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Chapter 1 
 
General introduction 
 
Eli O. van der Sluis, Nico Nouwen and Arnold J.M. Driessen 

 
Abstract 
The Sec machinery facilitates protein translocation across and into biological membranes of organisms 
from all three domains of life. The mechanism of co-translational mode of translocation is conserved across 
the domains, whereas the components involved in post-translational 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. 
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1. Introduction 
Every cell contains at least one membrane that separates the cytoplasm from the 
extracellular environment and its intracellular organelles. Embedded within these 
membranes is a variety of different transport systems that selectively allow passage of 
molecules, thereby enabling the cell to carefully 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 endoplasmatic reticulum 
(ER) membrane of eukarya, and the thylakoid membrane of photosynthetic eukarya 
(146).  
A property that distinguishes the Sec machinery from other transport systems is its ability 
to transport substrates towards 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 commonly 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 (139). 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 (24). The translocon can 
associate with different partners to mediate two conceptually different modes of protein 
translocation: co-translational and post-translational translocation. The first is mainly 
employed for the insertion of integral membrane proteins (IMPs), and the latter mainly 
for translocation of secretory proteins (187). Co-translational translocation requires the 
translocon to associate with the ribosome, allowing a direct coupling between synthesis 
and translocation of the (pre-)protein (80). This process is conserved in all domains of 
life (144), and is driven by ongoing protein synthesis at the ribosome. To prevent 
synthesis of membrane proteins in the cytoplasm, ribosome nascent chain complexes 
(RNC) are targeted to the translocon via the signal recognition particle (SRP) in 
conjunction with its membrane bound receptor (SR) (153). Protein synthesis is slowed 
down or arrested until the nascent chain has been transferred from SRP to the translocon 
(105). For more details on the mechanism of SRP dependent targeting the reader is 
referred to one of the reviews that have appeared recently (101, 210).  
Post-translational protein translocation occurs by definition after protein synthesis has 
been completed and requires the translocon to associate with a motor protein to provide 
the driving force for the translocation reaction. In this mode of translocation the Sec-
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machineries in the various domains of life differ substantially from each other. Post-
translational translocation in bacteria and chloroplasts is driven by the cis-acting ATPase 
SecA (72), whereas in ER membranes it is driven by a trans-acting Hsp70-like ATPase 
termed BiP or Kar2 (19). 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.  
 
2. Outline of this introduction 
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 five 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 (74, 165, 
189, 213, 215) and low to medium resolution electron microscopy structures of a variety 
of functional complexes (6, 113, 115, 117). These structural and biochemical data have 
yielded detailed insights into the molecular mechanism underlying protein translocation. 
The purpose of this introduction 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 recent 
reviews (36, 36, 139, 202, 202, 206, 206), and therefore additional emphasis will be on 
two issues that have not been addressed extensively, i.e., 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.  
 
3. 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 IMPs into the lipid bilayer by contacting 
the transmembrane segments of nascent IMPs shortly after they leave the SecYEG 
translocon (188). 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 (154). The mitochondrial YidC homolog Oxa1p from S. 
cerevisiae has been shown to directly interact with the ribosome (76, 175) 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. SecDFYajC forms a trimeric 
complex that is involved in protein translocation and associates with SecYEG (52, 53). 
Two studies have indicated that SecDF might be both functionally and physically 
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coupled to SecG (84, 149), but the exact function of SecDFYajC has remained elusive 
(134). 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 proposed function was shown to be based on a polar effect of the growth 
conditions used with a SecDF depletion strain, rather than on the actual depletion of 
SecDF (135). Further experiments are required to (dis-)prove the other proposed 
functions of SecDF. In contrast to SecD and SecF, YajC is not required for cell viability. 
YajC alone has been shown to exist as a homo-oligomeric complex in the inner 
membrane of E. coli (171), but the functional importance of this complex is unknown.  
 
4. 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 (95). 
SecB slows down the folding of preproteins by binding to their mature region (67), and it 
targets them to the extreme carboxy terminus of SecYEG bound SecA (59). Once 
translocation of the preprotein has been initiated, SecB is released from the translocon 
and able to start a new targeting cycle (72). SecB is not essential for cell viability (166), 
but it is thought to be required for translocation of a subset of (pre-)proteins (41). Thus 
far, no clear amino acid motifs have been identified that render (pre-)proteins SecB 
dependent (2), but it has been shown that SecB binding sites are enriched in aromatic 
and basic residues (89).   
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 (150). Under secretion deficient conditions, SecM induces a pause in translation of 
the secM-secA messenger RNA by means of an arrest sequence in its carboxy terminus 
(127) that is sensed by the interior of the ribosome (128). This results in prolonged 
exposure of the SecA ribosome binding site and consequently an up-regulation of the 
amount of cellular SecA. In addition, SecM is involved in localizing the expression of 
SecA to the vicinity of SecYEG (129). 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 (129). This SecA population possibly 
corresponds to the "membrane integral" form of SecA (26, 56). SecM is not required for 
cell viability provided that sufficient SecA is supplied in trans (150).  
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 homologs 
are single spanning membrane proteins (159). The additional two TMSs might 
specifically facilitate protein translocation at low temperatures, since E. coli cells 
containing a variant of SecE lacking these two TMSs are cold sensitive for growth (158).  
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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 division (194). It is tempting to speculate that an optimized Sec machinery 
could be particularly beneficial to proteobacteria, many of which are pathogenic, but it 
should be noted that the microbial genome sequencing projects in general are strongly 
biased towards pathogenic organisms. 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 1), it seems 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 endproduct 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 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 accomplished 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) (194). 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.  
 

 

Figure 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 
(194). 
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5. Sec-paralogs 
Non-canonical compositions of the Sec machinery containing paralogs of one or more 
components are also observed in many bacteria. Several genomes of organisms belonging 
to the divisions Actinobacteria (e.g. Mycobacterium tuberculosis) (15) and Firmicutes (e.g. 
Listeria monocytogenes and Streptococcus gordonii) (9, 97) encode for paralogs of SecA, and few 
of those bacteria encode for paralogs of SecY, SecE and/or SecG as well. The genomes 
of the proteobacteria Gluconobacter oxydans and Francisella tularensis encode for SecB 
paralogs (194). The genomic distribution of these paralogs has not yet been investigated 
in an evolutionary context, and SecA2 is the only paralog that has been studied 
genetically. It has been shown in both M. tuberculosis (16) and in L. monocytogenes (96) 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 (96). The thusfar 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 (8, 10, 25, 96, 102, 176, 177). Interestingly, some SecA2 dependent 
substrates do not contain a signal sequence at all (16, 96). It will be of great interest to 
investigate these and other features that distinguish SecA2 and the other paralogs from 
the canonical Sec machinery.  
 
6. The involvement of SecA in co-translational 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 post-translational 
translocation reactions are mostly studied as individual pathways in S. cerevisiae and E. coli, 
respectively, there are several indications that the two pathways overlap. Most IMPs are 
translocated co-translationally, but several IMPs contain large extracytoplasmic domains 
that are translocated in a SecA dependent manner (182). (130, 184, 188, 199) This implies 
that SecA and the ribosome can either bind to the translocon simultaneously, or that they 
bind alternatingly 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 (217). In 
addition, it has been demonstrated that SecA has a low but intrinsic ribosome binding 
capacity, either alone (83, 99) or in conjunction with SecYEG (217). Interestingly, ATP 
hydrolysis by SecA appears to induce the release of the ribosome from the translocon 
(217). 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 would favor 
re-binding of the ribosome to the translocon for co-translational continuation of the 
translocation process. Taken together, the co- and post-translational protein 
translocation pathways are likely to be intertwined. Therefore, in vitro membrane protein 



General introduction 

 13

insertion studies with SecA-dependent membrane proteins of varying topologies are 
eagerly awaited to further unravel this intricate process. In particular, special attention 
should be paid to the role of YidC and SecDFyajC during membrane insertion of SecA-
dependent IMPs.   
 
7. The overall mechanism of post-translational protein translocation 
In contrast to its possible role in co-translational protein translocation, the role of SecA 
in post-translational 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): In SecB containing organisms, the cycle of post-
translational translocation starts with binding of a (pre-)protein-SecB complex to 
SecYEG-bound SecA (72), upon which the preprotein is transferred to SecA (58). 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 (55), 
and around 2.5 kDa of the mature domain of the preprotein is translocated (161, 196). 
ATP hydrolysis results in release of the (pre-)protein from SecA and de-insertion of SecA 
from the translocon, in a step that can be inhibited by the commonly used antibacterial 
compound azide (54). Next, rebinding of SecA to the partially translocated polypeptide 
chain can drive the translocation of another 2.5 kDa of the mature preprotein domain 
(161, 196). 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.  
 
 

Figure 2. 
Schematic representation of the mechanism of post-translational protein translocation in E. coli, see text for 
details. 
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Figure 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: 
carboxy-terminal linker; SecAc: SecB binding motif. B: Crystal structure of SecA protomer from B. subtilis 
with individual domains coloured as in A (74). C: Crystal structure of SecA from B. subtilis in an open 
conformation, possibly representing the (pre-)protein bound state (138). The conformational changes with 
respect to the structure depicted in B are indicated by arrows. D: Crystal structure of dimeric SecA from B. 
subtilis, that most likely represents the physiologically active dimer (74). The two intradimeric HSD-HSD 
contacts that are maintained during protein translocation are depicted in red (77). E: Crystal structure of M. 
tuberculosis SecA. 
(A full colour version of this figure can be found on page 114) 
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8. Structure of the SecA protomer 
The working model described above is still rather abstract, but our insight into the 
molecular details of the mechanism have become increasingly clear due to the availability 
of crystal structures from SecA (74, 138, 165), SecB (40, 213, 215), and an archaeal 
SecYEG homolog (189). Three different crystal structures of SecA are available, two 
from B. subtilis and one from M. tuberculosis. The actual motor function of SecA, i.e., 
conversion of chemical energy into movement, is performed by a "DEAD motor" core 
that is also present in DNA/RNA helicases (91). 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 result in the translocation of preproteins. 
SecA interacts with preproteins via the preprotein binding domain (PBD, also referred to 
as "preprotein crosslinking domain" (PPXD) (141)) that is inserted into the amino acid 
sequence of NBF1 (Figure 3A), but forms a separate domain in the SecA structure(87) 
(Figure 3B) (74). The remainder of the SecA structure can be subdivided into four 
regions; the helical scaffold domain (HSD), the helical wing domain (HWD), the 
carboxy-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 carboxy terminus (74) (Figure 3A and B).  
 
9. 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 topic, and the complexity of the matter is schematically depicted in Figure 
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? 
 

 

Figure 4. 
Schematic overview depicting the complexity of the 
debate concerning the oligomeric 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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9.1 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 µM under physiological conditions (211). The 
cellular concentration of SecA is approximately 8 µM (1), and thus SecA is expected to 
be largely dimeric in vivo. Higher order SecA oligomers have also been reported, but only 
under non-physiological conditions or with truncated SecA mutants (43, 165). 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 crosslinking studies with purified SecA have 
shown that the monomer-dimer equilibrium can be shifted towards the monomer by the 
addition of certain lipids (7, 137), detergents (7, 137) or signal peptides (124, 137), 
although a different view has been published suggesting that signal peptides induce 
oligomerisation of SecA (7). Lipid bound SecA has been shown to exist mainly in a 
dimeric form that can be dissociated upon binding of nucleotides (21). 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. 
   
9.2 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 (11, 51, 185). 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 (51) or by an antibody (185). 
Unstabilized SecYEG in detergent only retains monomeric SecA after a preprotein has 
been trapped inside the channel before solubilization of the membrane (51). These 
results should be interpreted carefully, however, since the monomer-dimer equilibrium of 
SecA has been shown to be highly sensitive to detergents (137).  
The oligomeric state of SecA bound to membrane-embedded SecYEG has been 
addressed by chemical crosslinking (78) and surface plasmon resonance (SPR) (39). 
Dimeric SecA can be detected after binding to urea treated inverted membrane vesicles 
(IMVs) (78), but could not be detected with SecYEG containing proteoliposomes (137). 
The concentration of SecA added in the latter experiment, however, was far below 
physiological (5 nM vs. 8 µM), and thus the results obtained with the IMVs appear to be 
more reliable. Chemical crosslinking of the population of SecA that copurifies with IMVs 
revealed mainly SecA monomers, (78) while the fraction of SDS-resistant dimers 
dramatically increases upon overexpression of SecYEG (39, 39). SPR measurements also 
suggest that SecA is dimeric while bound to membrane-embedded SecYEG, since wild 
type SecA binds to SecYEG-overexpressing IMVs similarly to a covalently crosslinked 
SecA dimer (39). Taken together, these data indicate that both monomeric and dimeric 
SecA can bind to SecYEG.  
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9.3 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 characterized SecA mutants with disturbed 
dimerization properties. Removal of the N-terminal 8 amino acids of SecA does not 
influence its oligomeric state (82), but SecA is predominantly monomeric when the first 
11 amino acids are removed (78, 136, 152). 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 (137). It should be noted that these monomeric 
SecA mutants are not incapable of dimerization per se, but that the mutations have shifted 
the monomer-dimer equilibrium substantially towards the monomeric state (152). In the 
two assays that measure SecA activity, e.g. 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 
interpreted as being significant in some reports (136, 137), 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 co-purified wild type SecA from the expression host.  
Activity assays with covalently dimerized SecA have yielded varying results. SecA dimers 
crosslinked via endogenous cysteines located in the SecB binding domain (SecAc) (39) or 
via a pair of engineered cysteines in the HSD (Arg637 and Gln801) (77) 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 functions as a 
dimer, it does show that monomerization is not required for functionality as proposed 
earlier (137).  
Perhaps the most convincing experiment that assesses the functional oligomeric state of 
SecA involved heterodimers of active and inactive SecA monomers (49). If SecA would 
function as a monomer, these heterodimers 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.  
 
9.4 Summary of oligomeric states SecA  
Taken together, from our point of view the experimental data showing that SecA dimers 
dissociate upon 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 supporting the proposal that SecA functions as a monomer are in 
our opinion either obtained under conditions too distant from physiological, or they are 
explainable by a conformational change of SecA, or they have been 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 experimental data 
disproving a functional SecA dimer, whereas in vivo and in vitro experiments in different 
laboratories demonstrate that monomeric 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 (59). Combined with the notion that 
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cellular SecA is predominantly dimeric, we assume that SecA functions as a dimer in 
post-translational protein translocation at SecYEG.  
We speculate that the physiological relevance of the binding of monomeric 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.  
  
10. Structure of the functional SecA dimer 
With our current insight  that SecA functions as a dimer, the next question is at which 
side of a SecA protomer the intra-dimeric interactions take place. Two interactions 
observed in various crystal structures have been proposed to represent a physiological 
dimer interface (74, 165). 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 3D and E). This antiparallel arrangement is supported by fluorescence 
resonance energy transfer (FRET) (46) and crosslinking studies (77, 136). The difference 
between both dimers lies in the SecA surface that contacts the neighboring protomer. 
The proposed B. subtilis dimer is relatively compact and the dimer interface comprises a 
large surface (5442 Å2) (74), whereas the M. tuberculosis dimer is relatively flat, comprises a 
smaller surface (2822 Å2), and contains a cavity at the dimer interface (165). One dimer 
arrangement can be converted into the other by rotating each protomer approximately 
75º 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 arrangement (Figure 3D) still supports efficient protein 
translocation (77) suggests 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 crosslinks. Whether the M. tuberculosis dimer 
arrangement (Figure 3E) also represents a functional intermediate remains to be 
established. 
 
11. Conformational changes within SecA 
Several regions in SecA have been shown to be dynamic (4, 30, 45, 47, 48, 74, 162, 186, 
207), but detailed structural information is only available for 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 (138). 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 
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chains that are involved in nucleotide binding. Unfortunately, attempts to crystallize 
SecA in the functionally important ATP bound state have failed thusfar. 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 
conformations. 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 (172). Second, the SFI helicase PcrA has been crystallized in the ATP bound 
state, in which the two NBFs have undergone a ~10º rotation relative to each other 
compared to the ADP bound state (205). 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 crosslinked is still active, the relative re-orientations of NBF1 and NBF2 that 
are required for ATP binding and hydrolysis are apparently not influenced by these 
disulfide bonded crosslinks. When the mobility of NBF1 is restricted by a disulfide 
crosslink to the HWD of the neighboring protomer, however, the SecA dimer is inactive 
(77).  
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 at the opposite end 
of a SecA protomer (138). 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 (~60º) rotation combined with a rigid body translation away from the 
HSD and HWD (Figure 3B and C). This results in opening of a groove at the PBD-
HSD/HWD interface (Figure 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 specificities. Assuming that this 
conformation of SecA represents a (pre-)protein bound state and knowing that B. subtilis 
does not contain a SecB protein, 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 carboxy-terminal linker (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).  
 
12. 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 recently (216), we will only 
discuss the most important findings and a possible relation to conformational changes in 
SecA. It has been shown that the extreme carboxy terminus of SecA (SecAc) contains a 
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dedicated SecB binding site that is formed by a small cysteine rich domain that chelates a 
zinc ion (57). 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 
(17). The SecAc domain is not resolved in any of the available SecA crystal structures, 
but its structure has been determined in isolation by NMR (44, 107) and in complex with 
Haemophilus influenzae SecB by X-ray crystallography (215). 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 (58, 86). 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 (151) 
or crosslinked (39) 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 (216). It seems likely however, that upon binding of a preprotein-SecB complex 
to SecA, the transfer of the (pre-)protein requires (or induces) a substantial 
conformational change in SecA (58). This conformational change possibly corresponds 
to the one that is observed by X-ray crystallography (138): 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 (Figure 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 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 conformational change (138). 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 (17) or binding of 
SecA to SecYEG(200).  
 
13. SecA-membrane interaction 
A detailed understanding of SecA binding to the membrane is fundamental 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 (17), but the 
SecYEG binding region of SecA has not been identified in detail. Far Western 
experiments with SecA fragments, mapped the SecYEG binding region to the N-
terminal part of the SecA protomer, comprising both NBFs and the PBD (34). 
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 (34). However, the 
exact SecYEG interaction sites within the N-terminal region have not been determined 
yet. The relatively new technique of cysteine directed crosslinking in combination with 
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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.  
 
14. Structure of the SecYEG protomer 
The structure-function relationship of the translocon has been extensively studied in E. 
coli and S. cerevisiae. The recently solved high resolution translocon structure from the 
archaeon Methanococcus jannaschii (189) was a major breakthrough in the field. Despite the 
fact that archaeal translocon subunits are more similar to eukaryotic than to bacterial 
ones (24), they are commonly named after the bacterial subunits. Since no significant 
sequence similarity can be detected between SecG and its archaeal counterpart Sec(61)β 
(88), the eukaryotic nomenclature is applied to the latter, resulting in the hybrid term 
SecYEβ. In agreement with its universal conservation, the overall structure of M. 
jannaschii SecYEβ is nearly identical to that of E. coli SecYEG (18). The two complexes 
differ only slightly in conformation (14), and the E. coli translocon contains three 
additional TMSs compared to that from M. jannaschii: two from SecE (see section 4) and 
one from SecG. The center of the complex is formed by SecY, whereas SecE and SecG 
are located at the periphery (Figure 5A and B). The structure of M. jannaschii 
SecYEβ consists of two distinct domains that are similarly folded. Each domain is 
composed of a bundle of five TMSs, formed by the amino- or carboxy-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 (204), 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 (12) runs parallel to the membrane surface along 
the carboxy-terminal half of SecY (Figure 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 5B). The extracytoplasmic loops on average 
are considerably shorter, and two of those fold back into the membrane region: the E4 
loop connecting TMS7 with TMS8, 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 (189). 
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 SecYEβ. However, based on the two domain 
structure of the channel and the observation that signal sequences of (pre-)proteins can 
be crosslinked to TMS2 and TMS7 (142, 143, 208), it has been proposed that substrates 
pass through the center of the channel. Insertion of the signal sequence between TMS2 
and TMS7 is thought to induce separation of the two halves of SecY and displacement of 
the "plug" that blocks the proposed pore from the extracellular side (189). Molecular 
dynamics simulations have revealed that the opening that is created by this mechanism is 
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indeed large enough to allow passage of unfolded and even α-helical proteins (183). In 
the opened state, nascent IMPs (and signal sequences) could leave the translocon laterally 
towards the lipid bilayer via the TMS2-TMS7 interface. 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.  
 

 
Figure 5. 
Structure of SecYEβ from M. jannaschii (189). A: Cytoplasmic view showing the arrangement of 
transmembrane segments in different colours. SecE is depicted in purple, Secβ 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 SecYEβ protomers as observed for E. coli SecYEG in 2D crystals (18). The amino-terminal 
halves of SecY are depicted in blue, the carboxy-terminal halves in red, SecE and Secβ in grey.   
(A full colour version of this figure can be found on page 115) 
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15. 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 currently heavily debated (see also Figure 4). In an attempt 
to enlighten this discussion, we will give an overview of the relevant experimental data. 
For clarity, we have subdivided the assessment of the oligomeric state of SecYEG into 
three sub-questions: 
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? 
 
15.1 Oligomeric state of SecYEG in absence of ligands 
The oligomeric state of SecYEG in the absence of ligands has been addressed with 
several crosslinking studies and fluorescent resonance energy transfer (FRET) 
measurements. All these studies indicate that at least two copies of SecY (123, 193, 203), 
of SecE (85, 160) and of SecG (125) are present in a single complex. However, whether 
such an oligomeric complex contains two or more copies of each subunit could not be 
distinguished. More accurate information on the oligomeric state of purified SecYEG has 
been obtained in detergent solution by density centrifugation (114), analytical 
ultracentrifugation (32), gelfiltration (185), native gel-electrophoresis (11) and negative 
stain electron microscopy (70, 104, 114). Several of these studies indicate that SecYEG 
exists in a dynamic equilibrium of monomers, dimers and larger oligomers. The latter 
group includes presumed trimers, tetramers and pentamers. Similar results were obtained 
with SecYEG reconstituted in lipid bilayers (160).  
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 non-physiological distributions of 
the oligomeric states (212). Second, the removal of SecYEG from a potential 
"supercomplex" with SecDFYajC and/or YidC in the membrane (52, 134, 164) might 
expose surfaces on SecYEG, that in absence of these subunits could form an interaction 
site for self-association. Third and most importantly, the oligomeric state of SecYEG 
during protein translocation, i.e. with bound ligands, might differ from that in a "resting" 
state.  
 
15.2 Oligomeric state of SecYEG with bound SecA 
SecA has been shown to bind to both dimeric (51, 185) and tetrameric SecYEG (104, 
160), but not to SecYEG monomers (51, 185). Binding of SecA induces a shift in the 
SecYEG equilibrium; both in detergent solution (185) and in lipid bilayers (160). In 
addition (membrane insertion of) SecA has been shown to increase the amount of 
SecYEG dimers and proposed tetramers at the expense of SecYEG monomers (104, 
160). Constitutive SecYEG dimers that were created by covalent linkage (51) (N. 
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Nouwen unpublished data) or via disulfide crosslinking (193) were shown to be active in 
post-translational protein translocation. Taken together, all these data indicate that in 
contrast to an earlier proposal (214) SecYEG functions in post-translational translocation 
as an oligomeric complex. The exact oligomeric state is difficult to assess, as pro- and 
contra-arguments can be given for both dimers and higher order oligomers.  
 
15.3 Oligomeric state of SecYEG with a bound ribosome 
The oligomeric state of the translocon is not necessarily the same during the post- and 
co-translational translocation modes. The oligomeric state of the translocon during co-
translational translocation has been studied in both bacteria and eukarya, mainly by 
electron microscopy (EM). Early EM-studies of rough ER membranes revealed the 
existence of large ring-like particles that were estimated to contain 3-4 translocons (70). 
Importantly, the formation 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 (5, 6, 
112, 113, 116, 117). 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 (115). Given the universal conservation of co-translational protein 
translocation and the observation that the ribosome-translocon interaction is conserved 
across the three domains of life (147), it seems unlikely that this difference reflects a 
property that distinguishes the bacterial 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.  
 
15.4 Summary oligomeric states SecYEG 
Taken together, the oligomeric state of SecYEG during both co- and post-translational 
protein translocation is at least dimeric, but the exact number of protomers constituting 
an active translocon remains controversial. Biochemical data assessing the oligomeric 
state of SecYEG during co-translational translocation in particular and higher resolution 
3D structures of ribosome-bound translocons are eagerly awaited to resolve this critical 
issue.  
 
16. Arrangement of SecYEG protomers within an oligomeric assembly 
Since the oligomeric state of SecYEG during both co- and post-translational 
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 SecYEβ into a previously solved 3D reconstruction of E. coli SecYEG based on 
2D crystals (18), it was revealed that the conserved TMS of SecE is located at the dimer 
interface. Several crosslinking studies showed a similar localisation of SecE in SecYEG 
complexes within E. coli inner membrane vesicles (85). Importantly, several covalent 
linkages of constitutive SecY dimers, that do not interfere with activity (51, 193), span 
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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) (112), 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 (11).  
Based on the cryo-EM reconstruction of ribosome bound E. coli SecYEG, a radically 
different dimer arrangement of SecYEG protomers was proposed (115). For generation 
of stable ribosome nascent chains (RNCs), the authors made use of the SecM translation 
arrest sequence, and the complex that was isolated consisted 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 was bound to the arrested nascent 
chain at the polypeptide exit tunnel as observed in previous studies, but the other was 
bound to the mRNA via an interaction that is most likely non-physiological. Based on 
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 6B and A). 
Importantly, these analyses 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 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 
interface of two SecY molecules. Furthermore, the front-to-front arrangement 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 (35, 179). Although other cryo-EM studies consistently indicated 
translocon oligomeric states of a higher order than dimers and a front-to-front 
arrangement of protomers was not anticipated, 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.  
 
17. 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 ribosome 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 (27, 148), two connections are similarly formed by 
the pairs of long cytoplasmic loops of SecY (C4 and C5, connecting TMS6 with TMS7 
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and TMS8 with TMS9, respectively, black arrows in Figure 6C). The third connection is 
mediated by the cytoplasmic loop of SecG and the N-terminal two transmembrane 
segments of SecE (one of the white arrows in Figure 6C). SecA has been shown to 
interact with the C5 loop of SecY as well (EvdS et al. submitted), with SecG (126) and 
with the interface between TMS4 and C3 of SecY (EvdS et al. submitted) that is in direct 
contact with SecG (193). 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 simultaneous interaction with both of them (Figure 6C 
and 6D). 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 would be 
directly transmitted to the neighbouring protomer.  
 

 
Figure 6. 
Front-to-front dimer arrangements of E. coli SecYEG (115). A: Closed conformation of the front-to-front 
dimer, non-physiologically 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 
amino-terminal halves of SecY are depicted in blue, the carboxy-terminal halves in red, SecE in pink and 
SecG in green. C and D: Schematic representation of the proposed ribosome/SecA induced opening 
mechanism. 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. 
(A full colour version of this figure can be found on page 115)   
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It should be noted, however, that the features that mediate the third ribosome-translocon 
connection (SecG/Secβ and the SecE extension) are not essential for viability or protein 
translocation (60, 131, 158). 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 Secβ on post-translational 
protein translocation (81). 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: i.e. 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 
close proximity of this region and might thus facilitate membrane cycling of SecA (108, 
173). It seems unlikely, however, that SecG completely inverts its membrane topology 
during protein translocation via SecYEG as proposed previously (133), as topologically 
fixed SecG has been shown to be equally active as wild type SecG (195). The different 
conformations of SecG that are observed in vitro most likely represent conformational 
changes within this highly dynamic region of the translocon.  
 
18. The role of the plug 
In addition to separation of the two SecY domains, the opening mechanism of the 
translocon is thought to involve displacement of the "plug" domain formed by the E1 
loop (189). 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 crosslinked to the carboxy-terminal region of SecE, located 
approximately 20 Å away (71). The mobile nature of the plug domain has recently been 
confirmed by molecular dynamics simulations (183) (Gumbart & Schulten, Biophysical 
Journal, in press), homology modeling (14), and a crosslinking approach (178). In the 
latter study, it was shown 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. We are currently investigating this hypothesis in more detail.  
 
19. 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. Considering 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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20. Scope of this thesis 
The scope if this thesis is to investigate the intermolecular interactions of the E. coli Sec 
machinery, in order to obtain more detailed insights into the molecular mechanism of 
protein translocation. Our experimental approach frequently involves site-specific 
crosslinking via cysteine residues that have been strategically engineered within different 
subunits of the Sec machinery. This relatively non-invasive method is used to identify 
proximity relationships between components of the Sec machinery, and to investigate 
whether restricted mobility of certain domains interferes with functionality. Chapter 3 
describes a crosslinking approach to investigate proximity relationships in the 
cytoplasmic region of SecY, and the consequences of crosslinking cytoplasmic loops 
within a dimeric SecYEG assembly. One of the interactions between SecY and SecG that 
was identified in Chapter 3 is investigated in more detail in Chapter 4, as it provided an 
elegant tool to critically test the long held controversial "topology inversion" of SecG. 
Chapter 5 describes an investigation concerning the oligomeric state of SecYEG bound 
SecA, and Chapter 6 reports on the identification of two SecA interaction sites on SecY. 
The results described in Chapter 2 were obtained by database analyses of all (thusfar) 
sequenced bacterial genomes and provide a reconstruction of the evolutionary history of 
the E. coli Sec machinery. A summary and a brief discussion of the obtained results is 
presented in the final chapters of this thesis. 
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Chapter 2 
 
Stepwise evolution of the Sec machinery in Proteobacteria  
 
Eli O. van der Sluis and Arnold J.M. Driessen  
 
Abstract 
The Sec machinery facilitates the translocation of proteins across and into biological membranes. In 
several of the Proteobacteria, this machinery contains accessory features that are not present in any other 
bacterial division. The genomic distribution of these features in the context of bacterial phylogeny suggests 
that the Sec machinery has evolved in discrete steps. The canonical Sec machinery was initially 
supplemented with SecB; subsequently, SecE was extended with two transmembrane segments and, 
finally, SecM was introduced. The Sec machinery of Escherichia coli and other Enterobacteriales 
represents the end product of this stepwise evolution.  
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The protein-conducting channel of the Sec machinery is universally conserved 
The Sec machinery is an ensemble of proteins that facilitates the translocation of proteins 
and pre-proteins into and across biological membranes (139). The protein-conducting 
channel of the Sec machinery is universally conserved but the additional components 
that are required for protein translocation differ between Bacteria, Archaea and Eukarya. 
The evolutionary implications of the similarities and differences between Sec machineries 
of different domains have been reviewed previously (146) but variations within domains 
have not, thus far, been analyzed in an evolutionary context. We have examined the 
genomic distribution of three components that distinguish the model organism Escherichia 
coli from the vast majority of other bacteria. In the context of established phylogenetic 
relationships between bacteria, the distributions suggest that the Sec machinery of 
Proteobacteria has evolved in a stepwise fashion. 
 
The canonical Sec machinery of Bacteria and differences observed in E. coli 
Most Gram-positive bacteria contain the canonical Sec machinery that comprises eight 
different proteins. Embedded within the cytoplasmic membrane are the trimeric 
SecYEG complex that forms the protein-conducting channel, the membrane protein 
integrase YidC and the trimeric complex with unknown function SecDFYajC. The motor 
protein SecA cycles between the cytoplasm and the membrane, where it binds to 
SecYEG to provide a driving force for the translocation reaction (36). 
The Sec machinery of E. coli is more complex: it contains one protein that is substantially 
different and two additional proteins. Unlike the single-spanning SecE from Gram-
positives, SecE from E. coli consists of three transmembrane segments (TMSs). The 
additional proteins of the E. coli Sec machinery are SecB and SecM. None of these 
additional features is essential for viability (92, 150, 158) but all contribute in different 
ways to protein translocation. SecB prevents the premature folding of secretory proteins 
(31) and targets them to SecA, which is bound to the membrane at SecYEG (72). SecM 
is a small exported protein encoded from a gene that is directly upstream of secA and can 
induce the arrest of translation elongation at the secM–secA mRNA in order to regulate 
and localize the expression of SecA (127, 129). Removal of the additional TMSs of SecE 
renders cells cold-sensitive for growth but no specific function has yet been assigned to 
this region (158). 
 
