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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 Sec machinery 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 [S]. 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.

lll. 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 underlying protein
translocation. The purpose of this review is to present 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 controversy
concerning the oligomeric state(s) of the translocon and SecA during
protein translocation.

IV. Variation and Evolution of the Sec Machinery

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 F,C subunit of ATP synthase and the bacteriophage
coat protein M13 [26]. The mitochondrial YidC homologue Oxalp 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 Oxalp 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. coLl 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 distinguishes E. coli from most 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—
secA messenger 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 to E. 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 the E. coli Sec machinery. By combining the genomic distribution with 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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Fic.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].

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 in mind is that the Sec machinery
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
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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 accessory
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 identified
SecA2-dependent substrates do not have any functional characteristics in
common. However, several substrates contain an atypical signal sequence
or become glycosylated before translocation [56-62]. Interestingly, 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.  SecA Structure, Function, and Dynamics

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 Sections 15.4 and 17), it has
been shown that ribosomes and SecA do 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 conjunc-
tion 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

SecYEG

1 2 3 4 5 6 7

Fic. 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 “DEAD motor” 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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PBD NBF2 HWD CTL
N Y NN e
NBF1a NBF1b HSDa HSDb SecAc
B C

Fic. 2.3. Structure of SecA. (A) Schematic overview of the domain structure of SecA. NBF:
nucleotide-binding fold; PBD: preprotein-binding domain; HSD: helical scaffold domain;
HWD: helical wing domain; CTL: C-terminal linker; SecAc: SecB-binding motif. (B) Crystal
structure of SecA protomer from B. subtilis with individual domains colored as in (A) [13].
(C) Crystal structure of SecA from B. subtilis in an open conformation, possibly representing
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:

1. What is the oligomeric state of soluble SecA?
2. What is the oligomeric state of SecYEG-bound SecA?
3. 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 (Kp) has been estimated to be around 0.1 uM under
physiological conditions [80]. The cellular concentration of SecA is ~8 uM
[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 the monomer—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

SecA, = SecA,

Ribosome

Fic. 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.

<
<%

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 of M. tuberculosis SecA. (See color plate.)
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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 SecA monomer—
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 uM), 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 SecA during 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
[92], but SecA has been reported to be predominantly monomeric when
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the first 11 amino acids are removed [90, 93, 94]. Alternatively, monomeric
SecA can be obtained by mutating 6 residues in the C-terminal region 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 substantially 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 SecA ATPase
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 inter-
preted 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 (Arg®” and GIn®°") [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 A2)
[13], whereas the M. tuberculosis dimer is relatively flat, comprises a smaller
surface (2822 A?), 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
NBF?2) 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 following movements in a protomer: the HSD
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 SecA protomer(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 be mechanistically coupled to the conformational
change in SecA (see Section 12).

F. SeEcA-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. coli membranes 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
with mass spectrometry appears to be the most 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. SecYEG Structure, Function, and Dynamics

A. STRUCTURE OF THE SECYEG PROTOMER

The structure—function relationship of the translocon has been exten-
sively studied in E. coli and S. cerevisiae. The recently solved high-resolution
translocon structure from the archaeon Methanococcus 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 SecYER. In agreement with its universal conservation,
the overall structure of M. jannaschii SecYER 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

Fic. 2.5. Structure of SecYEP from M. jannaschii [16]. (A) Cytoplasmic view showing the
arrangement of transmembrane segments in different colors. SecE is depicted in purple, Secf
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 CS5, connecting TMS6 with TMS7
and TMS8 with TMSY, respectively. (C) Back-to-back dimer arrangement of SecYER 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 Secp in purple and
pink, respectively. (See color plate.)
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M. jannaschii SecYEP 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 TMSS
and TMS6. This side of the SecYEG protomer is referred to as the
“back.” The amphipathic cytoplasmic helix of SecE [121] runs parallel to
the membrane 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 TMSS8
with TMS9 (Figure 2.5B). The extracytoplasmic loops on average are con-
siderably shorter, and two of those fold back into the membrane region:
the E4 loop connecting TMS7 with TMSS, and the E1 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 TM?7 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:

1. What is the oligomeric state of SecYEG in the absence of ligands?
2. What is the oligomeric state of SecYEG with bound SecA?
3. 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 these might lead to nonphysiological distributions of the oligomeric states
[136]. Second, the removal of SecYEG from a potential ‘‘supercomplex’ with
SecDFYajC and/or YidC in the membrane [29, 33, 137] might expose surfaces
on SecYEG thatin absence of these subunits could form an interaction site for
self-association. Third and most 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, both in detergent solution
[89] and in lipid bilayers [130]. In addition (membrane insertion of) SecA
has been shown to increase the amount of SecYEG dimers and proposed
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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 contrast 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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C. ARRANGEMENT OF SECYEG PROTOMERS WITHIN AN
OLIGOMERIC ASSEMBLY

Since the oligomeric state of SecYEG during both co- and posttran-
slational 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 SecYEP into a previously
solved three-dimensional reconstruction of E. coli SecYEG based on two-
dimensional crystals [118], it was revealed that the conserved TMS of 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
708 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-TMS?7 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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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.)

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.
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D. InpuctioN 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 TMSS8 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 (EvdS et al. submitted for publication), with SecG [147], and with the
interface between TMS4 and C3 of SecY (EvdS et al. submitted for publica-
tion) that is in direct contact with SecG [127]. Importantly, the two regions of
interaction are located in different domains of a single SecYEG protomer,
and thus separation of the two SecY domains could be induced by a simulta-
neous 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/Secp and the SecE extension) are
not essential for viability or protein translocation [148, 149, 50]. Thus,
ribosome-induced opening of the translocon might be primarily mediated
by the two C4/CS connections, while the third connection plays an auxiliary
role. This would explain the mere stimulatory role of Secp 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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E. 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 A away [155].
The mobile nature of the plug domain has been confirmed by molecular
dynamics simulations [125] (Gumbart and Schulten, Biophysical Journal, in
press), 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 experimental 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 (EvdS et al., in preparation). 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.

VIl. Concluding Remarks

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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