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Introduction 
 
 
 
 All organisms consist of one or more 
compartments that protect their contents from 
diffusing or dissolving freely into the 
surrounding environment. These compartments 
are typically enclosed by a semi-permeable 
membranous structure that allows 
communication and interaction with the 
environment. Active transport of molecules, 
such as proteins, into or across the membrane is 
mediated by a variety of proteinaceous facilities 
that are residing in the membrane. The major 
route for the transport of precursor proteins into 
and across the cytosolic membrane in bacteria is 
commonly known as the “Sec pathway” and the 
participating components are termed Sec 
proteins [1,2]. The translocation of precursor 
proteins is mediated by the translocase: a 
multimeric protein complex that consists of a 

membrane embedded protein-conducting 
channel and a peripherally associated ATPase 
(figure 1). The latter, called SecA [3], functions 
as a molecular motor to drive the protein 
translocation reaction. The core of the protein-
conducting channel consists of the integral 
membrane proteins SecY [4] and SecE [5]. 
They interact with SecG [6], thus forming a 
heterotrimeric membrane complex termed 
SecYEG. This complex can interact with the 
ribosome for co-translational membrane protein 
insertion [7,8], and the SecDFyajC 
heterotrimeric membrane protein complex [9-
12] that facilitates protein translocation. The 
protein-conducting channel is evolutionary 
conserved in all kingdoms of life since 
homologues were also found in eukaryotes [13-
19] and archaea [20-23]. 

Figure 1. Schematic representation of the preprotein translocase of Escherichia coli.  
The cartoon shows the different units of the preprotein translocase, i.e., the motor protein SecA that drives preproteins 
across the membrane via a protein-conducting channel that is constituted by an oligomeric assembly of SecYEG 
complexes. The SecDFyajC complex is another heterotrimeric membrane protein complex that stimulates the 
preprotein translocation reaction by an unknown mechanism. The ribosome contacts the SecYEG complex 
simultaneously with the SecA protein and is involved in co-translational insertion of membrane proteins via SecYEG. 
YidC is involved in membrane protein insertion and it samples hydrophobic transmembrane domains that emerge 
from the SecYEG complex to facilitate their partitioning into the membrane. YidC forms a complex with SecDFyajC 
and transiently interacts with the SecYEG complex. A major share of the YidC, however, forms an independent 
complex in the membrane. The sizes of the proteins depicted in the cartoon do not reflect their relative sizes. 
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Historical overview 
 
 In the early eighties, two different genetic 
strategies were employed to identify genes 
involved in the protein secretion pathway in 
Escherichia coli. One approach screened for 
mutations that restore the correct localization of 
precursor proteins with a defective signal 
sequence [24-26]. These dominant suppressors 
of signal sequence mutations were termed prl 
genes, for protein localization. Another 
approach screened for mutations that conferred 
conditional pleiotropic secretion defects. These 
mutations localized to the sec genes (for 
secretion) [3-5]. Three prl and sec genes were 
found to encode the same proteins: PrlA/SecY, 
PrlD/SecA and PrlG/SecE. All these genes are 
essential for viability, and their role in the 
protein translocation pathway was clearly 
established by the purification and 
reconstitution of the protein translocation 
reaction in vitro [27-29]. This biochemical 
approach identified another protein termed 
SecG [6], previously known as band 1 [28,30] 
or p12 [31]. This protein co-purifies with the 
SecYE complex [28] and escaped genetic 
identification as it is not essential for protein 
translocation under many conditions [6,31].  
 The secD gene was identified in a screen for 
E. coli mutants that are defective in export of 
precursor proteins fused to β-galactosidase [9]. 
Further genetic analyses show that the secD 
locus comprises an operon together with secF 
and yajC [10,11]. The products of these genes 
form another heterotrimeric membrane 
complex, SecDFyajC, which interacts with the 
SecYEG complex [12].  
 YidC was identified as the E. coli 
homologue of Oxa1p, a protein that is essential 
for the biogenesis of some mitochondrial inner 
membrane proteins [32-34]. Depletion of YidC 
affects both Sec-dependent and Sec-independent 
assembly of membrane proteins in E. coli [35]. 
Biochemical studies show that YidC associates 
with components of the protein secretion 
pathway [36,37]. 

 In summary, a heterotrimeric complex, 
which comprises SecY, SecE and SecG, forms 
the protein-conducting channel, while SecA is 
the motor protein that drives the translocation 
reaction (figure 1). Together, the complex of 
SecA with SecYEG is termed “preprotein 
translocase” as it suffices for protein 
translocation. The heterotrimeric SecDFyajC 
complex and the YidC protein are translocase-
associated proteins with various functions.  
 
 
The translocase subunits and interacting 
proteins 
 
The core of the protein-conducting channel: 
SecY 
 SecY is a highly hydrophobic protein with a 
molecular mass of 48 kDa. The E. coli enzyme 
consists of 443 amino acid residues [38]. It is 
the largest membrane subunit of the protein-
conducting channel and essential for viability 
and protein translocation. A range of 
computational and experimental approaches, 
such as hydropathy analysis, alkaline 
phosphatase (PhoA) fusion and proteolysis 
experiments, have led to a topological model in 
which SecY spans the membrane with 10 
transmembrane segments (TMSs) and where the 
amino- and carboxy-terminal ends are located in 
the cytosol [39] (figure 2). SecY is ubiquitous in 
prokaryotes with homologues in all eukaryotes 
and archaea [40-42]. Sequence comparison and 
mutational analysis have identified conserved 
and essential residues in the SecY protein, and 
many of these mutants have been biochemically 
characterized. So far, dominant lethal mutations 
have been found only in the fifth cytosolic (C5) 
loop, and these mutations are thought to disrupt 
the SecY-SecA interaction [43,44]. Also, many 
of the prlA mutations map to conserved regions 
of SecY [45-54]. The mutations that inhibit the 
translocation of a precursor of staphylokinase 
overlap with prl mutations in TMS7 [55,56]. 
The positions of characterized SecY single 
mutations are given in figure 2. 
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The core of the protein-conducting channel: 
SecE 
 SecE is a small integral membrane protein. 
In E. coli, it has a mass of 14 kDa and its 127 
amino acid residues encompass 3 TMSs as 
predicted by hydropathy analysis and PhoA 
fusions [57] (figure 2). In most bacteria, SecE is 
a single membrane spanning protein that is 
homologous to the third TMS and the 
cytoplasmic loop 2 of E. coli SecE [58]. In E. 
coli, a SecE truncate that lacks the first two 
TMSs [59] suffices for viability and protein 
translocation [60], but the truncate is less stable 
than the wild-type SecE protein. Despite its 
small size and weak conservation in the 
membrane domain, SecE is an essential protein. 
The Thermotoga maritima [58] and Bacillus 
subtilis [61] SecE proteins can functionally 
complement E. coli SecE mutants, but growth 
of these cells is temperature-sensitive. Also, the 
single TMS chloroplast SecE homologue was 
found to complement SecE in E. coli [62]. SecY 
and SecE are interacting proteins as will be 
detailed in the section "Biochemical studies on 
the interactions within the core of the channel".  

 The second cytosolic domain (C2) putatively 
forms an amphipathic helix structure. It contains 
a series of highly conserved residues but in 
order to inactivate SecE, multiple deletions in 
this region are necessary [58,63]. The third 
TMS is believed to function as a membrane 
anchoring device for the preceding conserved 
C2 as this TMS is only weakly conserved 
among SecE molecules and, albeit with severe 
growth and protein translocation defects, it can 
be replaced by unrelated TMSs [58,64]. All 
known prlG mutations, however, map to TMS3 
and periplasmic loop 2 (P2) (figure 2). 
Furthermore, two mutations have been 
described at the periplasmic end of TMS3 of E. 
coli SecE, i.e., L111R [65] and D112P [64], that 
result in a partial loss-of-function. Also, Asp-
112 is highly conserved. This suggests that 
TMS3 not only serves as an anchor to C2 but 
also has a more direct role in the catalytic 
activity of the channel. 
 
SecG is a core-associated and stimulatory 
subunit of the channel 
 SecG is a loosely associated subunit of the 
protein-conducting channel. In E. coli, SecG 

Figure 2. Membrane topology and mutational map of E. coli SecYEG. The amino acid sequences of the subunits 
of the E. coli SecYEG complex are depicted in a membrane topology model with the positions of characterized single 
mutations indicated. The mutations are categorized into three different classes: dominant negative mutations (black), 
prl mutations (light grey) and other mutations that affect cell growth and protein export (dark grey). Positions that can 
exhibit more than one altered phenotype are classified according to the first appropriate class in the abovementioned 
list. 
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consists of 110 amino acid residues, 
corresponding to a mass of 12 kDa (figure 2). 
The hydrophobicity profile of SecG reveals 
three hydrophobic regions [31], but PhoA 
fusions and proteolysis studies provide evidence 
for only two TMSs that are connected through a 
weaker hydrophobic linker that is exposed to 
the cytosol [66]. SecG is an intriguing protein. It 
is not essential for cell viability, and only in 
some genetic backgrounds, deletion of SecG 
confers a cold-sensitive phenotype [67,68] 
while affecting protein export [6]. The most 
prominent activity of SecG is observed in vitro 
where it stimulates SecYE mediated protein 
translocation and SecA translocation ATPase 
activity. This stimulatory effect is in particular 
pronounced at low temperatures [6] or when a 
proton motive force (pmf) is absent [69]. A 
remarkable inversion of the topology of the 
TMSs of SecG during the SecA-mediated 
protein translocation cycle has been proposed. 
This is evidenced by an altered proteolytic 
degradation pattern of SecG [66] and the 
accessibility of the loops for chemical 
modification [70]. The topology of SecG has 
been proposed to inverse transiently upon the 
membrane insertion of SecA. Strikingly, even 
the disulfide-stabilized homodimeric form of 
SecG seems to undergo the same topology 
inversion [71]. This process is believed to 
facilitate membrane insertion and deinsertion of 
the bulky mass of SecA, a process that may be 
inefficient in particular at low temperatures and 
decreased membrane fluidity [72,73]. 
Strikingly, suppressors of the cold-sensitive 
growth of the secG null strain have been 
isolated that map to genes involved in 
phospholipid biosynthesis [74,75]. 
 As discussed previously, the secG gene was 
not identified by a genetic screen. However, 
more directed screens for suppressors of signal 
sequence defects using mutagenized secG 
libraries yielded several prl alleles of secG, 
termed prlH [76] (figure 2).The mutations and 
deletions are not confined to a particular region 
in the SecG protein, and most of the prlH 
mutations are relatively weak. The suppressor 
activity of some of the PrlH mutants is equal to 

the strongest PrlG mutants of SecE. Another 
screening method using toxic chimerical 
precursors has yielded many sec mutations in 
the secG gene. These mutations display a weak 
phenotype and are dispersed in SecG with the 
exception of the periplasmic domains. Many of 
the mutations are concentrated in the so-called 
TLF domain in the cytosolic loop that consists 
of Thr-41, Leu-42 and Phe-43 [67,77].  
 
SecA - the ATPase that drives protein 
translocation 
 Although not a permanently associated 
component of the protein-conducting channel, 
the SecA ATPase is the motor that drives the 
translocation reaction. This section focuses on 
the ability of SecA to interact with the SecYEG 
complex. E. coli SecA is a large protein of 102 
kDa and consists of 901 amino acid residues. It 
is present in the cell in a soluble as well as 
membrane-associated state [78]. Cytosolic SecA 
is mainly present as a homodimer [79-81]. At 
the membrane, SecA binds with low affinity to 
negatively charged phospholipids and with high 
affinity to the SecYEG complex [82]. The 
binding of SecA to the SecYEG complex, thus 
forming the translocase, activates SecA for the 
high affinity interaction with preprotein-bound 
SecB [82]. Transfer of the preprotein from SecB 
to SecA occurs through to a number of defined 
steps. Binding of the signal sequence to SecA 
strengthens the SecA-SecB interaction and 
dislocates the mature preprotein domain from 
SecB [83]. SecB is released by SecA upon the 
ATP-dependent initiation of translocation [84]. 
Both the signal sequence and the mature domain 
of the preprotein can interact with SecA [85]. 
The preprotein is translocated through the 
protein-conducting channel by a process that 
involves multiple cycles of ATP binding and 
hydrolysis by SecA [86,87]. Recently, the 
crystal structures of the SecA protein of B. 
subtilis [88] and Mycobacterium tuberculosis 
[89] have been determined to atomic resolution, 
revealing the sites of interaction with 
nucleotides and the Mg2+ cofactor. Prl 
mutations in the secA gene, termed prlD, are 
found throughout the gene sequence. Many 
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prlD mutations match to azi mutations in SecA 
that confer resistance to sodium azide [90,91]. 
An altered conformation at lower temperatures, 
reduced affinity for ADP and an elevated 
turnover rate are characteristic for SecA 
proteins harboring either a prlD or azi mutation 
[92]. Thus, it seems that an increased SecA 
ATPase activity is the underlying cause for 
suppression of signal sequence defects (and 
azide resistance). 
 
The accessory membrane complex SecDFyajC 
 SecD, SecF and YajC are accessory proteins 
that form another heterotrimeric complex that 
can interact with the SecYEG complex [12]. 
While the other sec genes are dispersed on the 
chromosome, the genes encoding SecD, SecF 
and YajC together constitute an operon [10,11]. 
In E. coli, SecD and SecF are integral 
membrane proteins with a molecular mass of 67 
and 35 kDa, respectively. They each contain 6 
predicted TMSs and a large periplasmic 
domain, in particular SecD. In some bacteria, 
e.g. B. subtilis, SecD and SecF are fused 
together, forming a single membrane protein 
with 12 putative TMSs that is appropriately 
termed SecDF [93]. SecD and SecF belong to 
the Resistance-Nodulation-Cell Division (RND) 
superfamily of transporters and homologues 
have been found in archaea, but not in 
eukaryotes [94]. This suggests a transporter 
function for the SecDF complex, as for instance 
the removal of cleaved signal peptides or the 
clearance of the translocation channel. 
However, such an activity has remained 
undiscovered. YajC is a smaller protein with a 
molecular mass of 12 kDa in E. coli. It 
comprises a single TMS and a large cytosolic 
domain. 
 SecDFyajC is not required to reconstitute 
protein translocation in vitro for which SecA 
and the SecYE complex suffices. A stimulatory 
effect on the in vitro translocation activity has 
been observed only in the absence of SecG 
[12,95]. In contrast, viability and protein export 
in vivo is severely affected when cells are 
lacking SecD or SecF [96]. Mutations and 
deletions in YajC have no effect on cell growth 

or protein export [11]. Studies on SecDFyajC 
suggest an involvement of the complex in 
different steps, such as regulation of the 
catalytic cycle of SecA [12,97,98], release of 
translocated proteins from the membrane [99] 
and to mediate the interaction between SecYEG 
and YidC [37] (see the section "YidC can be 
found in close proximity to the translocase"). 
However, the exact role of the SecDFyajC 
complex in the protein translocation pathway 
remains to be solved. 
 
YidC is involved in the assembly of membrane 
proteins 
 YidC is a large integral membrane protein 
with a mass of 62 kDa in E. coli that is involved 
in the biogenesis of both Sec-dependent and 
Sec-independent membrane proteins. Topology 
analysis of YidC suggests 6 TMSs and the 
presence of a large periplasmic domain [100]. 
YidC interacts with Sec-dependent membrane 
proteins during their membrane insertion [36] 
and can be found associated with the 
SecDFyajC complex [37]. Depletion of YidC 
has a strong effect on the membrane insertion of 
Sec-independent phage proteins [35] and only 
mildly affects the biogenesis of several Sec-
dependent membrane proteins [101]. It, 
however, severely affects the biogenesis of 
subunits of the major energy-transducing 
complexes such as the F0 domain of the F1F0 
ATPase and cytochrome o oxidase [102,103], 
thus defecting respiratory. This explains why 
the YidC protein is essential for viability. 
 
 
Conservation of the core domain of the 
protein-conducting channel 
 
 The protein-conducting channel is well 
conserved in prokaryotes, eukaryotes and 
archaea. In the eukaryotic endoplasmatic 
reticulum (ER), it consists of the trimeric 
Sec61p complex that mediates co- and post-
translational protein translocation into or across 
the membrane of the ER. The subunits of the 
mammalian Sec61p complex are Sec61α, 
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Sec61β and Sec61γ. The Sec61p complex is 
homologous to SecYEG and the Sec61α and 
Sec61γ subunits are the counterparts of SecY 
and SecE, respectively [13]. Sec61β and SecG 
are not homologous and are probably 
functionally distinct. Sec61β has recently been 
shown to function as a guanine nucleotide 
exchange factor for the β-subunit of the signal 
recognition particle receptor [104] whilst SecG 
seems to function as an attenuator of the SecA 
catalytic cycle. The ER of the yeast 
Saccharomyces cerevisiae contains two 
homologous trimeric complexes, Sec61p and 
Ssh1p [105]. The yeast Sec61p complex 
consists of Sec61p, Sbh1p and Sss1p, which is 
the yeast nomenclature of Sec61α, Sec61β and 
Sec61γ, respectively. Sss1p (Sec61γ) also 
participates in the Ssh1p complex together with 
the subunits Ssh1p and Sbh2p, the homologues 
of Sec61p (Sec61α) and Sbh1p (Sec61β). In 
contrast to the Sec61p complex, the Ssh1p 
complex is not essential and has been 
implicated in co-translational protein 
translocation only [105-107]. Homologues of 
the protein-conducting channel subunits SecY 
and SecE have also been found in the thylakoid 
membrane of chloroplasts. Together with SecA, 
this complex mediates the translocation of 
preproteins across the thylakoid membrane [14-
19]. Homologues of SecY have also been 
identified in plastids of cyanelles [108-110], 
cyanobacteria [14] and even in the mitochondria 
of Malawimonas jakobiformis, an ancient 
jakobid protist [111]. In archaea, genes 
encoding Sec61α (SecY), Sec61γ (SecE)  and 
Sec61β (SecG) have been identified [20-23]. 
These subunits are more homologous to the 
eukaryotic than to the bacterial counterparts 
[42].  
 