Reconstructing the evolution of multicomponent systems 
Information on the evolutionary history of multicomponent biological systems can be 
obtained by analyzing their composition in organisms with known phylogenetic 
relationships (75). So far, however, this method has only been sparsely applied to 
reconstruct how eukaryotic systems have evolved from a prokaryotic ancestor (65, 66, 
106). Because the phylogeny of bacteria is becoming increasingly clear owing to the 
availability of numerous completely sequenced genomes, a similar approach can be 
followed for bacterial multicomponent systems. To reveal how the bacterial Sec 
machinery might have evolved, we have analyzed all the completely sequenced bacterial 
genomes of free-living bacteria deposited in the NCBI database (207 genomes in July 
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2005) for the presence of genes encoding SecB, SecM and SecE with three TMSs (termed 
‘SecE3’ here). Genomes of obligate endosymbionts were excluded from the analysis 
because these are known to be extremely reduced in size. 
 
Genomic distribution of SecB, SecE3 and SecM 
Generalities 
The genomic distribution of SecB, SecE3 and SecM can be summarized as follows: SecB 
is present in all α-, β-, and γ-proteobacteria, SecE3 is found in most β-proteobacteria and 
all γ-proteobacteria and SecM is found in all members of the γ-proteobacterial order 
Enterobacteriales (see Appendix 1). Within the subdivision of β-proteobacteria, three 
genomes contain a single-spanning SecE whereas the others encode SecE3. A 
phylogenetic analysis of all available SecE sequences based on the conserved C-terminal 
region indicates that within the β-proteobacterial subdivision, the single-spanning SecEs 
were the earliest to diverge (Figure 1A). These single-spanning β-proteobacterial SecE 
proteins might have either lost their extension or SecE might have been extended after 
this divergence had occurred.  
 
Exceptions 
The only two exceptions to the distribution mentioned earlier are a secB gene in 
Desulfotalea psychrophila and a secE3 gene in Bdellovibrio bacteriovorus. These species both 
belong to the δ-proteobacteria. Phylogenetic analyses indicate that D. psychrophila SecB is 
most closely related to β-proteobacterial SecBs (data not shown), which suggests that it 
might have originated from a rare horizontal gene transfer (HGT) event. It seems 
unlikely that B. bacteriovorus SecE3 also originates from an HGT event because its C-
terminal region is most closely related to that of other δ-proteobacteria and its N-
terminal extension does not have any significant sequence similarity to that of β- and γ-
proteobacterial SecE3s (data not shown). Hence, B. bacteriovorus SecE could have been 
extended independently. 
 
SecM-like ORFs upstream of SecA in Pasteurellales 
Inspection of the region upstream of secA in the genomes where secM was not found by 
BLAST searches revealed that the five sequenced members of the γ-proteobacterial order 
Pasteurellales encode a small open reading frame (ORF) that is remarkably similar to 
secM. Although these ORFs are substantially shorter than secM and the overall sequence 
similarity is low, the proteins they encode contain a similar atypical signal sequence and 
their C-termini are nearly identical to the SecM motif that causes arrest of translation 
elongation (Figure 1B). Based on these similarities, it seems likely that these ORFs 
upstream of secA will have a similar function and, therefore, they are referred to here as 
SecMP. 
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Figure 1.  
Sequence analysis of Sec machinery proteins. (A) Neighbor-joining tree of SecE based on the conserved C-
terminal region that starts at the equivalent of Thr62 in Escherichia coli. Only unique β-proteobacterial SecE 
sequences are shown. Organisms that contain single-spanning SecE are in bold and those that contain 
SecE3 are in regular typeface. (B) Multiple sequence alignment of SecM sequences from Enterobacteriales 
and Pasteurellales. The top five sequences from Enterobacteriales are referred to as SecM (E. coli, Salmonella 
enterica, Erwinia carotovora, Yersinia pestis and Photorhabdus luminescens) and the bottom five sequences derived 
from Pasteurellales are referred to as SecMP (Haemophilus influenzae Rd KW20, H. influenzae 86-028NP, 
Mannheimia succiniciproducens, Pasteurella multocida and Haemophilus ducreyi). Conserved residues are shaded with 
increasing gray intensities. Positions that are important for translation arrest in E. coli are indicated with a 
black dot. 
 
SecB paralogs in Gluconobacter oxydans and Francisella tularensis 
An interesting phenomenon revealed by the analysis is the occurrence of two secB genes 
in the genomes of the α-proteobacterium Gluconobacter oxydans and the γ-proteobacterium 
Francisella tularensis. Paralogs of SecA, SecY, SecE and SecG are observed in 
Actinobacteria and Firmicutes and some of these are related to virulence (16, 96). 
Similarly, the SecB paralog of the human pathogen F. tularensis could be required for the 
secretion of pathogenicity-related proteins (94). 
 
Stepwise evolution 
To investigate whether the genomic distribution of the genes analyzed here contains 
information on the evolution of the Sec machinery, they were projected onto the relevant 
part of the bacterial phylogenetic tree. Because the details of branching patterns obtained 
by different tree-reconstruction methods are often dissimilar (42), only a simplified tree is 
shown at the lowest resolution required for interpretation of the results (Figure 2).  
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Figure 2.  
Genomic distribution of accessory features of 
the Sec machinery combined with bacterial 
phylogeny. The simplified phylogenetic tree is 
derived from (93, 98). Only the relevant taxa 
are shown. The names of γ-proteobacterial 
orders are in white and the presence of SecB, 
SecE3 and SecM is indicated by grey boxes. 

 
This projection reveals that SecB was introduced in the last common ancestor (LCA) of 
the α-, β-, and γ-proteobacteria, SecE was extended in the LCA of the β- and γ-
proteobacteria (see earlier) and SecM was introduced in the LCA of the γ-proteobacterial 
order Enterobacteriales. This implies that the canonical Sec machinery with a minimal 
Bacillus subtilis-like composition has been successively modified in the following steps: 
first, the chaperone SecB was introduced, second, SecE was extended with two 
transmembrane segments and third, the regulatory protein SecM was introduced, 
resulting in the well studied E. coli Sec machinery.  
In addition, the analysis provides an alternative view on the SecMP mentioned earlier. 
Rather than being a functional equivalent of SecM in the Pasteurellales, SecMP could 
represent an ancestral protein with a slightly different function, from which SecM is 
derived. Considering the presence of the translation-arrest motif, SecMP is expected to 
stall translation elongation in a similar manner to SecM but the exact regulatory 
mechanism could differ as a result of the shorter N-terminal region. Thus, the evolution 
of the Sec machinery might be most accurately described by a four-step process that 
includes the extension of SecMP to SecM. 
 
Biological significance 
The stepwise evolutionary process that is suggested by these results could be interpreted 
as a random series of independent improvements of the Sec machinery. However, such 
an interpretation does not take into account that each accessory feature was introduced 
in a different context or that the accessory features might be functionally interdependent. 
We hypothesize that SecE3 and SecM have specifically improved SecB-dependent 
protein translocation rather than protein translocation per se. By regulating and localizing 
the expression of SecA (127, 129), SecM maximizes the amount of SecYEG-bound SecA 
that forms the receptor for preprotein-SecB complexes (72). SecE3 might similarly 
enhance SecB-dependent targeting by increasing the affinity of SecA for SecYEG. 
Although this has not been demonstrated experimentally, SecA from E. coli is known to 
bind to SecYEG with a much higher affinity than that of B. subtilis SecA (174, 198). It is 
likely that the additional TMSs of E. coli SecE are at least partially responsible for the 
higher affinity. Moreover, a sufficiently high affinity of SecA for SecYEG is a 
prerequisite for achieving the regulatory effects of SecM. In other words, the accessory 
features of the Sec machinery might contribute to protein translocation synergistically 
rather than independently. 
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Concluding remarks and future perspectives 
The genome analysis presented here suggests that the proteobacterial Sec machinery has 
evolved in discrete steps. Each step seems to have improved the efficiency of protein 
translocation in a different manner. Thus, this study reveals in detail how the Sec 
machinery might have undergone successive improvements by acquisition or 
modification of individual components. The possible synergism between SecB, SecE3 
and SecM can now be investigated experimentally. In addition, it should be stressed that 
the phylogenetic position of E. coli provides an excellent opportunity to reveal how other 
bacterial model systems might have evolved.  
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Chapter 3 
 
SecY–SecY and SecY–SecG contacts revealed by site-specific 
crosslinking  
 
Eli O. van der Sluis, Nico Nouwen and Arnold J. M. Driessen   
 
Abstract 
Protein translocation across the cytoplasmic membrane of Escherichia coli is mediated by the integral 
membrane complex SecYEG and the peripherally bound ATPase SecA. To probe the environment of 
the cytoplasmic domains of SecY within the SecYEG complex, we introduced single cysteine residues in 
each of the six cytoplasmic domains. Neighbouring SecY molecules with a single cysteine residue in 
cytoplasmic domains C1, C2 or C6 formed a disulfide bond upon oxidation. The presence of the disulfide 
bond between two C2 domains reversibly inhibited protein translocation. Chemical crosslinking showed 
that the C2 and C3 domains are in close proximity of SecG and chemical modification of the cysteine 
residue in the C5 domain with N-ethyl-maleimide or fluorescein-5-maleimide inactivates the SecYEG 
complex. Taken together, our data give novel insights in the interactions between subunits of the SecYEG 
complex and emphasise the importance of cytoplasmic domain C5 for SecY functioning.  
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Introduction 
The heterotrimeric membrane protein complex SecYEG forms the protein conducting 
channel through which precursor proteins are translocated across the prokaryotic 
cytoplasmic membrane. Together with the peripheral motor protein SecA, SecYEG 
constitutes a multisubunit complex termed ‘translocase’. SecA binds to the SecYEG 
complex and powers the translocation process by undergoing multiple conformational 
changes upon binding and hydrolysis of ATP (for a recent review see (50)). 
Electron microscopy studies have revealed that multiple SecYE(G) protomers assemble 
into an oligomeric complex with a pore like structure that resembles the eukaryotic 
Sec61αβγ complex (6, 70, 104, 113, 114). Biochemical evidence for an oligomeric 
assembly of SecYEG comes from disulfide crosslinking (85, 203), analytical 
ultracentrifugation, 2D crystallography (32) and Blue-native gel electrophoresis studies 
(BN-PAGE) (11). Oligomerisation of SecYEG was shown to be triggered by SecA (104) 
but the exact oligomeric state of SecYEG during translocation remains a topic of debate 
(11, 104, 214). 
Over the years, genetic and biochemical experiments have given a substantial insight in 
the interactions between the different subunits (for a recent review see (119)). In short, 
SecE interacts with domains of SecY located in the cytoplasm (3, 145), the 
transmembrane region (85, 203), and the periplasm (63, 71). Furthermore, SecE is 
involved in the association of two SecYEG protomers (203). Disulfide crosslinking of 
SecE to a neighbouring SecE or SecY molecule inactivates SecYEG, indicating that 
dynamics of SecE are required during protein translocation (71, 85, 203). 
A direct interaction between SecY and SecA has been demonstrated by aspecific 
crosslinking studies (103), but so far no site-specific crosslinks have been reported. 
Genetic studies with cold-sensitive SecY mutants have indicated that the two carboxy-
terminal cytoplasmic domains of SecY are involved in an interaction with SecA (28, 118, 
181). On the basis of studies with SDS-denatured SecY (169) and peptide antibodies 
(100) it has been proposed that SecA also interacts with the extreme amino-terminal 
region of SecY. 
SecG is an auxiliary translocase component that strongly facilitates translocation (52, 62, 
69) and has been shown to be involved in membrane cycling of SecA (108, 173). SecG 
forms a stable complex with SecYE (20) that can be purified via affinity tags on both 
SecY and SecE (73, 192). Within the SecYEG complex, SecG can form homodimers that 
remain associated and even undergo topology inversion during protein translocation 
(125, 133), but the position of SecG with respect to SecY and SecE within the SecYEG 
complex has remained obscure. Likewise, the domains of SecY involved in the 
association of SecYEG protomers have never been determined. 
In order to understand the molecular mechanism of protein translocation, more detailed 
structural information on the interactions between the individual subunits within the 
SecA/SecYEG complex is required. In this study, we have investigated the cytoplasmic 
side of SecY by introducing single cysteine residues and performing cysteine-specific 
labeling and crosslinking experiments. The results are discussed with respect to the 
interactions between the individual subunits and the oligomeric assembly of SecYEG. 



SecY dimers 

 37

Figure 1.  
Membrane topology model of E. coli SecY. The residues that were replaced by cysteine are indicated in 
black circles. The abbreviations used for the cytoplasmic domains (C1 to C6) are indicated below. 
Endogenous cysteines at positions 329 and 385 have been replaced by a serine residue (85). 
 
Results 
Construction and chemical modification of single cysteine residues in SecY 
To probe for intermolecular interactions at the cytoplasmic side of SecYEG by thiol 
chemistry, we introduced single cysteine residues in each of the six cytoplasmic domains 
of SecY (C1 to C6, see Figure 1). To ensure accessibility of the introduced cysteine 
residues the positions were selected in the middle of each domain. In the selection 
process, highly conserved residues or positions harbouring cold-sensitive or prl 
mutations were avoided and where possible serine residues were replaced. In this way, six 
single cysteine SecY mutants (Table I) were constructed that were introduced into a 
cysteine-less secYEG expression system (85).  
Inverted membrane vesicles (IMVs) were isolated from E. coli SF100 cells that 
overproduced the mutant SecYEG complexes. For all cysteine mutants the expression 
levels of SecYEG and the amount of SecA associated with the membranes were similar 
to that of the Cys-less control. Furthermore, the proOmpA-stimulated SecA ATPase 
activity (data not shown) and the in vitro translocation of proOmpA (Figure 3A) were 
indistinguishable from the cysteine-less control. We have previously shown that due to 
the high expression levels achieved with our expression system, the background activity 
of chromosomally encoded SecYEG is negligible as compared to the plasmid-encoded 
SecYEG (85, 191). Taken together, this indicates that the introduced cysteines do not 
alter the expression nor the functionality of the SecYEG complex. 
To check the accessibility of the introduced cysteines for thiol modifying reagents, we 
incubated IMVs harbouring the mutant SecYEG complexes with the thiol reactive probe 
F-mal. Except for the Cys-less control, all single cysteine mutants show a prominent 
fluorescent band (Figure 2) corresponding to SecY as confirmed by Western blotting 
(data not shown). Due to the high expression levels of SecY(EG), background labeling of  
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Figure 2.  
F-Mal labeling of single cysteine SecY 
mutants. IMVs containing 
overproduced single cysteine SecY 
mutants were incubated with 0.25 mM 
F-Mal and analysed by 12% SDS–
PAGE and in gel UV fluorescence. 
SecY molecules modified with F-Mal 
are indicated (SecY-F-Mal). 

 
other membrane proteins is negligible. Pre-treatment of the membranes with NEM 
completely prevented F-Mal labeling (data not shown). These results show that all the 
introduced cysteine residues are accessible for the thiol modifying reagents NEM and F-
Mal. Furthermore, by using F-Mal as a second round labeling agent, this assay provides a 
simple tool to assess SecY modification by non-fluorescent thiol reactive probes.  
 
ProOmpA translocation into IMVs containing chemically modified SecYEG 
To investigate if chemical modification of the cytoplasmic cysteine residues affects the 
functionality of the SecYEG complex, IMVs containing the different SecYEG mutants 
were treated with NEM (molecular weight (MW) 125 Da) or F-Mal (MW 427 Da). 
Subsequently, the IMVs were assayed for in vitro translocation activity of 
proOmpA(C302S) labeled with F-Mal (proOmpA-F-Mal) or with AF633 (proOmpA-
AF633). Both these fluorescent precursors behave indistinguishably from unlabeled 
proOmpA as shown by SecA ATPase activity assays and immunodetection (35) and can 
thus replace iodinated proOmpA. To avoid interference of the (pro)OmpA-F-Mal 
signal(s) with that of F-Mal-labeled inner membrane proteins we used proOmpA-AF633 
in the translocation assays with F-Mal-labeled SecY(EG) complexes. (AF633 can be 
detected above 645 nm where the emission of fluorescein is negligible). 
 

 

Figure 3.  
In vitro translocation activity of NEM and F-
Mal-labeled SecYEG complexes. IMVs 
containing overproduced single cysteine 
SecY mutants were incubated in the absence 
(A) and presence of 1 mM NEM (B) or 0.25 
mM F-Mal (C), re-isolated and assayed for in 
vitro translocation of fluorescently labeled 
proOmpA. Translocation reactions were 
allowed to proceed for 7 min at 37°C and 
untranslocated proOmpA was digested by 
proteinase K. Protease-protected material 
was separated by 12% SDS–PAGE and 
visualised by in gel UV fluorescence. 
ProOmpA-F-Mal was used in (A) and (B), 
proOmpA-AF633 was used in (C). Lanes 8 
represent 10% of the total amount of 
fluorescent proOmpA added to the 
translocation reactions. 
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NEM or F-Mal modification of SecY(S349C)EG vesicles (C5 domain) completely 
abolishes proOmpA translocation (Figure 3B,C, lane 6) and strongly inhibits the 
proOmpA-stimulated SecA ATPase activity (data not shown). Interestingly, NEM 
modification of the other mutants has no effect on proOmpA translocation, but labeling 
of IMVs containing SecY(S11C)EG (domain C1), SecY(S111C)EG (domain C2) and 
SecY(S431C)EG (domain C6) with the considerably larger probe F-Mal partially inhibits 
proOmpA translocation (Figure 3C, lanes 2, 3 and 7). Taken together, these results 
indicate that particularly cytoplasmic domain C5 is highly sensitive for chemical 
modification.  
 
Oxidative crosslinking of SecY within an oligomeric SecYEG complex 
Several studies indicated that SecYE(G) protomers form oligomeric complexes. For this 
reason we investigated if the single cysteine SecY mutants can form disulfide bonds upon 
oxidation. IMVs were incubated with the reducing agent DTT (Figure 4A) or with the 
oxidising agent tetrathionate (S4O6) (Figure 4B), and analysed by SDS–PAGE followed 
by immunodetection with an antibody raised against SecY. Upon oxidation, SecY 
mutants S11C, S111C and S431C (in C1, C2 and C6, respectively) gave rise to a 
pronounced crosslink product of 75 kDa (Figure 4B, lanes 2, 3 and 7). The formation of 
this product is reversible by DTT and can be prevented by pre-treatment of the cysteines 
with NEM, indicating that the crosslink is indeed disulfide-mediated (data not shown). 
As the 75 kDa product did not react with antibodies against SecE and SecG, and the 
appearance was accompanied by a clear decrease of the SecY band (Figure 4B, lanes 2 
and 7), we conclude that the observed crosslink products represent disulfide-linked SecY 
dimers. It should be noted that SecY mutants S11C and S431C even form dimers 
without S4O6 that cannot be completely dissociated by reduction with DTT (Figure 4A, 
lanes 2 and 7). This suggests that both the N- and C-termini of neighbouring SecY 
molecules are in close proximity of each other and therefore crosslink efficiently.  
 

Figure 4.  
Disulfide crosslinking of SecY. IMVs containing overproduced single cysteine SecY mutants were reduced 
with 5 mM DTT (A) or oxidised with 1 mM tetrathionate (S4O6) (B). Samples were analysed by 10% SDS–
PAGE followed by immunodetection with antibodies raised against SecY. SecY monomers and SecY 
dimers (SecY2) are indicated. The broad bands indicated by asterisks represent full length SecY disulfide-
linked to a 14 kDa C-terminal (*) or 24 kDa N-terminal (**) fragment of SecY (191). The sharp band just 
below (**) in A and B is an aspecific cross-reaction of the SecY antibodies. 
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Figure 5.  
Translocation activity of oxidised and re-reduced SecYEG complexes. SecY mutants capable of forming 
SecY dimers were assayed for in vitro translocation activity of F-Mal-labeled proOmpA as described in the 
legend to Figure 3. Translocation reactions were performed with oxidised membranes under non-reducing 
conditions (OX), or with re-reduced membranes under reducing conditions (RR) (for details see Section 2). 
 
ProOmpA translocation into IMVs containing disulfide-crosslinked SecY 
To investigate whether disulfide-linked SecY dimers are still functional we assayed the 
oxidised SecY mutants for in vitro translocation activity of proOmpA under non-reducing 
conditions (OX). As a control we re-reduced the oxidised mutants with DTT and 
performed translocation reactions under reducing conditions (RR). IMVs containing Cys-
less SecYEG complexes are equally active in proOmpA translocation under non-
reducing as under reducing conditions (Figure 5, lanes 1 and 2). This shows that a direct 
comparison of the translocation activities under both conditions is legitimised. Oxidation 
of SecY mutants S11C and S431C (domains C1 and C6) does not affect the translocation 
activity (Figure 5, lanes 3, 4 and 7, 8), indicating that SecY molecules dimerised via the N- 
or C-termini are still active. In contrast, oxidation of SecY mutant S111C (domain C2) 
leads to a drastic inhibition of the translocation (Figure 5, lane 5), demonstrating that 
translocation of proOmpA is not allowed into IMVs containing SecY molecules 
disulfide-crosslinked via S111C. Translocation activity can be restored upon cleavage of 
the disulfide bond with DTT, showing that crosslinking via SecY(S111C) only transiently 
inactivates SecYEG (Figure 5, lane 6).  
 
Chemical crosslinking of SecY to SecG 
Whereas oxidative crosslinking can only provide information on close proximity of two 
cysteine residues, chemical crosslinking can demonstrate many more intermolecular 
contacts. We made use of the heterobifunctional crosslinker S-MBS to probe for 
additional interactions around the introduced cysteines. IMVs overexpressing the mutant 
SecYEG complexes were incubated with S-MBS and analysed by SDS–PAGE followed 
by immunodetection with anti-SecY antibodies. SecY(S111C) and SecY(T179C) gave rise 
to a 50 kDa crosslink product (Figure 6A, lanes 3 and 4). To identify the product we 
analysed the samples by anti-SecE (data not shown) and anti-SecG immunodetection 
(Figure 6). Only the SecG antibodies reacted with the 50 kDa product formed upon 
crosslinking of SecY mutants S111C and T179C (Figure 6B, lanes 2 and 3), confirming 
the identity of both products as SecG crosslinked to SecY. This indicates that SecY 
domains C2 and C3 are in close proximity of SecG. Due to the low efficiency of 
crosslinking we cannot determine the effect of SecY–SecG crosslinking on functionality 
of the SecYEG complex.  
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Figure 6.  
Chemical crosslinking of SecY to SecG. IMVs containing overproduced single cysteine SecY were 
incubated with 1 mM sulfo-MBS (S-MBS) and analysed by 10% SDS–PAGE followed by 
immunodetection with antibodies raised against SecY (A). Single cysteine SecY mutants giving rise to a 50 
kDa crosslink product were analysed by immunodetection with antibodies raised against the C-terminus of 
SecG. SecG and SecY crosslinked to SecG (SecYG) are indicated (B). The asterisk indicates SecG 
crosslinked to an N-terminal fragment of SecY. 
 
Discussion 
In this study we have investigated intermolecular interactions at the cytoplasmic side of 
E. coli translocase by means of thiol chemistry experiments. In each cytoplasmic domain 
of SecY we have introduced a single cysteine that is accessible for thiol reactive probes 
and does not interfere with SecYEG functionality. This provides us with a clean system 
to study the effect of structural changes in these domains caused by chemical 
modification or crosslinking. 
Cytoplasmic domain C5 of SecY is highly conserved and based on studies with cold-
sensitive SecY mutants, this region has been proposed to be involved in an interaction 
with SecA (118, 167, 181). Chemical modification of SecY(S349C) in C5 with NEM or F-
Mal completely inhibits protein translocation (Figure 3). This further stresses the 
importance of this domain for functionality and in contrast to the previous mutagenesis 
studies we can exclude that the aberrant behaviour observed here is caused by misfolding 
of the domain during biogenesis since the unmodified mutant is fully functional. Most 
likely, chemical modification of SecY(S349C) disturbs the previously proposed 
interaction site with SecA and thus prevents protein translocation. 
Despite extensive trials with each of the mutants using different cysteine-specific 
crosslinkers and crosslinking conditions, we were unable to observe any SecY crosslinks 
to SecE, SecA or other proteins (E.O. van der Sluis, unpublished results). The sensitivity 
for chemical modification of SecY(S349C) can explain why we were unsuccessful in 
observing a SecY–SecA crosslink. First, the presence of a crosslinker on SecY would 
disturb the interaction with SecA. Second, binding of SecA to SecYEG would prevent 
the reaction of the crosslinker with the cysteine, making this strategy ‘suicidal’. 
An oligomeric organisation of SecYEG has been shown with various techniques, but an 
interaction between two SecY molecules was so far only demonstrated with an 
intervening SecE dimer (203). In this study we show that cysteine residues in cytoplasmic 
domains C1, C2 and C6 of SecY each have the ability to form a disulfide bond with a 
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neighbouring SecY molecule (Figure 4). Although it could be inferred that the dimers we 
observe are caused by aspecific interactions between randomly colliding (monomeric) 
SecYEG protomers, we think this is unlikely for the following reasons: first, we have 
previously shown that disulfide crosslinking within oligomeric SecYEG complexes is not 
induced by overexpression as it also occurs at wild-type levels (203); second, disulfide 
crosslinking of SecY(S11C) and SecY(S431C) occurs spontaneously whilst membranes 
are kept at 4°C which is far below the phase transition temperature of the E. coli 
cytoplasmic membrane and thus minimises lateral diffusion of proteins (140); third, 
disulfide crosslinking is not observed with cysteine mutants located in domains C4 and 
C5 which are of similar size as C2 suggesting that the crosslinking is not merely caused 
by high flexibility of these large domains. From this we conclude that the observed SecY 
dimers truly reflect close spatial arrangements within an oligomeric SecYEG complex. 
From the effect of disulfide crosslinking on translocation activity we can obtain more 
insight in the individual contributions of these domains to protein translocation. SecY 
crosslinked via S11C or S431C (domains C1 and C6) is equally active as uncrosslinked 
SecY (Figure 5). This shows that disulfide crosslinking of SecY per se does not inactivate 
SecYEG and that during the catalytic cycle of translocation, two SecY N- or C-termini 
are allowed to remain in close proximity. This constitutive proximity is reflected by the 
spontaneous oxidation to disulfides observed with SecY mutants S11C and S431C and is 
in agreement with an oligomeric organisation of SecYEG during translocation as 
previously proposed (11, 104). It should be noted that a disulfide bond between two N- 
or C-termini only leads to the formation of a loop structure that can still possess 
substantial conformational freedom. In contrast, a disulfide bond connecting two 
genuine loops causes a much greater restraint on flexibility. Indeed, disulfide crosslinking 
of two SecY C2 domains inactivates the SecYEG complex, showing that dynamics of 
these domains are required during translocation (Figure 5). Previous experiments have 
shown that disulfide crosslinking of two SecE molecules (85) or of SecY to SecE (71, 
203) inhibits protein translocation. The transmembrane segment at the heart of these 
interactions (TMS3 of SecE) is located at the interface of two SecYEG protomers (203). 
One of the transmembrane segments anchoring the C2 domain (TMS2 of SecY) has 
been shown to contact TMS3 of SecE directly (203). We therefore propose that the C2–
C2 disulfide bridge spans the same interface between two SecYEG protomers and that it 
inactivates SecYEG in a similar manner as the SecE–SecE and the SecY–SecE crosslinks. 
Interestingly, all three SecY mutants capable of forming disulfide-linked homodimers 
(S11C, S111C and S431C in domains C1, C2 and C6, respectively) are moderately 
sensitive for chemical modifications. NEM modification has no effect on functionality 
and F-Mal only partially inactivates these mutants (Figure 3). This suggests that the 
nature of the interaction disturbed upon modification of the latter mutants is different 
from that leading to complete inactivation of SecY(S349C). Electron microscopy and 
BN-PAGE studies have revealed that SecYEG is a conformationally dynamic structure 
that can exist in multiple oligomeric isoforms (11, 104). Furthermore, it was shown that 
dimeric SecA recruits multiple SecYEG protomers into a tetrameric assembly that was 
proposed to represent the functional complex (104). Biochemical studies with aspecific 
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crosslinkers, however, failed to demonstrate inter-protomer crosslinks (11, 103, 214). 
This was explained by the reaction of the crosslinkers with amino acyl side chains 
involved in the association of SecYEG protomers, thereby disturbing their association 
(11). Modification of the cysteines in SecY domains C1, C2 or C6 could lead to a 
similarly disturbed interaction. The decrease in translocation activity would thus be 
caused by disturbed assembly of SecYEG protomers into their functional organisation. 
Since interactions between SecYEG protomers also take place in the membrane region 
(203) and are expected in the periplasmic region, disturbance of only a cytoplasmic 
interaction is not likely to completely prevent association of SecYEG protomers and 
therefore only partial inactivation of these mutants is observed. 
Several biochemical studies have shown that SecG associates with SecYE (20, 73), but 
the domains of SecY or SecE involved in an interaction with SecG were unknown. In 
this study, we show that SecY domains C2 and C3 are in close proximity to SecG. Since 
SecG is not essential, it is likely to be located at the periphery of a SecYEG protomer. A 
biochemical indication for such peripheral localisation of SecG is the crosslink to S111C 
of SecY which is located close to the interface of two SecYEG protomers. Recent BN-
PAGE experiments showed that overproduced SecYEG forms dimeric and tetrameric 
multimers in addition to monomers, whereas SecYE only forms monomers and dimers 
(11). These SecG dependent tetrameric multimers appeared more stable and less dynamic 
than the dimeric SecYEG complexes. In this light it is interesting to observe that SecG 
crosslinks to a region of SecY involved in SecYEG oligomerisation. Thus, SecG might 
directly affect the oligomerisation of SecYEG. The dimeric form of SecG could be 
related to this oligomerisation (125). 
Taken together, the data presented in this study further increase our insight in the 
structure and the function of SecYEG translocase. This will be useful in interpreting 
medium resolution 3D structures of SecYEG that are expected in the near future (32).  
 
Experimental procedures 
Chemicals and biochemicals 
M-Maleimidobenzoyl-N-hydroxysuccinimide ester (S-MBS) was purchased from Pierce 
(Rockford, IL, USA), dithiothreitol (DTT) from Roche (Basel, Switzerland), fluorescein-
5-maleimide (F-Mal) and Alexa-fluor® 633 C5-maleimide (AF633) from Molecular 
Probes (Eugene, OR, USA). All other chemicals were purchased from Sigma (St. Louis, 
MO, USA). SecA (22), SecB (209) and proOmpA (33) were purified essentially as 
described. Antibodies against the C-terminus of SecG were a kind gift from Hajime 
Tokuda (University of Tokyo, Tokyo, Japan). 
 
Bacterial strains, growth conditions and isolation of inner membrane vesicles (IMVs) 
Escherichia coli strain DH5α was used for standard DNA manipulations. Expression of 
SecYEG was performed in E. coli SF100. IMVs were isolated as described previously (85) 
except that all steps were performed in 50 mM HEPES/NaOH pH 7.0, 2 mM DTT. 
Membranes were stored at a protein concentration of 10 mg/ml in the same buffer 
supplemented with 20% (v/v) glycerol. 
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Plasmids 
Vector pEK1 containing the cysteine-less secY gene was created by ligating a NcoI–ClaI 
fragment from pET607 (85) into pET401, resulting in pEK1. pET401 is a pBluescript 
SK+ (Stratagene, La Jolla, CA, USA) derivative, from which the PstI, SmaI and ApaI 
sites were removed and a NcoI site was introduced (K.H.M. van Wely, unpublished 
results). SecY point mutations were introduced with the Stratagene QuikChange™ 
mutagenesis kit using pEK1 as template. Mutant secY genes were recombined with 
(cysteine-less) secE and secG genes by exchanging a NcoI–ClaI fragment with pET607, 
resulting in the plasmids listed in Table I. All mutations were confirmed by sequence 
analysis.  
 
