascent peptides and protein

membrane, 6–8

protein L23 in, 8

tunnel of, 4–5

Ribosome nascent chain complexes, 36

Ribosome-associated complex (RAC), 14

Ribosome-cpSecYE configuration Sec

transport in, 470

Ribosome-nascent chain (RNC)

complex, 178, 183, 185, 209

Ribosome-nascent chain-SRP complex

interaction, 7

Ribosome-nascent FtsQ complex, 21

Ribosome-translocon

complex, 249

docking reaction of, 190–191

junction, 13

Rickettsia prowazekii, 78

Rieske-type cytochrome, 454

RlpB (rare lipoprotein B), 136

RNC–SRP complex, 14–15

S

Saccharomyces cerevisiae, 139, 192, 195, 199,

250, 255, 288, 314, 350, 394, 512, 529

lysine residues in, 550

Pex18p and Pex21p in, 531, 543, 544f

polyUb-Pex5p accumulation in, 549

Salmonella typhimurium, 81, 134

salX gene, of Streptococcus salivarius, 168

SAM. See Sorting and assembly machinery

SAM complex, 375

additional modules mitochondrial outer

membrane, 330–331

SAM complex—cont’d

discovery of, 326

machinery for assembly in mitochondrial

outer membrane, 326–330

Sam protein, in mitochondrial

outermembrane, 326–327, 329–330

Sarcoendoplasmic reticulum Ca2þ-
ATPase, 296

Scanning transmission electron microscopy

(STEM), 199

Schizosaccharomyces pombe, 288

sE pathway, 135–137, 140

Sec and Tat pathways, 466–467

multispanning SecY (Sec61a), 468
single spanning SecE (Sec61g), 468

SEC complex

assembly in yeast, 253

pathway, 94, 98

protomer structure, 43

SecA ‘‘membrane insertion’’ cycle, 58

Sec A ‘‘membrane integral’’ form, 39

Sec channel

conformational changes in, 49

DEAD motor, 43

functions as dimer, 48

oligomeric state of, 43

structures of, 41

Sec machinery

protein transport system, 36

proteobacteria in, 40f

and substrate targeting, 254

and Tat-directed thylakoid lumenal

proteins, 467f

translocon, 14–15

translocation system, 70

transport system mechanistic feature

of, 468

variation and evolution

canonical bacterial machinary, 37–38

evolutionary history of, 38–40

paralogues of, 40–41

YidC pathway, 23, 96–99

Sec61/SecY heterotrimer, 254

Sec61abg translocase, 93

Sec61p complex, polypeptide chains

transportation into ER lumen, 252f

SecA and SecYEG oligomeric

states, 45–46, 45f

SecA-induced opening mechanism, 58

SecA-SecB interaction, 50
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SecA-translocon complex, 20