 
The channel complex - subunit organization 
 
Biochemical studies on the interactions within 
the core of the channel 
 The interactions between the subunits of the 
protein-conducting channel have been studied in 

considerable detail both genetically and 
biochemically, and more recently structurally. 
SecY forms a stoichiometric complex with 
SecE. In the absence of SecE, SecY is unstable 
and is readily degraded by the membrane-bound 
protease FtsH [112]. Uncomplexed SecY seems 
to be toxic to cells as the accumulation of SecY 
in conditionally lethal FtsH mutants results in 
hampered cell growth and protein export [112]. 
Preformed SecYE complexes do not seem to 
dissociate in vivo as no exchange of SecE 
subunits between the complexes has been 
observed [113,114]. Only the carboxy-terminal 
part of E. coli SecE, encompassing the third 
TMS and C2 loop, is required for the SecY 
interaction [60] which is in line with the 
observation that in most bacteria, SecE consists 
of this domain alone. Biochemically, the B. 
subtilis SecE has been shown to interact with 
the E. coli SecY protein and vice versa, but such 
hetero-complexes are largely inactive for 
protein translocation [115]. 
 Evidence for interacting domains between 
SecY and SecE has been found in all three 
cellular compartments, i.e. cytosol, inner 
membrane and periplasmic space. In the 
cytosol, the C4 loop of SecY is thought to 
interact with SecE. A dominant negative SecY 
mutation (secY-d1 in loop C5), which results in 
sequestration of SecE into an inactive complex, 
can be suppressed by second site 
deletion/insertion mutations in the C4-TMS7 
region of SecY. Most of these mutations cluster 
in the C4 loop [116], and may disrupt the 
binding of SecY to SecE which would 
overcome the dominant secY-d1 mutation by 
releasing the SecE for complex formation with 
functional SecY. Indeed, mutant SecY24, 
harboring a temperature-sensitive mutation in 
C4, has lost its ability to co-immunoprecipitate 
with SecE [116]. The secY24 mutation does not 
affect co-purification of SecY with SecG, hence 
the C4 loop seems to interact specifically with 
SecE [117]. In addition, mutations in the 
conserved loop C2 and the prlG mutations in 
TMS3 of SecE also affect SecYE complex 
formation [64,118]. These results suggest 
possible sites of interaction between loops C4 
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and C5 of SecY and C2 (and TMS3) of SecE. 
Such interaction could be biochemically 
demonstrated by cysteine-directed cross-linking 
that provides distance information of proximal 
residues in neighboring proteins. Bifunctional 
cross-linkers can mediate the formation of a 
cross-link between a cysteine residue and a 
proximal lysine or another cysteine residue. 
Also, under oxidizing conditions, a disulfide 
bond can be formed between proximal cysteine 
residues within 4-6 Å distance [119,120]. An 
overview of cross-links between the domains of 
the protein-conducting channel is given in 
figure 3. Using cysteine cross-linking, sites of 
contact between C4 of SecY and C2 of SecE 
were demonstrated biochemically [121]. The 
same positions in C2 of SecE also contacted 
several positions in loop C5 of SecY [121]. 
Cross-linking was inhibited after the 
introduction of the secY24 (in C4 of SecY) or 
prlG mutations in TMS3 of SecE [121], 
confirming the earlier co-immunoprecipitation 
results [64,116]. 
 Sites of interaction between SecY and SecE 
at the periplasmic face of the membrane and 
interhelical contacts were postulated based on 
synthetic lethality of certain allelic 
combinations of prlA (SecY) and prlG (SecE). 
Lethality was induced in pairwise combinations 
of mutation F67C (prlA3) and S68P (prlA726) 
in loop P1 of SecY with S120F (prlG3) in loop 
P2 of SecE. Similarly, combinations of I278N 
(prlA208) in TMS7 and L407R (prlA301) and 
I408N (part of prlA4) in TMS10 of SecY with 
L108R (prlG1) in TMS3 of SecE are lethal 
[122]. Cysteine scanning mutagenesis has 
provided evidence for a close proximity of the 
P1 loop of SecY to the P2 loop of SecE, at 
cysteine-substituted positions of the lethal prl 
combination [123]. The same method has 
identified contact between TMS3 of SecE and 
multiple sites on TMS2, TMS7 and TMS10 of 
SecY, although the interaction with TMS2 
appeared rather weak. The periodicity of the 
appearing cross-links between TMS3 of SecE 
and TMS7 and TMS10 of SecY confirms the α-
helical nature of these transmembrane segments 

[124-126]. Importantly, cysteine scanning 
mutagenesis experiments have provided strong 
evidence that SecE molecules of neighboring 
SecYEG complexes are in close proximity. A 
three-dimensional model of, seemingly, the core 
of the protein-conducting channel could be 
constructed based on the identified cross-links. 
This model shows the essential TMS3 of SecE 
in contact with TMS2, TMS7 and TMS10 of 
SecY at one side of its helical structure. The 
other face of the helix contacts a neighboring 
TMS3 of SecE at the dimer interface of two 
SecYEG complexes [124-126]. The model 
suggests that TMS3 of SecE is strongly tilted 
relative to the helices of SecY and to the 
opposing SecE helix [126]. This arrangement 
and the localization of SecE at the SecYEG 
dimer interface was recently confirmed by 
structural studies [127,128] (see the section 
"Structural analysis of the SecYEG complex"). 
 
SecY is the interacting partner for SecG 
 The SecY protein also interacts with SecG. 
Even in the absence of SecE, SecG co-purifies 
with SecY [117]. SecG weakly increases the 
stability of SecY [129] and the SecYE complex 
[117]. Cross-linking studies demonstrated that 
the cytosolic loops C2 and C3 of SecY are in 
close proximity to the cytosolic loop of SecG 
[130,131] and that the periplasmic loop P2 of 
SecY is proximal to the carboxy-terminal end of 
SecG [131]. SecG and SecE do not seem to 
interact, although one report showed that SecG 
stabilizes a carboxy-terminal truncate of SecE 
[129]. SecG failed to co-purify with SecE in a 
secY24 background in which the interaction 
between SecY and SecE is disturbed [117]. 
Taken together, these data indicate that SecY 
interacts at independent sites with SecE and 
SecG. 
 
SecA interaction with the channel subunits 
 SecA binds the SecYEG or SecYE complex 
with high affinity, and this event activates SecA 
for preprotein-stimulated ATPase activity [132]. 
The binding reaction itself, i.e., in the absence 
of preprotein, regulates the rate of nucleotide 
exchange on SecA [133]. This step precedes the 
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preprotein-dependent initiation of translocation, 
and serves to activate SecA for preprotein-
stimulated ATPase activity. SecA can be cross-
linked in vivo to SecY [134]. Ligand affinity 
blotting revealed that SecA binds to a SecY 
truncate that harbors the first 107 amino acids of 
SecY. This fragment corresponds to the C1, 
TMS1, P1, TMS2 and C2 domains of SecY 
[135]. However, mutations that affect the SecA-
SecY interaction have been mapped only to C5 
and C6 of SecY [44,136,137]. These SecY 
loops are poorly conserved in the archaeal and 
eukaryotic Sec61α families. Indeed, archaea and 
eukaryotes lack a SecA homologue. SecY likely 
contains multiple SecA interacting sites, while 
SecE does not seem to interact with SecA. SecA 
could, however, be cross-linked to SecG under 
translocation conditions [66,70]. A SecA 
truncate that lacks eight amino acid residues at 
the amino-terminus is unable to form the 
translocation-associated stable SecA proteolytic 
fragments and did not elicit the SecG topology 
inversion [138]. This suggests that SecA and 
SecG interact during the translocation reaction, 
while SecG is not essential for the high affinity 

binding affinity of SecA to the channel complex 
[12,139,140]. 
 
The SecDFyajC complex associates with the 
SecY subunit 
 Co-immunoprecipitation studies showed that 
SecYEG associates with another heterotrimeric 
complex, SecDFyajC [12]. Overproduction of 
SecF or YajC has a stabilizing effect on SecY 
[113,141]. Furthermore, a dominant-negative 
mutation, secY-d1, is suppressed by the 
overproduction of YajC [142]. These results 
indicate that it is the SecY subunit that interacts 
with both the SecF and YajC subunit. The 
SecDFyajC complex also readily co-
immunoprecipates with the SecYE complex, 
suggesting that SecG is dispensable for the 
association between both complexes [12]. 
However, a recent study indicated that depletion 
of SecDFyajC results in a decreased expression 
of SecG while it inhibited the disulfide bond 
formation between two SecG subunits harboring 
a cysteine mutation [95]. 
 
 

Figure 3. Interactions between subunits of the protein-conducting channel. Sites of interaction between the 
SecYEG subunits as identified by chemical cross-linking of neighboring cysteine residues or cysteine and lysine 
residues. Interacting domains within and between SecYEG complexes are indicated by a connecting line with arrows 
in this schematic representation of the SecYEG topological model. 
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YidC can be found in close proximity to the 
translocase 
 YidC can be cross-linked to nascent 
membrane proteins during the co-translational 
translocation reaction, suggesting close 
proximity of YidC to the translocase 
[36,101,143-146]. YidC co-purifies with 
overproduced levels of SecYEG, in particular 
when SecDFyajC was overproduced as well 
[36]. Indeed, a condition was reported in which 
YidC only co-purifies with wild-type and 
overproduced levels of SecDFyajC and not with 
SecYEG, suggesting that the functional 
interaction between SecYEG and YidC is 
mediated via SecDFyajC [37]. 
 
Ribosome binding to the channel 
 The ribosome associates with the protein-
conducting channel in both the eukaryotic and 
bacterial co-translational protein translocation 
[7,8,147-149]. Electron microscopy revealed 
that the peptide exit tunnel of the large 
ribosomal subunit aligns with the pore of the 
eukaryotic Sec61p complex thus resulting in a 
tight seal between the ribosome and the channel 
[149-151]. In vitro studies using purified 
ribosome-Sec61p complexes showed that the 
preprotein is need to form the tightly sealed 
contact [152]. Recently, the ribosome and SecA 
were reported to bind simultaneously to the 
SecYEG complex, while the ATP-dependent 
SecA membrane insertion is accompanied by 
the dislocation of the ribosome from the 
translocation site [8]. Because of space 
considerations, it is difficult to envisage how 
SecA and the ribosome can bind simultaneously 
to the SecYEG complex 
 
Channel interaction with the translocating 
preprotein 
 The environment of a preprotein while it 
passes the translocation channel has been 
analyzed by various methods. Translocation-
arrested preprotein intermediates were used to 
identify interacting partners via a cross-linking 
approach. These intermediates were generated 
by fusing proOmpA, a preprotein in E. coli, to 
dihydrofolate reductase (DHFR), an enzyme 

that stably folds in the presence of its co-factors 
NADPH and methotraxate. The stable folding 
of the DHFR moiety results in the jamming of 
the protein-conducting channel. In this way, 
proOmpA was found to cross-link to SecA and 
SecY but not to SecE, SecG, SecD or SecF 
[153]. In mammalian endoplasmic reticulum 
derived microsomes, the molecular environment 
of a nascent preprotein was analyzed by 
fluorescent techniques. These data suggested 
that the pore provides an aqueous environment 
to the translocating preprotein [154]. In S. 
cerevisiae, the interaction between the signal 
sequence of prepro-α-factor and the Sec61p 
complex of the ER has been studied. The signal 
sequence could be cross-linked to TMS2 and 
TMS7 of Sec61α [155], while no cross-links 
were observed between the signal sequence and 
Sss1p or Sbh1p. Surprisingly, the signal 
sequence could also be cross-linked to 
phospholipids and thus appears to be 
surrounded both by the channel protein and 
lipid environment. A model for the initiation of 
translocation was proposed in which 
Sss1p/SecE functions as a surrogate signal 
sequence in the closed form of the Sec61p/SecY 
channel and is displaced by the signal sequence 
of a preprotein upon its binding. This model is 
based on (partially) overlapping regions of 
cross-linking for Sss1p and the signal sequence 
to Sec61p [156] and the similarity between 
Sss1p/SecE and a signal sequence. Indeed, 
cysteine-directed cross-linking confirms that the 
essential TMS3 of E. coli SecE contacts TMS2 
and TMS7 of SecY, but a complete 
displacement of SecE by the signal sequence 
seems unlikely since the cross-links could also 
be formed when preprotein translocation was 
initiated [124,125]. 
 
 
Channel structure and dynamics 
 
The dimensions and oligomeric nature of the 
channel 
 Insight into the structure and dynamics of 
the protein-conducting channel is important to 



Introduction 

 18 

understand the mechanism of preprotein 
translocation. Electron microscopy of purified 
mammalian and yeast Sec61p complexes 
displayed ring-like particles with a diameter of 
~85 Å and a central pore or indentation of ~20 
Å [149-151,157]. The particles have a quasi-
pentagonal symmetry and consist of an 
oligomeric assembly of three to four Sec61p 
complexes. The assembly of reconstituted 
Sec61p oligomers is stimulated by the 
association of ribosomes or the Sec62/63p 
complex, which are ligands for the co- and post-
translational translocation respectively [157]. A 
three-dimensional reconstruction of the yeast 
ribosome-Sec61p complex showed that the 
central cavity in the Sec61 oligomer aligns with 
the exit of a tunnel that traverses the large 
ribosomal subunit [149]. Nascent chains are 
thought to emerge from this tunnel, so this 
suggests an alignment of the conduits in co-
translational protein translocation [149]. The 
SecYE complex, purified from B. subtilis, forms 
structures similar in size and shape to the 
Sec61p oligomers, although in the electron 
microscopic study only a small amount of 
quasi-pentagonal shapes were observed. The 
mass density of the ring structure suggests three 
or four copies of SecYE. This would imply that 
SecY and SecE are sufficient to form the ring 
even in the absence of SecG, and would be 
consistent with the fact that SecG is not 
essential for the protein translocation activity 
[158]. In contrast to the eukaryotic Sec61p that 
either needs ribosomes or the Sec62/63p 
complex to reconstitute oligomers in 
membranes, SecA or other translocation ligands 
were not required for the formation of these 
SecYE oligomers [159]. The E. coli SecYEG 
complex has also been studied by electron 
microscopy and mass analysis. Purified samples 
containing SecYEG revealed elongated particles 
of ~85 Å by ~65 Å with an undefined central 
indentation of ~20 Å. The size and mass of 
these particles reflects a dimeric form of 
SecYEG [160]. A fraction of the particles was 
of smaller size and represented monomeric 
SecYEG complexes. Additionally, SecYEG was 
purified from translocation-active or -arrested 

intermediates that were induced by the addition 
of SecA, proOmpA and ATP (or AMP-PNP). A 
significant population of larger particles was 
observed, having a diameter of ~105 Å and a 
central cavity of 50 Å. Their size and mass 
corresponds to a tetrameric form of SecYEG 
[160]. Particles with an even higher density 
were observed in these samples, which are 
probably tetramers of SecYEG with the SecA 
protein associated with the channel. This study 
suggests that dimers of SecYEG are assembled 
into tetrameric structures upon the initiation of 
translocation to form the protein-conducting 
channel. 
 The existence of oligomeric forms of the 
SecYEG complex has also been shown in 
various biochemical studies. Analytical 
ultracentrifugation experiments assessing the 
oligomeric state of E. coli SecYEG in detergent 
solution, showed mainly monomers and 
tetramers. Interestingly, a shift to dimeric forms 
was observed when SecYEG harbors the PrlA4 
mutant of SecY [161]. A blue native gel 
analysis of E. coli SecYEG in detergent solution 
shows equilibrium of monomeric and dimeric 
species [162]. SecYEG was found to be present 
as a dimer in translocation intermediates that 
harbor a trapped preprotein but in the absence of 
SecA. Strikingly, SecG seemed to induce the 
formation of tetrameric forms of SecYEG. 
Fluorescence resonance energy transfer (FRET) 
experiments demonstrated that SecYE of 
Thermus thermophilus is present at least as 
dimers when purified SecYE complexes were 
reconstituted into membranes [163]. A covalent 
link between two SecY subunits resulted in a 
SecYEG dimer that was able to bind SecA and 
is active in protein translocation [164]. Cysteine 
scanning mutagenesis revealed multiple sites of 
contact between two neighboring SecE subunits 
in the SecYEG complex [124,125]. Cross-
linking analysis also showed that the cytosolic 
domain C2 and both terminal ends (C1 and C6) 
of two neighboring SecY subunits are proximal 
[130]. Finally, cysteine cross-links were 
observed between two neighboring SecG 
subunits when cysteine residues were 
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introduced into the periplasmic located carboxy-
terminus [71] (figure 3). 
 One study proposes that the active channel 
harbors only a single copy of the complex since 
SecYEG oligomers could not be detected by 
chemical cross-linking [165]. It was argued that 
the oligomeric forms of SecYEG observed in 
other studies are aggregates that result from the 
overproduction or purification of SecYEG. 
However, chemical cross-linkers seem to 
disrupt the SecYEG oligomerization [162] 
presumably by interference with ionic 
interactions that stabilize the SecYEG 
oligomers. Mutational analysis of the conserved 
C2 domain of SecE suggests that mutant SecE 
molecules obtain a dominant negative 
phenotype by the sequestration of wild-type 
SecE, indicating the presence of SecYEG 
oligomers in vivo [63]. Moreover, SecYEG 
dimers were detected in inner membrane 
vesicles harboring near wild-type levels of 
SecYEG in a cysteine scanning mutagenesis 
approach [125]. Considering these observations, 
together with the vast amount of data that show 
the existence of SecYEG oligomers, it is clear 
that SecYEG exists as oligomeric species. It, 
however, remains an unresolved question as to 
whether SecYEG functions as a monomer or 
oligomer (see also the section "Structural 
analysis of the SecYEG complex"). 
 
Both the pmf and prlA mutations affect the 
channel dynamics 
 Preproteins are translocated across the 
membrane by repeated cycles of SecA insertion 
and deinsertion at the expense of ATP. The 
translocation reaction, once initiated by SecA, is 
stimulated by the pmf and can be continued and 
completed when ATP is depleted [86,166]. The 
presence of a pmf can restore the translocation 
of a preprotein harboring an internal cysteine 
cross-linked loop that otherwise blocks the 
channel and accumulates into a translocation 
intermediate [167,168]. This suggests that the 
pmf contributes to the gating of the channel in a 
more relaxed fashion than SecA does. Similarly, 
prlA mutations in SecY relieve the steric 
blockage of the channel by preproteins 

(harboring an internal loop, stably folded 
moiety or large molecular probe) and thus 
alleviate the pmf-dependency of their 
translocation [169,170]. PrlA and prlG 
mutations are thought to result in a relaxation of 
the interaction between the SecY and SecE 
subunits [118,171] and this may be reflected in 
the gating properties of the channel. Some prlA 
mutations result in a channel complex with a 
higher affinity for SecA and an increased 
translocation rate of wild-type preproteins 
[54,172,173]. One explanation for these 
observations is the reduction of the rejection 
rate of preproteins upon the initiation of 
translocation by stabilizing SecA at the channel 
complex [54]. The latter may be the reason for 
the observed shift from monomers to dimers of 
SecYEG in detergent solution when the 
complex harbors a PrlA4 instead of wild-type 
SecY (see above) [161]. 
 