Table I: Overview of plasmids used in this study. 

Plasmid Relevant characteristics SecY mutation Source 
pET401 pBluescript SK+derivative - K.H.M. van Wely (unpubl.res.) 
pET607 cysteine-less secYEG in pET610 - (85) 
pEK1 cysteine-less secY in pET401 - this work 
pEK20 cysteine-less secYEG - this work 
pEK21 secY(S11C)EG S11C (AGT→TGT) this work 
pEK22 secY(S111C)EG S111C (TCT→TGT) this work 
pEK23 secY(T179C)EG T179C (ACT→TGT) this work 
pEK24 secY(S262C)EG S262C (AGC→TGC) this work 
pEK25 secY(S349C)EG S349C (TCC→TGC this work 
pEK26 secY(S431C)EG S431C (TCT→TGT) this work 
 
Labeling of cysteines 
Before each labeling or crosslinking experiment, IMVs were incubated with 5 mM DTT 
(30 min, 37°C). Subsequently, IMVs were diluted with 1 ml de-aerated ice-cold 50 mM 
HEPES/NaOH pH 7.0 and pelleted in a TLA100.2 rotor (20 min, 90 000 rpm). Labeling 
of the cysteines was performed immediately after resuspension of the membrane pellets 
in 50 mM HEPES/NaOH pH 7.0 with either 1 mM NEM or 0.25 mM F-Mal for 15 min 
at 20°C. Labeling reactions were quenched by addition of a 10-fold excess of DTT and 
membranes were re-isolated as described above. F-Mal-labeled inner membrane proteins 
were visualised by in gel UV fluorescence on a Roche Lumi-Imager F1 using a cut-off 
filter of 520 nm. 
 
Crosslinking 
Before crosslinking, IMVs were treated with DTT and re-isolated as described. Oxidative 
crosslinking was performed with 1 mM tetrathionate (S4O6) (30 min, 37°C). Cleavage of 
disulfide bonds (re-reduction) was performed identically to the reduction procedure 
described. Chemical crosslinking was performed with 1 mM S-MBS (15 min, 20°C). 
Reactions were quenched with 100 mM Tris–HCl pH 8.0, 10 mM DTT. 
 
Translocation assays 
In vitro translocation reactions were performed essentially as described (135). Briefly, 2 µg 
of IMVs was incubated at 37°C in buffer A (50 mM HEPES/NaOH pH 7.0, 20 mM 
NaCl, 5 mM MgCl2, 0.1 mg/ml BSA, 10 mM DTT) with fluorescent proOmpA (1.25 
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µg/ml), SecA (10 µg/ml), SecB (35 µg/ml), 0.5 mM ATP, 10 mM phosphocreatine and 
50 µg/ml creatine kinase. F-Mal or AF633-labeled proOmpA(C302S) was used as the 
substrate (35). DTT was omitted from buffer A in translocation reactions with oxidised 
membranes. After 7 min at 37°C, translocation reactions were terminated by chilling on 
ice and untranslocated proOmpA was digested by proteinase K (0.1 mg/ml, 15 min, 
4°C). Protease-protected material was precipitated with 5% TCA, washed with ice-cold 
acetone and separated by 12% SDS–PAGE. Fluorescent proOmpA was visualised by in 
gel UV fluorescence on a Roche Lumi-Imager F1 using a cut-off filter of 520 nm (F-Mal-
labeled proOmpA) or 645 nm (AF633-labeled proOmpA). 
 
Miscellaneous 
SDS–PAGE and Western blotting were performed according to standard protocols. 
Protein concentrations were determined with the Bio-Rad RC DC protein assay kit using 
BSA as a standard. ProOmpA-stimulated SecA ATPase assays were performed as 
described (85). 
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Chapter 4 
 
Topologically fixed SecG is fully functional  
 
Eli O. van der Sluis, Erhard van der Vries, Greetje Berrelkamp, Nico Nouwen, and 
Arnold J. M. Driessen 
 
Abstract 
It has been proposed that the bitopic membrane protein SecG undergoes topology inversion during 
translocation of (pre)proteins via SecYEG. Here we show that SecG covalently cross-linked to SecY 
cannot invert its topology while remaining fully functional in protein translocation. Our results strongly 
disfavor topology inversion of SecG during protein translocation.  
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Introduction 
The translocation of proteins across the cytoplasmic membrane of bacteria occurs via an 
integral membrane protein complex composed of the three proteins SecY, SecE, and 
SecG (36). The functions of SecY and SecE are well established: SecY forms the protein-
conducting channel (23, 79), and SecE is required for the stability of SecY (110, 180). 
SecG stimulates the activity of SecYE but is not required for viability or in vitro protein 
translocation (69, 131, 132). Although early studies on a secG deletion strain suggested 
that SecG is required for growth at low temperature (131), later studies showed that cold 
sensitivity is only observed in strains that also carry a mutation in GlpR, the regulator of 
glycerol phosphate metabolism (61). The molecular basis for this synergistic effect 
remains to be established, but it explains why all the secG deletion strains that have been 
constructed in a glpR+ background are not cold sensitive (13, 52, 62, 108) N. Nouwen, 
unpublished data.  
The membrane topology of SecG has been determined with PhoA fusions (133) and 
cysteine labeling studies (125). SecG consists of two transmembrane segments that are 
connected by a mildly hydrophobic cytoplasmic loop, while both termini are located in 
the periplasm. During protein translocation SecG has been proposed to completely 
invert its membrane topology (126, 133). This is a highly unusual phenomenon for a 
stably membrane-integrated protein. The topology inversion theory is, however, mostly 
based on indirect accessibility studies with proteases and chemical reagents. We reasoned 
that we could critically test the theory with a topologically fixed version of SecG. 
Disulfide cross-linking seemed the method of choice to fix the SecG topology, since it 
can efficiently and reversibly generate covalent bonds between proteins.  
 
 

 

Figure 1.  
Highly efficient disulfide cross-linking of 
SecY(T179C) to SecG(K26C). NN104-
derived IMVs overexpressing different 
combinations of SecY (SecE) and SecG or 
the empty expression vector (lanes 1) were 
oxidized with Na2S4O6 and analyzed by 
sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis followed by Coomassie 
brilliant blue staining (A), anti-SecY (B), or 
anti-SecG immunodetection (132) (C) 
according to standard procedures. Bands 
corresponding to SecY, SecG, dimeric SecG 
(SecG2), and the SecY-SecG cross-link 
product are labeled correspondingly, and the 
weak band indicated with an asterisk 
represents SecG cross-linked to the N-
terminal proteolytic fragment of SecY (193). 
For quantitation of the SecY-SecG cross-
linking efficiency, the Coomassie brilliant 
blue-stained gel was imaged and analyzed. 
Note that no quantitative information can 
be gained from the Western blots due to the 
reduced blotting efficiency of the cross-
linked adducts. 
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Results 
In a cysteine-directed cross-linking study we have previously identified a cytoplasmic 
residue in SecY (Thr179) that can be chemically cross-linked to SecG (193). Mutagenesis 
of Lys26 of SecG to arginine abolished this cross-link (data not shown) (156). To 
investigate whether SecY(T179C) could form a disulfide bond with SecG(K26C) we 
expressed both mutants together with SecE in the Escherichia coli SF100-derived secG 
deletion strain NN104 [F– lacX74 galK thi rpsL strA ∆phoA(PvuII) ∆ompT ∆secG] (199). 
When inner membrane vesicles (IMVs) overexpressing SecY(T179C)EG(K26C) 
complexes were oxidized by a 30-min incubation with 1 mM Na2S4O6 at 37°C, a SecY-
SecG cross-link product was formed with more than 75% efficiency (Figure 1A to C, 
lane 6). The oxidation could be reversed by the addition of dithiothreitol (data not 
shown).  
It seems unlikely that SecG which is cross-linked to the shortest cytoplasmic loop of 
SecY can invert its topology, as this would require a major topological inversion of 
several SecY helices as well. To corroborate this, we subjected the oxidized 
SecY(T179C)EG(K26C) complexes to the proteolytic topology inversion assay. When 
wild-type IMVs are incubated with an externally added protease under nontranslocating 
conditions, SecG is cleaved in its cytoplasmic loop, resulting in a 9-kDa C-terminal 
fragment that can be detected with antibodies directed against the extreme C terminus of 
SecG (133). Similarly, cleavage of the 50-kDa SecY-SecG cross-link product is 
accompanied by the appearance of the 9-kDa C-terminal fragment (Figure 2A, panels 1 
and 2), indicating that cross-linked SecG has the same topology as non-cross-linked 
SecG.  
 

Figure 2.  
SecG cross-linked to SecY does not invert its membrane topology. Oxidized IMVs overexpressing 
SecY(T179C)EG(K26C) (panels 1 and 2) or wild-type SF100 IMVs (panels 3) were subjected to the SecG 
topology inversion assay (A: –ATP plus AMP-PNP; B: complete plus AMP-PNP; see text for details) as 
described before (133) under nonreducing conditions. Samples were analyzed by nonreducing (panels 1) or 
reducing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (panels 2 and 3) followed by 
immunodetection with antibodies raised against the extreme C terminus of SecG (132). Bands 
corresponding to the SecY-SecG cross-link product, SecG, dimeric SecG (SecG2), and the 9-kDa C-
terminal fragment of SecG, are indicated. The applied concentrations of proteinase K (PK) are indicated at 
the bottom of each panel. Note that a small amount of the 9-kDa fragment is always observed upon 
overexpression of SecG (133). 
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In the proposed topology inversion model, the inverted SecG is characterized by the 
complete disappearance of the C-terminal epitope when translocation of a preprotein is 
blocked by the nonhydrolyzable ATP analog adenylyl imidodiphosphate (AMP-PNP) 
after initiation with ATP (133). When IMVs containing the cross-linked SecYEG 
complexes were subjected to these conditions, the 9-kDa C-terminal fragment was still 
quantitatively generated (Figure 2B, panels 1 and 2), indicating that cross-linked SecG 
does not invert its topology. From these data we conclude that SecG cross-linked to 
SecY has a fixed topology resembling that of wild-type SecG under nontranslocating 
conditions.  
Since the topology inversion assay requires a functional SecYEG complex, it could be 
argued that cross-linked SecG does not invert its topology because it is inactive. 
Therefore we determined the activity of SecYEG complexes containing cross-linked 
SecG with two different activity assays. After oxidation as described above and 
reharvesting of the membranes to remove the oxidator, we assayed IMVs containing 
cross-linked SecY(T179C)EG(K26C) complexes under reducing (Figure 3A) and 
nonreducing conditions (Figure 3B) for the in vitro translocation of fluorescently labeled 
proOmpA as described before (193). Translocation reactions were incubated for 7 min at 
37°C and contained limiting amounts of IMVs to ensure that it reflects the activity of the 
cross-linked SecYEG complexes. The stimulatory effect of SecG can be clearly observed 
by comparing IMVs containing overexpressed SecYE (Figure 3, lanes 2) to those with 
overexpressed SecYEG (lanes 3). Neither the single cysteine mutations in SecY (lanes 4) 
(156, 193) and SecG (lanes 5) nor the combination of both mutations (lanes 6) influences 
the translocation activity of SecYEG. Importantly, the cross-linked SecYEG complexes 
(Figure 3B, lane 6) show translocation activity similar to that of non-cross-linked 
SecYEG (Figure 3A and B, lanes 3 to 5).  
 

 
Figure 3.  
Cross-linked SecY(T179C)EG(K26C) is as active as wild-type SecYEG. Oxidized IMVs overexpressing the 
indicated SecYEG complexes (see legend to Figure 1) were analyzed for in vitro translocation of fluorescein 
maleimide-labeled proOmpA(C302S) under nonreducing conditions (A) or in the presence of 5 mM 
dithiothreitol (DTT) (B) as described (193). Cysteineless SecYEG has previously been shown to be as 
active as wild-type SecYEG (85). (C) Oxidized IMVs overexpressing SecYEG (open symbols) or 
SecY(T179C)EG(K26C) (solid symbols) were analyzed for proOmpA-stimulated SecA ATPase activity 
under nonreducing conditions as described (39) with the indicated amounts of SecA. 
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We also analyzed the effect of the SecY-SecG cross-link on the proOmpA-stimulated 
SecA ATPase activity as a function of the SecA concentration by assaying oxidized IMVs 
overexpressing SecY(T179C)EG(K26C) or cysteineless SecYEG under nonreducing 
conditions. As can be seen in Figure 3C, both cross-linked (open symbols) and non-
cross-linked SecYEG complexes (solid symbols) exhibit identical SecA dependency of 
the translocation ATPase activity. From these two activity assays we conclude that 
SecYEG complexes containing cross-linked SecG are fully functional and that the static 
behavior in the topology inversion assay is not caused by inactivation of the complex. 
Importantly, this implies that the proposed topology inversion of SecG is not required 
for the functionality of the SecYEG complex.  
 
Discussion 
The results presented here disfavor the topology inversion theory. However, in previous 
studies (122, 155), the topology inversion assay has also yielded results that differ 
substantially from those originally described by Nishiyama et al. (126, 133). In both of 
these studies (122, 155), under conditions in which the C-terminal epitope of SecG was 
expected to disappear completely, SecG was hardly cleaved by the protease and a small 
amount of the 9-kDa fragment was generated. Importantly, these results disfavor the 
topology inversion theory. Our attempts to reproduce the topology inversion with 
endogenous levels of wild-type SecG in IMVs derived from various E. coli strains (K002, 
K003, DH5α, SF100, and NN100) also failed and resulted in the generation of the 9-kDa 
fragment, very similar to the results described above for cross-linked SecG (Figure 2A 
and B, panels 3). Based on these three independent observations, in particular the finding 
that topologically fixed SecG is fully functional, we conclude that SecG maintains its 
original topology during protein translocation via SecYEG. We propose that the reported 
changes in accessibility for proteases and cysteine-modifying reagents reflect a SecA-
induced conformational change of SecG within the SecYEG complex rather than an 
inversion of the SecG topology.  
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Chapter 5 
 
Covalently dimerized SecA is functional in protein translocation  
 
Jeanine de Keyzer, Eli O. van der Sluis, Robin E. J. Spelbrink, Niels Nijstad, Ben de 
Kruijff, Nico Nouwen, Chris van der Does and Arnold J. M. Driessen 
 
Abstract 
The ATPase SecA provides the driving force for the transport of secretory proteins across the cytoplasmic 
membrane of Escherichia coli. SecA exists as a dimer in solution, but the exact oligomeric state of SecA 
during membrane binding and preprotein translocation is a topic of debate. To study the requirements of 
oligomeric changes in SecA during protein translocation, a non-dissociable SecA dimer was formed by 
oxidation of the carboxyl-terminal cysteines. The cross-linked SecA dimer interacts with the SecYEG 
complex with a similar stoichiometry as non-cross-linked SecA. Cross-linking reversibly disrupts the 
SecB binding site on SecA. However, in the absence of SecB, the activity of the disulfide-bonded SecA 
dimer is indistinguishable from wild-type SecA. Moreover, SecYEG binding stabilizes a cold sodium 
dodecylsulfate-resistant dimeric state of SecA. The results demonstrate that dissociation of the SecA 
dimer is not an essential feature of the protein translocation reaction.  
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Introduction 
The Sec machinery mediates translocation of precursor proteins (preproteins) across the 
cytoplasmic membrane of Escherichia coli and other bacteria. The ATPase SecA (22) is the 
peripheral motor domain of the Sec machinery. The SecYEG complex constitutes a 
membrane-embedded protein-conducting channel (reviewed in (202)) and a high affinity 
binding site for SecA (72). When bound to SecYEG, SecA functions as a high affinity 
membrane receptor for the molecular chaperone SecB with associated preproteins (72). 
The movement of the preprotein through the protein-conducting channel is driven by 
multiple cycles of ATP binding and hydrolysis at SecA (161) and the proton motive 
force.  
In solution, SecA exist as a homodimer (1) that equilibrates with its monomeric form in a 
temperature-, salt- and protein concentration-dependent manner (211). Under 
physiological conditions, the dissociation constant (KD) for the monomer-dimer 
equilibrium is 0.1 µM (211), and because the cellular concentration of SecA is 8 µM (1), 
SecA is mostly dimeric in vivo. Because heterodimers formed of active and inactive SecA 
subunits were shown to be inactive, SecA has been proposed to remain dimeric during 
preprotein translocation (49). SecA needs to be dimeric to functionally interact with SecB 
(59, 152), and the structural basis for this requirement was recently solved showing an 
interaction of the homotetrameric SecB protein with two carboxyl-terminal SecB binding 
domains of SecA (215). These observations lend strong support for a catalytic role of the 
SecA dimer during at least the initial preprotein targeting events by SecB and the 
consecutive preprotein transfer mechanism from SecB to SecA. Nevertheless, the 
oligomeric state of SecA during preprotein translocation has become a topic of 
controversy. Bacillus subtilis SecA has been crystallized both as a dimer (74) and a 
monomer (138). In addition, various in vitro studies suggest that the oligomeric state of 
SecA changes upon interaction with its ligands. Negatively charged lipids induce 
monomerization of SecA (7, 137), although in one report this phenomenon appeared 
nucleotide dependent (21). Synthetic signal peptides, on the other hand, were found to 
induce either monomerization (137) or oligomerization (7) of SecA. Covalently linked or 
antibody-stabilized solubilized SecY(EG) dimers were found to associate with either 
SecA monomers (185) or a mixture of SecA dimers and monomers (51), whereas a 
complex of a preprotein and SecYEG associated with monomeric SecA has been 
detected on Blue Native PAGE (51). Together, these observations have led to the 
proposal that the oligomeric organization of SecA may change during its reaction cycle 
(7, 51, 185).  
The requirement for a dimeric state of SecA during translocation was further challenged 
by studies with SecA mutants that are predominantly monomeric in solution. One of 
these mutants contained 6 point mutations and a truncation of the carboxyl-terminal 70 
amino acids (137). In another variant, both the amino-terminal 11 amino acids and the 
carboxyl-terminal 70 amino acids were removed (SecA(2–11)-831) (136). These 
monomeric mutants exhibited a very low translocation activity in vitro. The SecA(2–11)-
831 mutant was found to partially complement the growth defect of a SecA temperature-
sensitive strain. This has led to the suggestion that SecA is functional as a monomer (136, 
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137). In contrast, recent studies with a monomeric SecA mutant carrying a deletion of 
only the first 11 amino-terminal amino acids (SecA(2–11)) show that this protein is 
entirely inactive for in vitro preprotein translocation (78, 152) and unable to complement 
the growth defect of a SecA temperature-sensitive strain (78). Evidently, monomerization 
of SecA by mutation and/or truncation is associated with a major, if not a complete, loss 
of the activity.  
We have studied the functional requirement for the postulated dissociation of the SecA 
dimer by making use of covalently linked SecA dimers. Although this covalently linked 
SecA dimer no longer supports SecB-dependent protein translocation, it still binds the 
SecYEG complex with high affinity and displays normal preprotein-stimulated ATPase 
and translocation activity in the absence of SecB. These results demonstrate that SecA 
can bind SecYEG as a functional dimer.  
 
Results  
Oxidation of SecA results in intradimeric cross-links 
The carboxyl terminus of E. coli SecA contains 3 cysteine residues that are essential for 
coordination of a zinc ion and SecB binding (57, 215). This region of SecA is not 
resolved in any of the available crystal structures of full-length SecA (74, 138), but the 
structure of the carboxyl-terminal SecA peptide in complex with SecB has been reported 
showing the coordination of the zinc ion by the cysteines and a histidine (215). 
Fluorescence resonance energy transfer studies (49) indicate that the carboxyl termini of 
the two protomers of a SecA dimer are in close proximity. To induce disulfide bridge 
formation between these cysteines, the zinc ion was removed by incubation with the 
chelator EDTA, whereupon SecA was oxidized with Cu2+(phenanthroline)3. Under 
physiological salt conditions, the dissociation constant (KD) for the monomer-dimer 
equilibrium is 0.1 µM (211). Oxidation was done at a SecA concentration of 5 µM, where 
the majority of SecA is expected to be dimeric. The cross-linking efficiency was analyzed 
by SDS-PAGE (Figure 1). Up to 80% of SecA could be oxidized into a covalently linked 
dimer that migrates with an apparent molecular size of 200 kDa (cx-SecA) on non-
reducing SDS-PAGE. Oxidation strictly required the addition of Cu2+(phenanthroline)3 
(Figure 1) and was completely reversed upon the addition of dithiothreitol (data not 
shown).  
Oxidation can result in disulfide bridges within a SecA dimer (intradimer) but could also 
give rise to cross-links between two SecA monomers (inter-monomer) or two different 
SecA dimers (inter-dimer). A SecA tetramer linked by one inter-dimeric disulfide bridge 
will dissociate in one SecA dimer and two SecA monomers on SDS-PAGE. To address 
the nature of the cross-links, oxidation was performed at varying SecA concentrations 
with a fixed concentration of Cu2+(phenanthroline)3 in the absence or presence of high 
salt. If the covalently linked dimer resulted from intra-dimeric disulfide bridges, the 
cross-linking efficiency should not be influenced by the SecA concentration. Analysis of 
the cross-linking efficiency on SDS-PAGE showed that, in the absence of salt, dimer 
formation was independent of the SecA concentration used (0.25–5 µM, Figure 1B). 
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Figure 1. 
Oxidation of SecA results in the formation of covalently linked dimers. A, SecA was incubated on ice at a 
concentration of 5 µM in the presence or absence of 2 mM EDTA and 0.4 mM Cu2+(phenanthroline)3. 0.8, 
0.4, 0.2, and 0.1 µg of SecA were analyzed on non-reducing Coomassie-stained SDS-PAGE. B, SecA 
(0.25–1 µM) was incubated with 2 mM EDTA and 0.4 mM Cu2+(phenanthroline)3 in the presence (□) or 
absence (■) of 500 mM NaCl. The cross-link efficiency was determined after quantification of the 
monomeric and cross-linked (cx) dimer bands on non-reducing SDS-PAGE stained with Coomassie Fluor 
Orange protein gel stain (Molecular Probes). 
 
When cross-linking was done in the presence of high salt (500 mM) to shift the dimer-
monomer equilibrium toward the monomer (211), cross-linking became less efficient and 
more dependent on the SecA concentration (Figure 1B). Taken together, these data 
indicate that, in the absence of high salt, oxidation by Cu2+(phenanthroline)3 results 
predominantly in the formation of intra-dimeric SecA disulfide bridges.  
 
Cross-linked SecA dimers bind with high affinity to SecYEG 
To test whether the high affinity interaction between SecA and SecYEG is affected by 
the intra-dimeric cross-link, binding of cx-SecA to the SecYEG complex was assayed by 
SPR. Binding and dissociation of SecA to IMVs containing overexpressed SecYEG was 
followed in time, and the kinetic parameters of the SecA-SecYEG interaction were 
determined after correction for background binding to IMVs with endogenous SecYEG 
levels (37). As was observed previously (37), dissociation of SecA from the SecYEG 
complex could be described by a parallel dissociation model (Table I), but the association 
phase did not fit to this model (data not shown) (37). Therefore, the data were fitted to a 
model assuming a simple single site (A + B ↔ AB) interaction (37). The specific binding 
of wt-SecA and cx-SecA both reached saturation at a (dimeric) SecA concentration of 50 
nM (data not shown) (37) . The interaction of cx-SecA with the SecYEG complex was 
comparable with wt-SecA, although the binding kinetics were slower for cx-SecA (Table 
I). The SPR response of cx-SecA was comparable with the wt-control (Figure 2). To 
exclude that the cx-SecA response was due to the small fraction of non-cross-linked 
SecA, binding was also monitored for a 5x lower wt-SecA concentration. This 
concentration corresponds to a maximal possible level of non-cross-linked SecA present 
in the cx-SecA sample (see also Figure 1A). At this concentration, a much lower binding 
level was recorded (Figure 2), which excludes the possibility that the binding response of 
cx-SecA is primarily due to the non-cross-linked fraction.  
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Figure 2. 
Covalently dimerized SecA binds the SecYEG complex 
with high affinity. Binding of 5 nM cx-SecA (solid) and 
wt-SecA (dashed) or 1 nM wt-SecA (dotted line) to 
IMVs containing overexpressed SecYEG. IMVs were 
immobilized on a Pioneer L1 chip as described under 
"Experimental Procedures." Binding was analyzed by 
SPR. Binding curves were corrected for background 
binding to a control cell containing IMVs with 
endogenous SecYEG levels. SecA binding was measured 
at 25°C at a flow rate of 20 µl/min. 

Table I 
Kinetic constants of the SecA-SecYEG interaction. Kinetic constants were determined at a SecA 
concentration of 50 nM. Data were fitted assuming that SecA was present as a dimer. The fractional 
contribution of the two koff values is indicated in parentheses. The KD was determined by the ratio koff/kon. 
 kon koff koff1 koff2 KD 
 M-1 s-1 s-1 s-1 s-1 M 
wt-SecA  1.8 ± 0.1 x 106 8.0 ± 0.1 x 10-3 6.0 ± 0.2 x 10-2  

(37%) 
5.5 ± 0.3 x 10-3 

(63%) 
4.3 ± 0.1 x 10-9 

cx-SecA  9.6 ± 0.9 x 105 5.3 ± 1.2 x 10-3 5.2 ± 0.3 x 10-2  

(25%) 
3.2 ± 0.9 x 10-3  

(75%) 
5.5 ± 0.8 x 10-9 

 
SPR measures changes in the refractive index at the IMV-coated sensor chip. Because the 
SPR response is proportional to the mass bound to the SecYEG complex, these results 
suggest that the stoichiometry of the SecA-SecYEG interaction is similar for wt-SecA 
and cx-SecA. If wt-SecA would bind as a monomer or dissociate upon interaction with 
the SecYEG complex, its binding should result in a lower SPR response as compared 
with cx-SecA. Likewise, binding of cx-SecA as a "dimer of cross-linked dimers" should 
result in an increased SPR response compared with wt-SecA. Because the responses of 
cx-SecA and wt-SecA are in the same range, the SPR data indicate that both SecA 
proteins associate with the SecYEG complex as dimers.  
  
SecYEG overexpression results in an increased level of dimeric SecA 
After solubilization of IMVs at room temperature with SDS, membrane-associated SecA 
migrates on SDS-PAGE as a mixture of monomers and dimers (170). Because purified 
SecA solubilized in SDS migrates as a monomer irrespective of the presence or absence 
of lipids under these conditions, the room temperature SDS-resistant SecA dimer could 
represent the SecYEG-associated SecA fraction (170). If this is the case, overexpression 
of SecYEG should result in an increased level of SDS-resistant SecA dimers. IMVs 
containing endogenous or overexpression levels of SecYEG were solubilized in SDS at 
room temperature and analyzed by SDS-PAGE and immunoblotting. Membrane-
associated SecA migrated as two bands with apparent molecular masses of 100 and 200 
kDa (Figure 3). The high molecular mass band was only recognized by antibodies against 
SecA and its position corresponded to the position of the cross-linked SecA-dimer (170), 
suggesting that it represents the dimeric form of SecA. Evidently, overexpression of 
SecYEG results in a dramatic increase in the level of SecA dimers (Figure 3, lane YEG+), 
demonstrating that SecYEG stabilizes a dimeric state of SecA that is resistant to room 
temperature SDS. These data further suggest that the SecYEG-bound state of SecA is 
dimeric.  
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Figure 3. 
SecYEG overexpression results in an increased level of membrane-associated SDS-resistant SecA dimers. 
E. coli BL21 IMVs (6 µg) containing either endogenous (wt) or overexpression levels of SecYEG (YEG+) 
were solubilized at room temperature with SDS and analyzed by immunoblotting with antibodies against 
SecA or SecY. 
 
Cross-linked SecA dimers are as active as wild-type SecA 
The ATPase activity of wt-SecA and cx-SecA was assayed in an in vitro system containing 
urea-treated IMVs harboring overexpressed SecYEG. Both in the presence or absence of 
preprotein, the ATPase activity of cx-SecA and non-cross-linked SecA were identical 
(Figure 4A). Likewise, cx-SecA and wt-SecA were equally effective in supporting the 
translocation of fluorescein maleimide-labeled proOmpA(C290S) into IMVs (Figure 4B) 
and proteoliposomes reconstituted with purified SecYEG complex (Figure 4C). 
Furthermore, their activities were equally enhanced by the prlA mutation I408N in SecY 
(Figure 4C).  
To exclude the possibility that the activity of cx-SecA was caused by the small fraction of 
non-cross-linked SecA present in the sample, translocation was assayed as a function of 
the SecA concentration. The preprotein-stimulated ATPase (Figure 4D) and preprotein 
translocation (Figure 4E) activity showed a similar dependence on the concentration of 
wt-SecA and cx-SecA. This further demonstrates that cx-SecA is as active as the non-
cross-linked SecA.  
 
Cross-linked SecA dimers are defective in SecB-mediated protein translocation 
Although biochemical data indicate that the extreme carboxyl terminus is not essential 
for the activity of SecA per se (17, 111, 151), this region is needed for the functional 
interaction with SecB (59). Therefore, we tested whether cross-linking of the SecA 
carboxyl termini affects the SecB-dependent translocation of proOmpA. With wt-SecA, 
addition of SecB enhanced the translocation of proOmpA (Figure 5). In contrast, with 
cx-SecA, addition of SecB resulted in a slight but reproducible inhibition of the 
proOmpA translocation (Figure 5). This effect could be restored after reduction of the 
carboxyl-terminal disulfide bridges of cx-SecA by the addition of dithiothreitol (Figure 5). 
These data suggest that the cross-linking of the carboxyl-terminal cysteines reversibly 
disturbs the functional SecA-SecB interaction, while it does not affect SecA-dependent 
preprotein translocation in the absence of SecB.  
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Figure 4. 
Covalently dimerized SecA is fully active in its ATPase and translocation activity. A, ATPase activity of 
(cx)-SecA (2 µg/ml) in the presence of urea-treated SecYEG+ inner membrane vesicles (15 µg/ml). Black 
columns indicate incubation in the presence of proOmpA (40 µg/ml), white columns in the presence of 
solvent only. The background ATPase activity (no SecA) is due to a SecA population that could not 
removed during urea treatment of the IMVs. B, translocation of fluorescein-labeled proOmpA(C290S) (4 
µg/ml) into urea-treated IMVs containing overexpressed SecYEG (60 µg/ml) in the presence of increasing 
SecA concentrations. C, translocation of fluorescein maleimide-labeled proOmpA(C290S) (4 µg/ml) into 
proteoliposomes (5 µg/ml) containing purified SecYEG or SecY(I408N)EG complex. D, proOmpA-
stimulated ATPase activity in the presence of urea-stripped IMVs containing overexpressed SecYEG (15 
µg/ml) and increasing concentrations of wt-SecA (■) or cx-SecA (□). Data were corrected for both the 
background ATPase activity in the absence of proOmpA and the endogenous ATPase activity in the 
absence of added SecA. E, quantification of the translocation of fluorescein-labeled proOmpA(C290S) (4 
µg/ml) into urea-treated IMVs containing overexpressed SecYEG (60 µg/ml) in the presence of increasing 
concentrations of wt-SecA (■) or cx-SecA (□). 
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Figure 5. 
Oxidation of SecA interferes with SecB-mediated 
proOmpA translocation. Translocation of 
fluorescein-labeled proOmpA(C290S) into urea-
treated IMVs containing overexpressed SecYEG in 
the presence or absence of SecB and 10 mM 
dithiothreitol. 
 