Secabg (SecYEG) complex structure, 98–99

SecB chaperone, 20

SecB-binding domain ‘‘SecAc.’’, 43

SecB-SecA interaction, 20

SecM protein, 5

SecM-secA messenger RNA translation, 39

SecY plug domain, 59

SecYEb from M. jannaschii structure, 52f

SecYEG conformational changes, 58

SecYEG oligomeric state, 53

in absence of ligands, 54

with bound ribosome, 55

SecYEG protomer in oligomeric assembly

and structure, 51–53, 56–57

Selective translocational regulation, potential

mechanisms for, 234f

Semiliki Forest virus (SFV), 294–295

SERCA2b. See Sarcoendoplasmic reticulum

Ca2þ-ATPase

SERCA2b calcium pump regulation by

ERp57, 297f

Shiga toxin 1 (Stx1) secretion, 74

Short chain dehydrogenases (SDRs), 452

Signal peptidase II, 154

Signal recognition particle (SRP), 4, 94,

191–192, 251

Signal recognition particle (SRP) pathway,

ER protein targeting and, 177, 179f

cotranslational translocation, 180

GTPases regulation and, 186

ribosome on translocon, docking

reaction of, 190–191

SRb, characterization of, 187–190

mRNA partitioning, 183–186

signal hypothesis, 181–183

structure-function analysis

SRP, 191–192

SRP RNA, 192–194

SRP19, 196

SRP21, from yeast, 199

SRP54, 196–199

SRP68 and SRP72, 195–196

SRP9 and SRP14, 194–195

translocation complex, 199–200

Signal sequence-translocon interaction, 211f

Signal-anchor protein insertion, model for, 326

Skp/Prefoldin chaperones, 374

Soluble SecA oligomeric state, 45

Sorting and assembly machinery, 309

SR, heterodimer proteins of GTPases, 257

SRa, 186
SRbGTPase, SRP pathway and, 187–190, 189f

SRP

bound membrane proteins, 94

components, inter/intra molecular

comunication, 18–19

independent posttranslational targeting, 20

mediated targeting, 14

pathway, in Streptococcus mutans, 23

receptor (SR), 178, 181

a-and b-subunits of, 186
FtsY protein, 17–18

ribosome interaction, 8–9

RNA, 192–194, 497

and SecB-targeting pathways in E. coli., 15

targeted membrane proteins, 500

SRP/SecA/SecYEG pathway, 21

SRP21, from yeast, 199

SRP54, 54-kDa polypeptide of SRP, 178,

196–199

SRP54-SRa interaction, 187

SRP68 and SRP72, 195–196

SRP9 and SRP14, 194–195

SRRxFLK motif, 83

Ssb/Ssz/Zuo chaperone system, 14

Streptococcus mutans, 101, 512

Streptococcus salivarius, salX gene of, 168

Streptomyces coelicolor, Tat-dependent

signal sequences, 83

Streptomyces lividans, 83

Stromal processing peptides (SPP), 467f

Stromal proteins, 464

Su9-DHFR protein, 312

Sulfolobus solfataricus, 17

Supramolecular protein complexes, 494

Synechocystis sp. Alb3 gene, 514

T

T-Cell receptor (TCR), 285

T-DNA knockout mutants, analysis of, 444

Tat complex, structure, 80–81

tat genes

in gram negative bacteria, 71

in Gram-positive bacteria and

archaea, 77–78

in plants, 76

tat genes and mutant phenotypes, 71–78

Tat machinery components of, 476
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Tat mechanism, 84–86

Tat pathway in cyanobacteria, 75f

Tat signal peptides, 82–83

Tat subunits

in E. coli and plant thylakoids

structures, 72f

structure and conserved region, 78–80

Tat transport systems

mechanistic investigations of, 473

models for, 484–486

translocation machinery for, 477f

TatA and TatB residues, 79f

TatABC complexes, 80

TatAd-prePhoD complex, 86

tatAyCy operon, 77

Taz1p, 372–373

C-Terminal linker, 43

C-Terminal tripeptide. See PTS1 receptor

Tetratricopeptide repeat (TPR) proteins, 247

Tetratricopeptide repeat segment, 321

TF-ribosome interaction, 9–11

TF-SRP interplay on ribosome, 11–13

Tha4 protein

facilitated membrane models, 486

oligomers, 464

with precursor-cpTatC-Hcf106

complex, 482

protomers, 485

Thermus aquaticus, 198

Thiol-disulfide exchange reaction, 112–116

Thioredoxin domains of ERp57 and human

PDI family, 289, 290f

Thioredoxin fold, 354

Thylakoid assembly 4 (Tha4), 476

thylakoid Tat protein translocation

with, 483f

Thylakoid biogenesis and Tat system, 76–77

Thylakoid components, 469

Thylakoid export pathways functions, 494

Thylakoid localization, 509

Thylakoid membrane

biogenesis of, 95

cpSRP-based protein targeting to, 499

lumen protein trafficking, 464

Sec translocase in, 500

Thylakoid processing peptidase (TPP), 466

Thylakoid protein transport biochemical

characterization, 466

Thylakoid Sec and Tat signal peptides

characteristics, 466

Thylakoid Sec system, 468

capabilities and operation of, 469

in cpSecA-cpSecYE configuration, 469

Thylakoid Tat components in vitro assays, 478

Thylakoid Tat substrates, 473

Thylakoid Tat system, 84, 478

biochemical requirements, 474

capabilities and requirements of, 473

folded and unfolded proteins, 473

precursor protein binding (See Precursor

protein binding)