Structural analysis of the SecYEG complex 
 In recent years, medium and high resolution 
structural data have been obtained on the 
SecYEG complex. A projection structure at 9 Å 
resolution was derived from electron 
microscopy of two-dimensional crystals of E. 
coli SecYEG, showing undefined regions of 
dense mass within the SecYEG complex [161]. 
A three-dimensional reconstruction at a 
resolution of 8 Å was produced from tilts of the 
two-dimensional SecYEG crystals. This 
medium-resolution map shows a SecYEG dimer 
in which each monomer contains 15 distinct 
mass densities that likely correspond to the 
combined TMSs of the SecYEG complex [127]. 
With the availability of the crystal structure of 
the Sec61αγβ complex from the archaeon 
Methanococcus jannaschii [128] (see also 
below), it is now possible to assign these 
densities to specific TMSs. The distinct tilted 
helices at the dimer interface represent the 
TMS3 of two neighboring SecE proteins as 
suggested by the cysteine scanning studies [124-
126]. The dimensions of the SecYEG dimer 
from the crystal structure [161] and the 
extrapolated tetramer are comparable to those 
observed for the SecYEG dimers and tetramers 
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in the electron microscopy studies [160] (figure 
4). The tetramer consists of two dimers. 
Therefore, formation of a central channel will 
require a major subunit re-orientation. The map 
of the SecYEG dimer reveals an opening at the 
dimer interface at the cytosolic side of the 
membrane. The diameter of this cavity is also 
comparable to that observed for the SecYEG 
dimers in the electron microscopy studies 
(figure 4A). Since the cavity is closed at the 
periplasmic side of the membrane, it has been 
proposed that the reconstituted SecYEG dimer 
structure represents the translocation-closed 
state. According to this hypothesis, conversion 
to the active and opened state would require a 
rearrangement of the two SecE helices at the 
dimer interface. However, this hypothesis is 
unlikely as the cross-links between the two 
TMS3 of SecE persist during preprotein 
translocation [124,125]. Channel formation may 
also be induced by the assembly of two 
SecYEG dimers into a tetrameric complex, 
which does not necessarily require the 
displacement of TMS3 of SecE. Alternatively, 
the cavity may represent part of the SecA 

binding site and the preprotein is translocated 
along the interface of two SecYEG dimers. 
 Recently, the crystal structure of Sec61αγβ 
complex from the archaeon Methanococcus 
jannaschii was elucidated [128] (figure 5). The 
2.3 Å resolution structure revealed a monomeric 
Sec61αγβ complex with a barrel-like 
arrangement of the 10 TMSs of Sec61α (SecY) 
and a steeply angled Sec61γ (SecE) 
transmembrane helix that forms a girdle around 
part of the Sec61α barrel. Sec61β (SecG) is 
peripherally associated with Sec61α. This 
arrangement of subunits can be superimposed 
on the densities of the projection structure of the 
E. coli SecYEG [161]. The crystal structure has 
led the authors to propose that the monomeric 
SecYEG complex may accommodate a protein-
conducting channel that would run through the 
centre of the SecY monomer (figure 5). This 
putative channel is partially occluded by a 
“plug” formed by an external loop region 
between TMS1 and TMS2 and has a “seal” near 
its centre where several hydrophobic amino 
acids come together (figure 5b). 
 The structure explains many observations 
while it is in variance with others. It was 
proposed that the unusual crossed organization 
of SecY TMS2 and TMS7 could form a lateral 
opening through which signal peptides insert 
laterally into the translocase and transmembrane 
segments of integral membrane proteins escape 
from the lumen of the channel into the lipids of 
the membrane. The stabilizing effect of SecE on 
SecY [174] is nicely explained by its multiple 
interactions on the opposite side of the SecY 
barrel from TMS2 and TMS7, and the 
juxtaposition of SecE from adjacent complexes 
is consistent with previous studies showing that 
they can be cross-linked [124]. However, these 
SecE-SecE contacts seem to obstruct the 
previously proposed pore between two SecYEG 
complexes in a dimer [127]. Moreover, some of 
the most efficient cross-links, in particular 
between TMS7 of SecY and TMS3 of SecE 
[125], cannot be explained by the crystal 
structure. A central hydrophobic constriction in 
the SecY barrel formed by isoleucine residues 

Figure 4. Overlay of the SecYEG dimer structure 
with SecYEG oligomers as visualized by electron 
microscopy. The medium-resolution structure of the 
SecYEG dimer is superimposed on the electron 
microscopic image of SecYEG dimer (A) and tetramer 
(B) particles, once their scales were corrected in 
relation to each other. This reveals that both the outer 
dimensions and the size of the cavity within the 
structures are comparable. Two SecYEG dimers fit 
readily into the tetramer image of SecYEG. The 
medium-resolution structure of the SecYEG dimer, 
derived from 2-dimensional crystals, represents a 
horizontal cross section of the complex in the plane of 
the membrane, with the top view facing the cytosol 
[127]. The electron microscopic images of detergent-
solubilized SecYEG were visualized by negative 
staining [160]. Scale bar = 50 Å. 
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closes the putative channel for transmembrane 
ion movements. The “plug” loop mentioned 
before could form a gate that controls access to 
the channel on the external side of the 
membrane. However, the channel is too narrow, 
even if fully distended, to accommodate a 
disulphide loop, let alone SecA, and is far 
smaller that the experimentally determined 
internal diameter of the Sec61p channel in 
eukaryotes [175,176]. Obviously, the pore in the 
monomeric SecY has to dilate to accommodate 
more than a single polypeptide chain or a loop 
structure of signal sequence and mature domain. 
With our current understanding of the structure, 
it is difficult to envisage how such a highly 
organized, rigid structure of the barrel would 
open without many movements of the 
transmembrane segments. The “plug” domain 
which corresponds to P1 of SecY can be cross-
linked to the P2 loop of SecE [123] to yield an 
inactive complex. This has led the authors to 
conclude that the “plug” domain is a flexible 
region that during the initiation of translocation 
might leave the structure to open up an 
hourglass-like channel in the SecY monomer. 
This may seem an attractive hypothesis but it 
should be stressed that most intermolecular 

cross-links inactivate the SecYEG complex, and 
therefore, it appears that the channel requires an 
intrinsic flexibility. The “plug” movement, 
therefore, does not follow from the cross-
linking experiments per se. Another concern is 
that the size of the monomer is inconsistent with 
that of the presumed Sec61p complex observed 
underneath the ribosome in electron 
micrographs of the two complexes [149]. The 
ribosome contacts could be established with 
several Sec61 protomers, possibly as tetramers, 
with only one of the channels being used for 
protein translocation and the others, 
presumably, completely obstructed. It is 
difficult to understand why such oligomeric 
assemblies exists if the monomer alone would 
be sufficient to form a protein conducting 
channel. Clearly, the structure provides the basis 
for further exploration, notably the creation of 
mutations affecting key residues involved in the 
position of the "plug" loop and the amino acids 
in the narrow seal. Most prl mutations map in 
the pore region around the "plug" [122]. 
[177]These could be the residues that define the 
SecA binding site or that alter accessibility of 
the surface exposed SecA binding domain, 
based on the evidence that prl suppression 

Figure 5. Crystal structure of the Sec61αγβ complex of Methanococcus jannaschii. (A) Top view (cytosolic face) 
showing a ribbon drawing of the Sec61αγβ complex (based on the coordinates deposited to the Protein Data Bank as 
1RHZ). The Sec61α (SecY), Sec61β (SecG) and Sec61γ (SecE) subunits are depicted in dark grey, grey and light 
grey, respectively. The barrel-like arrangement of the transmembrane segments of Sec61α seems to accommodate a 
central pore-like structure that is sealed on the external face of the membrane by a re-entrance loop formed by 
external loop 1. (B) Solvent accessible surface of the Sec61αγβ complex shown in the orientation as in figure 5A. The 
hydrophobic residues are indicated in dark grey, showing the putative central pore that is sealed by a hydrophobic 
constriction. 
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correlates with tighter SecA-translocase binding 
[54]. The prl mutations in SecY may also shift 
the pore to an open conformation. Prl mutations 
also destabilize the SecY-SecE complex [118] 
but it is unclear how this is achieved as the 
structure reveals multiple sites of interaction. 
Further crystallographic studies, most notably 
those on the translocase in co-complex with 
SecA could provide a valuable snapshot of the 
translocase in action. 
 
 
Concluding remarks 
 
 During the last two decades, a major 
advance has been made in our understanding of 
the mechanism of protein translocation and 
membrane protein integration. The components 
of the Sec pathway have been identified and 
their roles have been defined at the biochemical 
and enzymological level. Domains and residues 
important for the functionality of the translocase 
have been identified by extensive mutational 
analyses. Subunit interactions within the 
protein-conducting channel and the association 
with other subunits have been explored. 
Electron microscopy studies have provided 
insight into the dimensions of the channel and, 
together with other studies, contributed to a 
better understanding of the oligomeric nature of 
the channel. The recent success in SecYEG 
crystallization now provides a detailed insight in 
the structure of this complex. Future challenges 
are to obtain structures of co-complexes of 
SecA with SecYEG, and ultimately, a complex 
harboring a protein translocation intermediate 
that would occupy the protein-conducting 
channel. Several mechanistic questions remain 
to be solved. For instance, what are the dynamic 
changes that the channel undergoes during the 
catalytic cycle of SecA? How does the channel 
complex participate in the assembly of 
membrane proteins, and what is the mechanism 
by which the accessory membrane proteins act 
on the protein translocation reaction? These are 
questions to be addressed in future research. 
 
 

Scope of this thesis 
 
 The objective of this thesis was to 
investigate the interactions among the subunits 
of the protein-conducting channel of E. coli to 
obtain a view of their spatial arrangement and to 
understand the dynamics of channel formation. 
The channel is constituted by the heterotrimeric 
SecYEG complex. The interactions between the 
subunits at the level of amino acyl residues have 
been probed by means of a Cysteine Scanning 
Mutagenesis approach (chapters 2-4).  This has 
led to the identification of multiple sites of 
interaction between transmembrane domains of 
SecY and SecE. Also, several sites of 
interaction between neighboring SecE subunits 
have been revealed, demonstrating that the 
protein-conducting channel consists of SecYEG 
oligomers. The oligomerization of SecYEG in 
the lipid environment has been further explored 
by the Fluorescence Resonance Energy Transfer 
(FRET) technique (appendix to chapter 3). The 
identified sites of interaction between the 
subunits provided a means to model the putative 
core of the protein-conducting channel in three 
dimensions that describes the spatial 
arrangement of the investigated helices (chapter 
4). Finally, the dynamics of the interaction 
between the SecE molecules at the interface of 
two SecYEG complexes has been studied in 
more detail. Conformational changes at the 
dimer interface are observed in a protein 
translocation intermediate (chapter 2), under 
influence of nucleotides or when combined with 
a specific prlA mutation (chapter 5). The 
possible physiological relevance of these 
phenomena is discussed. 
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Cysteine-directed cross-linking demonstrates that helix 
3 of SecE is close to helix 2 of SecY and helix 3 of a 

neighboring SecE 
 
Andreas Kaufmann, Erik H. Manting, Andreas K. J. Veenendaal, Arnold J. M. 
Driessen, and Chris van der Does 
 
 
 
Summary 
 
Preprotein translocation in Escherichia coli is mediated by translocase, a multimeric 
membrane protein complex with SecA as peripheral ATPase and SecYEG as translocation 
pore. Unique Cysteines were introduced into transmembrane segment (TMS) 2 of SecY and 
TMS 3 of SecE to probe possible sites of interaction between the integral membrane subunits. 
The SecY and SecE single Cys mutants were cloned individually and in pairs into a secYEG 
expression vector and functionally overexpressed. Oxidation of the single Cys pairs revealed 
periodic contacts between SecY and SecE that are confined to a specific α-helical face of TMS 
2 and 3, respectively. A Cys at the opposite α-helical face of TMS 3 of SecE was found to 
interact with a neighboring SecE molecule. Formation of this SecE dimer did not affect the 
high affinity binding of SecA to SecYEG and ATP hydrolysis, but blocked preprotein 
translocation and thus uncoupled the SecA ATPase activity from translocation. Conditions 
that prevent membrane deinsertion of SecA markedly stimulated the interhelical contact 
between the SecE molecules. The latter demonstrates a SecA-mediated modulation of the 
protein translocation channel that is sensed by SecE. 
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Introduction 
 
 In the well studied general secretory 
pathway of Escherichia coli, preproteins are 
targeted to the cytoplasmic membrane either as 
ribosome-bound nascent chains by signal 
recognition particle and FtsY [178,179] or as 
completely synthesised polypeptides. Proteins 
which are secreted through the post-
translational pathway can be kept translocation 
competent by the export-dedicated molecular 
chaperone SecB [82,180]. Both targeting routes 
converge at a membrane protein complex 
termed translocase [181]. Translocase consists 
of a peripherally membrane-associated ATPase, 
SecA [27], and the SecYEG heterotrimeric 
integral membrane protein complex [28]. The 
dimeric SecA is activated for SecB recognition 
when bound to the membrane at SecYEG 
[82,84]. SecB donates the preprotein to SecA, 
and is released into the cytosol upon the 
exchange of SecA-bound ADP for ATP [83]. 
The latter reaction elicits a conformational 
change that permits SecA domains to insert into 
the membrane with the concomitant insertion of 
the preprotein [182]. The inserted preprotein is 
released from its association with SecA upon 
the hydrolysis of ATP [86] and SecA reverses to 
its membrane surface-bound state. SecA may 
rebind the partially translocated preprotein, and 
complete translocation by multiple cycles of 
ATP binding and hydrolysis [86,87]. In the 
absence of SecA association, translocation may 
also be driven by the proton motive force 
[86,183]. 
 The translocase holoenzyme is formed by 
only SecA, SecY and SecE [12,29]. However, 
SecG co-purifies with the SecYE complex 
[28,184] and its presence markedly enhances 
the efficiency of in vitro preprotein 
translocation [31]. SecD, SecF and YajC are 
integral membrane proteins that assemble into a 
complex, which interacts with SecYEG [12]. 
They may add to the fidelity of the translocation 
reaction as overexpression of the SecDFYajC 
complex stabilises SecA in the membrane-
inserted state [98,185]. SecD and SecF are not 
essential for preprotein translocation, but in 

their absence, cells are no longer able to sustain 
a proton motive force and are cold sensitive for 
growth [96,186]. In vitro experiments have 
demonstrated that the SecYEG complex suffices 
to support efficient SecA-dependent preprotein 
translocation [28,139,184]. 
 The SecYEG complex shares functional and 
structural characteristics with the Sec61p 
protein-conducting channel of the eukaryotic 
endoplasmic reticulum [40,41]. High-resolution 
electron microscopy images of the mammalian 
and yeast Sec61p complex show ring-like 
oligomeric structures, which are formed after 
interaction with the ribosome [149,157]. These 
structures seem to consist of two to four Sec61p 
trimers with a central pore. Recently, it has been 
shown that the SecYE of Gram-positive 
bacterium Bacillus subtilis hows quasi-
pentagonal structures, which resemble the 
Sec61p complex [159]. These structures are 
thought to consist of an oligomeric assembly of 
three SecYE subunits. 
 Both biochemical and genetic data have 
demonstrated that SecY and SecE interact, but 
the exact sites of interaction are not known. 
Synthetic lethality of various combinations of 
SecY (prlA) and SecE (prlG) signal sequence 
suppressor mutants suggests an interaction 
between the periplasmic loop 1 (P1) of SecY 
and P2 of SecE, and indicates that 
transmembrane segment (TMS) 7 and TMS 10 
of SecY are in close proximity of TMS 3 of 
SecE [48,122]. The cytoplasmic domain 4 (C4) 
of SecY has been suggested to interact with C2 
of SecE [64,116]. To obtain detailed insight into 
the molecular architecture of the SecYEG 
complex, we have carried out a Cysteine 
scanning mutagenesis. This is a powerful 
technique that has been used to reveal helix 
packing and structure-function relationships in 
polytopic membrane proteins [187,188]. Based 
on the interaction between P1 of SecY and P2 
of SecE and the observation that TMS 1 and 2 
of SecE are not essential for its function [59], 
we have selected TMS 2 of SecY and TMS 3 of 
SecE to introduce single Cysteine residues. By 
combining single Cys mutants we were able to 
directly demonstrate specific contacts between  
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Table I: Plasmids 
Plasmid Relevant characteristics Mutations Source 
pET349 N-terminal His-tagged SecYEG  [184] 
pET608 pET610 with SecY(C385S) C385S (TGC AGC) This work 
pET609 pET610 with SecY(C329C) C329S (TGT AGT) This work 
pET607 Cys-less SecYEG in pET610 L60L (CTG CTC) This work 
pET610 pET349 with ∆HincII in secE  This work 
pET626 SecE(S105C) in pET607 S105C (TCA TGT) a This work 
pET627 SecE (L106C) in pET607 L106C (CTG TGT) a This work 
pET628 SecE(I107C) in pET607   I107C (ATC TGC) a This work 
pET629 SecE(L108C) in pET607 L108C (CTG TGT) a This work 
pET630 SecE(W109C) in pET607 W109C(TGT TGT) a This work 
pET636   SecY(F78C) in pET607 F78C (TTT TGT) b This work 
pET637   SecY(A79C) in pET607 A79C (GCT TGT) b This work 
pET638 SecY(L80C) in pET607 L80C (CTG TGT) b This work 
pET639 SecY(G81C) in pET607 G81C (GGG TGT) b This work 
pET640 SecY(I82C) in pET607 I82C (ATC TGC) b This work 
pET301 SecE in pET324  This work 
pET1602 SecE(S105C) in pET324  This work 
pET1603 SecE (L106C) in pET324  This work 
pET1604 SecE(I107C) in pET324  This work 
pET1605 SecE(L108C) in pET324  This work 
pET1606 SecE(W109C) in pET324  This work 

Double Cys mutants are not described in the table. Their names are derived from combinations of the names of the 
single Cys mutants. pET636/623 for example overexpresses SecYEG with the mutations F78C and L107C in SechYn 
and SecE, respectively. a secE gene with ∆ClaI (ATCGAT ATCGAC); b secY gene with Q146Q (CAA CAG). 
 
 
these TMSs. In addition, a specific helical face 
of TMS 3 of SecE interacts with a neighboring 
SecE molecule. The latter interaction is 
stimulated when SecA membrane deinsertion in 
the presence of a preprotein is blocked, and 
suggests an oligomeric structure of the SecYEG 
complex where at least two SecE subunits are in 
close proximity. 
 