 
Discussion  
SecA is a motor protein that fulfills a key role in preprotein translocation. It interacts 
with the SecYEG complex, anionic phospholipids, nucleotides, signal peptides, the 
mature domain of preproteins, and the molecular chaperone SecB. In vitro studies with 
purified SecA have shown that SecA forms a dynamic dimer whose monomer-dimer 
equilibrium is altered upon interaction with some of these ligands (7, 21, 137). This has 
raised questions about the functional significance of the dimeric state of SecA during 
protein translocation. In this study, we have analyzed the functional requirement for 
dimer dissociation by means of a covalently linked SecA dimer. Although the covalently 
linked SecA dimer was defective in SecB-mediated translocation, its catalytic properties 
were indistinguishable from wt-SecA in the absence of SecB. These data demonstrate 
that complete dissociation of the SecA dimer is not an essential feature of the 
translocation reaction.  
Covalently linked SecA dimers were obtained by oxidation with Cu2+(phenanthroline)3. 
This treatment results in disulfide bridge formation between the carboxyl-terminal 
cysteines of the two protomers of a SecA dimer. Cross-linking of the carboxyl termini 
alone cannot rule out the possibility that other, non-covalent interactions at the SecA 
dimer interface dissociate during catalysis or that only one of the protomers of the SecA 
dimer is actively involved in translocation at a given time. However, the activity of the 
SecA dimer was previously shown to be abolished upon inactivation of one of its 
subunits (49). Active participation of both protomers thus appears to be required for 
efficient preprotein translocation. Moreover, the activity of cx-SecA was essentially 
identical to wt-SecA under conditions where SecA was limiting for translocation. This 
strongly suggests that the covalently linked dimer acts similarly to the wild-type SecA 
dimer and does not merely function as a monomer with a non-functional SecA protomer 
attached to its carboxyl terminus.  
The carboxyl-terminal cysteine residues of SecA are located in the region that forms the 
high affinity binding site for SecB (59). Without the carboxyl-terminal 21 amino acids, 
SecA no longer binds SecB in a functional manner but is still able to catalyze SecB-
independent protein translocation (58, 59). We now observe that the addition of SecB no 
longer stimulates, but rather inhibits, preprotein translocation when the SecA dimer is 
cross-linked via its carboxyl-terminal cysteines. Recently, the structure of the extreme 
carboxyl terminus of Haemophilus influenzae SecA in association with SecB was solved 
(215). In agreement with biochemical studies (57), the crystal structure confirmed the 
presence of a zinc ion coordinated by 3 cysteines and 1 histidine residue (215). Zinc 
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stabilizes a fold that exposes the basic amino acids of the carboxyl terminus toward the 
anionic binding surface on SecB. It is therefore likely that oxidation of the cysteines 
results in a disruption of the SecB binding site. Because efficient transfer of SecB-bound 
preproteins to SecA requires a functional SecB binding site (58), this would explain why 
the oxidized SecA no longer supports SecB-dependent translocation. Crystallographic 
(215) and biochemical (57, 152) studies lend strong support for the hypothesis that 
tetrameric SecB with bound preprotein associates with dimeric SecA via the two SecA 
carboxyl termini that embrace the SecB tetramer. Taken together these data point at a 
critical role of the SecA dimer, at least in the initial stages of SecB-mediated preprotein 
targeting and the preprotein transfer reaction.  
Analysis of membrane-associated SecA on SDS-PAGE suggests that there are at least 
two SecA populations associated with the inner membrane (170). One of the populations 
corresponds to a stable dimeric form that resists solubilization in room temperature SDS, 
whereas the other population is either monomeric or dissociates into monomers under 
the conditions of solubilization. The presence of membrane-associated SecA dimers is 
consistent with recent cross-linking experiments on IMVs that also identified a 
significant population of SecA dimers (78). In addition, wt-SecA was shown to be 
trapped in a membrane-bound heterodimer upon overproduction of SecA mutants that 
stabilize SecA at the membrane (78). Because the level of room temperature SDS-
resistant dimers increased dramatically upon overexpression of SecYEG (this study), 
these data strongly suggest that the SecYEG-bound state of SecA is dimeric.  
Or et al. (136, 137) proposed that SecA binds to the SecYEG complex as a monomer, 
because chemical cross-linking experiments failed to detect SecA dimers in the presence 
of proteoliposomes containing purified SecYEG. Their failure to detect dimers by means 
of cross-linking is, however, most likely due to a large fraction of lipid-bound SecA, as 
the lipid- and SecYEG-bound SecA populations were not separated. Our SPR 
experiments show that association of wt-SecA or cx-SecA with the SecYEG complex 
results in comparable SPR responses. This is only possible when these SecA species bind 
to the SecYEG complex with the same stoichiometry; i.e. as a SecA dimer. We therefore 
conclude that the dimeric SecA is the native binding partner for the SecYEG complex. 
The affinity of cx-SecA for SecYEG was comparable with that of wt-SecA, although the 
kinetics of both the association and dissociation phase were slower. The slower kinetics 
of cx-SecA may be due to physical constraints caused by the covalent linkage between 
the SecA carboxyl termini. In our SPR experiments wild-type SecA does not dissociate 
from the SecYEG complex according to a simple one-to-one model. Instead, there are 
two SecA populations that dissociate at different rates. The covalently linked SecA dimer 
dissociates according to the same model, but the contribution of the slow dissociating 
population is larger than for wild-type SecA. The mechanism that underlies the parallel 
dissociation has not been firmly established yet. It is possible that SecA is able to 
dissociate from the SecYEG complex either as a dimer or as individual monomers. If the 
dissociation of a SecA monomer is faster than the dissociation of a SecA dimer, this 
could provide an explanation for the parallel dissociation model as well as for the 
observation that the cx-SecA dissociates slower from the SecYEG complex than wt-
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SecA. Future studies should give more insight into the physiological relevance of the 
parallel dissociation model. Because both the translocation and the ATPase activity of cx-
SecA were indistinguishable from wt-SecA, it appears that the kinetics of SecYEG 
binding are not rate-determining for the translocation reaction.  
Blue Native Page analysis indicated that a preprotein is associated with at least the 
monomeric SecA and SecYEG complex during translocation (51). However, it cannot be 
ruled out that the preprotein-SecYEG-SecA complex partly dissociated during 
membrane solubilization and isolation of the complex. In this respect, co-
immunoprecipitation, cross-linking, and fluorescence resonance energy transfer 
experiments indicate that the detergent used in the Blue Native Page study, 
dodecylmaltoside, dissociates the SecA dimer (137), although analytical 
ultracentrifugation suggests that dodecylmaltoside does not interfere with SecA 
dimerization (7). SecA variants that are predominantly monomeric due to deletion of the 
amino-terminal 11 amino acids (136) or multiple mutations in combination with a 
truncation of the carboxyl-terminal domain (137) were found to display translocation 
activity, but their activity was dramatically reduced as compared with wild-type SecA. To 
convincingly detect the activity of these monomeric SecA proteins, the authors employed 
the PrlA4 mutant of SecY in their assays. This mutant already shows a marked elevated 
activity with wt-SecA (38, 197), which implies that the SecA monomers will be essentially 
inactive for preprotein translocation with the wild-type SecYEG complex. Recent 
investigations with monomeric SecA variants similar to the ones used by Or et al. (136) 
demonstrate that, even though they are able to interact with the SecYEG complex (78), 
these monomers are completely inactive for translocation activity (78, 152). Furthermore, 
a SecA variant that lacks the 9 amino- and 40 carboxyl-terminal residues is fully active 
and dimeric, whereas further truncation of the amino terminus yielded unstable SecA 
mutants unsuitable for further analysis (82). Taken together, these data lend strong 
support for the notion that the monomer does not represent a physiologically active state 
of SecA and support the hypothesis that the SecA dimer is the active species.  
So far, the oligomeric state of SecA has been addressed mainly in solution or in studies 
using (truncated) SecA mutants with reduced activity. We have re-investigated the 
catalytic role of the SecA dimer under conditions where it is actively involved in 
preprotein translocation. Stabilization of the SecA dimer by cross-linking of the carboxyl-
terminal cysteine residues had no effect on the translocation activity under conditions 
that SecA was limiting for translocation. This strongly suggests that SecA is dimeric in its 
physiologically active state. Furthermore, our data show that complete dissociation of the 
SecA dimer is not a critical feature of the catalytic cycle and that SecA binds to the 
SecYEG complex as a dimer. Further studies should address the question of how the 
two protomers mechanistically participate in preprotein translocation.  
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Experimental procedures 
Chemicals and biochemicals  
Isolation of inner membrane vesicles (IMVs) containing overproduced levels of SecYEG 
and purification of SecYEG, SecA, SecB, and proOmpA was performed as described 
(190). SecYEG was reconstituted into liposomes of E. coli phospholipids (Avanti Polar 
Lipids, Alabaster, AL) by detergent dilution (190). proOmpA(C290S) was labeled with 
fluorescein maleimide (Molecular Probes, Eugene, OR) (35). A stock solution of 
Cu2+(phenanthroline)3 (Sigma) was prepared as described previously (85). SecA 
antibodies were a kind gift from Dr. Hans de Cock.  
 
Oxidation of SecA 
Prior to the oxidation, SecA (5 µM) was incubated for 30 min on ice in the presence of 2 
mM EDTA to remove the zinc ion that stabilizes the carboxyl-terminal SecB binding 
site. EDTA was removed using a Micro Biospin P-6 column (Bio-Rad), and 0.4 mM 
Cu2+(phenanthroline)3 was added. After 30 min of incubation at room temperature, the 
reaction was quenched by the addition of 5 mM neocuproine (Sigma). 
Cu2+(phenanthroline)3 and neocuproine were removed using a Micro Biospin P-6 
column.  
 
Surface Plasmon Resonance (SPR) 
SPR measurements were performed on a Biacore 2000 SPR system (Biacore AB) 
essentially as described (37). SecA binding to IMVs containing overexpressed SecYEG 
was measured at 25°C in 50 mM Hepes-NaOH, pH 7, 150 mM KCl, 5 mM MgCl2, 0.5 
mg/ml bovine serum albumin in the presence or absence of 1 mM dithiothreitol (DTT). 
Data were corrected for background binding to IMVs containing wild-type (wt) levels of 
SecYEG. The data were analyzed using the BIAevaluation 2.2.4 and 3.2 software 
(Biacore).  
 
Miscellaneous 
Translocation of fluorescently labeled proOmpA was performed as described and 
visualized in SDS-PAGE gel with a Roche Lumi-imager F1 (Roche Applied Science) 
(35). Fluorescent and Coomassie-stained bands were quantified with Roche Lumi-analyst 
3.1 software. The SecA-stimulated ATPase activity was assayed as described (100). 
Solubilization of inner membranes at room temperature with SDS and analysis of the 
monomeric and dimeric forms of SecA by SDS-PAGE were performed as described 
before (170).  
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Chapter 6 
 
Identification of two interaction sites in SecY that are important 
for the functional interaction with SecA 
 
Eli O. van der Sluis, Nico Nouwen, Joachim Koch, Jeanine de Keyzer, Chris van der 
Does, Robert Tampé, Arnold J.M. Driessen 
 
Abstract 
The motor protein SecA drives the translocation of (pre-)proteins across the SecYEG channel in the 
bacterial cytoplasmic membrane by nucleotide-dependent cycles of conformational changes, often referred to 
as membrane insertion/de-insertion. Despite structural data on SecA and an archaeal homolog of 
SecYEG, the identity of the sites of interaction between SecA and SecYEG are unknown. Here, we 
show that SecA can be crosslinked to several residues in cytoplasmic loop 5 (C5) of SecY, and that SecA 
directly interacts with a part of transmembrane segment 4 (TMS4) of SecY that  is buried in the 
membrane region of SecYEG. Mutagenesis of either the conserved Arg357 in C5 or Glu176 in TMS4 
interferes with the catalytic activity of SecA but not with binding of SecA to SecYEG. Our data explain 
how conformational changes in SecA could be directly coupled to the previously proposed opening 
mechanism of the SecYEG channel.  
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Introduction 
The Sec machinery is a universally conserved multi-component enzyme complex 
involved in two biological key-processes: the integration of membrane proteins into lipid 
bilayers and the translocation of preproteins across these bilayers (36, 139). In bacteria, a 
central role in both processes is fulfilled by the integral membrane complex SecYEG, 
that forms the protein conducting channel within the cytoplasmic membrane (23, 79). 
Two different cytoplasmic partners can bind to SecYEG to induce opening of the 
channel and to provide the driving force for the translocation process. Membrane 
proteins are mostly inserted co-translationally by SecYEG-bound ribosomes, whereas 
secretory proteins and large extracellular domains of integral membrane proteins are 
translocated post-translationally by the motor protein SecA (130).  
The overall mechanisms of both co- and post-translational translocation have been 
unraveled in the early nineties with purified components from Saccharomyces cerevisiae and 
Escherichia coli, respectively. In the last five years, tremendous progress has been made in 
structural aspects of protein translocation by the appearance of high resolution crystal 
structures of individual components (40, 74, 138, 163, 165, 189, 213) and medium 
resolution cryo-EM structures of co-translational translocation intermediates (6, 115). 
Despite the availability of these structures, there remains a large gap in our understanding 
of the interactions between the individual components, and most notably on the highly 
dynamic interaction between SecYEG and SecA.  
Binding of SecA induces oligomerization of SecYEG protomers (104, 160), and once 
bound to SecYEG, SecA undergoes multiple conformational changes that ultimately 
result in translocation of the preproteins. During these cycles of conformational changes, 
SecA is thought to insert (partially) into the oligomeric SecYEG complex. Hence, these 
cycles are referred to as membrane insertion/de-insertion cycles (54, 55). During the 
initiation phase of translocation, the conformational changes in SecA are transmitted to 
SecYEG, resulting in opening of the channel and co-insertion of the signal sequence 
whereas in later stages it results in a stepwise forward translocation of the polypeptide 
chain in the translocation channel (161). Thus, a detailed understanding of the SecA-
SecYEG interaction is of fundamental importance for understanding the mechanism of 
post-translational protein translocation on a molecular level. Despite the fact that the 
interaction has been studied extensively, relatively little is known about the regions of 
SecYEG that mediate it. Ligand affinity blotting experiments indicated that SecA 
interacts with the N-terminal 107 amino acids of SecY (169), but the relatively large size 
of this region prevents a more detailed understanding of the interaction. Genetic studies 
suggest that the fifth and sixth cytoplasmic loop (C5 and C6) of SecY interact with SecA 
(109, 120), but such an interaction has never been demonstrated biochemically.  
Here, we have used a combination of cysteine-directed crosslinking and peptide scanning 
to identify regions in SecYEG that interact with SecA. We have identified two regions in 
SecY that both contain a highly conserved charged amino acid: Glu176 in the fourth 
transmembrane segment (TMS4) and Arg357 in the C5 loop. Both amino acids are 
important for membrane insertion of SecA and thus for functionality of the complex, but 
not for binding of SecA to SecYEG per se. The results will be discussed in light of the 
previously proposed opening mechanism of the SecYEG channel. 
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Results 
Cysteine scanning of cytoplasmic loop C5 of SecY 
To identify regions in SecY that interact with SecA, we continued our previously initiated 
cysteine-directed crosslinking approach (193), now focussing on a single cytoplasmic 
loop of SecY. The C5 loop that connects TMS8 with TMS9 is one of the most conserved 
regions of SecY (Figure 1A), and according to genetic studies, it could be involved in 
SecA binding (120). The corresponding loop of the archaeal M. jannaschii SecY protrudes 
into the cytoplasm and thus forms a likely candidate for an interaction with SecA in 
bacteria (189). Within the C5 loop, Arg357 has been shown to play a crucial role in SecY 
functioning (118), and therefore we mutated 15 amino acids around this residue (Val353 to 
Asp367) into single cysteines. Cysteine-less SecYEG, which behaves identically to wild-
type SecYEG (85), was used as a control throughout this work. All 15 single cysteine 
SecY mutants were overexpressed to similar levels as cysteine-less SecY (data not 
shown), and except for the SecY(R357C) mutant, all mutants were equally active for in 
vitro translocation of proOmpA (Figure 1B, compare lane 6 to all other lanes).  
To determine if the cysteine residues within the mutated region are accessible for 
cysteine modifying reagents, we incubated inner membrane vesicles (IMVs) containing 
the mutants with the fluorescent probe fluorescein-maleimide (F-mal). Except for the 
mutants with cysteines at the positions of Val353, Ile356, Ala363 and Ile366, SecY was 
efficiently labeled with F-mal (Figure 1C). This indicates that the majority of the mutated 
region is easily accessible for chemical compounds, thereby allowing a site-specific 
chemical crosslinking approach to identify putative interacting partners of this region.  
 

 
Figure 1.  
Cysteine scanning of cytoplasmic loop C5 of SecY. A: Sequence logo of the mutagenized C5 region, based 
on an alignment of 56 SecY sequences. Indicated below are the amino acid sequences of E. coli (Ec) and M. 
jannaschii (Mj) SecY. B: In vitro translocation of fluorescein labeled proOmpA into IMVs overexpressing the 
single cysteine SecY(EG) complexes. Limiting amounts of IMVs were used and to ensure that the amount 
of translocated proOmpA still increases linearly in time when the reaction is stopped translocation reaction 
were performed for 7 minutes at 37ºC. C: Fluorescein-maleimide (F-mal) labeling of mutant SecYEG 
complexes. IMVs overexpressing the mutant SecYEG complexes were labeled with 250 µM F-mal 
whereafter proteins were separated by SDS-PAGE and F-mal labeled proteins were visualized by in gel UV-
fluorescence (193). 
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Cytoplasmic loop C5 of SecY is in close proximity of SecE and SecA 
To investigate whether the mutated region of C5 interacts with SecA and/or other 
components of the Sec machinery, IMVs containing the mutant SecYEG complexes 
were incubated with the heterobifunctional chemical crosslinker m-maleimidobenzoyl-N-
hydroxysulfosuccinimide ester (S-MBS), and crosslink products were analyzed by 
immunoblotting. SecY mutants P354C, G355C (Figure 2A, lanes 3 and 4) (see also 
(157)), Y365C (lane 14) and D367C (lane 16) yielded strong crosslink products of around 
50 kDa. In the case of SecY(P354C) and SecY(Y365C), these products correspond to 
SecY-SecE crosslinks (Figure 2B, lanes 3 and 14), while the crosslink products of 48 and 
52 kDa observed with the SecY(D367C) mutant remain unidentified as they did not react 
with SecE- or SecG antibodies.  
In addition to the SecY-SecE crosslinks, several SecY mutants showed a specific but 
faint crosslink product of around 140 kDa that reacted with both SecY and SecA 
antibodies (data not shown). To improve the detection, by circumventing the low 
blotting efficiency of high mass crosslink products, we made use of iodinated SecA 
(Figure 2C). In particular SecY mutants P354C, G355C and R357C (Figure 2C, lanes 3, 4 
and 6) showed relatively strong SecY-SecA crosslinks when incubated with S-MBS. The 
weak background crosslinking observed with cysteine-less SecY is presumably mediated 
by the cysteines in SecA. Taken together, these data show that the C5 loop of SecY is in 
close proximity of both SecA and SecE.  
 

 
Figure 2.  
Cytoplasmic loop C5 of SecY is in close proximity of SecE and SecA. IMVs overexpressing mutant 
SecYEG complexes were incubated in translocation buffer with 1 mM S-MBS. Subsequently, proteins were 
separated by SDS-PAGE and blotted onto PVDF membranes. Cross-linked products were detected with 
antibodies raised against SecY (A) or SecE (B). C: Crosslinking was performed as in A and B with addition 
of 30 nM 125I-SecA. Proteins were separated by 8% SDS-PAGE (ProSieve acrylamide) and cross-linked 
products were detected by autoradiography. SecY, SecA, SecY-SecE and SecY-SecA crosslink products are 
indicated.  
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Table I. Kinetic constants of SecA binding to SecYEG 
IMVs kon (M-1s-1) koff (s-1) koff1 (s-1) koff2 (s-1) Kd1 (M) (koff/kon) 

SecYEG 1.84 ± 0.05 x 106 8.0 ± 0.1 x 10-3 6.0 ± 0.2 x 10-2 5.5 ± 0.3 x 10-3 4.3 ± 0.1 x 10-9 
   (37%) (63%)  

SecY(R357C)EG 1.82 ± 0.06 x 106 7.4 ± 0.1 x 10-3 6.6 ± 0.7 x 10-2 4.8 ± 0.6 x 10-3 4.1 ± 0.3 x 10-9 
   (40%) (60%)  

SecY(R357E)EG 1.42 ± 0.13 x 106 8.2 ± 0.4 x 10-3 5.5 ± 0.1 x 10-2 5.0 ± 0.2 x 10-3 5.8 ± 0.6 x 10-9 
   (42%) (58%)  

SecY(E176Q)EG 1.55 ± 0.04 x 106 7.3 ± 0.3 x 10-3 3.6 ± 0.2 x 10-2 4.4 ± 0.2 x 10-3 4.7 ± 0.3 x 10-9 
   (31%) (69%)  

SecY(E176C)EG 1.44 ± 0.04 x 106 8.4 ± 0.5 x 10-3 6.2 ± 0.2 x 10-2 5.2 ± 0.7 x 10-3 5.8 ± 0.5 x 10-9 
   (45%) (55%)  

SecY(E176K)EG 1.60 ± 0.07 x 106 8.0 ± 0.3 x 10-3 5.4 ± 0.3 x 10-2 5.2 ± 0.1 x 10-3 5.0 ± 0.4 x 10-9 
   (37%) (63%)  

 
Arg357 in C5 of SecY is important for functionality but not for binding of SecA  
From the set of SecY mutants only IMVs of SecY(R357C) showed a significant reduction 
in translocation activity. Since Arg357 is highly conserved and lies in the region that 
showed the strongest crosslinks with SecA we focused on this position to study the 
SecY-SecA interaction in more detail. Although mutants of Arg357 have been studied 
before (118), those studies did not determine if such mutants are specifically disturbed in 
the interaction with SecA. Since the SecY(R357C) has a residual translocation activity 
(Figure 1B and 3A), we also constructed a SecY(R357E) mutant that is virtually inactive 
in proOmpA translocation (Figure 3A, open bars). To study the binding of SecA to the 
SecY(R357) mutants, we immobilized IMVs containing the mutant SecYEG complexes 
on a Biacore Pioneer L1 chip and determined the association- and dissociation rates for 
SecA by surface plasmon resonance (SPR) (37). The dissociation rates of the Arg357 
mutants did not differ significantly from those of cysteine-less SecYEG (Table I). The 
association rate of SecY(R357E) was slightly lower than that of cysteine-less SecYEG, 
resulting in a lower affinity as defined by koff/kon. However, the differences are only 
small, and the Kd values for both mutants, as determined by Scatchard analysis of the 
response levels attained at equilibrium for different SecA concentrations, were within the 
error margins of cysteine-less SecYEG (data not shown). This shows that mutation of 
Arg357 does not significantly disturb the binding of SecA to SecYEG.  
 

Figure 3.  
The effects of Arg357 and Glu176 mutagenesis on translocation activity and SecA membrane insertion. IMVs 
containing overexpressed SecY(EG) mutants of Arg357 (A) or Glu176 (B) were analyzed for in vitro 
translocation of proOmpA (open bars) and membrane insertion of SecA (grey bars). SecA membrane 
insertion was assayed by AMP-PNP induced generation of the protease resistant 30 kDa SecA fragment 
(55), see Experimental procedures for details. 
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Since the binding of SecA to SecYEG remained unaffected in the Arg357 mutants, we 
reasoned that the translocation defect must be caused by a step in the translocation cycle 
that occurs after the initial binding of SecA. To study the functional interaction between 
SecA and SecYEG, we assayed the mutants for their ability to stably generate the well-
characterized 30 kDa protease resistant fragment of SecA (54, 55). The formation of this 
protease-resistant fragment, also referred to as the "membrane inserted state" of SecA, 
represents an early step in the translocation cycle. Formation of this conformational state 
of SecA requires either SecYEG, a preprotein and ATP or only SecYEG and the non-
hydrolysable ATP analog AMP-PNP (55). To ensure that the assay only reflects the 
interaction between SecA and SecYEG and is not influenced by the preprotein, we chose 
to generate the 30 kDa fragment with the latter conditions. The SecY(R357C) mutant 
was reduced to around 50% as compared to cysteine-less SecYEG in supporting the 
formation of the 30 kDa fragment, whereas the level of 30 kDa fragment generated with 
the SecY(R357E) mutant was less than 20% (Figure 3A, grey bars). Taken together, these 
data demonstrate that the SecY(R357) mutants bind SecA normally, but that they are 
disturbed in supporting the nucleotide-dependent SecA conformational change required 
for translocation.  
 
Identification of a SecA interaction site in SecY by peptide scanning (TMS4c) 
Considering the size of the proteins and the dynamic nature of the SecA-SecYEG 
interaction, it is unlikely that the C5 loop of SecY is the only SecA interaction site at 
SecYEG. To identify additional interaction sites we made use of the SPOT-technology 
that involves miniaturized synthesis of peptides that are covalently linked to a cellulose 
membrane (64). This technology is commonly used to define determinants for peptide-
protein interactions, but can also be used to identify important regions of protein-protein 
interactions (68). The underlying assumption is that the peptides can adopt the same 
structure as the corresponding region of the intact protein. For our purpose we 
synthesized the entire sequences of SecY (see Appendix 3), SecE and SecG in fragments 
of 15 amino acid long peptides with an off-set of 1. This so-called peptide scan should 
allow us in principle to identify all the SecA interaction sites on SecYEG. The cellulose 
membrane was incubated with SecA, washed, and bound SecA was detected with 
antibodies. The peptides derived from SecE and SecG did not give any SecA binding 
signals above the background (data not shown), but a stretch of eight consecutive 
peptides (peptides 176 to 183) derived from SecY showed a strong signal that was strictly 
dependent on the addition of SecA (Figure 4A). The amino acid sequences of the SecA 
binding peptides are shown in Figure 4B, and the minimal motif present in each of these 
peptides is "F170LMWLGEQ177"(or "WLGEQ" if the loose spot 186 is included).  
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Figure 4.  
SecA interacts with the cytoplasmic end of TMS4 from SecY (TMS4c). A: SecY peptide scan analysis of 
15-mer peptides with an off-set of 1 between adjacent peptides. After overnight blocking in TBST with 2% 
skim-milk and 1% BSA, the membrane was incubated with 10 nM SecA in TBST with 1% skim-milk and 
0.5% BSA (TSB buffer). Bound SecA was detected with polyclonal antibodies raised against SecA followed 
by anti-rabbit IgG conjugated with alkaline phosphatase, both in TSB buffer. All incubation steps were 
followed by three consecutive washes of 10 minutes with TSB buffer. B: Amino acid sequences of the 
eight consecutive SecA binding peptides identified by peptide scanning, with the minimal SecA binding 
sequence (Phe170-Gln177: TMS4c) in bold. The sequences of all peptides employed in the SecY scan are 
provided in Appendix 3. C: SecA binding in solution to Phe170-Gly184 of SecY C-terminally fused to GST. 
Empty glutathione beads and immobilized GST alone were used as controls. Lanes labeled FT, W and E 
represent the flow-through, wash and elution steps respectively as described in the text.  
 
To verify the detected interaction, we created two GST-fusion constructs, containing 
SecY residues Ser163-Gly184 (all residues present in peptides 176 to 183) or Phe170-Gly184 
(corresponding to peptide 183) fused to the C-terminus of GST. Since the GST-Ser163-
Gly184 construct was insoluble, only the GST-Phe170-Gly184 fusion could be used in a GST 
pull down assay. Glutathione-sepharose beads with the immobilized GST fusion protein 
were incubated with SecA and after a washing step (Figure 4C, lane 8), bound protein 
was eluted by free glutathione (lane 9). As compared to empty glutathione beads (lane 3), 
the GST control (lane 6), or a different GST-SecY fusion construct (GST-Tyr332-Tyr365, 
see discussion) only the GST-Phe170-Gly184 fusion showed significant binding of SecA 
(lane 9). This shows that the Phe170-Gly184 region of SecY also binds SecA in solution, 
and that the interaction identified with the peptide scan is not induced by the cellulose 
membrane. In the structure of M. jannaschii SecY the residues corresponding to the 
minimal SecA binding motif (Phe170-Gln177) constitute the cytoplasmic end of TMS4, and 
therefore we will refer to this SecA interaction site as "TMS4c".  
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Glu176 is the main determinant for SecA binding to TMS4c 
To identify amino acids within TMS4c that are important for the interaction with SecA, it 
was subjected to an exhaustive mutagenesis study. We used the SPOT-technology to 
create 19 point mutations at each position of peptide Phe170-Gly184 (cysteine was omitted 
because it gives rise to disulfide bonding between peptides) and analyzed all 285 peptides 
for binding of SecA. The results are shown in Figure 5A, with mutant peptides exhibiting 
a significantly decreased SecA binding in black and the remaining peptides in grey (see 
legend to Figure 5A for details). Especially Glu176 appeared very sensitive to mutations. 
Only the conserved charge substitution to aspartate did not interfere with SecA binding 
(Figure 5A). Interestingly, the negative charge at this position is absolutely conserved in 
the SecY/Sec61α family (Figure 5B). Several substitutions of the other two charged 
residues in the peptide (Glu180 and Arg181) also decreased SecA binding, but those 
residues appeared less sensitive than Glu176 and are not located in the minimal sequence 
required for SecA binding (TMS4c: Phe170-Gln177). These data show that the conserved 
Glu176 is the main determinant for SecA binding to TMS4c of SecY.  
 

 
Figure 5.  
Glu176 plays a crucial role in SecA binding to TMS4c and is located at the membrane/water interface. A: 
Each position of the SecA binding peptide Phe170-Gly184 was mutated individually to all amino acids except 
cysteine, and the peptides were simultaneously assayed for SecA binding. Since 15 peptides correspond to 
the "wild-type" sequence, statistic information could be gained from the quantified signals. The standard 
deviation (S.D.) of the wild-type peptides corresponded to approximately 25% of the average value, and 
for the mutant peptides we defined a binding decrease of ≥50% (2 S.D.) as significant. Mutants exhibiting 
significantly decreased SecA binding are depicted in black, the remaining mutants in grey. B: Sequence logo 
of the region of SecY corresponding to Phe170-Gly184, showing the absolute conservation of negative 
charge at the position of Glu176. The sequences of E. coli (Ec) and M. jannaschii (Mj) SecY are depicted 
underneath. C. Side-view of the N-terminal half of M. jannaschii SecY, roughly parallel to the membrane 
from within the interior of the channel. Cytoplasmic loops are facing up, and the C-terminal half of SecY 
and the amphipathic helix of SecE have been removed. The tilted transmembrane segment of SecE is 
coloured pink, the plug domain, TMS2 and TMS3 are coloured light-blue, the residues corresponding to 
TMS4c (Phe170-Gln177) are coloured green, and the remaining residues dark-blue. The side chains of the 
residues corresponding to E. coli SecY Glu176 and Arg121 (Lys112 and Glu159) involved in the conserved salt 
bridge are indicated. D. Fluorescein-maleimide labeling of single cysteine SecYEG complexes as described 
in the legend to Figure 1C. (A full colour version of this figure can be found on page 118) 



SecA interaction sites in SecY 

 73

The majority of TMS4c is inaccessible from the cytoplasm  
In the structure of M. jannaschii SecYEβ the region corresponding to TMS4c is only 
partially accessible from the cytoplasm (data not shown). Glu159 of M. jannaschii SecY 
corresponds to Glu176 from E. coli SecY, and forms a salt bridge with Lys112 in TMS3 
(Arg121 in E. coli SecY, Figure 5C) that is located roughly at the membrane/water 
interface. The charge at both positions is conserved in all members of the SecY/Sec61α 
family (data not shown), suggesting that the salt bridge plays a functional role in protein 
translocation. Since the E. coli SecY structure might differ locally from M. jannaschii SecY, 
we created the SecY(G175C) and SecY(E176C) mutants to investigate the accessibility of 
this region with the cysteine-specific probe fluorescein maleimide. SecY(E176C) could be 
partially labeled by fluorescein maleimide (Figure 5D, lane 3) as compared to 
SecY(T179C) in the C3 loop that shows a maximum labeling efficiency (193) (Figure 5D, 
lane 4). The SecY(G175C) mutant was completely inaccessible for fluorescein maleimide 
(Figure 5D, lane 2). Since the crystal structure and hydropathy profiles indicate that 
residues preceding Gly175 are part of the fourth TMS of SecY which is inaccessible from 
the cytoplasm, these data indicate that the majority of TMS4c is most likely buried within 
the membrane region of SecYEG. 