thylakoidal DmHþ, 474–476
translocation step, 481–482

Thylakoid translocation assay, 465

Thylakoid-bound tOE17, 480

Thylakoids with disuccinimidyl suberate

cross-linking of, 479

Tim and Erv1proteins, 359

Tim proteins

b-barrel substrates and, 375
cysteine residues and, 374

interactions between, 373

Mia40 pathway of, 360

mutation and disease caused, 377

types and functions, 373

Tim14p/ Pam18p, mutation of, 378

TIM22 inner membrane complex, 375–376

TIM22 translocation pathway, 369f

components of, 369t, 376

inner membrane substrates of, 371f

mutation and disease associated, 377–378

precursors, properties of, 370–373

TIM23 pathway and, 368

TIM23 complex and motor complex, role in

protein import

energy requirement for matrix

translocation, 395–397

mitochondrial membrane potential

(DC), 383–384

mitochondrial presequence

proteins, 384–386

motor function, models of, 398–400

presequence proteins, translocation

of, 384f, 400f

protein transport and presequence

translocase forms, 402–403

protein-sorting pathways in

mitochondrion, 383f

proteins across two membranes, transport

of, 400–402
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Tim44-mtHsp70 interaction, 444

Tob55/Sam50-like proteins, 139, 142–143

Tobacco protoplasts protein transport

in, 475–476

Toc GTPase activity

in targeting and assembly, Toc159 into Toc

complexes, 431f

kinetics of, 413

Toc34-Toc159 dimerization, 413

Toc75 proteins, 139, 142

TOM. See Translocase of outer

mitochondrial membrane

TOM complex, in yeast

core TOM complex, 313–320

holo-TOM complex, 321–326

TIM23 complexes, 318, 319f

Tom20 receptor, in yeast

cytosolic domain of, 321

deletion of, 322

loss of, 323

structure of, 321–322

Tom22 complex, in yeast

C-terminal domain, importance of, 318

function and structure of, 316

intermembrane space domain, 318

Tom22-Tim21 interaction, 319f

Tom40 complex, in yeast

function of, 314

insertion and assembly model by SAM

complex, 328f

structure of, 313–314

Tom40p translocation, 374

Tom5, in yeast, 324–326

Tom6 complex, in yeast

function of, 320

importance of, 321

TOM7 complex, in yeast, 318–320

Tom70 receptor, in yeast, 313–324

domain structure, 325f

TorA. See Trimethylamine-N-oxide

(TMAO) reductase

torCAD operon, 85

TPR. See Tetratricopeptide repeat segment

TpsA and TpsB proteins, 142

Trans-acting motor protein, 37

Translocase of inner membrane 23 (TIM23)

pathway, 368

Translocase of outer membrane complex, 382

binding sites, 371

mitochondrion and, 368

Translocase of outer membrane

complex—cont’d

small Tims and, 374

TIM22 precursors and, 372

Translocase of outer mitochondrial

membrane, 310

Translocating chain-associated membrane

protein (TRAM ) complex, 215, 219

Translocation pathways, apparatus in ER

co and posttranslational signal recognition,

working model for, 216–221

energetics of, 223–225

fluorescence approach, signal and TMD

recognition of, 215

TMDS from translocon, 228–230

membrane proteins, biogenesis of, 225–229

regulation of, 231–236

sequence diversity in signals and TMDs,

functional role of, 213–214

signal sequence of prolactin, 215

signal sequence-translocon

interaction, 211f

substrate recognition by ER

translocon, 209–213, 212

translocon gating, 219–222

translocons and substrate delivery of, 208f

Translocation-engaged SecA oligomeric

state, 46–47

Translocon at inner envelope of

chloroplasts (Tic)