 
Materials and methods 
 
Materials 
 E. coli SecA [27], SecB [189] and proOmpA 
[190] were purified as described. ProOmpA was 
iodinated as described for preAmyL [191], and 
stored frozen in 6 M urea, 50 mM Tris-HCl, 
pH 7.8. Wild-type and mutant SecYEG 
complexes were purified as described and 
reconstituted into liposomes of E. coli 

phospholipid by detergent dilution [184]. 
Polyclonal antibodies (pAb) raised against 
purified his-tagged SecY and SecE, and against 
a synthetic peptide corresponding to a SecG 
domain were obtained as described previously 
[184]. A stock solution of 80 mM 
Cu2+(phenanthroline)3 complex was prepared by 
mixing 120 µl of 0.36 M 1,10-phenanthroline in 
50% ethanol with 60 µl of 0.24 M CuSO4. 
 
Bacterial strains and growth conditions 
 For all experiments E. coli strain SF100 
[192] was used. Cells were grown aerobically at 
37 ºC on L-broth in the presence of 100 µg/ml 
ampicillin in a shaking incubator until the end 
of the logarithmic phase. For the induction of 
plasmid encoded genes under control of an 
IPTG inducible promoter, exponentially 
growing cultures were supplemented with 
0.5 mM isopropyl-β-D-thiogalactopyranoside 
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(IPTG) at an OD660 of 0.6, and growth was 
continued for another 2 hrs. 
 
Plasmid construction 
 The vector pET349 (SechYnEG+) allows the 
overproduction of his-tagged SecYEG under 
control of the IPTG-inducible trc promoter 
[193]. To facilitate cloning and the introduction 
of unique Cys mutations in SecY and SecE, the 
HincII site in SecE was removed from pET349 
resulting in pET610 (Table 1). To construct a 
Cys-less SecY, Cys329 and Cys385 were 
replaced for serine residues in the secY gene of 
pET605, resulting in pET608 and pET609, 
respectively. These mutations were transferred 
to pET610, yielding pET607 which expresses 
the Cys-less SecYEG complex with a his-tag at 
the amino-terminus of SecY. pET607 was used 
to re-introduce single Cys mutations into SecY 
and SecE. To facilitate the screening for correct 
mutants, silent modifications in restriction sites 
were made. Insertion of single Cys in TMS 3 of 
SecE was accompanied by the deletion of the 
ClaI site between SecY and SecE (ATCGAT 

 ATCGAC) and insertion of the single Cys in 
TMS 2 of SecY was accompanied with the 
deletion of the StuI site in SecY Q146Q (CAA 

 CAG). Single Cys mutants of TMS 2 of 
SecY were combined with the Cys mutants in 
TMS 3 of SecE by exchange of the SecYE 
EcoRI/BamHI fragment. Overexpression of 
single Cys SecE mutants was obtained by 
cloning the appropriate NcoI/BamHI SecE 
fragments in pET324. All mutagenesis was 
done by a two step PCR reaction, and constructs 
were confirmed by sequence analysis on a 
Vistra DNA sequencer 725 using the automated 
∆taq sequencing kit (Amersham, 
Buckinghamshire, U.K.). All other DNA 
techniques followed standard procedures. 
 
Isolation of inner membrane vesicles 
 A rapid membrane isolation procedure was 
developed to facilitate the analysis of a large 
number of mutant SecYEG complexes. Liquid 
nitrogen-frozen cells were quickly thawn at 
37 ºC, and diluted with an equal volume of 20% 

glycerol, 50 mM Tris-HCl, pH 8.0 (buffer A). 
The suspension was subjected to French press 
treatment (4 times at 8,000 psi), diluted with an 
equal volume of buffer A, and cleared from 
debris by centrifugation (10 min at 4,000 x g). 
Membranes were collected from the supernatant 
by centrifugation (90 min at 40,000 x g), 
resuspended in buffer A, loaded on a 4-step 
sucrose gradient that consisted of 0.3, 0.9, 0.9 
and 0.3 ml of a 36, 45, 51 and 54% (w/v) 
sucrose solution in 50 mM Tris-HCl pH 8.0, 
respectively. Inner membranes vesicles (IMV) 
were separated from outer membranes through 
velocity centrifugation (30 min at 250 000 x g, 
Beckmann TLA 100.4 rotor), collected from the 
gradient, and diluted with 5 volumes of buffer 
A. Purified IMVs were recollected by 
centrifugation (90 min at 40,000 x g), 
resuspended in buffer A at 10 mg protein/ml, 
and stored in liquid nitrogen. 
  
Cross-linking 
 For disulfide bridge formation, vesicles were 
incubated for 30 min on ice in the presence of 1 
mM Cu2+(phenanthroline)3 (oxidised) or, as a 
control, with 10 mM dithiothreitol (DTT) 
(reduced). Oxidation was terminated with 25 
mM neocuproine to protect the unreacted thiols, 
and the samples were analysed on 10 or 15% 
SDS-PAGE, followed by western blotting and 
immunostaining with α-SecY, α-SecE and α-
SecG pAbs. SecE(L106C) cross-linking after 
preincubation was measured with vesicles that 
had been reduced with 5 mM DTT before 
dilution in the translocation reaction mixture. 
Reactions were then incubated as indicated, 
placed on ice and oxidised with 1 mM 
Cu2+(phenanthroline)3 as described. 
 
Translocation assays 
 Translocation assays were performed in 50 
µL buffer B consisting of 50 mM HEPES-KOH, 
pH 7.5, 30 mM KCl, 5 mM Mg(Ac)2, and 
0.5 mg/ml bovine serum albumine (BSA). 
Creatine phosphate (10 mM) and creatine kinase 
(0.5 µg) were added as an ATP-regenerating 
system. Reaction mixtures furthermore 
consisted of 1.6 µg of SecB, 1 µg of SecA, 1 µL 
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of 125I-labeled denatured proOmpA (1 mg/ml in 
6M urea, 50 mM Tris-HCl, pH 7.5) and 10 µg 
of SecYEG+ IMVs or 6.5 µg of SecYEG 
proteoliposomes that had been pre-incubated for 
30 min at 0 ºC in the presence of 5 mM DTT or 
1 mM Cu2+(phenanthroline)3. Reactions were 
energised with 2 mM ATP, placed at 37 ºC, and 
at various timepoints samples were taken, 
chilled on ice and treated with proteinase K 
(0.1 mg/ml) for 15 min. Reactions were then 
precipitated (10 min at 20,000 g) with ice cold 
trichloric acid (10% w/v), acetone-washed and 
analysed by SDS-PAGE on 12% PAA gels. For 
SecA membrane insertion assays, reactions 
were performed with 0.2 µg of 125I-labeled 
SecA and unlabeled proOmpA. 
 
Other analytical techniques 
 Binding assays were performed as described 
[54]. Translocation ATPase activity of urea-
treated IMVs or SecYEG proteoliposomes was 
measured with proOmpA as substrate [132]. 
SecA membrane insertion assay using 125I-SecA 
were performed as described [182]. Protein 
concentrations were determined by the method 
of Lowry [194] in the presence of SDS using 
BSA as a standard. Semi-dry western blotting 
(Trans-Blot apparatus, Bio-Rad) was performed 

at 4 mA/cm2 of blotting membrane (PVDF, 
Boehringer) for 45 min, using a buffer 
consisting of 48 mM Tris, 30 mM glycine and 
20% (v/v) methanol, with or without 0.1% (w/v) 
SDS. 
 
 
Results 
 
Construction and activity of single Cysteine 
mutants of SecY and SecE 
 To investigate the interaction between SecY 
TMS 2 and SecE TMS 3, we have employed a 
Cysteine scanning mutagenesis approach. The 
E. coli SecY contains two endogenous 
Cysteines, i.e., Cys329 and Cys385 located in 
TMS 8 and 9, respectively (figure 1). SecE and 
SecG are devoid of Cys residues. A Cys-less 
SecY was constructed by replacing Cys329 and 
Cys385 by serine residues using site-directed 
mutagenesis. The Cys-less SecY was 
subsequently used to introduce five (F78C, 
A79C, L80C, G81C and I82C) unique Cys 
residues into a consecutive stretch of TMS 2 as 
to cover at least one turn of this putative α-
helical segment. Likewise, five (S105C, L106C, 
I107C, L108C and W109C) unique Cys 
residues were introduced into TMS 3 of SecE. 

Figure 1. Topology model of SecY and SecE. The endogenous cysteine residues that were replaced by serine 
residues to create the Cys-less SecY are depicted by black diamonds. Single Cys mutations in TMS 2 of SecY and 
TMS 3 of SecE are depicted by black circles. 
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These mutations are predicted to be located 
close to the periplasmic face of the membrane 
(figure 1, [195]. The single Cys SecY and SecE 
mutants were cloned either individually or as 
pairs into the secYEG expression vector under 
control of the trc promoter with a N-terminal 
his-tag on SecY [193] (See Table 1). Inner 
membrane vesicles (IMVs) derived from cells  
expressing the SecYEG complex were checked 
by SDS-PAGE, CBB staining and western 
blotting using pAbs against SecY, SecE and 
SecG. With each of the constructs, SecY, SecE 
and SecG were overexpressed to the same level 
as the wild-type SecYEG complex. This is 
shown in figure 2A for the Cys-less SecYEG 
and the complexes that bear the single Cys SecE 
mutations, but identical results were obtained 
for the individual SecY mutants, and the SecE-
SecY mutant combinations. Since SecY is only 

stable when overexpressed together with SecE 
[174], it appears that with each of the Cys 
mutants a stable SecY-SecE interaction is 
achieved. IMVs were analysed for the in vitro 
translocation of 125I-labeled proOmpA (figure 
2B) and for the SecA translocation ATPase 
activity in the presence of proOmpA (figure 
2C). These assays were performed in the 
presence of DTT to prevent possible oxidation 
of the Cys residues. In all cases, the activities of 
the mutant SecYEG complexes were similar to 
that of the wild type. IMVs were also tested for 
the translocation of 125I-∆8proOmpA, a 
proOmpA derivative with a defective signal 
sequence due to the deletion of Ile-8. In contrast 
to IMVs of the prlA4 strain [54] expressing the 
PrlA4 SecY at wild-type levels, none of the 
overexpressed mutants was able to translocate 
∆8proOmpA (data not shown). This suggests 
that the mutagenesis has not yielded any strong 
prlA or prlG mutants. In summary, the Cys-less 
SecYEG, the single Cys mutants of SecY and 
SecE, and the pairs of SecY and SecE mutants 
are normally overexpressed and are functionally 
active. 
 
TMS 2 of SecY and TMS 3 of SecE are 
interacting transmembrane segments 
 To identify interhelical contacts between 
SecY and SecE, the membranes containing the 
SecYEG complex with the pairs of single Cys 
mutants of SecY and SecE were oxidised with 1 
mM Cu2+(phenanthroline)3. The reaction was 
then quenched with 10 mM neocuproine, and 
protein profiles were analysed by SDS-PAGE in 
the absence of reducing agents, western blotting 
and immunodetection using pAbs directed 
against SecY and SecE. Out of a total of 25 Cys 
pairs, only the combinations of SecY(F78C) 
with SecE(L108C), SecY(A79C) with 
SecE(L108C), and SecY(I82C) with 
SecE(S105C) yielded a slowly migrating 
protein band after oxidation that reacted both 
with pAbs directed against SecY and SecE 
(figure 3). This putative cross-linked product of 
SecY and SecE showed an apparent molecular 
mass of 50 kDa on SDS-PAGE, and its 
formation was reversed by the addition of DTT 

Figure 2. Overexpression of SecY, SecE and SecG 
proteins in E. coli SF100 cells. (A) Coomassie 
brilliant blue-stained SDS-PAGE of IMVs derived 
from SF100 cells harboring plasmids pET324 [control, 
1], pET610 [SecYEG, 2],  pET607 [Cys-less SecYEG, 
3], pET626 [SecYE(S105C)G, 4], pET627 
[SecYE(L106C)G,  5], pET628                            
[SecYE(I107C)G, 6], pET629 [SecYE(L108C)G, 7] 
and pET630 [SecYE(W109C)G, 8]. The positions of 
the molecular mass markers are indicated. (B) 
Translocation of 125I-proOmpA into IMVs. 
Translocation reactions were performed for 10 min in 
the presence of SecA and ATP. Positions of proOmpA 
and OmpA are indicated. Lanes are numbered as 
above. (C) SecA ATPase activity of urea-treated IMVs 
in the absence (open bars) and presence (closed bars) 
of proOmpA. Lanes are numbered as above. 
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(data not shown). The cross-linked product was 
not observed in membranes containing the Cys-
less SecYEG (See figure 4) or single Cys 
mutants of SecY or SecE. Modeling of TMS 2 
of SecY and TMS 3 of SecE reveals that all 
detected cross-links are confined to a distinct 
helical face, and that the interaction reappears 
after a single turn of both helical segments 
(figure 9). The latter periodicity indicates that 
TMS 2 of SecY and TMS 3 of SecE are indeed 
α-helical and that both TMSs are in close 
proximity, i.e., within disulfide bonding 
distance. 
 
SecE(L106C) contacts a neighboring SecE 
molecule 
 In all samples that contained the 
SecE(L106C) mutant, even in combination with 
the Cys-less SecY, the oxidising conditions also 
yielded a highly specific protein band with an 
apparent molecular mass of 28 kDa (figure 3). 

This cross-linked product stained only with the 
pAb directed against SecE, and not with the 
SecY- or SecG-specific antibodies. The 28 kDa 
cross-linked product disappeared upon 
incubation with DTT, and was not found with 
wild type SecE. Based on its size, it may 
represent an oxidised dimer of SecE(L106C) 
molecules. To exclude cross-linking of SecE 
L106C) with another membrane protein of 
unknown identity, both the SecYE(L106C)G 
and Cys-less SecYEG complex were purified to 
homogeneity [184]. The SecE(L106C) molecule 
co-purified with SecG and the his-tagged Cys-
less SecY in the same stochiometry as the 
wildtype SecYEG complex (data not shown), 
which confirms that the SecE mutant interacts 
normally with SecY and SecG. Moreover, under 
oxidising conditions, the reconstituted 
SecYE(L106C)G complex again yielded the 
28 kDa protein band (figure 4), while the cross-
linked band was not observed with the Cys-less 

Figure 3. Identification of specific cross-links between unique cysteines in TMS 2 of SecY and TMS 3 of SecE. 
IMVs derived from SF100 cells over-expressing the SecYEG complex containing pairs of the indicated Cys mutants 
in TMS 2 of amino-terminally His-tagged SecY and the following Cys mutants in TMS 3 of SecE: S105C (lane 1), 
L106C (lane 2), I107C (lane 3), L108C (lane 4) and W109C (lane 5). IMVs were oxidized for 30 min on ice in the 
presence of Cu2+(phenanthroline)3, and subsequently quenched with an excess of neocuproine. Samples were 
analyzed by immunoblotting using pAbs directed against SecY and SecE. Resultant cross-linked products with 
apparent molecular masses of 50- (SecY-E) and 28-kDa (SecE-E) are indicated. SecY stains as a double band due to 
the presence of the endogenous SecY, overexpressed His-tagged SecY, and proteolytic loss of the His-tag. The 
protein band that runs in all samples at 30 kDa and slightly above the (SecE-E) cross-link is outer membrane protein 
A (OmpA), which is nonspecifically detected by the anti-SecE pAb. Note that this band is not present in the oxidized 
purified SecYE(L106C)G complexes shown in Figure 4. 
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SecYEG complex. This unequivocally 
demonstrates that oxidation of the 
SecYE(L106C)G complex results in 
dimerisation of SecE. It is important to stress 
that the apparent ratio between monomeric SecE 
and the species cross-linked to SecY or SecE on 
western blots depended on the applied blotting 
conditions. Longer blotting times resulted in a 
loss of signal of the polypeptide band 
representing monomeric SecE, whereas shorter 
blotting times hardly revealed any cross-linked 
SecE. Therefore, even though the amount of 
SecE is equal in all samples, the total of 
immunostained SecE varies. The blotting 
conditions applied were optimal to visualise the 
cross-linked products without complete loss of 
the monomeric SecE signal. As the unique 
dimerisation of the SecE(L106C) mutant was 
observed after purification and reconstitution of 
SecYE(L106C)G complex, it unlikely results 
from a loose interaction with SecY or an over-
stoichiometric expression level of the mutant 
SecE molecule. The latter is also apparent from 
the overexpression level of SecE(L106C), 
which is the same as for the other SecE Cys 
mutants. 
 When each of the single Cys SecE mutants 
was overexpressed separately, i.e., without 
SecY and SecG, the oxidation-induced 

formation of the 28 kDa cross-linked product 
was no longer unique for the SecE(L106C) but 
occurred with all constructs (figure 5). 
Apparently, uncomplexed SecE is in a 
conformation in which cross-linking of 
Cysteines in TMS 3 readily occurs upon 
oxidation. However, upon association with 
SecY, SecE is oriented in such a manner that 
except for SecE(L106C), all Cys mutants are 
protected from disulfide bond formation. These 
results therefore suggest that SecE(L106) cross-
links with another SecE molecule within the 
SecYEG complex (figure 9) as confirmed by the 
experiments with the purified SecYEG (figure 
4). 
 