 
Glu176 in TMS4c is important for functionality but not for binding of SecA  
To address the importance of Glu176 in the context of the SecYEG complex in more 
detail, three mutations of this residue were assayed for in vitro translocation of proOmpA. 
Mutagenesis of Glu176 to glutamine, cysteine, or lysine led to a translocation activity of 
78%, 38% or 51% as compared to wild-type SecYEG, respectively (Figure 3B, open 
bars). This confirms the functional importance of the TMS4c region that was identified 
with the SPOT-technology. 
To determine if Glu176 is important for SecA binding to SecYEG, we also studied the 
SecA-SecYEG interaction by SPR as described before (37). The dissociation rates of the 
Glu176 mutants did not differ significantly from cysteine-less SecYEG (Table I), while the 
association rates of the mutants were slightly lower than those of cysteine-less SecYEG. 
The resulting change in Kd (koff/kon) is therefore small. This shows that mutation of 
Glu176 does not significantly disturb SecA binding to the SecYEG complex.  
The SecY(E176) mutants were also tested for generation of the 30 kDa fragment of 125I-
SecA. As compared to wild-type SecYEG, all three mutants show a reduction in the 
amount of stably membrane inserted SecA that parallels the reduction in translocation 
activity (Figure 3B, grey bars). Although the effects are smaller than those observed upon 
mutagenesis of Arg357, these data demonstrate that Glu176 of SecY is also important for 
supporting the nucleotide-dependent SecA conformational change required for 
translocation. 
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Discussion 
In order to understand the molecular mechanism of post-translational protein 
translocation in bacteria, detailed knowledge of the interaction between the motor 
protein SecA and the protein-conducting channel SecYEG is required. Although the 
interaction between SecA and SecYEG has been studied extensively, no exact sites of 
interaction have been identified. By a combination of peptide scanning and cysteine-
directed crosslinking, we have identified two functionally important regions in SecY that 
are involved in the SecA interaction: Phe170-Gln177 in TMS4 (TMS4c) and Pro354-Arg357 in 
C5. In the structure of M. jannaschii SecY, the C5 loop protrudes far into the cytoplasm, 
which makes it a likely candidate for an initial SecA interaction. TMS4c, on the other 
hand, is concealed for an initial interaction, and therefore we hypothesize that this region 
interacts with SecA during the translocation cycle as will be discussed below.  
Unexpectedly, the two experimental approaches yielded different interaction sites. To 
corroborate the lack of SecA binding to C5-derived peptides in the peptide scan, we 
studied this SecA interaction site in more detail with an alternative approach. We 
reasoned that more than 15 residues might be required for SecA binding to C5, and 
therefore we constructed a GST-fusion protein containing nearly the entire C5 loop 
(Tyr332-Tyr365), and used this in a GST pull-down assay with SecA. In analogy with the 
peptide scan however, no SecA binding could be detected to this fusion protein (data not 
shown). In the context of SecYEG, the amphipathic helix of SecE is in direct contact 
with C5 via Pro354 and Tyr365 (Figure 2B, (157, 189)). The lack of SecA binding to the 
isolated C5 domain can be explained by the absence of SecE that could be required for  
the correct SecA binding conformation. Analogously, additional SecA interaction sites 
that could be expected considering the size of SecA and SecYEG might have been 
missed by the peptide scanning approach. Either because the peptides do not adopt the 
same structure as the corresponding region of the intact protein, or because the 
interactions are too weak. Nevertheless, peptide scanning proves to be a suitable method 
to systematically identify protein-protein interactions. 
We have also attempted to crosslink SecA under various conditions to cysteines in 
TMS4c, but this did not result in the formation of SecY-SecA crosslinks (data not 
shown). Most likely this is caused by the poor accessibility of TMS4c (Figure 5D; (189)) 
which will not allow the chemical crosslinkers to react with the cysteines. Taken together, 
this shows that multiple strategies need to be followed to identify interacting regions 
within multi-component enzyme complexes such as the Sec machinery. It should be 
stressed that the high binding affinity of SecA for SecYEG (Kd 4-5 nM) is most likely 
mediated by multiple sites of contact, and we do not claim that the two interaction sites 
described here are the only ones. This would also explain why mutating the single amino 
acids Glu176 or Arg357 does not significantly reduce SecA binding to SecYEG.  
The SecA interaction site we identified by cysteine directed crosslinking is located in a 
loop of SecY that was previously shown to be important for functionality of SecYEG 
(118). However, the molecular basis of the importance for SecYEG functioning had not 
been established. Here, we show for the first time that several amino acids in the C5 loop 
are in close proximity of SecA. Moreover, we demonstrate that the most critical residue 
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within this region (Arg357) is important for SecA activation as assessed by the "membrane 
insertion assay", whereas this residue is not critical for SecA binding, in contrast to 
previous speculations (118). The in vitro translocation activity of SecY(R357C)EG could 
not be restored by modification of the cysteine with the positively charged reagent (2-
(trimethylammonium)ethyl)-methane-thiosulfonate (MTSET) (unpublished data). This 
suggests a high specificity of Arg357 for the functional SecY-SecA interaction.  
The SecA interaction site we identified by peptide scanning (TMS4c: Phe170-Gln177) 
constitutes the cytoplasmic end of TMS4 from SecY. Instead of being an authentic SecA-
SecY interaction site, the observed interaction could represents binding of SecA to a 
preprotein. This possibility is considered unlikely because of the following reasons: The 
TMS4c peptides have a net negative charge, whereas that of signal peptides is usually 
positive due to the characteristic positively charged residues in the N-terminus. It has 
recently been shown that these positively charged residues are directly involved in signal 
sequence binding to SecA (29), which is in marked contrast to the negatively charged 
residue (Glu176) that is the main determinant for binding of TMS4c to SecA. 
Furthermore, if the interaction with TMS4c would represent SecA binding to the mature 
region of a preprotein, many more peptides are expected to bind SecA.  
Genetic data also suggest that the TMS4c region is important for SecYEG functioning. 
First, SecY mutants within TMS4c (W173C, G175C and E176C) are less efficient than 
wild-type SecY in complementing the cold-sensitive phenotype of secY39 (121). Second, 
SecY mutants within (G175D) or just after (G184D) TMS4c cause a cold-sensitive 
growth phenotype (181). Third, replacement of six residues just preceding TMS4c 
(Leu164-Met169) by an unrelated polypeptide stretch strongly interferes with protein 
translocation (168). The region following TMS4c (Gly182-Pro200) is the most conserved 
region of the SecY/Sec61α family (24), that has been proposed to form a hinge region 
for separation of the two domains of the channel (189).  
The data presented here provide clues on how the conformational changes of SecA 
could result in opening of the SecYEG channel. In the structure of M. jannaschii SecY, 
the C5 loop protrudes far into the cytoplasm (189) and the residues that yield the 
strongest SecA crosslinks (including Arg357) are located at the tip of this loop. This 
location suggests that C5 could be involved in the initial contact between SecA and 
SecYEG. The second interaction site we identified is only half accessible from the 
cytoplasm, and thus SecYEG needs to undergo a substantial conformational change to 
allow SecA binding to the complete TMS4c region. Since the Glu176 mutants of SecY are 
disturbed in supporting 30 kDa formation of SecA and not in SecA binding, we 
hypothesize that this conformational change is induced by "membrane insertion" of 
SecA, and thus that SecA only interacts with the TMS4c region in the "inserted" state. 
Although the extent of membrane insertion of SecA as originally proposed (55) is 
questionable (192), TMS4c could be part of the membrane region where SecA actually 
inserts.  
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Figure 6.  
Overview of the identified SecA interaction 
sites and proposed conformational changes 
of SecYEG occurring upon membrane 
insertion of SecA. Cytoplasmic view of M. 
jannaschii SecYEβ coloured as in Figure 5C, 
with the C-terminal half of SecY coloured 
red. The residues corresponding to Pro354-
Arg357 and TMS4c (Phe170-Gln177) of E. coli 
SecY are coloured green, and the side chains 
of the residues corresponding to Arg121, 
Glu176 and Arg357 are indicated. Arrows 
indicate the global conformational change 
separating the two halves of the channel, that 
has been proposed as the opening 
mechanism for SecYEG. 
(A full colour version of this figure can be 
found on page 119) 

 
Importantly, the location of the two interaction sites we identified can explain how 
conformational changes in SecA (or "insertion") could be directly coupled to the 
proposed opening mechanism of the translocon, i.e. separation of the two SecY domains. 
Since C5 is located in the C-terminal domain and TMS4c in the N-terminal domain of 
SecY, a simultaneous interaction of "inserted" SecA with both interaction sites (green in 
Figure 6) could induce the outward directed force on each domain, that is required for 
their separation. A similar mechanism could underlie the ribosome induced opening 
mechanism as well, as the ribosome also interacts with the C5 loop (27) and with the 
cytoplasmic domain of SecG which is bound to the N-terminal domain of SecY (115).  
Taken together, our studies provide the first demonstration of two SecY regions that 
interact with SecA, including a region where SecA possibly inserts into the SecYEG 
channel. In addition, our data provide a framework that couples conformational changes 
in SecA to the previously proposed opening mechanism of the SecYEG channel. It will 
be important to establish which region of SecA associates and inserts into SecYEG, and 
how these processes relate to the oligomeric state of SecYEG. The interaction sites 
identified here could facilitate these studies.  
 
Experimental procedures 
Chemicals and biochemicals  
M-Maleimidobenzoyl-N-hydroxysuccinimide ester (S-MBS) was purchased from Pierce 
(Rockford, IL, USA), dithiothreitol (DTT) from Roche (Basel, Switzerland), fluorescein-
5-maleimide (F-Mal) from Molecular Probes (Eugene, OR, USA), glutathione sepharose 
4B and pGEX-4T3 from Amersham Biosciences (Piscataway, NJ, USA). Fmoc protected 
and OPfp activated amino acids were purchased from Bachem (Switzerland). All other 
chemicals including peptide FLMWLGEQITERGIG were purchased from Sigma (St. 
Louis, MO, USA). SecA (22), SecB (209) and proOmpA (33) were purified essentially as 
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described. GST, GST-SecY(Tyr332-Tyr365) and GST-SecY(Phe170-Gly184) were purified 
with glutathione sepharose 4B according to the manufacturer’s instructions. 
Translocation buffer consists of 50 mM HEPES/NaOH pH 7.0, 20 mM KCl, 5 mM 
MgCl2, 0.1 mg/ml BSA, 5 mM DTT. SecA was iodinated (201) and IMVs were isolated 
(193) as described previously.  
 
Bacterial strains and plasmids 
Escherichia coli strain DH5α (supE44, ∆lacU169 (φ80 lacZ ∆M15), hsdR17, recA1, endA1, 
gyrA96, thi-1 relA1) was used for the expression of GST constructs and standard DNA 
manipulations. Expression of SecYEG was performed in E. coli SF100 (F−, ∆lacX74, 
galK, thi, rpsL, strA ∆phoA(pvuII), ∆ompT). Plasmids encoding secY mutants and wild-type 
secE/secG (see Table II) were created with the Stratagene QuikChange™ mutagenesis kit 
using pEK20 (193) as template. Plasmid pEK63 and pEK65 were created by ligation of 
SalI/NotI or SmaI/XhoI digested PCR products into pGEX-4T3, respectively. The PCR 
products were generated with standard oligonucleotides pairs containing the appropriate 
restriction sites, using pEK20 as template. All constructs were confirmed by sequence 
analysis.  
 
Table II. Plasmids used in this study with their relevant characteristics.  

Plasmid Characteristics Mutation 
pEK20 Cysteine less SecYEG - 
pEK44 SecY(V353C)EG GTA → TGC 
pEK45 SecY(P354C)EG CCA →TGC 
pEK46 SecY(G355C)EG GGA → TGC 
pEK47 SecY(I356C)EG ATT→ TGT 
pEK48 SecY(R357C)EG CGT → TGT 

pNN260 SecY(R357E)EG CCG → GAG 
pEK49 SecY(P358C)EG CCG → TGC 
pEK50 SecY(G359C)EG GGA → TGC 
pEK51 SecY(E360C)EG GAG → TGC 
pEK52 SecY(Q361C)EG CAA → TGC 
pEK53 SecY(T362C)EG ACG → TGC 
pEK54 SecY(A363C)EG GCG → TGC 
pEK55 SecY(K364C)EG AAG → TGC 
pEK56 SecY(Y365C)EG TAT → TGT 
pEK57 SecY(I366C)EG ATC → TGC 
pEK58 SecY(D367C)EG GAC → TGC 
pEK69 SecY(G175C)EG GGC → TGC 
pEK70 SecY(E176Q)EG GAA → CAA 
pEK71 SecY(E176C)EG GAA → TGC 
pEK72 SecY(E176K)EG GAA → AAA 
pEK23 SecY(T179C)EG ACT → TGT 

pGEX-4T3 S. japonica GST - 
pEK63 GST-SecY(Tyr332-Tyr365) - 
pEK65 GST-SecY(Phe170-Gly184) - 
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SPOT-methodology 
Peptide arrays were synthesized by Fmoc chemistry at activated PEG spacers on 
cellulose membranes using a semi-automated spot robot (ASP222, Intavis, Germany) as 
described previously in detail (90). SecY (including the N-terminal hexahistdine-tag and 
enterokinase cleavage-site, see Appendix 3), SecE and SecG were synthesized as 
overlapping peptides (15-mers off-set by one amino acid) covering the entire sequence of 
the proteins. After blocking with 2% skim-milk and 1% BSA in TBST, the membranes 
were incubated to for 1 hour with 10 nM SecA. Bound SecA was detected with a SecA-
specific polyclonal antibody and visualized using a secondary antibody conjugated to 
alkaline phosphatase. Binding signals were detected by a Roche Lumi-Imager F1, and 
quantified using OptiQuant software.  
 
Surface plasmon resonance 
SPR measurements were performed on a Biacore 2000 essentially as described previously 
(37) but Tris/HCl pH 8.0 was replaced by HEPES/NaOH pH 7.0 in all steps. 
Approximately 3200 ru of IMVs were loaded on a Biacore Pioneer L1 chip, and SecA 
was injected at a (dimeric) concentration of 50 nM with a flow speed of 20 µl/min. 
Fitting of the association and dissociation rates from the corrected response curves was 
performed as described, and gave nearly identical values to those described for the 
previous setup (37).  
 
Miscellaneous 
Labeling of cysteines, chemical crosslinking, and in vitro translocation assays were 
performed as described previously (193). Membrane insertion of SecA was assayed by 
AMP-PNP induced generation of the 30 kDa protease resistant fragment of SecA, 
essentially as described previously (55). Briefly, urea stripped IMVs (20 µg) were mixed 
with 30 nM 125I-SecA and 0.5 mM AMP-PNP in translocation buffer and incubated for 5 
minutes at 37°C. After chilling on ice, the samples were digested for 30 minutes with 0.1 
mg/ml TPCK-treated trypsin (4°C). After inactivation the protease, proteins were 
separated by 10% SDS-PAGE and the 30 kDa fragment was visualized by 
autoradiography. Bands corresponding to the 30 kDa fragment (and translocated 
(pro)OmpA) were quantified with OptiQuant software, and values of wild-type SecYEG 
were set to 100%. The averages and error bars in Figure 3 are derived from at least two 
independent experiments.  
For the GST pull-down assay, GST(-fusion protein) was immobilized on 25 µl 
glutathione sepharose and incubated for 60 minutes at 4°C with 200 nM SecA in 50 mM 
HEPES/NaOH pH 7.0 50 mM KCl. The beads were washed three times with 50 mM 
HEPES/NaOH pH 7.0 150 mM KCl, and proteins were eluted by 15 mM reduced 
glutathione in the same buffer. SecA was detected by western blotting. Sequence logos 
were created at http://weblogo.berkeley.edu/.  
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Chapter 7 
 
Summary and concluding remarks 
 
The Sec machinery is a multicomponent enzyme system that is present in every cell and 
that facilitates two essential biological processes: translocation of proteins across 
membranes and integration of proteins into membranes. The central component of the 
Sec machinery is the translocon, a membrane embedded complex of three proteins that 
forms a protein conducting channel. The translocon can associate with the ribosome to 
mediate co-translational protein translocation, or it can associate with motor proteins to 
mediate post-translational protein translocation. In bacteria, the translocon is formed by 
SecY, SecE and SecG. The motor protein SecA binds to the cytoplasmic side of the 
SecYEG complex. While bound to SecYEG, SecA can bind and hydrolyze ATP resulting 
in conformational changes that are required for opening of the channel and progressive 
movement of the substrates. In this study, we used biochemical and biophysical methods 
to investigate the intermolecular interactions between SecY, SecE, SecG and SecA of the 
model organism E. coli.  In addition, we have investigated the evolutionary history of the 
E. coli Sec machinery by comparative genome analyses.  
Due to its ease of culturing and genetic accessibility, the Gram negative proteobacterium 
E. coli has been the model organism for the majority of molecular microbiologists during 
the past fifty years. It is thus not surprising that the bacterial genes involved in protein 
translocation were first identified in E. coli, and that subsequent studies with (partially) 
purified E. coli Sec-proteins are largely responsible for our current understanding of the 
molecular mechanism of protein translocation in bacteria. However, the E. coli Sec 
machinery differs in three aspects from the canonical machinery that is observed in most 
other Gram negative and all Gram positive bacteria. Two E. coli Sec-components are 
mostly absent in other bacteria: SecB and SecM; and one E. coli Sec-component, SecE,  is 
much larger in E. coli than in other bacteria. In order to investigate which organisms 
contain an E. coli-like Sec machinery, we have analyzed all the available completely 
sequenced bacterial genomes for presence of the above mentioned three components 
(Chapter 2). It was revealed that SecB, SecM and the extended SecE are only present in 
certain subdivisions of the proteobacteria, but not in any other bacterial division. 
Furthermore, the three components are only found in the following combinations: SecB 
alone; SecB together with extended SecE; or SecB with the extended SecE and SecM as 
observed in E. coli. By combining the latest insights into bacterial phylogeny with the 
genomic distribution of the three components, it was revealed that the Sec machinery of 
proteobacteria has most likely evolved in the following discrete steps: First SecB was 
introduced, then SecE was extended with two transmembrane segments, and finally 
SecM was introduced (Figure 1). Thus the E. coli Sec machinery represents the end 
product of a stepwise evolutionary process, while the other combinations that are 
observed in proteobacteria represent the intermediate steps. It was proposed that the 
three accessory features observed in E. coli contribute to protein translocation 
synergistically rather than individually, and this proposal can now be tested 
experimentally.  
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Figure 1. 
Most likely scenario for the stepwise evolution of the 
Sec machinery within the proteobacteria. The 
canonical Sec machinery as it is observed in most 
Gram-positive and many Gram-negative bacteria was 
sequentially modified in the following discrete steps: 
SecB was introduced in the last common ancestor 
(LCA) of the α-, β- and γ-proteobacteria, SecE was 
extended in the LCA of the β- and γ-proteobacteria, 
and SecM was introduced in the LCA of the γ-
proteobacterial orders Pasteurellales and 
Enterobacteriales. 

 
Despite the fact that the E. coli Sec machinery is perhaps not the most appropriate model 
system due to its non-canonical components, it is still the preferred system to study 
experimentally because of the well-established genetic and biochemical methods. One of 
the major unresolved questions concerning the molecular mechanism of protein 
translocation is how the nucleotide and (pre-)protein induced conformational changes in 
SecA drive protein translocation, and the nature of the conformational changes that 
occur within the SecA-SecYEG complex during protein translocation. In order to study 
the intermolecular interaction within the SecYEG complex, single cysteine residues were 
introduced in each of the six cytoplasmic domains of SecY (C1-C6) (Chapter 3). 
Cysteine residues can be selectively modified with various chemical compounds such as 
fluorescent probes or crosslinking reagents, and when two cysteines are in close 
proximity they have the potential to form disulfide bonds under oxidizing conditions. 
Three of the six single cysteine SecY mutants (in C1, C2 and C6) formed SecY homo-
dimers upon oxidation, indicating that within an oligomeric SecYEG assembly, the two 
cysteine residues of these mutants are in close proximity. These results support 
previously obtained crosslinking data in which it was shown that cysteine mutants of 
SecE and SecG can also form dimers upon oxidation (85, 125), and they give an 
indication of which SecY domains are located close to a dimer interface. Two different 
SecYEG dimer arrangements have been proposed to represent the physiologically active 
dimer: the so called "back-to-back" (18) and "front-to-front" (115) arrangements. The C1 
and C6 crosslinks support the first, whereas the C2 crosslink support the latter 
arrangement. In order to investigate whether the crosslinked SecY dimers are active, we 
analyzed them for in vitro protein translocation activity. It was shown that both C1- and 
C6-crosslinked SecY dimers are still active in post-translational protein translocation, 
whereas C2 crosslinked dimers are inactive. These studies do, however, not discriminate 
between the two different dimer arrangements as the functional oligomeric state of 
SecYEG might be of higher order than dimeric as observed in several electron 
microscopy studies (5). The crosslinked dimers may thus re-associate with neighboring 
crosslinked dimers to yield a single functional unit (70, 104, 160). Further structural 
studies will be required to resolve this critical issue. It can be concluded though that the 
C2 domain of SecY requires substantial conformational freedom during protein 
translocation.  
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Chemical crosslinking studies on the six SecY single cysteine mutants revealed an 
interaction between SecG and two cytoplasmic domains of SecY. SecG is a auxiliary 
component of the translocon, that stimulates the activity of SecYE by facilitating the 
conformational dynamics of SecA (69, 108). The identified SecY-SecG interaction 
prompted us to critically test a long held controversial theory on SecG (Chapter 4). 
Based on protease accessibility- and cysteine labeling studies it has been proposed that 
SecG inverts its membrane topology during protein translocation via SecYEG (126, 133). 
Such a phenomenon has not been observed for any other stably integrated membrane 
protein, and would be energetically highly unfavorable since SecG contains two 
hydrophilic loops that need to be translocated across the hydrophobic membrane region 
for topology inversion. The SecG residue involved in the chemical crosslinks was 
identified and subsequently replaced with a cysteine residue. This allowed a highly 
efficient and specific formation of an SecY-SecG crosslink upon oxidation. In this way a 
SecG variant was created that is covalently linked to SecY and thereby unable to invert its 
membrane topology. By showing that this topologically fixed SecG is equally active as 
wild type SecG, it was revealed that topology inversion of SecG is not required for 
protein translocation. Furthermore, the protease assay that has led to the topology 
inversion theory yielded conflicting results (this study and (122, 155), that were 
previously ignored. Taken together, the current evidence makes it highly unlikely that 
SecG can invert its membrane topology, and the initial results therefore most likely 
represent a conformational change of SecG.  
In order to understand at a molecular level how SecA drives post-translational protein 
translocation, it is important to assess its functional oligomeric state. SecA is known to 
equilibrate dynamically between monomeric and dimeric species, and in vivo it is expected 
to be largely dimeric (211). However, it has been shown that monomerization of SecA 
can be induced by several translocation ligands (7). This has led to the proposals that 
SecA might dissociate during protein translocation (137), and that it functions as a 
monomer (136). Both these proposals were investigated by analyzing SecYEG-binding 
and in vitro translocation activity of an obligatorily dimeric SecA (Chapter 5). A non-
dissociable SecA was created by oxidation-induced disulfide bridge formation between 
the naturally occurring carboxy-terminal cysteines, and SecYEG-binding was analyzed by 
surface plasmon resonance (SPR). It was shown that obligatorily dimeric SecA binds 
similarly to SecYEG as non-crosslinked SecA, indicating that non-crosslinked SecA also 
binds to SecYEG as a dimer. In support with this finding, it was shown that the dimeric 
fraction of SecA that co-purifies with cytoplasmic membranes is increased upon 
overexpression of SecYEG.  
The translocation activity of obligatorily dimeric SecA was shown to be identical to that 
of non-crosslinked SecA, indicating that dissociation of dimeric SecA is not required for 
translocation activity. It could be argued that SecA crosslinked via its flexible carboxy-
terminus functions as a tethered monomer. However, several other studies indicate that 
SecA functions as a dimer. First, a recent study shows that the obligatorily dimeric SecA 
created via two disulfide crosslinks between the rigid scaffold domains is active in protein 
translocation (77). Second, in contrast to two initial reports (137), monomeric variants of 
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SecA have been shown to be inactive in protein translocation (78, 152). Taken together, 
these results strongly suggest that SecA not only binds to SecYEG as a dimer, but also 
that it mediates post-translational protein translocation as a dimer (see also Chapter 1). 
In order to understand how the conformational dynamics of SecA are transmitted to 
SecYEG, it is essential to know the exact location of the intermolecular interaction sites. 
Our initial attempts to locate SecA interaction sites on SecY by cysteine-directed 
crosslinking was not succesfull. Since genetic studies suggested that the highly conserved 
fifth cytoplasmic domain (C5) of SecY is involved in SecA binding (118) we decided to 
direct our cysteine-directed crosslinking approach on this domain. A small stretch of 
amino acids around the universally conserved Arg357 in C5 was shown to interact with 
SecA (Chapter 6), explaining the high sensitivity of this region for mutagenesis. Since 
other regions of SecYEG are expected to interact with SecA as well, we employed a 
more systematic approach to identify additional interaction sites. With the SPOT-
technology, synthetic peptides are covalently attached to a cellulose membrane, which 
can subsequently be treated as a Western blot membrane to identify proteins that interact 
with the peptides. To this end, we synthesized SecY, SecE and SecG in fragments of 15 
amino acids, with an overlap of 14 amino acids between neighbouring peptides. Upon 
incubation of this so-called "peptide scan" with SecA, we identified a single stretch of 8 
peptides of SecY that showed strong SecA binding (Chapter 6). Surprisingly, these 
peptides do not correspond to the C5 region, but to the cytoplasmic end of TMS4 of 
SecY, a region that is partially buried in the crystal structure of the SecYEG homolog 
from Methanococcus jannaschii (189). In order to reveal which residue within this stretch is 
important for the SecA interaction, we mutated every amino acid from one of the SecA 
binding peptides to all 19 other amino acids, and analyzed the mutant peptides for SecA 
binding. Mutagenesis of Glu176 in particular, located at the interface between the 
membrane region and the cytoplasm, interferes with SecA binding to the peptide. In 
agreement with previous studies (121, 181), this residue is important for protein 
translocation, illustrating the strength of the SPOT technology for identification of 
functionally important residues in multisubunit enzyme complexes. A more detailed 
analysis of the Glu176 and Arg357 mutants of SecY revealed that they are not defective in 
SecA binding, but in a nucleotide-dependent SecA conformational change (referred to as 
membrane insertion) that is induced upon initial SecYEG binding (55). These results 
suggest that C5 is important for transition of SecA from the SecYEG-bound state to the 
activated state, and that SecA directly interacts with the cytoplasmic end of TMS4.  
Importantly, these results support a simple mechanistic model that couples the SecA 
conformational change to the opening of the SecYEG channel. The core of a single 
SecYEG protomer consists of two similarly folded SecY domains, representing roughly 
the amino- and carboxy-terminal halves of SecY. The opening mechanism has been 
proposed to involve separation of these two domains (189). When activated by 
nucleotide binding, SecA could induce this separation by interacting simultaneously with 
TMS4 in the amino-terminal half and C5 in the carboxy-terminal domain of SecY (Figure 
2) which would exert an outward directed force on the two SecY domains. Additional 
biochemical and structural studies will be required to resolve how these conformational 
changes can take place in an oligomeric assembly of SecYEG.  
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Figure 2. 
Proposed mechanism of translocon opening 
induced by SecA. The structure of a single 
protomer of the SecYEG homolog from 
Methanococcus jannaschii is depicted (189), with 
domains corresponding to the amino-terminal half 
of SecY and SecG in dark grey, those 
corresponding to the carboxy-terminal half of SecY 
and SecE in light grey, and residues corresponding 
to Glu176 and Arg357 from E. coli SecY in contrasting 
grey levels. Open arrows represent the outward 
directed forces exerted on each domain of SecY, 
the curved arrow represents the proposed 
separation of the two domains on the "front" side 
of the protomer, the hinge region is located at the 
"back" side. See text for details.  
(A full colour version of this figure can be found on 
page 119) 
 

 
Taken together, the results presented in this thesis shed more light on the structure, 
dynamics and evolution of the bacterial Sec machinery. Many major questions remain 
unresolved, while new questions emerged during the study. We are just beginning to 
understand the mechanism of protein translocation on a molecular level, and a 
combination of biochemical, biophysical and structural approaches will be required to 
further unravel this intriguing process. In the near future, these studies should continue 
to focus on the structural dynamics of the SecA-SecYEG complex, with emphasis on the 
arrangement of SecYEG protomers within an oligomeric assembly. In addition, the roles 
of YidC and SecDFYajC will require more detailed investigation.  
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Chapter 8 
 
Nederlandse samenvatting 
 
Alle biologische cellen worden omgeven door een dun laagje vetmoleculen, dat de 
"celmembraan" genoemd wordt (Figuur 1A). Deze celmembraan heeft verschillende 
functies: het selectief doorlaten van onder andere voedings- en afvalstoffen, het 
voorkomen dat waardevolle moleculen verloren gaan en het omzetten van energie. Deze 
functies worden echter niet uitgeoefend door de kleine en relatief simpele vetmoleculen 
zelf, maar door veel grotere en complexere moleculen die zich daartussen bevinden: 
"eiwitten" (zie Box 1).  
 

 

 

Box 1:  
Wat is dat nou eigenlijk, een "eiwit"?  
En wat heeft DNA er mee te maken?  
Eiwit, of proteïne, is een verzamelnaam 
voor een klasse van moleculen die 
verantwoordelijk is voor vrijwel alle 
biologische processen. Hoewel de naam 
afkomstig is van het witte gedeelte van een 
ei, hebben eiwitten in het algemeen niets 
met dit vogelproduct te maken. Het eier-
eiwitmolecuul "ovalbumine" was toevallig 
één van de eerste goed bestudeerde leden 
van deze klasse. De bekendste eiwitten uit 
het dagelijks leven zijn de "enzymen" in 
onder andere wasmiddelen, en "insuline" 
dat gebruikt wordt door diabetici. 

Figuur B1.  
Het centrale dogma van de biologie, waarop alle 
levensvormen op aarde gebaseerd zijn. 