BN-PAGE, method for Tic55, 454

homologues in cyanobacteria red algae, 454

complex model of, 457f

Tic110 features, for effective preprotein

import, 441

Tic110, translocation channel, 442–446

Tic20, channel protein, 449–450

Tic22 in Synechocystis (slr0924), 451, 456

Tic22, connection to Toc in intermembrane

space, 451

Tic32, short chain dehydrogenase, 452–453

Tic40, cochaperone, 446–449

Tic55, Rieske-Family member, 454–455

Tic62, FNR-binding protein, 453–454

Translocon at outer envelope of chloroplasts

(Toc) complex

assembly, 430–432

cytoplasmic events, 425–426

evolution and diversity, 426–430

functional and structural diversity of, 428f
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Translocon at outer envelope of chloroplasts

(Toc) complex—cont’d

GTPase activities of Toc34 and Toc159 in

preprotein, 414f

GTPase activity in targeting and assembly

of Toc159, 431f

GTPases, .structural comparisons of, 412t

membrane translocation, 423–425

receptors, 418–423

Toc159 receptor, isoforms in

Arabidopsis, 419

translocon channel, 415–417

Translocon into lipid bilayer, lateral exit of

TMDs from, 229f

Translocon-associated protein (TRAP)

complex, 215, 218, 233

Translocons at ER, modes of substrate

delivery to, 208f

Transmembrane domain (TMD), 209

Transmembrane segments of Tom22, Tom7,

and Tom6, topology of, 317f

Trimethylamine-N-oxide (TMAO)

reductase, 72

TRX. See Thioredoxin fold

Trypanosoma brucei, 316

Twin arginine signal peptides, 472

Twin Cx3C proteins, 360

Twin CX9C proteins, 360–361

Twin-Arg

motif, 70

signal peptide, 73

translocation (Tat) pathway, 70

Twin-arginine translocation (TAT) system, 4

Two-cysteine containing peptide, 113–114

Two-partner secretion systems (TPS), 142

U

ubiA-menA double mutant strain, 119

Ubiquitin modifications types, 547

Ubiquitin-based protein-targeting systems

downstream components of, 547

Ubiquitin-binding domains (UBDs), 547

Ubiquitin-conjugating enzyme Pex4p, 546

in peroxisome biogenesis, 548

Ubiquitin-protein isopeptide ligase, 546

Ubiquitination enzymes, 546–548

UDP-glucose:glycoprotein

glucosyltransferase (UGGT), 260

Uncoupling proteins (UCPs), 370

Unfolded protein response (UPR) and

pathway, 14, 250

V

Vancomycin selection and suppressors

yields, 137, 138f

Vesicular stomatitis virus G protein, 283

reglucosylation of, 285

Vps4p, 557

X

X-ray crystallography, 247, 259

Xenopus laevis, 296

Y

YaeT b-barrels pore activity, 144

YaeT complex members, interactions

among, 141–142

YaeT depletion effects, in E. coli, 139–140

YaeT protein as OM assembly factor, criteria

for, 139

YaeT/Omp85 bacterial homologues, 139,

142–143

yaeT6 allele, 140

YaeT6 mutation effect, on POTRA

domain, 143–144

Yarrowia lipolytica, 543, 558

ycfV gene, 162

Yeast posttranslational system, 216

YfgL role, in OM biogenesis, 137–138

YfiO role, in OMP assembly, 140

YidC protein

depletion, 97

functions of, 99

insertase, 97

membrane topologies, 100–101

pathway of, 94, 96–98

proteosomes, 97

role in insertion of proteins, 96–97

substrates of, 99–102, 100f

YidC/Oxa1/Alb3 proteins family, 95, 101

YidC2-dependent cotranslational targeting

mechanism, 23

Z

Zellweger syndrome, 557
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