Oxidation of SecYE(L106C)G inhibits 
translocation 
 To establish whether the formation of the 
SecE(L106C) dimer had any influence on the 
activity of the SecYEG complex, Cys-less 
SecYEG or SecYE(L106C)G were treated with 
Cu2+(phenanthroline)3 and analysed for SecA-
dependent proOmpA translocation. These 
studies were performed both with IMVs (data 
not shown) and proteoliposomes reconstituted 
with the purified SecYEG complexes (figure 6). 
The translocation of proOmpA with 
SecYE(L106C)G was greatly reduced by 

Figure 4. The 28 kDa cross-linked product 
represents a SecE dimer. Proteoliposomes 
reconstituted with the purified Cys-less SecYEG and 
SecYE(L106C)G complex (6.5 g/mL) were oxidized 
for 30 min on ice in the presence of 
Cu2+(phenanthroline)3, as indicated, and subsequently 
quenched with an excess of neocuproine. Samples 
were separated on SDS-PAGE in the absence or 
presence of DTT, blotted and immunostained with 
pAbs directed against SecE. The position of 28 kDa 
cross-linked SecE product is indicated (SecE-SecE). 

Figure 5. Single Cys mutants of SecE dimerize when 
overexpressed in the absence of SecY. IMVs derived 
from SF100 cells overexpressing SecE (wild-type, lane 
1), SecE(S105C) (lane 2), SecE(L106C) (lane 3), 
SecE(I107C) (lane 4), SecE(L108C) (lane 5) and 
SecE(W109C) (lane 6) were oxidized with 
Cu2+(phenanthroline)3, quenched with neocuproine, 
and separated on SDS-PAGE in the absence (left) and 
presence of DTT (right). Samples were stained with 
Coomassie brilliant blue and the position of the SecE 
dimer is indicated (SecE-E) 
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oxidation, whereas the Cys-less SecYEG 
allowed translocation up to a translocation 
intermediate (I31) with a molecular weight of 
31 kDa. The latter is due to the presence of a 
disulfide bridge in the carboxyl-terminus of 
proOmpA that prevents further translocation 
[86]. In IMVs, this intermediate exhibits an 
apparent molecular mass of 29 kDa due to 
removal of the signal peptide by leader 
peptidase. Upon the addition of DTT, proOmpA 
translocation with Cys-less SecYEG and 
SecYE(L106C)G occurred equally effective 
(figure 6). These results demonstrate that the 
oxidation-induced dimerisation of SecE(L106C) 
inactivates translocase in a reversible manner. 
The effect of oxidtion of the SecY-SecE single 
Cysteine pairs was not further analysed due to 
the low efficiency of disulfide bond formation. 
 
Dimerised SecE(L106C) uncouples the SecA 
ATPase activity 
 The effect of the oxidation of the SecY-
bound SecE(L106C) was further examined by 
measuring the SecA membrane binding and 
insertion, and the SecA translocation ATPase 
activity. SecA binds with high affinity to the 
SecYEG complex, and with low affinity to the 
membrane lipids. The binding of 125I-labeled 
SecA to urea-treated IMVs that harbor 
overexpressed cys-less SecYEG or 
SecYE(L106C)G was not affected by the 
oxidation with Cu2+(phenanthroline)3, but it was 
effectively released after the addition of an 
excess of unlabeled SecA (figure 7A). This 
demonstrates that the dimerisation of the SecY-
bound SecE does not interfere with the number 
of high affinity SecA binding sites. Next, we 
determined whether the SecYEG- and 
precursor-stimulated SecA ATPase activity was 
influenced by the oxidation of SecE(L106C). 
Surprisingly, the amount of ATP hydrolysis by 
SecA in the presence of proOmpA was identical 
to that observed with the Cys-less SecYEG 
complex (figure 7B). Since the oxidation of the 
SecE(L106C) results in a block of translocation, 
the SecA translocation ATPase appears 
uncoupled from translocation. Membrane 
insertion of SecA was analysed by the 

formation of a protease-protected 125I-labeled 30 
kDa fragment upon interaction with the 
nonhydrolysable ATP analogue AMP-PNP in 
the presence of urea-treated IMVs bearing Cys-
less SecYEG or SecYE(L016C)G (figure 7C). 
Under reducing conditions, both the Cys-less 
SecYEG and SecYE(L106C)G complex 
allowed formation of the proteolytic 30 kDa 
SecA fragment. Oxidising conditions strongly, 
but not completely, inhibited 30 kDa formation 
with the SecYE(L106C)G complex. These data 
demonstrate that SecA retains the ability to bind 
with high affinity to the oxidised 
SecYE(L106C)G complex and to hydrolyse 
ATP. Since membrane insertion is not 
completely prevented under oxidising 
conditions, it cannot be excluded whether the 
remaining membrane insertion activity relates to 
incomplete oxidation of SecE(L106C) or 
residual activity of the oxidised 
SecYE(L106C)G channel. We conclude, 
however, that the oxidised SecYE(L106C)G 
channel must be in a close-to-functional state to 
allow SecA binding and an uncoupled 
translocation ATPase activity. 
 
SecA modulates the intrahelical contact 
between neighboring SecE molecules 
 To examine whether the formation of the 
Sec(L106C) dimer was modulated by 
translocation conditions, conditions were 
explored that abolished dimer formation. When 
urea-treated membrane vesicles bearing 
SecYE(L106C)G were extensively pre-reduced 
with 5 mM DTT, diluted in buffer without DTT, 
and subsequently oxidised by the addition of 
Cu2+(phenanthroline)3, only a low level of 
SecE(L106C) dimer was formed (figure 8, lane 
2). We used this method of pre-reduction as an 
assay to find conditions that modulate the 
efficiency of dimer formation, and in this 
manner to detect dynamic changes in the 
subunit interactions of SecYEG during 
translocation. The yield of dimer formation was 
not affected by the addition of SecA irrespective 
of the presence or absence of proOmpA (lanes 4 
and 3, respectively) nor by the subsequent 
addition of ATP (lane 5). However, a dramatic  
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Figure 6. Proteoliposomes bearing SecYE(L106C)G 
are reversibly inactivated upon oxidation. Samples 
containing Cys-less SecYEG or SecYE(L106C)G 
proteoliposomes (6.5 µg/mL) were oxidized for 30 
min on ice with 1 mM Cu2+(phenanthroline)3, 
transferred to 37 °C, and further incubated for 5 min in 
the absence or presence of 10 mM DTT. Translocation 
was followed in time after the addition of 125I-
proOmpA, SecA (10 µg/mL) and ATP (2 mM). The 
arrows indicate the positions of proOmpA and the 
translocation intermediate I31. 

Figure 7. Dimerized SecE(L106C) binds SecA with 
high affinity and does not inhibit membrane 
insertion, but uncouples the translocation ATPase 
activity. (A) SecA binding. Reduced or oxidized 
IMVs (50 µg/mL) bearing overexpressed 
SecYE(L106C)G or Cys-less SecYEG were incubated 
for 15 min on ice in the presence of 30 nM 125I-
labelled SecA. Binding of SecA to the vesicles was 
determined after their isolation through a 0.2 M 
sucrose-cushion (white bars). The nonspecific binding 
level was determined in the presence of 500 nM 
unlabelled SecA (black bars). Error bars indicate the 
mean standard error of three independent experiments. 
(B) SecA ATPase activity in the presence (white bars) 
or absence (black bars) of proOmpA. Averages and 
deviations of two experiments are shown. (C) SecA 
membrane insertion. The AMP-PNP induced 
membrane insertion of SecA was measured as the 
formation of a 30 kDa 125I-labeled proteolytic SecA 
fragment in the presence of reduced [+ DTT] or 
oxidized [+ Cu2+(phenanthroline)3] IMVs bearing 
overproduced Cys-less SecYEG (lanes 1-3) or 
SecYE(L106C)G (lanes 4-6). 
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elevation of the SecE dimer formation occurred 
when the nonhydrolysable ATP-analogue AMP-
PNP was added to the solution instead of ATP 
(lane 6). This phenomenon strictly depended on 
the presence of the preprotein, since in the 
absence of proOmpA, no stimulation of dimer 
formation was observed (lane 7). We then tested 
whether other conditions leading to the stable 
insertion of SecA had an effect on the 
SecE(L106C) cross-linking. Indeed, a 
preprotein-dependent stimulation of 
dimerisation was observed when ATP-γ-S was 
used as a nonhydrolysable ATP analogue (lane 
8 and 9). Non-hydrolysable ATP-analogues 
block translocation in its initial stage, leading to 
the processing of the signal sequence by leader 
peptidase [86] and a stabilization of the SecA 
membrane-inserted state [182]. To block SecA 
in its membrane-inserted state during later 
stages of the translocation reaction, the ATPase 
inhibitor azide was added 25 min after the 
addition of ATP (lane 11). Azide interferes with 
the SecA ATPase activity [90], and enforces the 
formation of membrane-inserted SecA by 
preventing its deinsertion [54]. This effect 
appears strongest during an ongoing 
translocation reaction (lane 11), as the addition 
of azide before initiation of translocation with 
ATP did not result in increased SecE(L106C) 

dimerisation (lane 10). Also in the case of the 
azide-induced SecA membrane insertion, the 
effect on the SecE cross-linking was dependent 
on the presence of preprotein (lane 12). Under 
the same set of conditions, we were unable to 
detect a change in the yield of the SecY-SecE 
cross-link using the SecY(A79C) and 
SecE(L108C) mutant pair (data not shown). 
Furthermore, none of the other SecE single Cys 
mutants showed dimer formation upon the 
conditions described above. These results 
demonstrate that translocase undergoes dynamic 
changes that influence the proximity of two 
SecY-bound SecE molecules. This phenomenon 
is coupled to the membrane insertion of SecA 
and takes place only with active translocase, 
i.e., in the presence of preprotein. 
 
 
Discussion 
 
 In this manuscript we provide direct 
evidence for an interaction between TMS 2 of 
SecY and TMS 3 of SecE of E. coli, and 
demonstrate that the SecYG-bound SecE 
interacts with a neighboring SecE molecule. 
SecA influences the latter interaction in a 
preprotein and nucleotide-dependent manner. 
For this study, we have used a Cys-less 

Figure 8. Stable membrane insertion of SecA promotes interhelical SecE(L106C) contacts. IMVs containing 
overproduced SecYE(L106C)G were pre-reduced with 5 mM DTT and diluted into translocation mixtures containing 
SecA, proOmpA (pOA), 2 mM ATP, AMP-PNP, or ATPγS, as indicated. NaN3 (20 mM) was either added before the 
onset of the translocation reaction (lane 10), or after 25 min of translocation (lanes 11 and 12). After 30 min, samples 
(lanes 2-12) were oxidized by further incubation for 30 min on ice in the presence of 1 mM Cu2+(phenanthroline)3. 
Lane 1 corresponds to the reduced control. 
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SecYEG complex to allow Cysteine scanning 
mutagenesis. The two endogenous Cys residues 
of SecY were replaced for serine residues, 
yielding a fully functional SecYEG complex 
that was subsequently used to introduce unique 
Cys residues into TMS 2 of SecY (F78 to I82) 
and TMS 3 of SecE (S105 to W109). These 
helical regions were chosen based on the 
genetically identified interaction between the 
periplasmic loop 1 (P1) of SecY and P2 of SecE 
[122]. All mutants could be functionally 
overexpressed, implying that the SecY-SecE 
interaction in these mutants is retained as the 
stability of SecY in the cell is dependent on its 
interaction with SecE [174]. None of the 
Cysteine mutants showed a strong prl 
phenotype, as evidenced by the inability of 
these highly overexpressed mutants to 
translocate ∆8proOmpA, despite the fact that 
one of the mutated residues SecE(L108) was 
previously shown to give a prlG suppressor 
phenotype when substituted for an arginine 
[59].  
 By means of Cu2+(phenanthroline)3-induced 
disulfide bond formation, an interaction could 
be demonstrated between Cysteines replacing 
F78 and A79 in TMS 2 of SecY and L108 in 
TMS 3 of SecE. These residues are restricted to 
a specific helical face of both TMSs and, 
strikingly, cross-linking re-appeared when the 
Cys mutations were moved a single α-helical 
turn, replacing I82 in SecY and S105 in SecE 
(figure 9). L108 in TMS 3 of SecE was found to 
make disulfide bonds with two adjacent 
positions in TMS 2 of SecY, suggesting some 
conformational flexibility in this region or in the 
side-chains of the introduced Cys residues. 
Previous genetic evidence suggested an 
interaction between P1 of SecY and P2 of SecE, 
and we now show that this interaction reflects a 
close proximity between at least two of the 
associated transmembrane helices. Interactions 
of SecY cytoplasmic loop 4 (C4) with SecE C2, 
and of TMS 7 and TMS 10 of SecY with TMS 3 
of SecE have been identified genetically 
[64,116,122]. TMS 2, 7 and 10 of SecY are  
most conserved, whereas TMS 3 of SecE is the 
only membrane span that is necessary for the 

SecE function. Most prlA mutations of SecY 
that allow the translocation of signal sequence 
defective preproteins are clustered in P2, TMS 7 
and TMS 10 of SecY [48,122]. TMS 3 of SecE 
may therefore be surrounded by the conserved 
core of the integral membrane domain of the 
translocase, i.e., TMS 2, TMS 7 and TMS 10 of 
SecY. Based on a systematic cross-linking study 
of the signal sequence of a preprotein to the 
yeast translocase, it has been postulated that the 
signal sequence and Sss1p/SecE bind to the 
same or overlapping regions in Sec61p/SecY 
[155]. The same study shows that TMS 2 and 
TMS 7 of Sec61p can be cross-linked to the 
signal sequence. Our report extends this 
postulate and demonstrates that TMS 2 of SecY 
is indeed in close proximity of TMS 3 of SecE, 
specifying this interaction to defined residues. 
Conditions that lead to the membrane insertion 
of the signal sequence, or that allow preprotein 
translocation did, however, not affect the extent 
of the Cu2+(phenanthroline)3 induced cross-
linking of SecY(A79C) to Sec(L108C). These 
conditions also did not affect the cross-linking 
between other SecE Cys mutants, excluding that 
SecE is expelled from the translocase by the 
signal sequence. These data thus suggest a 

Figure 9. Schematic representation showing the 
periodic sites of interaction between TMS 2 of SecY 
and TMS 3 of SecE, and the identified site of 
interaction between TMS 3 of neighboring SecE 
molecules. In black are indicated the mutagenized 
amino acids residues that are part of the amino acid 
sequences 77-85 and 102-110 of SecY and SecE, 
respectively. For simplicity, the SecY interaction for 
the second SecE molecule is not shown.   
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stable interaction between SecY and SecE that 
persists during translocation.  
 One of the five examined Cys mutants of 
TMS 3 of SecE, SecE(L106C), exhibits a 
Cu2+(phenanthroline)3-induced dimerisation, 
irrespective of its combination with the wild-
type, Cys-less or single Cys mutants of SecY. 
The other four Cys mutants of SecE showed 
such behavior only when overexpressed in the 
absence of SecY. SecE(L106C) seems to 
interact with SecY in a manner that is 
indistinguishable from the wild-type, which 
does not dissociate from SecY in the membrane 
[114]. The stability of the SecY-SecE(L106C) 
interaction was confirmed by purification of the 
SecYE(L106C)G complex, which after 
reconstitution showed the same 
Cu2+(phenanthroline)3-induced dimerisation of 
SecE. The purified SecYE(L106C)G complex 
provided unequivocal evidence that the cross-
linked SecE product indeed consists of a SecE 

dimer that is associated with the other 
translocase subunits. Although the oxidised 
SecYE(L106C)G channel binds SecA and 
allows it to undergo cycles of ATP binding and 
hydrolysis, translocation and SecA membrane 
insertion are severely impaired. Apparently, this 
SecYEG channel is trapped in a partially 
functional state that is no longer able to meet 
the requirements allowing complete 
translocation reaction cycles.  
 The dynamic nature of the SecYEG channel 
was visualised by the modulation of SecE 
(L106C) dimerisation by SecA. Membrane-
inserted SecA affects the conformation of the 
SecYEG protein translocation channel in such a 
manner that it affects the proximity of two SecE 
TMS 3 helices (See scheme in figure 10). This 
was apparent, as stabilisation of the membrane-
inserted state of SecA by non-hydrolysable ATP 
analogues or azide, caused a marked stimulation 
of the Cu2+(phenanthroline)3-induced 

Figure 10. Schematic model for the modulation of the SecYEG translocation channel by the membrane 
insertion of SecA. Binding of a precursor protein activates the SecYEG-bound SecA, which triggers channel opening 
of an oligomeric assembly of SecYEG complexes. Subsequent binding of ATP to SecA drives the insertion of a SecA 
domain together with the signal sequence and amino-terminal mature region of the precursor protein into the 
translocation channel. This process is accompanied by the inversion of the SecG membrane topology and a re-
arrangement of the SecY-bound SecE bringing the L106C residues (indicated by a black stalk) at the periplasmic side 
of SecE TMS 3 in closer proximity. The latter re-arrangement may be necessary to accommodate the inserted 
preprotein. For simplicity, a dimeric assembly of the SecYEG complex is shown. 
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dimerisation of SecE (L106C). As both SecE 
molecules are part of the SecYEG complex, this 
event may reflect conformational changes 
within an oligomeric organisation of multiple 
SecYEG heterotrimers that together form a 
translocation channel. Such an oligomeric 
organisation of the protein-conducting channel 
has been demonstrated by electron microscopy 
for the homologues eukaryotic Sec61p and the 
Bacillus subtilis SecYE complex. In addition, 
the oligomeric organisation of the SecYEG 
complex explains the paradigm that SecY and 
SecE do not dissociate in vivo [114] but appear 
to interact dynamically [196]. Our experiments 
are consistent with an oligomeric assembly of 
the SecYEG complex where two SecE 
molecules are in close proximity, but do not 
reveal the exact stoichiometry of such a 
complex. As the sites of interactions between 
SecY and SecE are restricted to specific regions 
of the two molecules [64,116,122], this study), 
it is most likely that they interact in a 
stoichiometric fashion. This is also apparent 
from their interdependent expression and 
cellular expression levels [174]. We therefore 
propose that the observed SecE-SecE 
interaction takes place between two SecYEG 
subunits within the oligomeric channel. 
 The modulation of the SecE(L106C) 
dimerisation by SecA strictly required the 
presence of proOmpA, although SecA 
membrane insertion with AMP-PNP is 
precursor-independent [182]. We therefore 
postulate that interrelated, but separate events 
underlie the modulation of the translocation 
channel by preproteins and SecA. Firstly, signal 
sequence recognition triggers a conformational 
change in the SecYEG channel and thereby 
activates or ‘opens’ the translocation channel 
(See figure 10: ‘channel opening’). Such a 
phenomenon has been postulated for both 
SecYEG [197] and the Sec61p protein- 
conducting channel [154]. Whereas the pore 
size of the Sec61 channel upon interaction with 
the ribosome is around 2 nm [149,157], it is 
opened to 4-6 nm in the presence of ribosome-
nascent chain complexes [198]. In the E. coli 
system, the signal sequence recognition may 

involve a specific conformational state of SecA 
that triggers opening of the SecYEG channel. 
Secondly, the active protein translocation 
channel undergoes conformational changes 
during the translocation reaction that are elicited 
through cycles of conformational changes 
taking place in the SecA molecule. Only with 
the precursor-activated translocation channel, 
SecA membrane insertion triggers the intimate 
contact between two SecE(L106C) molecules 
causing disulfide-bond formation (figure 10: 
‘membrane insertion’). We propose that SecA 
membrane insertion results in a subunit re-
arrangement or a conformational change of the 
active SecYEG translocation channel that brings 
the L106C residues in SecE in a position 
favorable for disulfide-bond formation (figure 
10).  
 The modulation of the cross-linking of 
SecE(L106C) together with the SecG topology 
inversion [66] and SecA cycling at the 
cytoplasmic membrane [182] demonstrate that 
translocase is a highly dynamic protein 
complex, and indicate a strong relationship 
between the conformation of SecA and that of 
the SecYEG complex. The identified contacts 
between TMS 2 of SecY and TMS 3 of SecE 
(figure 9) can be incorporated into a model of 
the molecular architecture of the SecYEG 
complex that will serve as a starting point to 
identify further inter- and intramolecular 
interactions in order to obtain a low-resolution 
molecular model of the integral membrane 
domain of the translocase. 
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Mapping the sites of interaction between SecY and SecE 
by cysteine scanning mutagenesis 