Eiwitmoleculen zijn zo divers in grootte en eigenschappen, dat ze eigenlijk moeilijk met 
elkaar te vergelijken zijn. Het enige dat ze onderling gemeenschappelijk hebben, is dat ze 
opgebouwd zijn uit dezelfde twintig "aminozuren" die aan elkaar gekoppeld worden tot 
een lange sliert (zie ook Figuur 2). Alleen wanneer zo'n aminozuursliert op een specifieke 
manier in drie dimensies opgevouwen is, kan een eiwit zijn biologische taak uitvoeren.  
De recepten voor de lengte en de aminozuurvolgorde van alle eiwitten bevinden zich in 
het erfelijk materiaal van een cel, in eenheden die we "genen" noemen. Alle genen van 
een organisme samen noemen we een "genoom" en elk genoom bestaat uit één of 
meerdere "chromosomen". Een chromosoom, en dus ook een gen, bestaat uit twee 
DNA-moleculen die spiraalsgewijs om elkaar heen draaien (Figuur B1).  
Wanneer een bepaald eiwit moet worden aangemaakt, wordt er eerst een kopie van het 
betreffende gen gemaakt in de vorm van een RNA-molecuul. Chemisch gezien lijkt RNA 
veel op DNA en in beide moleculen ligt het benodigde eiwit-recept opgeslagen via een 
vierletterig alfabet. Dat alfabet is een soort geheimschrift voor het twintigletterige eiwit-
alfabet. De kern van de ontcijfering ervan (de genetische code) is dat drie opeenvolgende 
"letters" in RNA een code vormen voor één "letter" van een eiwit: een aminozuur. Het 
"DNA→RNA→eiwit" principe (Figuur B1) vormt het fundament waarop alle 
levensvormen op aarde zijn gebaseerd en wordt daarom het "centrale dogma" van de 
biologie genoemd. 
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We kunnen twee grote klassen van eiwitten onderscheiden: membraaneiwitten en 
oplosbare eiwitten. Membraaneiwitten zijn opgebouwd uit relatief veel waterafstotende 
aminozuren en deze eiwitten bevinden zich dan ook altijd in de vettige omgeving van een 
membraan. Oplosbare eiwitten daarentegen bevatten veel minder waterafstotende 
aminozuren, waardoor ze alleen goed kunnen gedijen in een waterige omgeving. Dit kan 
zowel binnen als buiten de cel zijn, maar niet in een membraan.  
De cellen van bacteriën, de meest primitieve organismen op aarde, zijn simpel van 
opbouw. Ze bestaan enkel uit een grote waterige massa, het "cytoplasma", die omgeven 
wordt door de celmembraan en eventueel nog een tweede membraan, de 
buitenmembraan, die voor extra bescherming zorgt (Figuur 1A). De cellen van de meeste 
andere organismen zijn veel complexer, door de aanwezigheid van verschillende 
intracellulaire compartimenten. Deze zogenaamde "organellen" voeren specifieke taken 
uit en worden ook omgeven door één of meerdere membranen. De bekendste organellen 
zijn het mitochondrion, het endoplasmatisch reticulum (ER), de chloroplast en de kern. 
Aan dat laatste organel (kern = καριον in het grieks) dankt deze klasse van organismen 
haar naam: de eukaryoten. Hiertoe behoren de bekendste levensvormen: mensen, dieren, 
planten en schimmels.  
Zoals vrijwel alle biologische processen worden ook de processen binnen organellen 
uitgevoerd door eiwitten. Een logistiek probleem ontstaat echter doordat het gros van de 
eiwitten wordt aangemaakt in het cytoplasma. Dit probleem wordt opgelost door de 
aanwezigheid van diverse eiwit transportsystemen in de membranen van organellen, die 
alleen eiwitten kunnen transporteren die de betreffende membraan moeten passeren. De 
herkenning vindt plaats door zogenaamde "signaal-sequenties", korte staartjes van 20-40 
aminozuren die zich meestal aan het begin van een te transporteren eiwit bevinden.  
In de natuur komen veel verschillende eiwit transportsystemen voor, maar er is slechts 
één systeem dat in alle levensvormen voorkomt: het Sec-systeem (Figuur 1A). Dit 
systeem is aanwezig in de celmembraan van bacteriën en de minder bekende eencellige 
archaea, in de ER-membraan van alle eukaryoten en in de chloroplastmembraan van 
eukaryoten die fotosynthese kunnen uitvoeren: planten en algen. Wat daarnaast uniek is 
aan het Sec-systeem, is dat het eiwitten naar twee verschillende bestemmingen kan 
transporteren: ofwel naar de waterige omgeving aan de andere kant van de membraan, of 
naar de vettige omgeving van de membraan zelf (stippellijn in Figuur 1A). Kortom, het 
zorgt ervoor dat zowel oplosbare als membraaneiwitten op de juiste bestemming komen. 
Om deze en andere redenen krijgt het Sec-systeem veel aandacht van wetenschappers die 
trachten te achterhalen hoe het precies werkt. De meeste onderzoekers bestuderen het 
Sec-systeem van bacteriën, omdat deze organismen eenvoudig te kweken zijn in het 
laboratorium en omdat bacteriën vaak genetisch gemodificeerd kunnen worden. Eén 
bacteriesoort in het bijzonder wordt door veel biologen als modelorganisme gebruikt: 
Escherichia coli, voor het eerst rond 1885 door dr. Escherich geïsoleerd uit een 
darmpreparaat. Het Sec-systeem van E. coli is daardoor op dit moment het best 
gekarakteriseerde, en tevens het object van het onderzoek dat wij hebben beschreven in 
dit proefschrift.  
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Figuur 1.  
(A) Artistieke weergave van een doorsnede van een E. coli cel. (Gemaakt door dr. David S. Goodsell, The 
Scripps Research Institute). De celmembraan en de buitenmembraan zijn aangegeven en de 
alomtegenwoordige eiwitten zijn duidelijk zichtbaar. In de uitvergroting wordt schematisch weergegeven 
hoe de basis onderdelen van het Sec-systeem er uit zien. De gestippelde pijl geeft aan hoe 
membraaneiwitten het SecYEG kanaal zijdelings kunnen verlaten. (B) Schematisch overzicht van de 
evolutie die het bacteriële Sec-systeem heeft ondergaan. De compositie van het E. coli Sec-systeem komt 
overeen met de laatste en meest gecompliceerde van de vier.  
 
Door ongeveer 25 jaar wereldwijd genetisch, biochemisch en biofysisch onderzoek naar 
het E. coli Sec-systeem, weten we al in grote lijnen hoe het functioneert. We weten hoe 
het gereguleerd wordt, uit welke eiwitten het bestaat en wat de specifieke functie van de 
meeste individuele eiwitten is. Wat vaak echter vergeten wordt, is dat in andere bacteriën 
lang niet alle processen hetzelfde verlopen als in E. coli. Door de opkomst van 
goedkopere en snellere methoden om het genoom (zie Box) van organismen in kaart te 
brengen, met als bekend hoogtepunt het humane genoom, leren we steeds meer over het 
DNA en dus ook over de eiwitten van vele bacteriesoorten. Wat ons opviel, is dat een 
aantal goed bestudeerde onderdelen van het E. coli Sec-systeem bij veel andere soorten 
ontbreekt. Dat is opmerkelijk, omdat het Sec-systeem van cruciaal belang is voor de 
levensvatbaarheid van elk organisme en er tussen verschillende soorten doorgaans niet 
veel variatie zit in zulke essentiële systemen. Om na te gaan in hoeverre het Sec-systeem 
van E. coli uniek is, hebben we de aanwezigheid van drie extra E. coli Sec-onderdelen in 
kaart gebracht, door alle bekende bacteriële genomen te doorzoeken op hun 
aanwezigheid. De resultaten hiervan zijn beschreven in Hoofdstuk 2. Het blijkt dat naast 
een vaste set basisonderdelen waar elke bacterie over beschikt (SecA, SecE, SecG en 
SecY), de drie extra onderdelen van E. coli (SecB, een uitbreiding van SecE (zie Figuur 2) 
en SecM) ook voorkomen in aan E. coli verwante soorten, maar alleen in specifieke 
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combinaties. Het interessante is dat we kunnen herleiden hoe het Sec-systeem zich in de 
loop van de evolutie ontwikkeld heeft, door deze combinaties te relateren aan de 
evolutionaire verwantschappen tussen de soorten. E. coli behoort tot een familie die zich 
als laatste heeft afgetakt van de bacteriële stamboom, en met behulp van deze stamboom 
kunnen we als het ware terugkijken in de tijd. Zo zien we dat SecB als eerste aan het basis 
Sec-systeem werd toegevoegd; vervolgens werd SecE uitgebreid en uiteindelijk werd 
SecM toegevoegd (Figuur 1B). Uit biochemische studies weten we dat elk van deze drie 
onderdelen het eiwit transportproces verbetert en dus geeft deze analyse een gedetailleerd 
beeld van hoe een moleculair systeem zich kan ontwikkelen door afzonderlijke 
onderdelen toe te voegen of te veranderen. Dit is het eerste voorbeeld van een 
evolutionaire analyse van een bacterieel eiwitsysteem en in principe kun je deze methode 
toepassen op andere relatief "jonge" modelsystemen die goed bestudeerd zijn in E. coli.  
In de overige hoofdstukken van dit proefschrift beschrijven we experimenten waarmee 
getracht is meer inzicht te verkrijgen in de samenwerking tussen de individuele 
componenten van het Sec-systeem tijdens het transport van eiwitten. Bij deze studies ligt 
de nadruk op de twee belangrijkste onderdelen van het basis Sec-systeem: SecA en 
SecYEG. Hoewel SecYEG bestaat uit drie afzonderlijke eiwitten (SecY, SecE en SecG, 
zie Figuur 2), kunnen we ze samen als één complex beschouwen, omdat ze vrijwel altijd 
bij elkaar blijven. SecYEG is een membraaneiwit complex, en vormt het kanaal in de 
celmembraan waar de getransporteerde eiwitten in ongevouwen toestand doorheen gaan. 
SecA is een zogenaamd "motoreiwit", dat chemische energie in de vorm van ATP 
(adenosinetrifosfaat, het meest gebruikte biologische brandstofmolecuul) kan omzetten 
in beweging. Doordat deze motor alleen werkt wanneer SecA aan de cytoplasmatische 
kant van SecYEG vastzit, duwt de SecA motor de eiwitten als het ware door het 
SecYEG kanaal heen. Om op een moleculair niveau te begrijpen hoe deze dynamische 
machine werkt, is een aantal vragen van groot belang:  
-Wat is de driedimensionale structuur van de Sec eiwitten?  
-Hoeveel kopieën van elk Sec eiwit zitten er eigenlijk in een functioneel complex?  
-Hoe bewegen de Sec eiwitten ten opzichte van elkaar? 
Een van de technieken die we veel gebruikt hebben om deze en andere vragen te 
beantwoorden is "cysteïne-crosslinking". Crosslinking is een verzamelnaam voor 
verschillende methodes waarbij twee afzonderlijke eiwitketens aan elkaar gekoppeld 
worden. Cysteïne is één van de twintig aminozuren waaruit eiwitten zijn opgebouwd en 
bij cysteïne-crosslinking vindt de koppeling tussen twee eiwitten plaats via één of twee 
cysteïnes. We hebben in een SecYEG complex zonder natuurlijke cysteïnes telkens één 
van de 443 aminozuren van SecY vervangen door cysteïne (Figuur 2), waardoor we 
precies wisten waar een eventuele koppeling tussen SecY en een ander eiwit zou 
optreden. Voor de keuze van de posities hebben we gebruik gemaakt van de 
domeinstructuur van SecY, die blijkt uit de verdeling van waterafstotende aminozuren. 
De aminozuursliert van het SecY eiwit begint in het cytoplasma, gaat vervolgens tien keer 
dwars door de celmembraan heen en terug via "transmembraan-domeinen" die bestaan 
uit waterafstotende aminozuren en eindigt uiteindelijk weer in het cytoplasma (Figuur 2). 
In totaal hebben we 21 cysteïnes geïntroduceerd in de zes cytoplasmatische domeinen 
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van SecY en met deze mutanten hebben we diverse crosslinking experimenten 
uitgevoerd. In deze experimenten hebben we SecY kunnen koppelen aan SecG 
(Hoofdstuk 3), SecE en SecA (Hoofdstuk 6), hetgeen veel informatie heeft opgeleverd 
over de drie dimensionale structuur van het Sec-systeem. Tevens hebben we kunnen 
aantonen dat er in een normaal functionerend Sec-systeem twee SecY moleculen vlak bij 
elkaar liggen (Hoofdstuk 3), en dat de motorfunctie geleverd wordt door twee SecA 
moleculen die samen vastzitten aan SecYEG (Hoofdstuk 5). Deze resultaten tonen in 
combinatie met die van andere studies aan dat een functioneel Sec-systeem in elk geval 
twee kopieën van zowel SecA als het SecYEG-complex bevat. Er zijn aanwijzingen dat er 
zelfs drie of vier SecYEG complexen nodig zijn voor een functioneel systeem, maar dat 
is met cysteïne-crosslinking experimenten lastig te onderzoeken, omdat er per cysteïne 
slechts twee eiwitten aan elkaar gekoppeld kunnen worden. 
Over het kleinste eiwit van het Sec-systeem, SecG, doet al jaren een controversiële 
theorie de ronde. Op basis van indirecte experimenten is in 1996 gepostuleerd dat SecG 
zich volledig omkeert in de membraan tijdens het transport van eiwitten door het 
SecYEG kanaal. Dat wil zeggen dat zijn cytoplasmatische gedeelte door de membraan 
heen gaat naar de extracytoplasmatische kant en andersom. Dit is nog voor geen enkel 
ander eiwit aangetoond en bovendien zou dit op basis van energetische berekeningen een 
zeer kostbaar proces zijn. Om deze theorie kritisch te testen, hebben we gebruik gemaakt 
van één van de SecY-SecG koppelingen uit hoofdstuk 3, die door middel van twee 
cysteïnes gecreëerd kan worden. Onze redenering was als volgt: "Als het omkeren van 
SecG inderdaad van belang is voor eiwittransport, dan is een SecYEG complex waarin 
SecG zich niet kan omkeren niet functioneel." In Hoofdstuk 4 hebben we aangetoond 
dat ook wanneer SecG gekoppeld is aan SecY, het Sec-systeem nog steeds eiwitten kan 
transporteren. Op basis hiervan en van andere met de theorie strijdige resultaten, die in 
zowel ons laboratorium als dat van een Japanse groep zijn behaald, hebben we de 
controversiële theorie kunnen ontkrachten.  
 

Figuur 2.  
Vereenvoudigd overzicht van de structuur van 
SecYEG. In het eerste paneel worden de 
waterafstotende regios van de drie eiwitten SecY, 
SecE en SecG weergegeven door dikke lijnen, de 
SecE-uitbreiding is gestippeld, en de nieuw 
ontdekte SecA bindingsplaats wordt weergegeven 
door een wit blokje. In de eerste uitvergroting 
wordt een aantal aminozuren van SecY afgebeeld 
als rondjes, met daarin hun overeenkomstige 
eenletterige afkorting. In de tweede uitvergroting is 
de atomaire structuur weergegeven van de drie 
aminozuren lysine (K), cysteïne (C) en isoleucine 
(I). Cysteïne is in beide uitvergrotingen donkerder 
gekleurd, de bolletjes in de tweede uitvergroting 
komen overeen met individuele atomen. 
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Hoewel uit het bovenstaande blijkt dat cysteïne crosslinking een handige techniek is om 
de samenwerking tussen de Sec eiwitten te bestuderen, heeft  het ook beperkingen. Het 
maken van één cysteïne mutant kost aardig wat werk en het is daardoor tijdrovend om 
elk aminozuur van een eiwit te vervangen door een cysteïne. Om de interactie tussen 
SecYEG en SecA op een andere, meer systematische manier te onderzoeken, hebben we 
gekozen voor "peptide-scanning." Bij deze techniek worden talloze zeer korte eiwitten 
(peptiden) gemaakt, waarvan de aminozuurvolgorde overeenkomt met elk mogelijk 
fragment van een te bestuderen eiwit; in ons geval de drie eiwitten SecY, SecE en SecG. 
De aanname hierbij is dat de peptiden dezelfde structuur hebben als de overeenkomstige 
fragmenten in het intacte SecYEG complex. Door te bepalen aan welke van de 680 
peptiden SecA zich kan binden, hebben we een tot dan toe onbekende SecA 
bindingsplaats geïdentificeerd in SecY (wit blokje in Figuur 2, Hoofdstuk 6). Met een 
gedetailleerde analyse van deze bindingsplaats hebben we vervolgens kunnen aantonen 
dat één aminozuur in het bijzonder (glutamaat op positie 176) van groot belang is voor 
het binden van SecA. Wanneer dit aminozuur wordt veranderd in het intacte SecYEG 
complex, dan vermindert zoals verwacht de eiwittransport capaciteit van het Sec-systeem. 
Deze studie heeft meer inzicht opgeleverd in het moleculaire mechanisme van 
eiwittransport. Daarnaast blijkt hieruit niet alleen de kracht van de peptide-scan methode, 
maar ook dat het van groot belang is om rationele methodes zoals cysteïne-crosslinking 
te combineren met meer systematische methodes.  
In zijn totaliteit heeft het werk dat wij hebben beschreven in dit proefschrift dus op 
verschillende niveaus kennis opgeleverd over het E. coli Sec-systeem: over de structuur, 
de dynamiek en de evolutionaire geschiedenis. Maar helaas zal het nog jaren van 
onderzoek vergen voordat we tot in detail begrijpen hoe het systeem precies werkt. Om 
een indruk te krijgen van de hoeveelheid werk die er nog te doen is voor moleculair 
biologen in het algemeen, is het interessant om te vermelden dat er zelfs voor E. coli, een 
van de simpelste en best bestudeerde organismen, nog geen enkele experimentele 
informatie beschikbaar is over de helft van zijn 4284 eiwitten. Het onderzoek naar 
humane eiwitten staat verhoudingsgewijs zelfs nog in de peuterschoenen, en het humane 
genoom is maar liefst 600 keer groter dan dat van E. coli. Kortom, er valt nog meer dan 
genoeg te onderzoeken, en we kunnen de komende decennia nog veel interessante 
ontdekkingen verwachten vanuit de diverse takken van de moleculaire biologie. 
 
Acknowledgement 
Rogier Goetze wordt bedankt voor vele discussies en het kritisch lezen van deze 
samenvatting.   

 



 

 93

Dankwoord 
 
Promoveren doe je niet alleen. De oplettende lezer heeft waarschijnlijk al gezien dat er 
aardig wat mensen aan dit proefschrift hebben meegewerkt. Twee daarvan wil ik hier 
nogmaals noemen: Nico en Arnold. Ik ben zeer dankbaar voor alles wat jullie me 
bijgebracht hebben, niet alleen over wetenschap, maar ook over alles eromheen.  
Er zijn veel mensen die echter niet genoemd worden in dit boekje, hoewel ook zij er 
direct of indirect een grote bijdrage aan hebben geleverd. Bijvoorbeeld door me te helpen 
in het lab, of simpelweg door een goede vriend, vriendin, familielid of mijn Ana te zijn. 
Ook jullie allemaal ben ik veel dank verschuldigd.  
 
   

 

 



 

 94 
 

 
 
 
 
 



 

 95

List of publications 
 
Matadeen, R., P. Sergiev, A. Leonov, T. Pape, E. O. van der Sluis, F. Mueller, M. 
Osswald, K. von Knoblauch, R. Brimacombe, A. Bogdanov, M. van Heel, and O. 
Dontsova. 2001. Direct localization by cryo-electron microscopy of secondary structural 
elements in Escherichia coli 23 S rRNA which differ from the corresponding regions in 
Haloarcula marismortui. J.Mol.Biol. 307:1341-1349. 
 
Van der Sluis, E. O., N. Nouwen, and A. J. M. Driessen. 2002. SecY-SecY and 
SecY-SecG contacts revealed by site-specific crosslinking. FEBS Lett. 527:159. 
 
De Keyzer, J., E. O. van der Sluis, R. E. Spelbrink, N. Nijstad, B. de Kruijff, N. 
Nouwen, C. van der Does, and A. J. M. Driessen. 2005. Covalently dimerized SecA is 
functional in protein translocation. J.Biol.Chem. 280:35255-35260. 
 
Van der Sluis, E. O., E. van der Vries, G. Berrelkamp, N. Nouwen, and A. J. M. 
Driessen. 2006. Topologically fixed SecG is fully functional. J.Bacteriol. 188:1188-1190. 
 
Van der Sluis, E. O. and A. J. M. Driessen. 2006. Stepwise evolution of the Sec 
machinery in Proteobacteria. Trends Microbiol. 14:105-108. 
 
Van der Sluis, E. O., N. Nouwen, and A. J. M. Driessen. 2006. Sec protein 
conducting channel and SecA. The Enzymes 25, (in press) 
 
Van der Sluis, E.O., N. Nouwen, J. Koch, J. de Keyzer, C. van der Does, R. 
Tampé, A. J. M. Driessen. 2006. Identification of two interaction sites in SecY that are 
important for the functional interaction with SecA. J.Mol.Biol. (in press)  
 



 

 96 
 

 
 
 
 



References 

 97

References 
 

 1.  Akita, M., A. Shinaki, S. Matsuyama, and S. Mizushima. 1991. SecA, an essential component 
of the secretory machinery of Escherichia coli, exists as homodimer. Biochem.Biophys.Res.Commun. 
174:211-216. 

 2.  Baars, L., A. J. Ytterberg, D. Drew, S. Wagner, C. Thilo, K. J. van Wijk, and J. W. de Gier. 
2005. Defining the role of the E. coli chaperone SecB using comparative proteomics. J.Biol.Chem. 
281:10024-10034. 

 3.  Baba, T., T. Taura, T. Shimoike, Y. Akiyama, T. Yoshihisa, and K. Ito. 1994. A cytoplasmic 
domain is important for the formation of a SecY-SecE translocator complex. 
Proc.Natl.Acad.Sci.U.S.A. 91:4539-4543. 

 4.  Baud, C., S. Karamanou, G. Sianidis, E. Vrontou, A. S. Politou, and A. Economou. 2002. 
Allosteric communication between signal peptides and the SecA protein DEAD motor ATPase 
domain. J.Biol.Chem. 277:13724-13731. 

 5.  Beckmann, R., D. Bubeck, R. Grassucci, P. Penczek, A. Verschoor, G. Blobel, and J. Frank. 
1997. Alignment of conduits for the nascent polypeptide chain in the ribosome-Sec61 complex. 
Science 278:2123-2126. 

 6.  Beckmann, R., C. M. Spahn, N. Eswar, J. Helmers, P. A. Penczek, A. Sali, J. Frank, and G. 
Blobel. 2001. Architecture of the protein-conducting channel associated with the translating 80S 
ribosome. Cell 107:361-372. 

 7.  Benach, J., Y. T. Chou, J. J. Fak, A. Itkin, D. D. Nicolae, P. C. Smith, G. Wittrock, D. L. 
Floyd, C. M. Golsaz, L. M. Gierasch, and J. F. Hunt. 2003. Phospholipid-induced 
monomerization and signal-peptide-induced oligomerization of SecA. J.Biol.Chem. 278:3628-3638. 

 8.  Bensing, B. A., B. W. Gibson, and P. M. Sullam. 2004. The Streptococcus gordonii platelet binding 
protein GspB undergoes glycosylation independently of export. J.Bacteriol. 186:638-645. 

 9.  Bensing, B. A. and P. M. Sullam . 2002. An accessory sec locus of Streptococcus gordonii is required 
for export of the surface protein GspB and for normal levels of binding to human platelets. 
Mol.Microbiol. 44:1081-1094. 

 10.  Bensing, B. A., D. Takamatsu, and P. M. Sullam. 2005. Determinants of the streptococcal 
surface glycoprotein GspB that facilitate export by the accessory Sec system. Mol.Microbiol. 
58:1468-1481. 

 11.  Bessonneau, P., V. Besson, I. Collinson, and F. Duong. 2002. The SecYEG preprotein 
translocation channel is a conformationally dynamic and dimeric structure. EMBO J. 21:995-1003. 

 12.  Beswick, V., F. Baleux, T. Huynh-Dinh, F. Kepes, J. M. Neumann, and A. Sanson. 1996. 
NMR conformational study of the cytoplasmic domain of the canine Sec61γ protein from the 
protein translocation pore of the endoplasmic reticulum membrane. Biochemistry 35:14717-14724. 

 13.  Bost, S. and D. Belin. 1995. A new genetic selection identifies essential residues in SecG, a 
component of the Escherichia coli protein export machinery. EMBO J. 14:4412-4421. 

 14.  Bostina, M., B. Mohsin, W. Kuhlbrandt, and I. Collinson. 2005. Atomic model of the E. coli 
membrane-bound protein translocation complex SecYEG. J.Mol.Biol. 352:1035-1043. 

 15.  Braunstein, M., A. M. Brown, S. Kurtz, and W. R. Jacobs, Jr. 2001. Two nonredundant SecA 
homologues function in Mycobacteria. J.Bacteriol. 183:6979-6990. 

 16.  Braunstein, M., B. J. Espinosa, J. Chan, J. T. Belisle, and R. Jacobs. 2003. SecA2 functions in 
the secretion of superoxide dismutase A and in the virulence of Mycobacterium tuberculosis. 
Mol.Microbiol. 48:453-464. 



References 

 98 
 

 17.  Breukink, E., N. Nouwen, A. van Raalte, S. Mizushima, J. Tommassen, and B. de Kruijff. 
1995. The C terminus of SecA is involved in both lipid binding and SecB binding. J.Biol.Chem. 
270:7902-7907. 

 18.  Breyton, C., W. Haase, T. A. Rapoport, W. Kuhlbrandt, and I. Collinson. 2002. Three-
dimensional structure of the bacterial protein-translocation complex SecYEG. Nature 418:662-665. 

 19.  Brodsky, J. L., J. Goeckeler, and R. Schekman. 1995. BiP and Sec63p are required for both co- 
and posttranslational protein translocation into the yeast endoplasmic reticulum. 
Proc.Natl.Acad.Sci.U.S.A. 92:9643-9646. 

 20.  Brundage, L., C. J. Fimmel, S. Mizushima, and W. Wickner. 1992. SecY, SecE, and band 1 
form the membrane-embedded domain of Escherichia coli preprotein translocase. J.Biol.Chem. 
267:4166-4170. 

 21.  Bu, Z., L. Wang, and D. A. Kendall. 2003. Nucleotide binding induces changes in the oligomeric 
state and conformation of SecA in a lipid environment: A small-angle neutron-scattering study. 
J.Mol.Biol. 332:23-30. 

 22.  Cabelli, R. J., L. Chen, P. C. Tai, and D. B. Oliver. 1988. SecA protein is required for secretory 
protein translocation into E. coli membrane vesicles. Cell 55:683-692. 

 23.  Cannon, K. S., E. Or, W. M. Clemons, Jr., Y. Shibata, and T. A. Rapoport. 2005. Disulfide 
bridge formation between SecY and a translocating polypeptide localizes the translocation pore to 
the center of SecY. J.Cell Biol. 169:219-225. 

 24.  Cao, T. B. and M. H. Saier. 2003. The general protein secretory pathway: phylogenetic analyses 
leading to evolutionary conclusions. Biochim.Biophys.Acta 1609:115-125. 

 25.  Chen, Q., H. Wu, and P. M. Fives-Taylor. 2004. Investigating the role of SecA2 in secretion and 
glycosylation of a fimbrial adhesin in Streptococcus parasanguis FW213. Mol.Microbiol. 53:843-856. 

 26.  Chen, X., H. Xu, and P. C. Tai . 1996. A significant fraction of functional SecA is permanently 
embedded in the membrane. SecA cycling on and off the membrane is not essential during protein 
translocation. J.Biol.Chem. 271:29698-29706. 

 27.  Cheng, Z., Y. Jiang, E. C. Mandon, and R. Gilmore. 2005. Identification of cytoplasmic 
residues of Sec61p involved in ribosome binding and cotranslational translocation. J.Cell Biol. 
168:67-77. 

 28.  Chiba, K., H. Mori, and K. Ito . 2002. Roles of the C-terminal end of SecY in protein 
translocation and viability of Escherichia coli. J.Bacteriol. 184:2243-2250. 

 29.  Chou, Y. T. and L. M. Gierasch . 2005. The conformation of a signal peptide bound by Escherichia 
coli preprotein translocase SecA. J.Biol.Chem. 280:32753-32760. 

 30.  Chou, Y. T., J. F. Swain, and L. M. Gierasch. 2002. Functionally significant mobile regions of 
Escherichia coli SecA ATPase identified by NMR. J.Biol.Chem. 277:50985-50990. 

 31.  Collier, D. N., V. A. Bankaitis, J. B. Weiss, and P. J. Bassford, Jr. 1988. The antifolding activity 
of SecB promotes the export of the E. coli maltose-binding protein. Cell 53:273-283. 

 32.  Collinson, I., C. Breyton, F. Duong, C. Tziatzios, D. Schubert, E. Or, T. Rapoport, and W. 
Kuhlbrandt. 2001. Projection structure and oligomeric properties of a bacterial core protein 
translocase. EMBO J. 20:2462-2471. 

 33.  Crooke, E., B. Guthrie, S. Lecker, R. Lill, and W. Wickner. 1988. ProOmpA is stabilized for 
membrane translocation by either purified E. coli trigger factor or canine signal recognition particle. 
Cell 54:1003-1011. 



References 

 99

 34.  Dapic, V. and D. Oliver. 2000. Distinct membrane binding properties of N- and C-terminal 
domains of Escherichia coli SecA ATPase. J.Biol.Chem. 275:25000-25007. 

 35.  De Keyzer, J., C. van der Does, and A. J. M. Driessen. 2002. Kinetic analysis of the 
translocation of fluorescent precursor proteins into Escherichia coli membrane vesicles. J.Biol.Chem. 
277:46059-46065. 

 36.  De Keyzer, J., C. van der Does, and A. J. M. Driessen. 2003. The bacterial translocase: a 
dynamic protein channel complex. Cell Mol.Life Sci. 60:2034-2052. 

 37.  De Keyzer, J., C. van der Does, T. G. Kloosterman, and A. J. M. Driessen. 2003. Direct 
demonstration of ATP-dependent release of SecA from a translocating preprotein by Surface 
Plasmon Resonance. J.Biol.Chem. 278:29581-29586. 

 38.  De Keyzer, J., C. van der Does, J. Swaving, and A. J. M. Driessen. 2002. The F286Y mutation 
of PrlA4 tempers the signal sequence suppressor phenotype by reducing the SecA binding affinity. 
FEBS Lett. 510:17-21. 

 39.  De Keyzer, J., E. O. van der Sluis, R. E. Spelbrink, N. Nijstad, B. de Kruijff, N. Nouwen, C. 
van der Does, and A. J. M. Driessen. 2005. Covalently dimerized SecA is functional in protein 
translocation. J.Biol.Chem. 280:35255-35260. 

 40.  Dekker, C., B. de Kruijff, and P. Gros. 2003. Crystal structure of SecB from Escherichia coli. 
J.Struct.Biol. 144:313-319. 

 41.  Delepelaire, P. and C. Wandersman. 1998. The SecB chaperone is involved in the secretion of 
the Serratia marcescens HasA protein through an ABC transporter. EMBO J. 17:936-944. 

 42.  Delsuc, F., H. Brinkmann, and H. Philippe. 2005. Phylogenomics and the reconstruction of the 
tree of life. Nat.Rev.Genet. 6:361-375. 

 43.  Dempsey, B. R., A. Economou, S. D. Dunn, and B. H. Shilton. 2002. The ATPase domain of 
SecA can form a tetramer in solution. J.Mol.Biol. 315:831-843. 

 44.  Dempsey, B. R., M. Wrona, J. M. Moulin, G. B. Gloor, F. Jalilehvand, G. Lajoie, G. S. Shaw, 
and B. H. Shilton. 2004. Solution NMR structure and X-ray absorption analysis of the C-terminal 
zinc-binding domain of the SecA ATPase. Biochemistry. 43 :9361-9371. 

 45.  Den Blaauwen, T., P. Fekkes, J. G. de Wit, W. Kuiper, and A. J. M. Driessen. 1996. Domain 
interactions of the peripheral preprotein translocase subunit SecA. Biochemistry 35:11994-12004. 

 46.  Ding, H., J. F. Hunt, I. Mukerji, and D. Oliver. 2003. Bacillus subtilis SecA ATPase exists as an 
antiparallel dimer in solution. Biochemistry 42:8729-8738. 

 47.  Ding, H., I. Mukerji, and D. Oliver. 2001. Lipid and signal peptide-induced conformational 
changes within the C-domain of Escherichia coli SecA protein. Biochemistry 40:1835-1843. 

 48.  Ding, H., I. Mukerji, and D. Oliver. 2003. Nucleotide and phospholipid-dependent control of 
PPXD and C-domain association for SecA ATPase. Biochemistry 42:13468-13475. 

 49.  Driessen, A. J. M. 1993. SecA, the peripheral subunit of the Escherichia coli precursor protein 
translocase, is functional as a dimer. Biochemistry 32:13190-13197. 

 50.  Driessen, A. J. M., E. H. Manting, and C. van der Does. 2001. The structural basis of protein 
targeting and translocation in bacteria. Nat.Struct.Biol. 8:492-498. 

 51.  Duong, F. 2003. Binding, activation and dissociation of the dimeric SecA ATPase at the dimeric 
SecYEG translocase. EMBO J. 22:4375-4384. 



References 

 100 
 

 52.  Duong, F. and W. Wickner. 1997. Distinct catalytic roles of the SecYE, SecG and SecDFyajC 
subunits of preprotein translocase holoenzyme. EMBO J. 16:2756-2768. 