 
 
Andreas K.J. Veenendaal, Chris van der Does and Arnold J.M. Driessen 
 
 
Summary 
 
In Escherichia coli, the SecYEG complex mediates the translocation and membrane 
integration of proteins. Both genetic and biochemical data indicate interactions of several 
transmembrane segments (TMSs) of SecY with SecE. By means of cysteine scanning 
mutagenesis, we have identified intermolecular sites of contact between TMS7 of SecY and 
TMS3 of SecE. The cross-linking of SecY to SecE demonstrates that these subunits are 
present in a one-to-one stoichiometry within the SecYEG complex. Sites in TMS3 of SecE 
involved in SecE dimerization are confined to a specific α-helical interface and occur in an 
oligomeric SecYEG complex. While cross-linking reversibly inactivates translocation, the 
contact between TMS7 of SecY and TMS3 of SecE remains unaltered upon insertion of the 
preprotein into the translocation channel. These data support a model for an oligomeric 
translocation channel in which pairs of SecYEG complexes contact each other via SecE. 
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Introduction 
 
 In bacteria, protein translocation and 
membrane protein insertion is mediated by the 
translocase. Translocase consists of the SecYEG 
membrane protein complex, and the 
peripherally membrane-associated SecA dimer 
[For review see [1]]. SecA is an ATP-dependent 
motor protein that drives the stepwise 
translocation of the precursor protein 
(preprotein) across the membrane by cycles of 
ATP binding and hydrolysis [86,87,182]. SecY, 
SecE and SecG are integral membrane proteins 
that together form a heterotrimeric complex 
[28,139] that constitutes a high affinity binding 
site for SecA [82]. Recent electron microscopic 
and biochemical studies indicate that the protein 
conducting channel is comprised of a SecYEG 
tetramer that is assembled by SecA from mono- 
and dimeric SecYEG subcomplexes [160]. 
 The SecYEG complex is a member of a 
highly conserved protein translocation pathway 
[41]. It is homologous to the eukaryotic Sec61p 
complex, which consists of three subunits α, β, 
and γ that together form the ‘translocon’ of the 
endoplasmic reticulum (ER) membrane [147]. 
SecY and SecE are essential subunits of the 
translocase. SecY comprises ten transmembrane 
segments (TMSs) (figure 1), whereas SecE is a 
small membrane protein that in most bacteria 
contains only a single TMS. In Escherichia coli, 
SecE contains three TMSs, but only the 
conserved C-terminal portion including the third 
TMS is required for activity [59] (figure 1). 
SecY and SecE form a stable complex in the 
membrane that does not dissociate in vivo [114]. 
In the absence of SecE, SecY is degraded by 
FtsH [112]. Mutations located in the 
cytoplasmic loop 4 (C4) of SecY [116] and C2 
and TMS3 of SecE [64] destabilize the SecY-
SecE interaction. Many of the so-called prl 
mutations (protein localization) that suppress 
defects in the signal sequence are present in the 
secY and secE genes. Specific combinations of 
these mutations in SecY (prlA) and SecE (prlG) 
result in synthetic lethality, and it has been 
suggested that this signifies sites of interaction 
between SecY and SecE [48,122]. According to 

this hypothesis, the periplasmic loop 1 (P1) of 
SecY and P2 of SecE are interacting regions, 
while TMS3 of SecE interacts with TMS7 and 
TMS10 of SecY. Recent studies employing 
cysteine mutagenesis indeed demonstrated that 
P1 of SecY and P2 of SecE [123], and TMS2 of 
SecY and TMS3 of SecE [124] are in close 
proximity. Most of the conserved residues and 
prlA mutations are clustered in TMSs 2, 7 and 
10 of SecY and together with TMS3 of SecE, 
form the conserved core of the SecYE complex. 
Strikingly, the regions suggested to interact 
overlap with the regions that have been 
implicated in the binding of the signal sequence 
of the preprotein. TMS2 and TMS7 of Sec61α, 
the yeast homologue of SecY can be cross-
linked to the signal sequence of a preprotein 
[155]. Cysteine scanning mutagenesis also 
showed an interaction between two neighboring 
SecE molecules that is modulated by the SecA 
and ATP-dependent initiation of preprotein 
translocation [124]. This observation lends 
further support for an oligomeric nature of the 
integral membrane domain of the translocase. 
 A central question is how the SecYEG 
complex forms the protein-conducting channel. 
Therefore, detailed information is required 
about the molecular architecture of the SecYEG 
complex. For this purpose, we have initiated a 
cysteine-scanning mutagenesis approach to 
probe sites of interaction between SecY and 
SecE [124]. The method can also be used to 
detect dynamic changes in subunit interactions. 
To allow the formation of a disulfide bond, the 
β-carbons of the two cysteines need to be in 
close proximity, i.e. 3-4 Å [120]. We have now 
extended our studies to demonstrate that TMS3 
of SecE forms an α-helix, with one face that 
stably interacts with TMS2 and TMS7 of SecY 
while the opposite face dynamically interacts 
with TMS3 of a neighboring SecE molecule that 
is part of a separate SecYEG complex. 
 
 
 
 
 
 



SecY-SecE interaction 2 

 42 

Table I. Plasmids 
A synthetic secYEG operon behind the isopropyl-β-D-thiogalactoside-inducible trc promotor was used for the plasmid-
derived overexpression of the SecYEG complex. All listed plasmids were constructed via polymerase chain reaction 
mutagenesis, resulting in the indicated mutations. 

Plasmid Relevant characteristics Mutations Source 
pET324 ptrc99A with LacZ in frame  Ref. (26) 
pET607 Cysteine-less SecYEG in pET610 C329S (TGT AGT); C385S (TGC AGC) Ref. (19) 

 SecY TMS7 mutants in pET607:   
pET611  V274C V274C (GTA TGT) a Ref. (25) 
pET612  I275C I275C (ATC TGC) a Ref. (25) 
pET613  P276C P276C (CCG TGT) a Ref. (25) 
pET614  A277C A277C (GCA TGT) a  Ref. (25) 
pET615  I278C I278C (ATC TGC) a Ref. (25) 
pET616  F279C F279C (TTC TGC) a Ref. (25) 
pET617  A280C A280C (GCT TGT) a Ref. (25) 
pET618  S281C S281C (TCC TGC) a Ref. (25) 
pET2520  S282C S282C (AGT TGT) a This work 

 SecE TMS3 mutants in pET607:   
pET627  L106C L106C (CTG TGT) b Ref. (19) 
pET628  I107C I107C (ATC TGC) b Ref. (19) 
pET2500  L95C L95C (CTG TGT) b This work 
pET2501  I96C I96C (ATT TGT) b This work 
pET2502  V97C V97C (GTG TGT) b This work 
pET2503  A98C A98C (GCT TGT) b This work 
pET2504  A99C A99C (GCG TGT) b This work 
pET2505  G110C G110C (GGA TGT) b This work 
pET2521  V100C V100C (GTT TGT) b This work 
pET2522  T101C T101C (ACC TGC) b This work 
pET2531  V97C/A99C V97C (GTG TGT); A99C (GCG TGT) b This work 
pET2533  V97C/L106C V97C (GTG TGT); L106C (CTG TGT) b This work 

a secY gene with BspEI (TCCGGT TCCGGA); b secE gene with ∆ClaI (ATCGAT ATCGAC). Double and triple 
cysteine mutants: the names are combined, e.g. pET2502/613 contains SecE V97C and SecY P276C mutations. 
 
 
Experimental procedures 
 
Materials 
 SecA [27], SecB [189] and proOmpA [190] 
were purified as described. A stock solution of 
80 mM Cu2+(phenantroline)3 was prepared as 
described previously [124]. 
 
Plasmids 
 The plasmids used to overproduce SecYEG 
are listed in table I. All mutations were 
introduced by a two-step polymerase chain 
reaction (PCR) using a template plasmid that 
allows overexpression of a cysteine-less 
SecYEG with an amino-terminal (His)6-tag on 
SecY [124]. Cysteine mutagenesis was 
accompanied by the introduction of silent 
modifications in restriction sites to facilitate the 

screening for correct mutants. Single cysteine 
mutations in TMS7 of SecY were introduced 
together with a BspEI site in SecY [173]. The 
introduction of single and double cysteine 
mutations in TMS3 of SecE was accompanied 
by the deletion of a ClaI site between SecY and 
SecE [124]. All mutations were confirmed by 
complete sequence analysis. 
 
Bacterial strains, growth conditions and 
membrane isolation 
 Cell growth and isolation of inner membrane 
vesicles (IMVs) was performed as described 
previously [124].  
 
Cross-linking 
 For assays of disulfide bridge formation, 
IMVs (1 mg/ml) were incubated for 30 min at 
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37 ºC in the presence of 1 mM 
Cu2+(phenantroline)3 (oxidized) or, as a control, 
with 5 mM dithiothreitol (DTT) (reduced). The 
oxidation reaction was quenched by the addition 
of 25 mM neocuproine (Sigma Chem. Co., St. 
Louis, MO). Oxidized samples were “re-
reduced” by the incubation in 100 mM of DTT 
for 1 h at 37 ºC. Samples were analyzed on 12 
% SDS-PAGE and stained with Coomassie 
Brilliant Blue (CBB) or further analyzed by 
Western blotting onto PVDF membranes 
(Amersham Pharmacia Biotech, 
Buckinghamshire, U.K.) and immunostaining 
using antibodies against his-tagged SecY or 
SecE [184]. 
Miscellaneous methods 
 Translocation reactions were performed as 
described before [124]. Translocation ATPase 
of urea-treated IMVs was measured with 
proOmpA as substrate [132]. Protein 
concentrations were determined by the method 
of Lowry [194] in the presence of SDS using 
BSA as a standard. 
 
 
 

Results 
 
Construction, expression and activity of single-
cysteine mutants of SecE and SecY  
 Previously, we have described eight unique 
cysteine mutations that were introduced in 
TMS7 of SecY (Val274 to Ser281), covering at 
least two turns of the putative α-helical structure 
[173] (Table I). Sequence alignment and 
hydrophobicity analysis of the family of 
bacterial SecY proteins predicts the mutations in 
TMS7 of SecY to be located near the cytosolic 
membrane interface (figure 1). To investigate 
possible contacts between TMS3 of SecE and 
TMS7 of SecY a new set of five unique cysteine 
mutations was made in TMS3 of SecE covering 
positions Leu95 to Ala99 (Table I). These are 
predicted to be at the same membrane depth as 
the mutants in TMS7 of SecY (figure 1). The 
five cysteine mutations together with mutation 
G110C in SecE, located close to the periplasmic 
membrane interface, were also used to further 
explore the contact interface with a neighboring 
TMS3 of SecE.  
 The single-cysteine SecE mutants were 
placed into a cysteine-less SecYEG expression 

Figure 1. Membrane topology model of the E. coli SecY and SecE. The grey diamonds represent the cysteine 
residues present in the wild-type SecY that were replaced by serine residues. The residues that were replaced by 
cysteine are depicted in black circles. 
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vector [124], and overproduced in E. coli strain 
SF100. IMVs derived from these cells were 
analyzed for the SecY and SecE expression 
levels, SecA translocation ATPase activity and 
proOmpA translocation. The expression levels 
of the various mutants as analyzed by SDS-
PAGE and CBB-staining were found to be 
identical to that of the overexpressed cysteine-
less and wild-type SecYEG complex (data not 
shown). The proOmpA-stimulated SecA 
ATPase activity and the translocation of 125I-
labeled proOmpA of the mutants were 
indistinguishable from that of the cysteine-less 
and wild-type SecYEG complex (data not 
shown). None of the mutants was capable of 
translocating the proOmpA variant ∆8-
proOmpA (data not shown) which carriers a 
defective signal sequence due to the deletion of 
Ile8 [199]. This substrate is effectively 
translocated by PrlA4 IMVs [54]. Taken 
together, the data demonstrate that the 

introduction of the cysteines in respective 
positions of TMS3 of SecE does not alter the 
activity or specificity of the SecYEG complex.  
 
SecE TMS3 contacts a neighboring SecE 
TMS3 at an α-helical interface 
 To investigate the contact interface between 
two TMS3 of SecE, IMVs containing 
overexpressed SecYEG complex harboring 
unique cysteine mutations in TMS3 of SecE 
(L95C, I96C, V97C, A98C, A99C, and G110C) 
were oxidized with Cu2+(phenantroline)3 and 
analyzed by SDS-PAGE and immunodetection 
using an antibody against SecE (figure 2A). 
Oxidation of the SecYE(A99C)G and 
SecYE(G110C)G complexes gave rise to a 
pronounced 28-kDa cross-linking product that is 
identical to the previously identified SecE-SecE 
cross-link found for the SecYE(L106C)G 
complex [124]. The other single-cysteine SecE 
mutants did not yield a SecE-SecE cross-link. 

Figure 2. Mapping of the SecE-SecE contact interface. (A) IMVs containing overproduced amounts of SecYEG 
with the indicated single-cysteine mutation in TMS3 of SecE were oxidized with 1 mM Cu2+(phenantroline)3. 
Cysteine-less SecYEG and SecYE(I107C)G were included as a negative control, and SecYE(L106C)G as a positive 
control. (B) IMVs were prepared from cells harboring pET324 (empty control plasmid) or pET627 
(SecYE(L106C)G) grown in the presence of 0.5% glucose to suppress expression of the SecYEG complex. Samples 
were reduced (5 mM DTT; -) or oxidized (1 mM Cu2+(phenantroline)3; +). As a control, a 25-fold diluted sample is 
shown that contains IMVs from cells induced for the overexpression of SecYE(L106C)G complex by IPTG.  All 
samples were analyzed by 12% SDS-PAGE followed by immunoblotting using antibodies against SecE (A) or his-
tagged SecE (B). The SecE monomer (E) and dimer (E-E) (28 kDa) are indicated by arrows. 
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Modeling of the TMS3 of SecE as an α-helix 
structure shows that Ala99, Leu106 and Gly110 
are confined to the same face of the putative α-
helix (figure 7). This result confirms the 
predicted α-helix structure of TMS3 of SecE, 
and demonstrates that the interaction between 
neighboring SecE molecules is confined to a 
specific side of the α-helix. 
 To exclude that the formation of the SecE 
dimers was induced by the high concentration 

of SecYEG upon overexpression, the oxidation 
assay was repeated with IMVs containing low 
amounts of SecYE(L106C)G. A low level of 
SecYE(L106C)G production was achieved by 
growing cells harboring plasmid pET627 in the 
presence of 0.5% glucose and omitting IPTG to 
prevent induction of the trc promotor activity. 
Western Blotting of dilution series showed no 
more than a 2 to 3-fold increase in the amount 
of SecE (see also figure 2B) and SecY (data not 

Figure 3. Mapping of the contact interface between TMS7 of SecY and TMS3 of SecE. (A) Eight consecutive 
unique cysteine mutations in TMS7 of SecY (V274C, I275C, P276C, A277C, I278C, F279C, A280C, and S281C) 
were co-expressed with five cysteine mutations in TMS3 of SecE (L95C, I96C, V97C, A98C and A99C) and SecG. 
IMVs containing the mutant SecYEG complexes were oxidized with 1 mM Cu2+(phenantroline)3 and analyzed by 
12% SDS-PAGE and CBB-staining. The disulfide cross-linked SecY-SecE complexes (50 kDa) are indicated on the 
gel by an asterisk. (B) Four consecutive unique cysteine mutations in TMS7 of SecY (F279C, A280C, S281C and 
S282C) were co-expressed with two cysteine mutations in TMS3 of SecE (V100C and T101C) and SecG. Cross-links 
were identified as described above, and analyzed by SDS-PAGE and immunoblotting using antibodies against his-
tagged SecY and SecE. The cross-link between SecY(P278C) and SecE(V97C) was included as a control. SecY (Y) 
and SecY-SecE cross-link (Y-E) (50 kDa) are indicated by arrows. 
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shown) as compared to the endogenous level. 
Overexpression upon induction by IPTG results 
in at least 250-fold increase in the SecYEG 
level (data not shown, and see figure 2B). 
Samples of IMVs derived from cells harboring 
pET324 (empty control vector) and pET627 
(SecYE(L106)G) with or without induction of 
overexpression by IPTG were analyzed after 
oxidation by SDS-PAGE and immunodetection 
using an antibody against his-tagged SecE 
(figure 2B). Oxidation of IMVs harboring low 
amounts of SecYE(L106C)G resulted in the 
efficient cross-linking of the SecE dimer (figure 
2B). This demonstrates that the formation of 
this complex also occurs at levels of SecYEG 
that are comparable to those found in wild-type 
membranes. 
 
SecE TMS3 contacts SecY TMS7 
 To identify further contacts between SecE 
and SecY, the single-cysteine mutations in SecE 
TMS3 (L95C, I96C, V97C, A98C, A99C) and 
SecY TMS7 (V274C, I275C, P276C, A277C, 
I278C, F279C, A280C, and S281C) were co-
expressed yielding 40 pairs of cysteine mutants. 
The activity of the SecY TMS7 mutants have 
been analyzed previously, and all mutants 
behave normally except for SecY(I278C)EG 
that exhibits a prlA phenotype [173]. All pairs 
of cysteine mutants showed normal levels of 
overexpression (figure 3A; data not shown). 
IMVs were oxidized with Cu2+(phenantroline)3 
and analyzed by SDS-PAGE and CBB-staining 
(figure 3A) or immunoblotting using antibodies 
against SecY and SecE (figure 3B; data not 
shown). For two double-cysteine combinations, 
a higher molecular mass band was observed 
upon oxidation at the position of an expected 
SecY-SecE cross-link. The formation of the 
cross-link product of SecY(P276C) and 
SecE(V97C) was very efficient, resulting in a 
near-to-complete disappearance of monomeric 
SecY and SecE. This result implies a 
stoichiometric interaction between SecE and 
SecY that was previously assumed but not 
demonstrated experimentally. Cross-linking 
between SecY(P276C) and E(L95C) was less 
efficient. Modeling shows that both contacts 

cannot be confined to the same α-helical face 
between the corresponding transmembrane 
segments (figure 7A). 
 
SecY TMS7 and SecE TMS3 contact interface 
is α-helical  
 To further investigate the structure of the 
interface between SecY TMS7 and SecE TMS3, 
additional double-cysteine combinations were 
constructed of residues that are located deeper 
in the membrane. Four SecY TMS7 cysteine 
mutations (F279C, A280C, S281C, and S282C) 
were combined with two additional SecE TMS3 
cysteine mutations (V100C and T101C). The 
respective SecYEG complexes again exhibit 
normal overexpression levels and translocation 
activities (data not shown). Upon the oxidation 
of the pairs of cysteine mutants, two additional 
SecY-SecE cross-links could be identified after 
SDS-PAGE and immunoblotting using 
antibodies against SecY and SecE (figure. 3B). 
These cross-links occurred between 
SecY(A280C) and SecE(V100C) or 
SecE(T101C), but the efficiency was less as 
compared to the SecY(P276C)-SecE(V97C) 
combination. Modeling of TMS7 of SecY and 
TMS3 of SecE as α-helical segments shows that 
these newly identified contacts are confined to 
the same helical interface as the SecY(P276C)-
SecE(V97C) cross-link (figure 7). Since the 
cross-link between SecY(P276C) and 
SecE(L95C) cannot be modeled into this α-
helical interface, we assume that SecE Leu95 is 
located outside the membranous environment in 
a non α-helical structure (figure 7b). 
 
Interaction between SecY and SecE within an 
oligomeric SecYEG complex 
 Since the SecY(P276C)-SecE(V97C) and 
intermolecular SecE(L106C) cross-links are 
very strong, a triple-cysteine mutant of the 
SecYEG complex was constructed to determine 
if such contacts occur within an oligomeric 
SecYEG complex. IMVs prepared from cells 
expressing the SecY(P276C)E(V97C, L106C)G 
showed normal levels of overproduction (data 
not shown) and activity (figure 5). 
Immunodetection of oxidized samples showed 
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the presence of strong SecY-(SecE)2 and weaker 
(SecY)2-(SecE)2 cross-link products (figure 4). 
Similar but less efficient cross-link products 
could be demonstrated for a 
SecY(P276C)E(V97C, A99C)G mutant (data 
not shown). These data therefore suggest that 
the identified SecE-SecE cross-links are at a 
contact interface between two separate SecYEG 
complexes. In all samples, a band is observed 
that stains with the antibody against SecE at the 
position of SecY-(SecE)2 (figure 4). However, 
this band is unrelated to these proteins as it is 
also present in the reduced samples and it does 
not stain with the antibody against SecY. 
Furthermore, in all samples a diffuse protein 
band was detected that stains with the SecY 
antibody and that migrates with a molecular 
mass that is in between that of the SecY-(SecE)2 
and (SecY)2-(SecE)2 cross-linking products 
(figure 4). Since this band was observed also 
with the cysteine-less SecYEG complex, albeit 
weaker, we assume that it represents an 
aggregated SecY dimer whose formation is 
stimulated by the oxidation.  
 
 
 

SecY-SecE and SecE-SecE cross-linking 
reversibly inactivate the translocase 
 IMVs harboring overexpressed cysteine-less 
SecYEG, SecYE(L106C)G, 
SecY(P276C)E(V97C)G and 
SecY(P276C)E(V97C, L106C)G were assayed 
for the effect of cross-linking on the 
translocation activity. IMVs were either reduced 
in the presence of DTT or oxidized with 
Cu2+(phenantroline)3. Oxidized samples were 
“re-reduced” by the incubation in DTT, and the 
activity was assayed by the translocation of 125I-
proOmpA (figure 5). The activity of the 
cysteine-less SecYEG was not affected by the 
oxidation-reduction conditions. Under oxidizing 
conditions, however, translocation of proOmpA 
proceeded only to the I29 intermediate due to the 
presence of a disulfide bond in the C-terminal 
end of proOmpA [124]. All three cysteine 
mutant SecYEG complexes displayed normal 
activity under reduced condition, but were 
nearly completely inactive under oxidizing 
conditions. With all mutants, substantial activity 
could be recovered after re-reduction of the 
samples.  
 
 

Figure 4. Disulfide cross-linking of a SecYE dimer. IMVs containing the cysteine-less SecYEG, SecYE(L106C)G, 
SecY(P276C)E(V97C)G and SecY(P276C)E(V97C, L106C)G were reduced with 5 mM DTT (-) or oxidized with 1 
mM Cu2+(phenantroline)3 (+). Samples were analyzed by 12% SDS-PAGE and immunostaining using antibodies 
against his-tagged SecY and SecE. The SecE-SecE (E-E), SecY-SecE (Y-E), SecY-(SecE)2 (Y-E2) and (SecY)2-
(SecE)2 (Y2-E2) cross-links are indicated with arrows. 
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The interhelical SecY TMS7-SecE TMS3 
contact is retained during translocation 
 Using the thiol-mediated contact between 
neighboring SecE molecules as a molecular 
ruler, we have shown previously that during the 
initiation of preprotein translocation, the 
intermolecular SecE contact is enhanced [124]. 
To investigate the dynamics of the SecY-SecE 
contact, the same technique was employed 
using the SecY(P276C)E(V97C)G complex. 
IMVs were pre-incubated in DTT, incubated 
under various translocation conditions and 
subsequently oxidized with 
Cu2+(phenantroline)3 to probe for the efficiency 
of SecY-SecE cross-linking. Because formation 

of the SecY-SecE contact is already very 
efficient under non-translocating conditions, a 
less-than-optimal condition of oxidation (on ice) 
was applied to be able to detect changes in the 
cross-linking efficiency. Translocation 
conditions were induced by the addition of 
SecA and the preprotein proOmpA in the 
presence of ATP, AMP-PNP, or ATP in the 
presence of the SecA ATPase inhibitor azide 
[90]. None of these conditions, however, 
resulted in a significant change in the efficiency 
of the SecY-SecE cross-linking (figure 6). 
Therefore, it is concluded that TMS7 of SecY 
and TMS3 of SecE remain in close proximity 
during protein translocation. 

Figure 5. Disulfide cross-linking of the SecYEG complex reversibly inactivates proOmpA translocation. IMVs 
containing the cysteine-less SecYEG, SecYE(L106C)G, SecY(P276C)E(V97C)G and SecY(P276C)E(V97C, 
L106C)G were reduced with 5 mM DTT (RED) or oxidized with 1 mM Cu2+(phenantroline)3 (OX). A sample of the 
oxidized samples was “re-reduced” by incubation in 100 mM DTT (reRED). IMVs were supplemented with SecA 
and assayed for the translocation of 125I-proOmpA as described in the Experimental Procedures section. The positions 
of proOmpA, OmpA and the translocation intermediate I29 are indicated. 

Figure 6. The interaction between TMS7 of SecY and TMS3 of SecE is not modulated during preprotein 
translocation. IMVs containing the SecY(P276C)E(V97C)G complex were pre-reduced with 5 mM DTT and diluted 
into translocation mixtures (50 µl) containing 50 mM HEPES-KOH pH 7.5, 30 mM KCl, 5 mM Mg(Ac)2. The 
reaction mixture was supplemented with 1 µg of proOmpA, 1 µg of SecA, 2 mM of ATP or AMP-PNP, and 20 mM 
sodium azide (NaN3) as indicated. After 10 min of incubation at 37 ºC, 1 mM Cu2+(phenantroline)3 was added and the 
incubation was continued on ice for 30 min. Oxidation was terminated by the addition of 25 mM neocuproine, and the 
samples were analyzed by 12% SDS-PAGE and immunostaining using antibodies against his-tagged SecY or SecE 
(data not shown). The positions of SecY and the SecY-SecE cross-link are indicated with arrows. 
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Discussion 
 
 Cysteine-scanning mutagenesis is a 
technique that can be used to map the sites of 
contacts between the helices in membrane 
proteins. We have used this technique to obtain 
more detailed information about the interaction 
of the two essential components SecY and SecE 
of the protein-conducting channel of E. coli. 
This study provides experimental evidence that 
TMS3 of SecE forms an α-helix with one face 
contacting a neighboring SecE molecule 
whereas the other face contacts TMS7 (this 
paper) and TMS2 [124] of SecY.  
 Previously, we have identified position 
Leu106 of TMS3 of SecE as a site of contact 
with a neighboring SecE molecule [124]. In that 
study, five unique cysteine substitutions were 
introduced near to the periplasmic membrane 
interface of TMS3 of SecE (S105C-W109C) in 
order to cover a complete turn of an α-helix. To 
determine if this contact interface extends along 
the entire putative α-helical structure, six 
additional cysteine mutants were made close to 
the cytosolic (L95C-A99C) and periplasmic 
(G110C) membrane interface. In this screen, we 
now have identified two additional amino acid 
residues in TMS3 of SecE that map at the 
interface between two SecE molecules, i.e., 
Ala99 and Gly110. Modeling of TMS3 of SecE 
as an α-helical structure demonstrates that these 
residues are strictly confined to a specific side 
of the α-helix (figure 7). Interestingly, the cross-
linking efficiency for the L106C mutation is 
significantly higher than for A99C and G110C. 
This could mean that the two contacting 
transmembrane segments are tilted or twisted 
relative to each other, with an optimal point of 
contact around Leu106. 
 By combining a set of single cysteine 
mutants in TMS7 of SecY (V274C-S282C) 
[173] with mutants in TMS3 of SecE (L95C-
T101C), several sites of contact between SecY 
and SecE could be detected. In particular, 
SecY(P276C) to SecE(V97C) could be 
efficiently cross-linked (figure 3 and 4). The 
same position of SecY also cross-linked to 
SecE(L95C) albeit with low efficiency (figure 

3A). SecY(A280C) was found to contact both 
SecE(V100C) and SecE(T101C) (figure 4). The 
identified sites of contact fit with an α-helical 
contact interface, except for the SecY(P276C)-
SecE(L95C) interaction (figure 7). Considering 
the low efficiency of cross-linking of the latter 
cysteine pair, and the uncertainty in predicting 
the borders of the TMSs, it seems likely that 
Leu95 of SecE is located outside the membrane 
plane and is not part of the α-helical structure of 
TMS 3. This is illustrated in figure 7B. 
 The cross-linking of SecY(P276C) with 
SecE(V97C) was nearly complete leaving little 
non-reacted monomeric SecY and SecE upon 
oxidation. This implies that there is only one 
SecE molecule per SecY subunit in the SecYEG 
complex. In this respect, their interdependent 
stability [112,114], similar levels of 
overexpression [174] and well-defined regions 
of interaction [116,122-124] are consistent with 
the experimentally determined SecY-SecE 
stoichiometry. 
 The cysteine-scanning mutagenesis ([124], 
this paper) now provides a detailed image of the 
molecular environment of SecE TMS3 (figure 
7). Herein, TMS3 of SecE is surrounded by 
another TMS3 of SecE and TMS2 and TMS7 of 
SecY. In the current arrangement, there is ample 
space for at least one other SecE contacting 
helix. Based on the predictions made using the 
synthetic lethality of combinations of prlA and 
prlG mutants [122], TMS 10 of SecY seems a 
likely candidate. It is of interest to note that the 
amino acid residue positions that cause the 
synthetic lethality of prlA208 (SecY TMS7: 
I278N) with prlG1 (SecE TMS3: L108R) do not 
map at the SecY TMS7 - SecE TMS3 contact 
interface (figure 7). The same holds true for all 
of the prlA mutations that map in TMS2 and 
TMS7 of SecY. None of these amino acid 
residues face TMS3 of SecE, but instead point 
in the opposite direction (figure 7). Strikingly, 
these mutations lead to a destabilization of the 
SecY-SecE interaction [171], in particular when 
PrlA and PrlG mutants are combined [122]. 
 Biochemical and electron microscopic 
studies [159,160] suggest that the SecYEG 
complex oligomerizes to form a protein 
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conducting channel. The structure consists of a 
tetrameric SecYEG complex with an outer 
diameter of 10.5-12 nm and a central pore-like 
opening [160]. The shape of the tetrameric 
SecYEG complex resembles that of the 
ribosome-bound purified eukaryotic Sec61p 
complex visualized by cryo-electron 
microscopy which is a ring-like structure, 5–6 
nm high and ~9 nm wide [149,150]. The 
cylindrical pore of ~2 nm in diameter extends 
throughout the protein complex perpendicular to 
the plane of the membrane, and aligns with the 
protein exit tunnel of the ribosome [149]. A 

recent chemical cross-linking and immuno-
precipitation study failed to demonstrate an 
oligomeric SecYEG complex, and it was 
suggested that the SecYEG complex functions 
as a monomer [165]. It was argued that the 
formation of an oligomeric SecYEG complex is 
an artifact of high overproduction levels and 
purified proteins. Our specific cysteine-
mutagenesis assay demonstrates that the 
oligomeric SecYEG complex can also be 
formed at SecYEG levels comparable to that of 
wild-type. Yahr and Wickner [165] used the 
non-specific cross-linker formaldehyde in their 

Figure 7. Schematic representation showing the identified sites of interaction between TMS2 and TMS7 of 
SecY and TMS3 of SecE, and the identified sites of interaction between TMS3 of neighboring SecE molecules. 
(A) Top view. TMSs are schematically drawn as helices. Cysteine-substituted residues involved in the cross-linking 
are shown (closed circles) and connected by a line with the interacting amino acid residues. Sites of prlA mutations 
are depicted as open circles. (B) Side view. Interacting cysteine-substituted residues are indicated in black boxes, and 
sites of known prlA mutations are depicted in thicker outlined boxes. The sites of interaction are shown by connecting 
lines. The weak cross-link between Leu95 of SecE and Pro276 of SecY is indicated by a dotted line. 
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study. SecY is, however, very unstable in the 
presence of low concentrations of organic 
solvents such as ethanol and formaldehyde, and 
readily denatures. This may explain the failure 
to detect SecY-SecY and SecY-SecA cross-
links [134]. Interestingly, a recent paper on the 
projection structure of the SecYEG complex 
indicates that the molecule is arranged as a 
dimer in the crystal lattice [161]. Moreover, the 
same study shows by analytical 
ultracentrifugation, a monomer-dimer-tetramer 
equilibrium of the SecYEG complex. Also, by 
blue native PAGE, the presence of oligomeric 
SecYEG complexes is evident (J. de Keyzer, 
unpublished results). Taken together, these 
studies strongly suggest that the SecYEG 
complex is able to assemble into oligomeric 
structures. 
 We have combined the strong 
SecY(P276C)-SecE(V97C) and SecE(L106C)-
SecE(L106C) contacts by means of a triple-
cysteine mutant. Oxidation of the 
SecY(P276C)SecE(V97C,L106C)G complex 
clearly demonstrates the formation of products 
that correspond to SecY-(SecE)2 and (SecY)2-
(SecE)2 cross-links. This unequivocally 
demonstrates that the SecE-SecE interaction 
takes place at a contact interface between two 
neighboring SecYEG complexes. Another 
cysteine scanning mutagenesis study 
demonstrates that two SecG molecules are in 
close proximity [71]. It should be stressed that 
disulfide cross-linking is a very sensitive 
technique that detects sites of interaction only 
when they are in close proximity, i.e., within a 
distance of 3-4 Å [120]. Taken together, these 
data collaborate with the electron microscopy 
studies that demonstrate that the SecYEG 
complex can oligomerize into a large complex 
[160]. 
 The formation of thiol-stabilized SecY-SecE 
and SecE-SecE contacts reversibly inactivates 
the activity of the translocase (figure 5) [124]. 
Apparently, flexibility within and between 
SecYEG complexes is an essential requirement 
for the translocation mechanism. This may 
signify conformational changes or dynamic 
subunit interactions during the translocation 

reaction, as previously shown for the SecE-
SecE contact [124]. By blocking SecA 
membrane de-insertion, a significant 
enhancement of the SecE-SecE cross-linking 
efficiency was observed. This phenomenon 
strictly required the presence of a preprotein 
showing its relation to the translocation process. 
On the other hand, the same conditions do not 
result in an alteration of the SecY-SecE cross-
linking as shown for the interaction between 
SecE TMS3 with SecY TMS2 [124] and SecY 
TMS7 (figure 6, this study). A cross-linking 
study with the yeast Sec61α, a SecY homolog, 
demonstrates the signal sequence of an inserting 
preprotein contacts TMS7 and TMS2, while no 
contact could be detected with Sec61γ [155]. 
This has led to the hypothesis that Sec61γ (i.e., 
TMS3 of SecE) might function as a kind of 
mock signal sequence that is displaced from 
Sec61α (i.e., SecY) upon the insertion of the 
signal sequence of a preprotein [155]. This 
mechanism is not plausible for the SecYEG 
complex as the interaction between TMS2 and 
TMS7 of SecY with TMS3 of SecE stably 
persists during translocation. It seems more 
likely that the signal sequence contacts the 
helical faces of TMS2 and TMS7 that point 
away from TMS3 of SecE. Remarkably, these 
faces correspond to the sites of the prlA 
mutations (figure 7). 
 The hypothesis that SecYEG functions as 
monomer [165] requires a large re-arrangement 
of the SecYEG helices in order to open a 
translocation pore that can accommodate the 
inserting SecA molecule and preprotein [200] 
while shielding SecA from contact with the 
phospholipids phase [201,202]. Our studies do 
not support such large helical re-arrangements, 
as both TMS2 and TMS7 of SecY remain in 
close proximity to TMS3 of SecE during 
translocation. Rather, our studies indicate the 
recruitment of multiple SecYEG complexes 
much akin to a ‘rigid body’ assembly event. To 
further test this model, future biochemical 
experiments should be directed at the mapping 
of the intramolecular contacts between the 
helices within the SecY protein. 
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SecYEG oligomerization probed by Fluorescence Resonance 
Energy Transfer 

 
Andreas K. J. Veenendaal, Stefan Kol, Chris van der Does and Arnold. J. M. 
Driessen 
 
 
Summary 
 
The heterotrimeric SecYEG complex constitutes the protein-conducting channel in bacteria. 
We have purified and fluorescently labeled single cysteine mutants of SecE to study the 
quaternary structure of SecYEG reconstituted into proteoliposomes by means of fluorescence 
resonance energy transfer (FRET). The data show that SecYEG oligomerizes in a lipid 
environment and that exchange of SecYEG subunits can occur between oligomers. 
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Introduction 
 
 Protein translocation in bacteria is mediated 
by the translocase that consists of the 
heterotrimeric membrane protein complex 
SecYEG [28,139] and the membrane associated 
ATPase SecA [3]. The latter drives the stepwise 
translocation of proteins [86,87] while SecYEG 
constitutes an evolutionary conserved protein-
conducting channel [13,40,203]. Various studies 
on the channel organization have revealed 
oligomeric forms of SecYEG 
[71,124,125,130,149-151,157,159-164] 
although it has also been proposed that the 
channel is formed by a single SecYEG molecule 
[128,165]. In Escherichia coli, SecYEG exists 
as monomeric, dimeric and tetrameric species. 
The dimer interface between neighboring 
SecYEG complexes is formed by 
transmembrane segment 3 (TMS3) of SecE in 
which three sites of contact have been identified 
by cysteine scanning mutagenesis [124-126]. In 
this work, we have used positions in and close 
to the dimer interface to conduct fluorescence 
resonance energy transfer (FRET) experiments 
to provide insight in the quaternary form of 
SecYEG reconstituted into proteoliposomes. 
 