 53.  Duong, F. and W. Wickner. 1997. The SecDFyajC domain of preprotein translocase controls 
preprotein movement by regulating SecA membrane cycling. EMBO J. 16:4871-4879. 

 54.  Economou, A., J. A. Pogliano, J. Beckwith, D. B. Oliver, and W. Wickner. 1995. SecA 
membrane cycling at SecYEG is driven by distinct ATP binding and hydrolysis events and is 
regulated by SecD and SecF. Cell 83:1171-1181. 

 55.  Economou, A. and W. Wickner. 1994. SecA promotes preprotein translocation by undergoing 
ATP-driven cycles of membrane insertion and deinsertion. Cell 78:835-843. 

 56.  Eichler, J., K. Rinard, and W. Wickner. 1998. Endogenous SecA catalyzes preprotein 
translocation at SecYEG. J.Biol.Chem. 273:21675-21681. 

 57.  Fekkes, P., J. G. de Wit, A. Boorsma, R. H. Friesen, and A. J. M. Driessen. 1999. Zinc 
stabilizes the SecB binding site of SecA. Biochemistry 38:5111-5116. 

 58.  Fekkes, P., J. G. de Wit, J. P. van der Wolk, H. H. Kimsey, C. A. Kumamoto, and A. J. M. 
Driessen. 1998. Preprotein transfer to the Escherichia coli translocase requires the co-operative 
binding of SecB and the signal sequence to SecA. Mol.Microbiol. 29:1179-1190. 

 59.  Fekkes, P., C. van der Does, and A. J. M. Driessen. 1997. The molecular chaperone SecB is 
released from the carboxy-terminus of SecA during initiation of precursor protein translocation. 
EMBO J. 16:6105-6113. 

 60.  Finke, K., K. Plath, S. Panzner, S. Prehn, T. A. Rapoport, E. Hartmann, and T. Sommer. 
1996. A second trimeric complex containing homologs of the Sec61p complex functions in protein 
transport across the ER membrane of S. cerevisiae. EMBO J. 15:1482-1494. 

 61.  Flower, A. M. 2001. SecG function and phospholipid metabolism in Escherichia coli. J.Bacteriol. 
183:2006-2012. 

 62.  Flower, A. M., L. L. Hines, and P. L. Pfennig. 2000. SecG is an auxiliary component of the 
protein export apparatus of Escherichia coli. Mol.Gen.Genet. 263:131-136. 

 63.  Flower, A. M., R. S. Osborne, and T. J. Silhavy. 1995. The allele-specific synthetic lethality of 
prlA-prlG double mutants predicts interactive domains of SecY and SecE. EMBO J. 14:884-893. 

 64.  Frank, R. and H. Overwin. 1996. SPOT synthesis. Epitope analysis with arrays of synthetic 
peptides prepared on cellulose membranes. Methods Mol.Biol. 66:149-69.:149-169. 

 65.  Friedrich, T. and H. Weiss. 1997. Modular evolution of the respiratory NADH:ubiquinone 
oxidoreductase and the origin of its modules. J.Theor.Biol. 187:529-540. 

 66.  Gabaldon, T., D. Rainey, and M. A. Huynen. 2005. Tracing the evolution of a large protein 
complex in the eukaryotes, NADH:ubiquinone oxidoreductase (Complex I). J.Mol.Biol. 348:857-
870. 

 67.  Gannon, P. M., P. Li, and C. A. Kumamoto. 1989. The mature portion of Escherichia coli maltose-
binding protein (MBP) determines the dependence of MBP on SecB for export. J.Bacteriol. 171:813-
818. 

 68.  Groves, M. R., A. Mant, A. Kuhn, J. Koch, S. Dubel, C. Robinson, and I. Sinning. 2001. 
Functional characterization of recombinant chloroplast signal recognition particle. J.Biol.Chem. 
276:27778-27786. 



References 

 101

 69.  Hanada, M., K. Nishiyama, S. Mizushima, and H. Tokuda. 1994. Reconstitution of an 
efficient protein translocation machinery comprising SecA and the three membrane proteins, SecY, 
SecE, and SecG (p12). J.Biol.Chem. 269:23625-23631. 

 70.  Hanein, D., K. E. Matlack, B. Jungnickel, K. Plath, K. U. Kalies, K. R. Miller, T. A. 
Rapoport, and C. W. Akey . 1996. Oligomeric rings of the Sec61p complex induced by ligands 
required for protein translocation. Cell 87:721-732. 

 71.  Harris, C. R. and T. J. Silhavy. 1999. Mapping an interface of SecY (PrlA) and SecE (PrlG) by 
using synthetic phenotypes and in vivo cross-linking. J.Bacteriol. 181:3438-3444. 

 72.  Hartl, F. U., S. Lecker, E. Schiebel, J. P. Hendrick, and W. Wickner. 1990. The binding 
cascade of SecB to SecA to SecY/E mediates preprotein targeting to the E. coli plasma membrane. 
Cell 63:269-279. 

 73.  Homma, T., T. Yoshihisa, and K. Ito. 1997. Subunit interactions in the Escherichia coli protein 
translocase: SecE and SecG associate independently with SecY. FEBS Lett. 408:11-15. 

 74.  Hunt, J. F., S. Weinkauf, L. Henry, J. J. Fak, P. McNicholas, D. B. Oliver, and J. 
Deisenhofer. 2002. Nucleotide control of interdomain interactions in the conformational reaction 
cycle of SecA. Science 297:2018-2026. 

 75.  Huynen, M. A., T. Gabaldon, and B. Snel. 2005. Variation and evolution of biomolecular 
systems: searching for functional relevance. FEBS Lett. 579:1839-1845. 

 76.  Jia, L., M. Dienhart, M. Schramp, M. McCauley, K. Hell, and R. A. Stuart. 2003. Yeast Oxa1 
interacts with mitochondrial ribosomes: the importance of the C-terminal region of Oxa1. EMBO J. 
22:6438-6447. 

 77.  Jilaveanu, L. B. and D. Oliver . 2006. SecA dimer cross-linked at its subunit interface is functional 
for protein translocation. J.Bacteriol. 188:335-338. 

 78.  Jilaveanu, L. B., C. R. Zito, and D. Oliver. 2005. Dimeric SecA is essential for protein 
translocation. Proc.Natl.Acad.Sci.U.S.A. 102:7511-7516. 

 79.  Joly, J. C. and W. T. Wickner. 1993. The SecA and SecY subunits of translocase are the nearest 
neighbors of a translocating preprotein, shielding it from phospholipids. EMBO J. 12:255-263. 

 80.  Kalies, K. U., D. Gorlich, and T. A. Rapoport. 1994. Binding of ribosomes to the rough 
endoplasmic reticulum mediated by the Sec61p-complex. J.Cell Biol. 126:925-934. 

 81.  Kalies, K. U., T. A. Rapoport, and E. Hartmann. 1998. The β−subunit of the Sec61 complex 
facilitates cotranslational protein transport and interacts with the signal peptidase during 
translocation. J.Cell Biol. 141:887-894. 

 82.  Karamanou, S., G. Sianidis, G. Gouridis, C. Pozidis, Y. Papanikolau, E. Papanikou, and A. 
Economou. 2005. Escherichia coli SecA truncated at its termini is functional and dimeric. FEBS Lett. 
579:1267-1271. 

 83.  Karamyshev, A. L. and A. E. Johnson. 2005. Selective SecA association with signal sequences in 
ribosome-bound nascent chains: a potential role for SecA in ribosome targeting to the bacterial 
membrane. J.Biol.Chem. 280:37930-37940. 

 84.  Kato, Y., K. Nishiyama, and H. Tokuda. 2003. Depletion of SecDF-YajC causes a decrease in 
the level of SecG: implication for their functional interaction. FEBS Lett. 550:114-118. 

 85.  Kaufmann, A., E. H. Manting, A. K. J. Veenendaal, A. J. M. Driessen, and C. van der Does. 
1999. Cysteine-directed cross-linking demonstrates that helix 3 of SecE is close to helix 2 of SecY 
and helix 3 of a neighboring SecE. Biochemistry 38:9115-9125. 



References 

 102 
 

 86.  Kimsey, H. H., M. D. Dagarag, and C. A. Kumamoto. 1995. Diverse effects of mutation on the 
activity of the Escherichia coli export chaperone SecB. J.Biol.Chem. 270:22831-22835. 

 87.  Kimura, E., M. Akita, S. Matsuyama, and S. Mizushima. 1991. Determination of a region in 
SecA that interacts with presecretory proteins in Escherichia coli. J.Biol.Chem. 266:6600-6606. 

 88.  Kinch, L. N., M. H. Saier, Jr., and N. V. Grishin. 2002. Sec61β-a component of the archaeal 
protein secretory system. Trends Biochem.Sci. 27:170-171. 

 89.  Knoblauch, N. T., S. Rudiger, H. J. Schonfeld, A. J. M. Driessen, J. Schneider-Mergener, 
and B. Bukau. 1999. Substrate specificity of the SecB chaperone. J.Biol.Chem. 274:34219-34225. 

 90.  Koch, J. and M. Mahler. 2002. Peptide arrays on membrane supports. Springer Verlag, 
Heidelberg, Germany . 

 91.  Koonin, E. V. and A. E. Gorbalenya. 1992. Autogenous translation regulation by Escherichia coli 
ATPase SecA may be mediated by an intrinsic RNA helicase activity of this protein. FEBS Lett. 
298:6-8. 

 92.  Kumamoto, C. A. and J. Beckwith. 1985. Evidence for specificity at an early step in protein 
export in Escherichia coli. J.Bacteriol. 163:267-274. 

 93.  Kunin, V., L. Goldovsky, N. Darzentas, and C. A. Ouzounis. 2005. The net of life: 
reconstructing the microbial phylogenetic network. Genome Res. 15:954-959. 

 94.  Larsson, P., P. C. Oyston, P. Chain, M. C. Chu, M. Duffield, H. H. Fuxelius, E. Garcia, G. 
Halltorp, D. Johansson, K. E. Isherwood, P. D. Karp, E. Larsson, Y. Liu, S. Michell, J. 
Prior, R. Prior, S. Malfatti, A. Sjostedt, K. Svensson, N. Thompson, L. Vergez, J. K. Wagg, 
B. W. Wren, L. E. Lindler, S. G. Andersson, M. Forsman, and R. W. Titball. 2005. The 
complete genome sequence of Francisella tularensis, the causative agent of tularemia. Nat.Genet. 
37:153-159. 

 95.  Lecker, S. H., A. J. M. Driessen, and W. Wickner. 1990. ProOmpA contains secondary and 
tertiary structure prior to translocation and is shielded from aggregation by association with SecB 
protein. EMBO J. 9:2309-2314. 

 96.  Lenz, L. L., S. Mohammadi, A. Geissler, and D. A. Portnoy. 2003. SecA2-dependent secretion 
of autolytic enzymes promotes Listeria monocytogenes pathogenesis. Proc.Natl.Acad.Sci.U.S.A 
100:12432-12437. 

 97.  Lenz, L. L. and D. A. Portnoy. 2002. Identification of a second Listeria secA gene associated with 
protein secretion and the rough phenotype. Mol.Microbiol. 45:1043-1056. 

 98.  Lerat, E., V. Daubin, and N. A. Moran. 2003. From gene trees to organismal phylogeny in 
prokaryotes: the case of the γ-Proteobacteria. PLoS.Biol. 1:E19. 

 99.  Liebke, H. H. 1987. Multiple SecA protein isoforms in Escherichia coli. J.Bacteriol. 169:1174-1181. 

 100.  Lill, R., K. Cunningham, L. A. Brundage, K. Ito, D. Oliver, and W. Wickner. 1989. SecA 
protein hydrolyzes ATP and is an essential component of the protein translocation ATPase of 
Escherichia coli. EMBO J. 8:961-966. 

 101.  Luirink, J. and I. Sinning. 2004. SRP-mediated protein targeting: structure and function revisited. 
Biochim.Biophys.Acta. 1694:17-35. 

 102.  Machata, S., T. Hain, M. Rohde, and T. Chakraborty. 2005. Simultaneous deficiency of both 
MurA and p60 proteins generates a rough phenotype in Listeria monocytogenes. J.Bacteriol. 187:8385-
8394. 



References 

 103

 103.  Manting, E. H., C. van der Does, and A. J. M. Driessen. 1997. In vivo cross-linking of the SecA 
and SecY subunits of the Escherichia coli  preprotein translocase. J.Bacteriol. 179:5699-5704. 

 104.  Manting, E. H., C. van der Does, H. Remigy, A. Engel, and A. J. M. Driessen. 2000. 
SecYEG assembles into a tetramer to form the active protein translocation channel. EMBO J. 
19:852-861. 

 105.  Mason, N., L. F. Ciufo, and J. D. Brown. 2000. Elongation arrest is a physiologically important 
function of signal recognition particle. EMBO J. 19:4164-4174. 

 106.  Mathiesen, C. and C. Hagerhall. 2003. The 'antiporter module' of respiratory chain complex I 
includes the MrpC/NuoK subunit -- a revision of the modular evolution scheme. FEBS Lett. 549:7-
13. 

 107.  Matousek, W. M. and A. T. Alexandrescu. 2004. NMR structure of the C-terminal domain of 
SecA in the free state. Biochim.Biophys.Acta. 1702:163-171. 

 108.  Matsumoto, G., H. Mori, and K. Ito. 1998. Roles of SecG in ATP- and SecA-dependent protein 
translocation. Proc.Natl.Acad.Sci.U.S.A. 95:13567-13572. 

 109.  Matsumoto, G., H. Nakatogawa, H. Mori, and K. Ito. 2000. Genetic dissection of SecA: 
suppressor mutations against the SecY205 translocase defect. Genes Cells 5:991-999. 

 110.  Matsuyama, S., J. Akimaru, and S. Mizushima. 1990. SecE-dependent overproduction of SecY 
in Escherichia coli. Evidence for interaction between two components of the secretory machinery. 
FEBS Lett. 269:96-100. 

 111.  Matsuyama, S., E. Kimura, and S. Mizushima. 1990. Complementation of two overlapping 
fragments of SecA, a protein translocation ATPase of Escherichia coli, allows ATP binding to its 
amino-terminal region. J.Biol.Chem. 265:8760-8765. 

 112.  Menetret, J. F., R. S. Hegde, S. U. Heinrich, P. Chandramouli, S. J. Ludtke, T. A. Rapoport, 
and C. W. Akey. 2005. Architecture of the ribosome-channel complex derived from native 
membranes. J.Mol.Biol. 348:445-457. 

 113.  Menetret, J. F., A. Neuhof, D. G. Morgan, K. Plath, M. Radermacher, T. A. Rapoport, and 
C. W. Akey. 2000. The structure of ribosome-channel complexes engaged in protein translocation. 
Mol.Cell 6:1219-1232. 

 114.  Meyer, T. H., J. F. Ménétret, R. Breitling, K. R. Miller, C. W. Akey, and T. A. Rapoport. 
1999. The Bacterial SecYE translocation complex forms channel-like structures similar to those of 
the eukaryotic Sec61p Complex. J.Mol.Biol. 285:1789-1800. 

 115.  Mitra, K., C. Schaffitzel, T. Shaikh, F. Tama, S. Jenni, C. L. Brooks, III, N. Ban, and J. 
Frank. 2005. Structure of the E. coli protein-conducting channel bound to a translating ribosome. 
Nature. 438:318-324. 

 116.  Morgan, D. G., J. F. Menetret, A. Neuhof, T. A. Rapoport, and C. W. Akey. 2002. Structure of 
the mammalian ribosome-channel complex at 17A resolution. J.Mol.Biol. 324:871-886. 

 117.  Morgan, D. G., J. F. Menetret, M. Radermacher, A. Neuhof, I. V. Akey, T. A. Rapoport, and 
C. W. Akey. 2000. A comparison of the yeast and rabbit 80 S ribosome reveals the topology of the 
nascent chain exit tunnel, inter-subunit bridges and mammalian rRNA expansion segments. 
J.Mol.Biol. 301:301-321. 

 118.  Mori, H. and K. Ito. 2001. An essential amino acid residue in the protein translocation channel 
revealed by targeted random mutagenesis of SecY. Proc.Natl.Acad.Sci.U.S.A 98:5128-5133. 

 119.  Mori, H. and K. Ito. 2001. The Sec protein-translocation pathway. Trends Microbiol. 9:494-500. 



References 

 104 
 

 120.  Mori, H. and K. Ito. 2003. Biochemical characterization of a mutationally altered protein 
translocase: proton motive force stimulation of the initiation phase of translocation. J.Bacteriol. 
185:405-412. 

 121.  Mori, H., N. Shimokawa, Y. Satoh, and K. Ito. 2004. Mutational analysis of transmembrane 
regions 3 and 4 of SecY, a central component of protein translocase. J.Bacteriol. 186:3960-3969. 

 122.  Mori, H., H. Sugiyama, M. Yamanaka, K. Sato, M. Tagaya, and S. Mizushima. 1998. Amino-
terminal region of SecA is involved in the function of SecG for protein translocation into Escherichia 
coli membrane vesicles. J.Biochem.(Tokyo) 124:122-129. 

 123.  Mori, H., T. Tsukazaki, R. Masui, S. Kuramitsu, S. Yokoyama, A. E. Johnson, Y. Kimura, 
Y. Akiyama, and K. Ito . 2003. Fluorescence resonance energy transfer analysis of protein 
translocase. SecYE from Thermus thermophilus HB8 forms a constitutive oligomer in membranes. 
J.Biol.Chem. 278:14257-14264. 

 124.  Musial-Siwek, M., S. L. Rusch, and D. A. Kendall. 2005. Probing the affinity of SecA for signal 
peptide in different environments. Biochemistry. 44:13987-13996. 

 125.  Nagamori, S., K. Nishiyama, and H. Tokuda. 2000. Two SecG molecules present in a single 
protein translocation machinery are functional even after crosslinking. J.Biochem. 128:129-137. 

 126.  Nagamori, S., K. Nishiyama, and H. Tokuda. 2002. Membrane topology inversion of SecG 
detected by labeling with a membrane-impermeable sulfhydryl reagent that causes a close 
association of SecG with SecA. J.Biochem.(Tokyo) 132:629-634. 

 127.  Nakatogawa, H. and K. Ito. 2001. Secretion monitor, SecM, undergoes self-translation arrest in 
the cytosol. Mol.Cell 7:185-192. 

 128.  Nakatogawa, H. and K. Ito. 2002. The ribosomal exit tunnel functions as a discriminating gate. 
Cell 108:629-636. 

 129.  Nakatogawa, H., A. Murakami, H. Mori, and K. Ito. 2005. SecM facilitates translocase function 
of SecA by localizing its biosynthesis. Genes Dev. 19:436-444. 

 130.  Neumann-Haefelin, C., U. Schafer, M. Muller, and H. G. Koch. 2000. SRP-dependent co-
translational targeting and SecA-dependent translocation analyzed as individual steps in the export 
of a bacterial protein. EMBO J. 19:6419-6426. 

 131.  Nishiyama, K., M. Hanada, and H. Tokuda. 1994. Disruption of the gene encoding p12 (SecG) 
reveals the direct involvement and important function of SecG in the protein translocation of 
Escherichia coli at low temperature. EMBO J. 13:3272-3277. 

 132.  Nishiyama, K., S. Mizushima, and H. Tokuda. 1993. A novel membrane protein involved in 
protein translocation across the cytoplasmic membrane of Escherichia coli. EMBO J. 12:3409-3415. 

 133.  Nishiyama, K., T. Suzuki, and H. Tokuda. 1996. Inversion of the membrane topology of SecG 
coupled with SecA-dependent preprotein translocation. Cell 85:71-81. 

 134.  Nouwen, N. and A. J. M. Driessen. 2002. SecDFyajC forms a heterotetrameric complex with 
YidC. Mol.Microbiol. 44:1397-1405. 

 135.  Nouwen, N., M. van der Laan, and A. J. M. Driessen. 2001. SecDFyajC is not required for the 
maintenance of the proton motive force. FEBS Lett. 508:103-106. 

 136.  Or, E., D. Boyd, S. Gon, J. Beckwith, and T. Rapoport. 2005. The bacterial ATPase SecA 
functions as a monomer in protein translocation. J.Biol.Chem. 280:9097-9105. 

 137.  Or, E., A. Navon, and T. Rapoport. 2002. Dissociation of the dimeric SecA ATPase during 
protein translocation across the bacterial membrane. EMBO J. 21:4470-4479. 



References 

 105

 138.  Osborne, A. R., W. M. Clemons, Jr., and T. A. Rapoport. 2004. A large conformational change 
of the translocation ATPase SecA. Proc.Natl.Acad.Sci.U.S.A. 101:10937-10942. 

 139.  Osborne, A. R., T. A. Rapoport, and B. van den Berg. 2005. Protein translocation by the 
Sec61/SecY channel. Annu.Rev.Cell Dev.Biol. 21:529-50.:529-550. 

 140.  Overath, P., M. Brenner, T. Gulik-Krzywicki, E. Shechter, and L. Letellier. 1975. Lipid phase 
transitions in cytoplasmic and outer membranes of Escherichia coli. Biochim.Biophys.Acta. 389:358-
369. 

 141.  Papanikou, E., S. Karamanou, C. Baud, M. Frank, G. Sianidis, D. Keramisanou, C. G. 
Kalodimos, A. Kuhn, and A. Economou. 2005. Identification of the preprotein binding domain 
of SecA. J.Biol.Chem. 280:43209-43217. 

 142.  Plath, K., W. Mothes, B. M. Wilkinson, C. J. Stirling, and T. A. Rapoport. 1998. Signal 
sequence recognition in posttranslational protein transport across the yeast ER membrane. Cell 
94:795-807. 

 143.  Plath, K., B. M. Wilkinson, C. J. Stirling, and T. A. Rapoport. 2004. Interactions between Sec 
complex and prepro-alpha-factor during posttranslational protein transport into the endoplasmic 
reticulum. Mol.Biol.Cell. 15:1-10. 

 144.  Pohlschroder, M., E. Hartmann, N. J. Hand, K. Dilks, and A. Haddad. 2005. Diversity and 
evolution of protein translocation. Annu.Rev.Microbiol. 59:91-111.:91-111. 

 145.  Pohlschroder, M., C. Murphy, and J. Beckwith. 1996. In vivo analyses of interactions between 
SecE and SecY, core components of the Escherichia coli protein translocation machinery. 
J.Biol.Chem. 271:19908-19914. 

 146.  Pohlschroder, M., W. A. Prinz, E. Hartmann, and J. Beckwith. 1997. Protein translocation in 
the three domains of life: variations on a theme. Cell 91:563-566. 

 147.  Prinz, A., C. Behrens, T. A. Rapoport, E. Hartmann, and K. U. Kalies. 2000. Evolutionarily 
conserved binding of ribosomes to the translocation channel via the large ribosomal RNA. EMBO 
J. 19:1900-1906. 

 148.  Raden, D., W. Song, and R. Gilmore. 2000. Role of the cytoplasmic segments of Sec61α in the 
ribosome-binding and translocation-promoting activities of the Sec61 complex. J.Cell Biol. 150:53-
64. 

 149.  Rain, J. C., L. Selig, H. De Reuse, V. Battaglia, C. Reverdy, S. Simon, G. Lenzen, F. Petel, J. 
Wojcik, V. Schachter, Y. Chemama, A. Labigne, and P. Legrain. 2001. The protein-protein 
interaction map of Helicobacter pylori. Nature. 409:211-215. 

 150.  Rajapandi, T., K. M. Dolan, and D. B. Oliver. 1991. The first gene in the Escherichia coli secA 
operon, gene X, encodes a nonessential secretory protein. J.Bacteriol. 173:7092-7097. 

 151.  Rajapandi, T. and D. Oliver. 1994. Carboxy-terminal region of Escherichia coli SecA ATPase is 
important to promote its protein translocation activity in vivo. Biochem.Biophys.Res.Commun. 200 
:1477-1483. 

 152.  Randall, L. L., J. M. Crane, A. A. Lilly, G. Liu, C. Mao, C. N. Patel, and S. J. Hardy. 2005. 
Asymmetric binding between SecA and SecB two symmetric proteins: implications for function in 
export. J.Mol.Biol. 348:479-489. 

 153.  Rapiejko, P. J. and R. Gilmore. 1997. Empty site forms of the SRP54 and SRα GTPases mediate 
targeting of ribosome-nascent chain complexes to the endoplasmic reticulum. Cell 89:703-713. 

 154.  Samuelson, J. C., F. Jiang, L. Yi, M. Chen, J. W. de Gier, A. Kuhn, and R. E. Dalbey. 2001. 
Function of YidC for the insertion of M13 procoat protein in Escherichia coli: translocation of 



References 

 106 
 

mutants that show differences in their membrane potential dependence and Sec requirement. 
J.Biol.Chem. 276 :34847-34852. 

 155.  Sato, K., H. Mori, M. Yoshida, M. Tagaya, and S. Mizushima. 1997. In vitro analysis of the 
stop-transfer process during translocation across the cytoplasmic membrane of Escherichia coli. 
J.Biol.Chem. 272:20082-20087. 

 156.  Satoh, Y., G. Matsumoto, H. Mori, and K. Ito. 2003. Nearest neighbor analysis of the SecYEG 
complex. 1. Identification of a SecY-SecG interface. Biochemistry 42:7434-7441. 

 157.  Satoh, Y., H. Mori, and K. Ito. 2003. Nearest neighbor analysis of the SecYEG complex. 2. 
Identification of a SecY-SecE cytosolic interface. Biochemistry 42:7442-7447. 

 158.  Schatz, P. J., K. L. Bieker, K. M. Ottemann, T. J. Silhavy, and J. Beckwith. 1991. One of three 
transmembrane stretches is sufficient for the functioning of the SecE protein, a membrane 
component of the E. coli secretion machinery. EMBO J. 10:1749-1757. 

 159.  Schatz, P. J., P. D. Riggs, A. Jacq, M. J. Fath, and J. Beckwith. 1989. The secE gene encodes an 
integral membrane protein required for protein export in Escherichia coli. Genes Dev. 3:1035-1044. 

 160.  Scheuring, J., N. Braun, L. Nothdurft, M. Stumpf, A. K. Veenendaal, S. Kol, C. van der 
Does, A. J. M. Driessen, and S. Weinkauf. 2005. The oligomeric distribution of SecYEG is 
altered by SecA and translocation ligands. J.Mol.Biol. 354:258-271. 

 161.  Schiebel, E., A. J. M. Driessen, F. U. Hartl, and W. Wickner. 1991. ∆µH+ and ATP function 
at different steps of the catalytic cycle of preprotein translocase. Cell 64:927-939. 

 162.  Schmidt, M., H. Ding, V. Ramamurthy, I. Mukerji, and D. Oliver. 2000. Nucleotide binding 
activity of SecA homodimer is conformationally regulated by temperature and altered by prlD and 
azi mutations. J.Biol.Chem. 275:15440-15448. 

 163.  Schuwirth, B. S., M. A. Borovinskaya, C. W. Hau, W. Zhang, A. Vila-Sanjurjo, J. M. Holton, 
and J. H. Cate. 2005. Structures of the bacterial ribosome at 3.5 A resolution. Science. 310:827-834. 

 164.  Scotti, P. A., M. L. Urbanus, J. Brunner, J. W. de Gier, G. von Heijne, C. van der Does, A. J. 
M. Driessen, B. Oudega, and J. Luirink. 2000. YidC, the Escherichia coli homologue of 
mitochondrial Oxa1p, is a component of the Sec translocase. EMBO J. 19:542-549. 

 165.  Sharma, V., A. Arockiasamy, D. R. Ronning, C. G. Savva, A. Holzenburg, M. Braunstein, 
W. R. Jacobs, Jr., and J. C. Sacchettini. 2003. Crystal structure of Mycobacterium tuberculosis SecA, a 
preprotein translocating ATPase. Proc.Natl.Acad.Sci.U.S.A 100:2243-2248. 

 166.  Shimizu, H., K. Nishiyama, and H. Tokuda. 1997. Expression of gpsA encoding biosynthetic 
sn-glycerol 3-phosphate dehydrogenase suppresses both the LB- phenotype of a secB null mutant 
and the cold-sensitive phenotype of a secG null mutant. Mol.Microbiol. 26:1013-1021. 

 167.  Shimoike, T., Y. Akiyama, T. Baba, T. Taura, and K. Ito. 1992. SecY variants that interfere 
with Escherichia coli protein export in the presence of normal SecY. Mol.Microbiol. 6:1205-1210. 

 168.  Shimokawa, N., H. Mori, and K. Ito. 2003. Importance of transmembrane segments in Escherichia 
coli SecY. Mol.Genet.Genomics. 269:180-187. 

 169.  Snyders, S., V. Ramamurthy, and D. Oliver. 1997. Identification of a region of interaction 
between Escherichia coli SecA and SecY proteins. J.Biol.Chem. 272:11302-11306. 

 170.  Spelbrink, R. E., A. Kolkman, M. Slijper, J. A. Killian, and B. de Kruijff. 2005. Detection and 
identification of stable oligomeric protein complexes in Escherichi coli inner membranes: a proteomics 
approach. J.Biol.Chem. 280:28742-28748. 



References 

 107

 171.  Stenberg, F., P. Chovanec, S. L. Maslen, C. V. Robinson, L. L. Ilag, G. von Heijne, and D. 
O. Daley. 2005. Protein complexes of the Escherichia coli cell envelope. J.Biol.Chem. 280:34409-
34419. 

 172.  Story, R. M., H. Li, and J. N. Abelson. 2001. Crystal structure of a DEAD box protein from the 
hyperthermophile Methanococcus jannaschii. Proc.Natl.Acad.Sci.U.S.A 98:1465-1470. 

 173.  Suzuki, H., K. Nishiyama, and H. Tokuda. 1998. Coupled structure changes of SecA and SecG 
revealed by the synthetic lethality of the secAcsR11 and ∆secG::kan double mutant. Mol.Microbiol. 
29:331-341. 

 174.  Swaving, J., K. H. van Wely, and A. J. M. Driessen. 1999. Preprotein translocation by a hybrid 
translocase composed of Escherichia coli and Bacillus subtilis subunits. J.Bacteriol. 181:7021-7027. 

 175.  Szyrach, G., M. Ott, N. Bonnefoy, W. Neupert, and J. M. Herrmann. 2003. Ribosome binding 
to the Oxa1 complex facilitates co-translational protein insertion in mitochondria. EMBO J. 
22:6448-6457. 

 176.  Takamatsu, D., B. A. Bensing, and P. M. Sullam. 2004. Four proteins encoded in the gspB-
secY2A2 operon of Streptococcus gordonii mediate the intracellular glycosylation of the platelet-binding 
protein GspB. J.Bacteriol. 186:7100-7111. 

 177.  Takamatsu, D., B. A. Bensing, and P. M. Sullam. 2004. Genes in the accessory sec locus of 
Streptococcus gordonii have three functionally distinct effects on the expression of the platelet-binding 
protein GspB. Mol.Microbiol. 52:189-203. 

 178.  Tam, P. C., A. P. Maillard, K. K. Chan, and F. Duong. 2005. Investigating the SecY plug 
movement at the SecYEG translocation channel. EMBO J. 24:3380-3388. 

 179.  Tani, K., H. Tokuda, and S. Mizushima. 1990. Translocation of ProOmpA possessing an 
intramolecular disulfide bridge into membrane vesicles of Escherichia coli. Effect of membrane 
energization. J.Biol.Chem. 265:17341-17347. 

 180.  Taura, T., T. Baba, Y. Akiyama, and K. Ito. 1993. Determinants of the quantity of the stable 
SecY complex in the Escherichia coli cell. J.Bacteriol.  175:7771-7775. 

 181.  Taura, T., T. Yoshihisa, and K. Ito. 1997. Protein translocation functions of Escherichia coli SecY: 
in vitro characterization of cold-sensitive SecY mutants. Biochimie 79:517-521. 

 182.  Tian, H., D. Boyd, and J. Beckwith. 2000. A mutant hunt for defects in membrane protein 
assembly yields mutations affecting the bacterial signal recognition particle and Sec machinery. 
Proc.Natl.Acad.Sci.U.S.A. 97:4730-4735. 

 183.  Tian, P. and I. Andricioaei. 2006. Size, motion and function of the SecY translocon revealed by 
molecular dynamics simulations with virtual probes. Biophys.J. 90:2718-2730. 

 184.  Traxler, B. and C. Murphy. 1996. Insertion of the polytopic membrane protein MalF is dependent 
on the bacterial secretion machinery. J.Biol.Chem. 271:12394-12400. 

 185.  Tziatzios, C., D. Schubert, M. Lotz, D. Gundogan, H. Betz, H. Schagger, W. Haase, F. 
Duong, and I. Collinson. 2004. The bacterial protein-translocation complex: SecYEG dimers 
associate with one or two SecA molecules. J.Mol.Biol. 340:513-524. 

 186.  Ulbrandt, N. D., E. London, and D. B. Oliver. 1992. Deep penetration of a portion of Escherichia 
coli SecA protein into model membranes is promoted by anionic phospholipids and by partial 
unfolding. J.Biol.Chem. 267:15184-15192. 

 187.  Ulbrandt, N. D., J. A. Newitt, and H. D. Bernstein. 1997. The E. coli signal recognition particle 
is required for the insertion of a subset of inner membrane proteins. Cell 88:187-196. 



References 

 108 
 

 188.  Urbanus, M. L., P. A. Scotti, L. Froderberg, A. Saaf, J. W. de Gier, J. Brunner, J. C. 
Samuelson, R. E. Dalbey, B. Oudega, and J. Luirink. 2001. Sec-dependent membrane protein 
insertion: sequential interaction of nascent FtsQ with SecY and YidC. EMBO Rep. 2:524-529. 

 189.  Van den Berg, B., W. M. Jr. Clemons, I. Collinson, Y. Modis, E. Hartmann, S. C. Harrison, 
and T. A. Rapoport. 2004. X-ray structure of a protein-conducting channel. Nature 427:36-44. 

 190.  Van der Does, C., J. de Keyzer, M. van der Laan, and A. J. M. Driessen. 2003. Reconstitution 
of purified bacterial preprotein translocase in liposomes. Methods Enzymol. 372:86-98. 

 191.  Van der Does, C., T. den Blaauwen, J. G. de Wit, E. H. Manting, N. A. Groot, P. Fekkes, 
and A. J. M. Driessen . 1996. SecA is an intrinsic subunit of the Escherichia coli preprotein 
translocase and exposes its carboxyl terminus to the periplasm. Mol.Microbiol. 22:619-629. 

 192.  Van der Does, C., E. H. Manting, A. Kaufmann, M. Lutz, and A. J. M. Driessen. 1998. 
Interaction between SecA and SecYEG in micellar solution and formation of the membrane-
inserted state. Biochemistry 37:201-210. 

 193.  Van der Sluis, E. O., N. Nouwen, and A. J. M. Driessen. 2002. SecY-SecY and SecY-SecG 
contacts revealed by site-specific crosslinking. FEBS Lett. 527:159. 

 194.  Van der Sluis, E. O. and A. J. M. Driessen. 2006. Stepwise evolution of the Sec machinery in 
Proteobacteria. Trends Microbiol. 14:105-108. 

 195.  Van der Sluis, E. O., E. van der Vries, G. Berrelkamp, N. Nouwen, and A. J. M. Driessen. 
2006. Topologically fixed SecG is fully functional. J.Bacteriol. 188:1188-1190. 

 196.  Van der Wolk, J. P., J. G. de Wit, and A. J. M. Driessen. 1997. The catalytic cycle of the 
Escherichia coli SecA ATPase comprises two distinct preprotein translocation events. EMBO J. 
16:7297-7304. 

 197.  Van der Wolk, J. P., P. Fekkes, A. Boorsma, J. L. Huie, T. J. Silhavy, and A. J. M. Driessen. 
1998. PrlA4 prevents the rejection of signal sequence defective preproteins by stabilizing the SecA-
SecY interaction during the initiation of translocation. EMBO J. 17:3631-3639. 

 198.  Van der Wolk, J. P., M. Klose, E. Breukink, R. A. Demel, B. de Kruijff, R. Freudl, and A. J. 
M. Driessen. 1993. Characterization of a Bacillus subtilis SecA mutant protein deficient in 
translocation ATPase and release from the membrane. Mol.Microbiol. 8:31-42. 

 199.  Van der Laan, M., N. Nouwen, and A. J. M. Driessen. 2004. SecYEG proteoliposomes catalyze 
the ∆ψ-dependent membrane insertion of FtsQ. J.Biol.Chem. 279:1659-1664. 

 200.  Van Voorst, F., C. van der Does, J. Brunner, A. J. M. Driessen, and B. de Kruijff. 1998. 
Translocase-bound SecA is largely shielded from the phospholipid acyl chains. Biochemistry 
37:12261-12268. 

 201.  Van Wely, K. H. M., J. Swaving, and A. J. M. Driessen. 1998. Translocation of the precursor of 
alpha-amylase into Bacillus subtilis membrane vesicles. Eur.J.Biochem. 255:690-697. 

 202.  Veenendaal, A. K. J., C. van der Does, and A. J. M. Driessen. 2004. The protein-conducting 
channel SecYEG. Biochim.Biophys.Acta 1694:81-95. 

 203.  Veenendaal, A. K. J., C. van der Does, and A. J. M. Driessen. 2001. Mapping the sites of 
interaction between SecY and SecE by cysteine scanning mutagenesis. J.Biol.Chem. 276:32559-
32566. 

 204.  Veenendaal, A. K. J., C. van der Does, and A. J. M. Driessen. 2002. The core of the bacterial 
translocase harbors a tilted transmembrane segment 3 of SecE. J.Biol.Chem. 277:36640-36645. 



References 

 109

 205.  Velankar, S. S., P. Soultanas, M. S. Dillingham, H. S. Subramanya, and D. B. Wigley. 1999. 
Crystal structures of complexes of PcrA DNA helicase with a DNA substrate indicate an inchworm 
mechanism. Cell. 97:75-84. 

 206.  Vrontou, E. and A. Economou. 2004. Structure and function of SecA, the preprotein translocase 
nanomotor. Biochim.Biophys.Acta. 1694:67-80. 

 207.  Vrontou, E., S. Karamanou, C. Baud, G. Sianidis, and A. Economou. 2004. Global co-
ordination of protein translocation by the SecA IRA1 switch. J.Biol.Chem. 279:22490-22497  

 208.  Wang, L., A. Miller, S. L. Rusch, and D. A. Kendall. 2004. Demonstration of a specific 
Escherichia coli SecY-signal peptide interaction. Biochemistry. 43:13185-13192. 

 209.  Weiss, J. B., P. H. Ray, and P. J. Bassford, Jr. 1988. Purified SecB protein of Escherichia coli 
retards folding and promotes membrane translocation of the maltose-binding protein in vitro. 
Proc.Natl.Acad.Sci.U.S.A. 85:8978-8982. 

 210.  Wild, K., M. Halic, I. Sinning, and R. Beckmann. 2004. SRP meets the ribosome. 
Nat.Struct.Mol.Biol. 11:1049-1053. 

 211.  Woodbury, R. L., S. J. Hardy, and L. L. Randall. 2002. Complex behavior in solution of 
homodimeric SecA. Protein Sci. 11:875-882. 

 212.  Woolf, P. J. and J. J. Linderman. 2003. Self organization of membrane proteins via dimerization. 
Biophys.Chem. 104:217-227. 

 213.  Xu, Z., J. D. Knafels, and K. Yoshino. 2000. Crystal structure of the bacterial protein export 
chaperone secB. Nat.Struct.Biol. 7:1172-1177. 

 214.  Yahr, T. L. and W. T. Wickner . 2000. Evaluating the oligomeric state of SecYEG in preprotein 
translocase. EMBO J. 19:4393-4401. 

 215.  Zhou, J. and Z. Xu. 2003. Structural determinants of SecB recognition by SecA in bacterial protein 
translocation. Nat.Struct.Biol. 10:942-947. 

 216.  Zhou, J. and Z. Xu. 2005. The structural view of bacterial translocation-specific chaperone SecB: 
implications for function. Mol.Microbiol. 58:349-357. 

 217.  Zito, C. R. and D. Oliver. 2003. Two-stage binding of SecA to the bacterial translocon regulates 
ribosome-translocon interaction. J.Biol.Chem. 278:40640-40646. 

 
 



 

 110 
 

 
 
 
 
 



Appendices 

 111

Appendix 1 
Genomic distribution and GI numbers of genes encoding SecB, SecE3 and SecM in 
completely sequenced bacterial genomes 
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Appendix 1 (continued) 
 

 
aAbbreviations: GI, NCBI GenBank identifier; TMSs, transmembrane segments.  
bThe extension of SecE3 from Bdellovibrio bacteriovorus is unrelated to the β- and γ-proteobacterial SecE3s. 
cSecE from Zymomonas mobilis is not annotated in the NCBI database. This number refers to the locus in 
the TIGR–CMR database.  
dSecE from Nitrosomonas europaea is not annotated in any database but was manually detected upstream of 
NusG (data not shown).  
eSecE from Haemophilus influenzae Rd KW20 is incorrectly annotated in the NCBI database as having two 
TMSs. This number refers to the correctly annotated locus containing three TMSs in the TIGR–CMR 
database.  
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Appendix 2 
Colour figures Chapter 1 
 
Legends 
 
Figure 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: 
carboxy-terminal linker; SecAc: SecB binding motif. B: Crystal structure of SecA protomer from B. subtilis 
with individual domains coloured as in A (74). C: Crystal structure of SecA from B. subtilis in an open 
conformation, possibly representing the (pre-)protein bound state (138). The conformational changes with 
respect to the structure depicted in B are indicated by arrows. D: Crystal structure of dimeric SecA from B. 
subtilis, that most likely represents the physiologically active dimer (74). The two intradimeric HSD-HSD 
contacts that are maintained during protein translocation are depicted in red (77). E: Crystal structure of M. 
tuberculosis SecA. 
 
 
Figure 5. 
Structure of SecYEβ from M. jannaschii (189). A: Cytoplasmic view showing the arrangement of 
transmembrane segments in different colours. SecE is depicted in purple, Secβ 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 SecYEβ protomers as observed for E. coli SecYEG in 2D crystals (18). The amino-terminal 
halves of SecY are depicted in blue, the carboxy-terminal halves in red, SecE and Secβ in grey.   
 
 
Figure 6.  
Front-to-front dimer arrangements of E. coli SecYEG (115). A: Closed conformation of the front-to-front 
dimer, non-physiologically 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 
amino-terminal halves of SecY are depicted in blue, the carboxy-terminal halves in red, SecE in pink and 
SecG in green. C and D: Schematic representation of the proposed ribosome/SecA induced opening 
mechanism. 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. 
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Appendix 3 
Number and amino acid sequence of peptides employed in the peptide scan of SecY 
 
  1 MHHHHHHDDDDKAMA  57 IDAAVLAKLLEQQRG 113 PTLAEIKKEGESGRR 169 FYFTAVVSLVTGTMF 
  2 HHHHHHDDDDKAMAK  58 DAAVLAKLLEQQRGT 114 TLAEIKKEGESGRRK 170 YFTAVVSLVTGTMFL 
  3 HHHHHDDDDKAMAKQ  59 AAVLAKLLEQQRGTI 115 LAEIKKEGESGRRKI 171 FTAVVSLVTGTMFLM 
  4 HHHHDDDDKAMAKQP  60 AVLAKLLEQQRGTII 116 AEIKKEGESGRRKIS 172 TAVVSLVTGTMFLMW 
  5 HHHDDDDKAMAKQPG  61 VLAKLLEQQRGTIIE 117 EIKKEGESGRRKISQ 173 AVVSLVTGTMFLMWL 
  6 HHDDDDKAMAKQPGL  62 LAKLLEQQRGTIIEM 118 IKKEGESGRRKISQY 174 VVSLVTGTMFLMWLG 
  7 HDDDDKAMAKQPGLD  63 AKLLEQQRGTIIEMF 119 KKEGESGRRKISQYT 175 VSLVTGTMFLMWLGE 
  8 DDDDKAMAKQPGLDF  64 KLLEQQRGTIIEMFN 120 KEGESGRRKISQYTR 176 SLVTGTMFLMWLGEQ 
  9 DDDKAMAKQPGLDFQ  65 LLEQQRGTIIEMFNM 121 EGESGRRKISQYTRY 177 LVTGTMFLMWLGEQI 
 10 DDKAMAKQPGLDFQS  66 LEQQRGTIIEMFNMF 122 GESGRRKISQYTRYG 178 VTGTMFLMWLGEQIT 
 11 DKAMAKQPGLDFQSA  67 EQQRGTIIEMFNMFS 123 ESGRRKISQYTRYGT 179 TGTMFLMWLGEQITE 
 12 KAMAKQPGLDFQSAK  68 QQRGTIIEMFNMFSG 124 SGRRKISQYTRYGTL 180 GTMFLMWLGEQITER 
 13 AMAKQPGLDFQSAKG  69 QRGTIIEMFNMFSGG 125 GRRKISQYTRYGTLV 181 TMFLMWLGEQITERG 
 14 MAKQPGLDFQSAKGG  70 RGTIIEMFNMFSGGA 126 RRKISQYTRYGTLVL 182 MFLMWLGEQITERGI 
 15 AKQPGLDFQSAKGGL  71 GTIIEMFNMFSGGAL 127 RKISQYTRYGTLVLA 183 FLMWLGEQITERGIG 
 16 KQPGLDFQSAKGGLG  72 TIIEMFNMFSGGALS 128 KISQYTRYGTLVLAI 184 LMWLGEQITERGIGN 
 17 QPGLDFQSAKGGLGE  73 IIEMFNMFSGGALSR 129 ISQYTRYGTLVLAIF 185 MWLGEQITERGIGNG 
 18 PGLDFQSAKGGLGEL  74 IEMFNMFSGGALSRA 130 SQYTRYGTLVLAIFQ 186 WLGEQITERGIGNGI 
 19 GLDFQSAKGGLGELK  75 EMFNMFSGGALSRAS 131 QYTRYGTLVLAIFQS 187 LGEQITERGIGNGIS 
 20 LDFQSAKGGLGELKR  76 MFNMFSGGALSRASI 132 YTRYGTLVLAIFQSI 188 GEQITERGIGNGISI 
 21 DFQSAKGGLGELKRR  77 FNMFSGGALSRASIF 133 TRYGTLVLAIFQSIG 189 EQITERGIGNGISII 
 22 FQSAKGGLGELKRRL  78 NMFSGGALSRASIFA 134 RYGTLVLAIFQSIGI 190 QITERGIGNGISIII 
 23 QSAKGGLGELKRRLL  79 MFSGGALSRASIFAL 135 YGTLVLAIFQSIGIA 191 ITERGIGNGISIIIF 
 24 SAKGGLGELKRRLLF  80 FSGGALSRASIFALG 136 GTLVLAIFQSIGIAT 192 TERGIGNGISIIIFA 
 25 AKGGLGELKRRLLFV  81 SGGALSRASIFALGI 137 TLVLAIFQSIGIATG 193 ERGIGNGISIIIFAG 
 26 KGGLGELKRRLLFVI  82 GGALSRASIFALGIM 138 LVLAIFQSIGIATGL 194 RGIGNGISIIIFAGI 
 27 GGLGELKRRLLFVIG  83 GALSRASIFALGIMP 139 VLAIFQSIGIATGLP 195 GIGNGISIIIFAGIV 
 28 GLGELKRRLLFVIGA  84 ALSRASIFALGIMPY 140 LAIFQSIGIATGLPN 196 IGNGISIIIFAGIVA 
 29 LGELKRRLLFVIGAL  85 LSRASIFALGIMPYI 141 AIFQSIGIATGLPNM 197 GNGISIIIFAGIVAG 
 30 GELKRRLLFVIGALI  86 SRASIFALGIMPYIS 142 IFQSIGIATGLPNMP 198 NGISIIIFAGIVAGL 
 31 ELKRRLLFVIGALIV  87 RASIFALGIMPYISA 143 FQSIGIATGLPNMPG 199 GISIIIFAGIVAGLP 
 32 LKRRLLFVIGALIVF  88 ASIFALGIMPYISAS 144 QSIGIATGLPNMPGM 200 ISIIIFAGIVAGLPP 
 33 KRRLLFVIGALIVFR  89 SIFALGIMPYISASI 145 SIGIATGLPNMPGMQ 201 SIIIFAGIVAGLPPA 
 34 RRLLFVIGALIVFRI  90 IFALGIMPYISASII 146 IGIATGLPNMPGMQG 202 IIIFAGIVAGLPPAI 
 35 RLLFVIGALIVFRIG  91 FALGIMPYISASIII 147 GIATGLPNMPGMQGL 203 IIFAGIVAGLPPAIA 
 36 LLFVIGALIVFRIGS  92 ALGIMPYISASIIIQ 148 IATGLPNMPGMQGLV 204 IFAGIVAGLPPAIAH 
 37 LFVIGALIVFRIGSF  93 LGIMPYISASIIIQL 149 ATGLPNMPGMQGLVI 205 FAGIVAGLPPAIAHT 
 38 FVIGALIVFRIGSFI  94 GIMPYISASIIIQLL 150 TGLPNMPGMQGLVIN 206 AGIVAGLPPAIAHTI 
 39 VIGALIVFRIGSFIP  95 IMPYISASIIIQLLT 151 GLPNMPGMQGLVINP 207 GIVAGLPPAIAHTIE 
 40 IGALIVFRIGSFIPI  96 MPYISASIIIQLLTV 152 LPNMPGMQGLVINPG 208 IVAGLPPAIAHTIEQ 
 41 GALIVFRIGSFIPIP  97 PYISASIIIQLLTVV 153 PNMPGMQGLVINPGF 209 VAGLPPAIAHTIEQA 
 42 ALIVFRIGSFIPIPG  98 YISASIIIQLLTVVH 154 NMPGMQGLVINPGFA 210 AGLPPAIAHTIEQAR 
 43 LIVFRIGSFIPIPGI  99 ISASIIIQLLTVVHP 155 MPGMQGLVINPGFAF 211 GLPPAIAHTIEQARQ 
 44 IVFRIGSFIPIPGID 100 SASIIIQLLTVVHPT 156 PGMQGLVINPGFAFY 212 LPPAIAHTIEQARQG 
 45 VFRIGSFIPIPGIDA 101 ASIIIQLLTVVHPTL 157 GMQGLVINPGFAFYF 213 PPAIAHTIEQARQGD 
 46 FRIGSFIPIPGIDAA 102 SIIIQLLTVVHPTLA 158 MQGLVINPGFAFYFT 214 PAIAHTIEQARQGDL 
 47 RIGSFIPIPGIDAAV 103 IIIQLLTVVHPTLAE 159 QGLVINPGFAFYFTA 215 AIAHTIEQARQGDLH 
 48 IGSFIPIPGIDAAVL 104 IIQLLTVVHPTLAEI 160 GLVINPGFAFYFTAV 216 IAHTIEQARQGDLHF 
 49 GSFIPIPGIDAAVLA 105 IQLLTVVHPTLAEIK 161 LVINPGFAFYFTAVV 217 AHTIEQARQGDLHFL 
 50 SFIPIPGIDAAVLAK 106 QLLTVVHPTLAEIKK 162 VINPGFAFYFTAVVS 218 HTIEQARQGDLHFLV 
 51 FIPIPGIDAAVLAKL 107 LLTVVHPTLAEIKKE 163 INPGFAFYFTAVVSL 219 TIEQARQGDLHFLVL 
 52 IPIPGIDAAVLAKLL 108 LTVVHPTLAEIKKEG 164 NPGFAFYFTAVVSLV 220 IEQARQGDLHFLVLL 
 53 PIPGIDAAVLAKLLE 109 TVVHPTLAEIKKEGE 165 PGFAFYFTAVVSLVT 221 EQARQGDLHFLVLLL 
 54 IPGIDAAVLAKLLEQ 110 VVHPTLAEIKKEGES 166 GFAFYFTAVVSLVTG 222 QARQGDLHFLVLLLV 
 55 PGIDAAVLAKLLEQQ 111 VHPTLAEIKKEGESG 167 FAFYFTAVVSLVTGT 223 ARQGDLHFLVLLLVA 
 56 GIDAAVLAKLLEQQR 112 HPTLAEIKKEGESGR 168 AFYFTAVVSLVTGTM 224 RQGDLHFLVLLLVAV 
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Appendix 3 (continued) 
 
225 QGDLHFLVLLLVAVL 281 KVNMAGVIPAIFASS 337 AIIFFSFFYTALVFN 393 YITFISLIPEFMRDA 
226 GDLHFLVLLLVAVLV 282 VNMAGVIPAIFASSI 338 IIFFSFFYTALVFNP 394 ITFISLIPEFMRDAM 
227 DLHFLVLLLVAVLVF 283 NMAGVIPAIFASSII 339 IFFSFFYTALVFNPR 395 TFISLIPEFMRDAMK 
228 LHFLVLLLVAVLVFA 284 MAGVIPAIFASSIIL 340 FFSFFYTALVFNPRE 396 FISLIPEFMRDAMKV 
229 HFLVLLLVAVLVFAV 285 AGVIPAIFASSIILF 341 FSFFYTALVFNPRET 397 ISLIPEFMRDAMKVP 
230 FLVLLLVAVLVFAVT 286 GVIPAIFASSIILFP 342 SFFYTALVFNPRETA 398 SLIPEFMRDAMKVPF 
231 LVLLLVAVLVFAVTF 287 VIPAIFASSIILFPA 343 FFYTALVFNPRETAD 399 LIPEFMRDAMKVPFY 
232 VLLLVAVLVFAVTFF 288 IPAIFASSIILFPAT 344 FYTALVFNPRETADN 400 IPEFMRDAMKVPFYF 
233 LLLVAVLVFAVTFFV 289 PAIFASSIILFPATI 345 YTALVFNPRETADNL 401 PEFMRDAMKVPFYFG 
234 LLVAVLVFAVTFFVV 290 AIFASSIILFPATIA 346 TALVFNPRETADNLK 402 EFMRDAMKVPFYFGG 
235 LVAVLVFAVTFFVVF 291 IFASSIILFPATIAS 347 ALVFNPRETADNLKK 403 FMRDAMKVPFYFGGT 
236 VAVLVFAVTFFVVFV 292 FASSIILFPATIASW 348 LVFNPRETADNLKKS 404 MRDAMKVPFYFGGTS 
237 AVLVFAVTFFVVFVE 293 ASSIILFPATIASWF 349 VFNPRETADNLKKSG 405 RDAMKVPFYFGGTSL 
238 VLVFAVTFFVVFVER 294 SSIILFPATIASWFG 350 FNPRETADNLKKSGA 406 DAMKVPFYFGGTSLL 
239 LVFAVTFFVVFVERG 295 SIILFPATIASWFGG 351 NPRETADNLKKSGAF 407 AMKVPFYFGGTSLLI 
240 VFAVTFFVVFVERGQ 296 IILFPATIASWFGGG 352 PRETADNLKKSGAFV 408 MKVPFYFGGTSLLIV 
241 FAVTFFVVFVERGQR 297 ILFPATIASWFGGGT 353 RETADNLKKSGAFVP 409 KVPFYFGGTSLLIVV 
242 AVTFFVVFVERGQRR 298 LFPATIASWFGGGTG 354 ETADNLKKSGAFVPG 410 VPFYFGGTSLLIVVV 
243 VTFFVVFVERGQRRI 299 FPATIASWFGGGTGW 355 TADNLKKSGAFVPGI 411 PFYFGGTSLLIVVVV 
244 TFFVVFVERGQRRIV 300 PATIASWFGGGTGWN 356 ADNLKKSGAFVPGIR 412 FYFGGTSLLIVVVVI 
245 FFVVFVERGQRRIVV 301 ATIASWFGGGTGWNW 357 DNLKKSGAFVPGIRP 413 YFGGTSLLIVVVVIM 
246 FVVFVERGQRRIVVN 302 TIASWFGGGTGWNWL 358 NLKKSGAFVPGIRPG 414 FGGTSLLIVVVVIMD 
247 VVFVERGQRRIVVNY 303 IASWFGGGTGWNWLT 359 LKKSGAFVPGIRPGE 415 GGTSLLIVVVVIMDF 
248 VFVERGQRRIVVNYA 304 ASWFGGGTGWNWLTT 360 KKSGAFVPGIRPGEQ 416 GTSLLIVVVVIMDFM 
249 FVERGQRRIVVNYAK 305 SWFGGGTGWNWLTTI 361 KSGAFVPGIRPGEQT 417 TSLLIVVVVIMDFMA 
250 VERGQRRIVVNYAKR 306 WFGGGTGWNWLTTIS 362 SGAFVPGIRPGEQTA 418 SLLIVVVVIMDFMAQ 
251 ERGQRRIVVNYAKRQ 307 FGGGTGWNWLTTISL 363 GAFVPGIRPGEQTAK 419 LLIVVVVIMDFMAQV 
252 RGQRRIVVNYAKRQQ 308 GGGTGWNWLTTISLY 364 AFVPGIRPGEQTAKY 420 LIVVVVIMDFMAQVQ 
253 GQRRIVVNYAKRQQG 309 GGTGWNWLTTISLYL 365 FVPGIRPGEQTAKYI 421 IVVVVIMDFMAQVQT 
254 QRRIVVNYAKRQQGR 310 GTGWNWLTTISLYLQ 366 VPGIRPGEQTAKYID 422 VVVVIMDFMAQVQTL 
255 RRIVVNYAKRQQGRR 311 TGWNWLTTISLYLQP 367 PGIRPGEQTAKYIDK 423 VVVIMDFMAQVQTLM 
256 RIVVNYAKRQQGRRV 312 GWNWLTTISLYLQPG 368 GIRPGEQTAKYIDKV 424 VVIMDFMAQVQTLMM 
257 IVVNYAKRQQGRRVY 313 WNWLTTISLYLQPGQ 369 IRPGEQTAKYIDKVM 425 VIMDFMAQVQTLMMS 
258 VVNYAKRQQGRRVYA 314 NWLTTISLYLQPGQP 370 RPGEQTAKYIDKVMT 426 IMDFMAQVQTLMMSS 
259 VNYAKRQQGRRVYAA 315 WLTTISLYLQPGQPL 371 PGEQTAKYIDKVMTR 427 MDFMAQVQTLMMSSQ 
260 NYAKRQQGRRVYAAQ 316 LTTISLYLQPGQPLY 372 GEQTAKYIDKVMTRL 428 DFMAQVQTLMMSSQY 
261 YAKRQQGRRVYAAQS 317 TTISLYLQPGQPLYV 373 EQTAKYIDKVMTRLT 429 FMAQVQTLMMSSQYE 
262 AKRQQGRRVYAAQST 318 TISLYLQPGQPLYVL 374 QTAKYIDKVMTRLTL 430 MAQVQTLMMSSQYES 
263 KRQQGRRVYAAQSTH 319 ISLYLQPGQPLYVLL 375 TAKYIDKVMTRLTLV 431 AQVQTLMMSSQYESA 
264 RQQGRRVYAAQSTHL 320 SLYLQPGQPLYVLLY 376 AKYIDKVMTRLTLVG 432 QVQTLMMSSQYESAL 
265 QQGRRVYAAQSTHLP 321 LYLQPGQPLYVLLYA 377 KYIDKVMTRLTLVGA 433 VQTLMMSSQYESALK 
266 QGRRVYAAQSTHLPL 322 YLQPGQPLYVLLYAS 378 YIDKVMTRLTLVGAL 434 QTLMMSSQYESALKK 
267 GRRVYAAQSTHLPLK 323 LQPGQPLYVLLYASA 379 IDKVMTRLTLVGALY 435 TLMMSSQYESALKKA 
268 RRVYAAQSTHLPLKV 324 QPGQPLYVLLYASAI 380 DKVMTRLTLVGALYI 436 LMMSSQYESALKKAN 
269 RVYAAQSTHLPLKVN 325 PGQPLYVLLYASAII 381 KVMTRLTLVGALYIT 437 MMSSQYESALKKANL 
270 VYAAQSTHLPLKVNM 326 GQPLYVLLYASAIIF 382 VMTRLTLVGALYITF 438 MSSQYESALKKANLK 
271 YAAQSTHLPLKVNMA 327 QPLYVLLYASAIIFF 383 MTRLTLVGALYITFI 439 SSQYESALKKANLKG 
272 AAQSTHLPLKVNMAG 328 PLYVLLYASAIIFFS 384 TRLTLVGALYITFIS 440 SQYESALKKANLKGY 
273 AQSTHLPLKVNMAGV 329 LYVLLYASAIIFFSF 385 RLTLVGALYITFISL 441 QYESALKKANLKGYG 
274 QSTHLPLKVNMAGVI 330 YVLLYASAIIFFSFF 386 LTLVGALYITFISLI 442 YESALKKANLKGYGR 
275 STHLPLKVNMAGVIP 331 VLLYASAIIFFSFFY 387 TLVGALYITFISLIP 443 W 
276 THLPLKVNMAGVIPA 332 LLYASAIIFFSFFYT 388 LVGALYITFISLIPE 444 W 
277 HLPLKVNMAGVIPAI 333 LYASAIIFFSFFYTA 389 VGALYITFISLIPEF  
278 LPLKVNMAGVIPAIF 334 YASAIIFFSFFYTAL 390 GALYITFISLIPEFM  
279 PLKVNMAGVIPAIFA 335 ASAIIFFSFFYTALV 391 ALYITFISLIPEFMR  
280 LKVNMAGVIPAIFAS 336 SAIIFFSFFYTALVF 392 LYITFISLIPEFMRD  
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Appendix 4  
Colour figures Chapter 6 
 

 
Figure 5.  
Glu176 plays a crucial role in SecA binding to TMS4c and is located at the membrane/water interface. A: 
Each position of the SecA binding peptide Phe170-Gly184 was mutated individually to all amino acids except 
cysteine, and the peptides were simultaneously assayed for SecA binding. Since 15 peptides correspond to 
the "wild-type" sequence, statistic information could be gained from the quantified signals. The standard 
deviation (S.D.) of the wild-type peptides corresponded to approximately 25% of the average value, and 
for the mutant peptides we defined a binding decrease of ≥50% (2 S.D.) as significant. Mutants exhibiting 
significantly decreased SecA binding are depicted in black, the remaining mutants in grey. B: Sequence logo 
of the region of SecY corresponding to Phe170-Gly184, showing the absolute conservation of negative 
charge at the position of Glu176. The sequences of E. coli (Ec) and M. jannaschii (Mj) SecY are depicted 
underneath. C. Side-view of the N-terminal half of M. jannaschii SecY, roughly parallel to the membrane 
from within the interior of the channel. Cytoplasmic loops are facing up, and the C-terminal half of SecY 
and the amphipathic helix of SecE have been removed. The tilted transmembrane segment of SecE is 
coloured pink, the plug domain, TMS2 and TMS3 are coloured light-blue, the residues corresponding to 
TMS4c (Phe170-Gln177) are coloured green, and the remaining residues dark-blue. The side chains of the 
residues corresponding to E. coli SecY Glu176 and Arg121 (Lys112 and Glu159) involved in the conserved salt 
bridge are indicated. D. Fluorescein-maleimide labeling of single cysteine SecYEG complexes as described 
in the legend to Figure 1C. 
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Figure 6.  
Overview of the identified SecA interaction sites and proposed conformational changes of SecYEG 
occurring upon membrane insertion of SecA. Cytoplasmic view of M. jannaschii SecYEβ coloured as in 
Figure 5C, with the C-terminal half of SecY coloured red. The residues corresponding to Pro354-Arg357 and 
TMS4c (Phe170-Gln177) of E. coli SecY are coloured green, and the side chains of the residues 
corresponding to Arg121, Glu176 and Arg357 are indicated. Arrows indicate the global conformational change 
separating the two halves of the channel, that has been proposed as the opening mechanism for SecYEG. 
 