 
Experimental procedures 
 
Materials 
 SecA [27] and proOmpA [190] were 
purified as described previously. Oregon 
Green® 488 maleimide, Texas Red® maleimide 
and tris-(2-carboxyethyl)phosphine (TCEP) 
were purchased from Molecular Probes (Leiden, 
The Netherlands). Stock solutions of 40 mM of 
Oregon Green and Texas Red were prepared in 
dimethylformamide (DMF) and 
dimethylsulfoxide (DMSO), respectively. 
SOURCETM 30Q column material and 
HiTrapTM Chelating HP columns were 
purchased from Amersham Biosciences 
(Freiburg, Germany). 
 
 

Plasmids, cell cultures and membrane vesicle 
isolation 
 The plasmids used to overproduce his6-
tagged SecYEG are pET607, pET2501 and 
pET2523. They encode cysteine-less SecYEG, 
SecYE(I96C)G and SecYE(S120C)G, 
respectively. pET607 [124] and pET2501 [125] 
were constructed previously, pET2523 was 
constructed in a similar way as pET2501 and its 
cysteine mutation (secE A120C (TCC TGT)) 
was confirmed by sequence analysis. Cells were 
grown and inside-out inner membrane vesicles 
(IMVs) harboring overproduced SecYEG were 
isolated as described previously [124]. 
 
Purification, cysteine labeling and membrane 
reconstitution of SecYEG 
 SecYEG was purified essentially as 
described in [204]. In short, IMVs preparations 
were solubilized in 2% dodecyl maltoside 
(DDM) and SecYEG was purified by anion 
exchange chromatography (via SOURCE 30Q 
column material), followed by affinity 
chromatography (via a Ni2+-charged HiTrap 
Chelating HP column). The cysteine-directed 
fluorescent dye labeling was performed in 
between the two purification steps. For this, 
eluted fractions harboring semi-purified 
SecYEG from the anion exchange 
chromatography, were pooled and incubated 
with a two-fold molar excess of TCEP over 
protein for 15 min at 4 ºC to reduce the cysteine 
residues. Subsequently, a ten-fold molar excess 
of Oregon Green or Texas Red dye over protein 
was added. Labeling was carried out at a pH of 
8.0 for 60 min at 4 ºC. The reaction was 
quenched by the addition of a ten-fold molar 
excess of reduced glutathione over dye for 15 
min at 4 ºC. The following second purification 
step removed unbound dye from the samples. 
The labeling specificity was analyzed by 15% 
SDS-PAGE, followed by visualization of 
fluorescence on a Roche Lumi-Imager F1. 
Subsequently, the gel was stained with 
Coomassie Brilliant Blue (CBB) to evaluate the 
purification steps. Finally, SecYEG was 
reconstituted into liposomes, extracted from E. 
coli lipids, by rapid dilution as described before 
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[184]. The proteoliposomes were recovered by 
ultracentrifugation and resuspended in buffer A 
(50 mM Tris-HCl pH 8.0; 50 mM KCl). 
 
Spectrofluorometry 
 All measurements were performed on a 
SLM Aminco-Bowman Series 2 Luminescence 
spectrometer (SLM Aminco, Urbana, IL) with 
excitation and emission slit widths set to 4 nm. 
Oregon Green fluorescence was excited at 480 
nm and emission scans were recorded as 
indicated in the figures. Proteoliposomes were 
diluted in the cuvette with buffer A prior to the 
measurements. Emission scans of tryptophan 
fluorescence (excited at 280 nm) were recorded 
to determine the relative protein concentration 
in the proteoliposomes, and the concentration 
was corrected if necessary. 
 
Miscellaneous methods 
 ProOmpA stimulated SecA ATPase activity 
was determined as described [132]. Fusion of 
the proteoliposomes was induced by 3 cycles of 
freezing in liquid nitrogen and thawing at room 
temperature, followed by dis-aggregration by 
sonication for 10 seconds in a bath sonicator. 
Protein concentrations were determined with the 
DC Protein Assay (Bio-Rad Laboratories, 
Hercules, Canada) using bovine serum albumin 
(BSA) as a standard.  
 
 
Results 
 
Functional reconstitution of cysteine labeled 
SecYEG into liposomes 
 For fluorescence measurements, 
proteoliposomes were used containing SecYEG 
with a fluorescent probe derivatized to a unique 
cysteine residue at position Ile-96 or Ser-120 in 
SecE. For this purpose, IMVs harboring 
overproduced cys-less SecYEG, SecYE(I96C)G 
or SecYE(S120C)G were solubilized in 2% 
DDM and SecYEG was purified in a two-step 
purification assay using the his6-tag at the 
amino-terminus of SecY. Cysteine specific 
labeling was carried out with maleimide 
derivatives of Oregon Green or Texas Red, and 

the labeled SecYEG complex was repurified by 
Ni-NTA chromatography to remove unbound 
probe. The final product was analyzed by 
Coomassie-stained SDS-PAGE for its purity 
(data not shown) and by in gel fluorescence 
imaging to assess the cysteine labeling (figure 
1). The cysteine in SecYE(I96C)G could be 
labeled specifically under conditions that allow 
only weak labeling of the other proteins (e.g. 
SecY) or of the cys-less SecYEG. A similar 
result was obtained for SecYE(S120C)G (data 
not shown). The efficiency of labeling of the 
indicated SecE cysteine mutants was estimated 
by calculating the probe to protein molar ratio 
as determined by absorption measurements and 
was in the range of 70-90% (data not shown).  
 Purified and labeled SecYEG was 
reconstituted into liposomes and tested for its 
ability to support proOmpA stimulated SecA 
ATPase activity. The results show that the 
presence of the dye in SecE does not affect the 
translocation ATPase activity (figure 2). 
 
 
 

Figure 1. Cysteine-directed labeling of 
SecYE(I96C)G. SecYE(I96C)G  (lane 2 and 4) and 
cys-less SecYEG (lane 1 and 3) was purified and 
labeled with Oregon Green maleimide (lane 1 and 2) 
and Texas Red maleimide (lane 3 and 4). The 
fluorescence in the gels (15% SDS-PAGE) was 
visualized on a Roche Lumi-Imager F1. Exposure was 
set to 100 ms and a high pass filter was used with a 
cutoff at 520 nm for Oregon Green and 600 nm for 
Texas Red. 
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Energy transfer reveals SecYEG 
oligomerization 
 As a first step, tryptophan emission scans 
were recorded to determine and normalize the 
relative protein concentration of the samples in 
the cuvette. Fluorescence measurements show 
that the Oregon Green or Texas Red dyes do not 
interfere with the tryptophan emission (data not 
shown).  Donor (Oregon Green) and acceptor 
(Texas Red) labeled SecYEG were mixed in a 
1:1 ratio either before or after reconstitution into 
liposomes. In the first case, donor and acceptor 
fluorophores co-localize within the same 
liposomes, while in the latter case, donor and 
acceptor fluorophores are localized in separated 
liposomes. Fluorescence emission scans were 
recorded with the excitation wavelength set to 
480 nm to excite the Oregon Green fluorophore. 
A significantly lower fluorescence around 520 
nm, which corresponds to the expected Oregon 
Green emission maximum, was observed for 
both SecYE(I96C)G and SecYE(S120C)G when 
the donor and acceptor fluorophores are co-
localized as compared to conditions when donor 
and acceptor are present in separate liposomes 
(figure 3). This clearly indicates the occurrence 
of energy transfer. For SecYE(I96C)G, the 
decrease in Oregon Green emission is 
accompanied by an increase in fluorescence 

around 610 nm representing the Texas Red 
emission (figure 3A). This effect was not 
observed for SecYE(S120C)G (figure 3B). In 
another FRET experiment, Oregon Green 
labeled SecYEG proteoliposomes were mixed 
with Texas Red labeled SecYEG 
proteoliposomes in a 1:1 ratio and subsequently 
subjected to freeze/thaw and sonication 
treatment. The emission scan reveals that this 
treatment also results in lower Oregon Green 
emission fluorescence, indicative of energy 
transfer (figure 4). 
 
 
Discussion 
 
 The SecYEG complex constitutes the 
protein-conducting channel in bacteria. Various 
studies have demonstrated the existence of 
oligomeric forms of SecYEG 
[63,71,124,125,130,149-151,157,159-164]. In 
this work, we have conducted FRET 
experiments to determine if SecYEG exists in 
an oligomeric state when reconstituted into 
liposomes. A similar study has been done on the 
SecYE complex from Thermus thermophilus 
HB8 in which oligomerization of SecYE in 
proteoliposomes was demonstrated by FRET 
[163]. Energy transfer comes from the 

Figure 2. ProOmpA stimulated SecA ATPase activity. Oregon Green (OG) and Texas Red (TR) labeled 
SecYE(I96C)G and SecYE(S120C)G were reconstituted into proteoliposomes and the proOmpA stimulated SecA 
ATPase activity was determined. The activity of proteoliposomes harboring cys-less SecYEG was set to 100%. 
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absorption of the excited-state energy from one 
fluorophore (the donor) by another fluorophore 
(the acceptor). This phenomenon is reflected by 
a decrease in emission fluorescence of the donor 
(since less photons are emitted) and an increase 
in emission fluorescence of the acceptor (that is 
excited by the absorbed energy from the donor). 
The prerequisite for energy transfer is a spectral 
overlap of the emission fluorescence the donor 
with the excitation fluorescence of the acceptor. 
The efficiency of energy transfer depends on the 

level of spectral overlap, the distance between 
the two fluorophores and their relative 
orientation in space. We have chosen Oregon 
Green and Texas Red as the donor-acceptor 
couple, since their overlapping spectra make 
them suitable candidates for use in FRET 
analyses. The Förster radius (Ro), which defines 
the distance at which the energy transfer is 50% 
efficient, has  not been determined for the 
Oregon Green-Texas Red couple. However, the 
typical value for Ro  is ~50 Å for donor-

Figure 3. FRET analysis of SecYEG reconstituted into proteoliposomes. Fluorescence spectra of Oregon Green 
(donor) and Texas Red (acceptor) labeled SecYEG proteoliposomes. A, SecYE(I96C)G. B, SecYE(S120C)G. Spectra 
of 1:1 mixtures of Oregon Green and Texas Red labeled SecYEG before (dotted line) and after (solid line) 
reconstitution into proteoliposomes. The excitation wavelength was set to 480 nm. 
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acceptor couples with characteristics and 
spectra similar to Oregon Green and Texas Red, 
such as the fluorescein-rhodamine pair 
[205,206].  
 SecE was used for fluorescent labeling since 
TMS3 of SecE is known to form the dimer 
interface between neighboring SecYEG 
complexes [124,125]. Specific positions in SecE 
can be studied by site-directed labeling of 
cysteine-substituted residues, but Ser-120 was 
selected for its position in the periplasmic loop 
1 that is accessible for maleimides from the 
solution. This loop connects to TMS3 and thus 
is close to the dimer interface. Furthermore, a 
cysteine-directed cross-linking study suggested 
a possible SecE dimer cross-link formation at 
the cysteine-substituted Ser-120 [123]. We have 
also targeted a residue in TMS3 of SecE that is 
localized close to the cytosolic face of the 
membrane. Initially, Ala-99 was chosen as it 
represents one of the sites of contact in the SecE 
dimer interface [125], which also senses a 
conformational change upon ATP binding 
(Chapter 5). However, this membrane 
embedded position was not readily accessible to 
fluorophores (data not shown). As an 
alternative, Ile-96 was targeted since this 

position is close to Ala-99 while still accessible 
for fluorophores. Importantly, the labeled 
SecYEG complexes are fully functional as they 
support proOmpA stimulated SecA ATPase 
activity (figure 2). 
 Energy transfer was observed that appeared 
as a significant loss in donor (Oregon Green) 
emission fluorescence when populations of 
donor and acceptor fluorophore labeled 
SecYEG complexes are co-localized in the same 
liposome environment (figure 3). This effect 
was seen for both I96C and S120C labeled 
SecE. High concentrations of donor and 
acceptor labeled proteins in the liposomes could 
lead to random transient contacts and thus 
possibly result in energy transfer. However, the 
typical protein to lipid molar ratio for SecYEG 
reconstituted proteoliposomes is ~1:4000 and 
under these conditions energy transfer by non-
specific contacts can be ruled out [163]. We can 
therefore conclude that the observed energy 
transfer signifies the association of SecYEG 
complexes into oligomers in proteoliposomes. 
 Energy transfer could also be induced when 
donor and acceptor labeled SecYEG, originally 
in separate liposome populations, are co-
localized by liposome fusion as a result of 

Figure 4. SecYEG oligomer formation upon fusion of proteoliposomes. Fluorescence spectra of Oregon Green and 
Texas Red labeled SecYE(S120C)G proteoliposomes. Oregon Green labeled SecYE(S120C)G proteoliposomes were 
mixed with Texas Red labeled SecYE(S120C)G proteoliposomes in a ratio of 1:1 (solid line). A sample of this 
mixture was then subjected to freeze/thaw treatment and sonication (dotted line). The excitation wavelength was set 
to 480 nm. 
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freeze/thaw treatment (figure 4). This suggests a 
dynamic exchange of subunits between 
oligomers of SecYEG in the liposome 
environment. Interestingly, our finding seems to 
contradict with the FRET data for the SecYE 
from T. thermophilus that suggest no apparent 
exchange of subunits [163]. Since Mori and co-
workers have performed FRET experiments on 
labeled SecY instead of SecE, a remote 
possibility is that exchange occurs between 
SecE but not between SecY subunits. However, 
SecY and SecE do not dissociate in vivo [114], 
which must imply that complete SecYE(G) 
complexes are exchanged between oligomers. 
Possibly the higher physiological temperature or 
the lack of a SecG homologue may cause a 
significant slower exchange rate of subunits for 
the SecYE complex from the thermophilic 
bacterium T. thermophilus. Also, the FRET 
analysis were done on T. thermophilus SecYE 
complex reconstituted into E. coli liposomes 
and the subunit exchange rate may be affected 
in such a heterologous system. 
 For FRET experiments with labeled 
SecYE(I96C)G, the observed energy transfer is 
accompanied by Texas Red emission 
fluorescence (figure 3a). This was not the case 
for experiments done with labeled 
SecYE(S120C)G (figure 3b). A longer distance 
between the donor and acceptor dyes or 
suboptimal relative orientation of the dyes may 
explain the apparent lack of acceptor emission 
for position Ser-120. Minimal acceptor emission 
fluorescence can also be noticed in other FRET 
studies [163]. 
 Conformational changes in the protein-
conducting channel at specific positions in the 
SecE dimer interface were observed in cysteine-
directed cross-linking studies under conditions 
that result in a translocation-arrested state by 
blocking the SecA deinsertion step or by the 
addition of nucleotides ([124], chapter 5). 
However, no noticeable change in FRET could 
be detected in initial experiments using SecYEG 
proteoliposomes to which similar conditions 
were applied (data not shown). Moreover, 
nucleotides were found to greatly affect the 
fluorescence emission of Oregon Green, thus 

hampering the fluorescence measurement. 
Possibly, the use of a different donor-acceptor 
couple may be required to study conformational 
changes in the SecYEG complex by FRET 
analysis. 
 Our results show that SecYEG forms 
oligomers in proteoliposomes. This conclusion 
is in agreement with other structural studies on 
the protein-conducting channel. Furthermore, 
SecYEG subunits can be exchanged between 
oligomers. Our data provides a basis for future 
FRET studies on the quaternary structure of the 
protein-conducting channel. 
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The core of the bacterial translocase harbors a tilted 
transmembrane segment 3 of SecE 

 
 
Andreas K.J. Veenendaal, Chris van der Does and Arnold J.M. Driessen 
 
 
Summary 
 
The bacterial translocase mediates the translocation and membrane integration of proteins. 
The integral membrane proteins SecY and SecE are conserved core subunits of the 
translocase. Previous cysteine scanning studies showed that the transmembrane segment 
(TMS) 3 of SecE contacts TMS 2 and 7 of SecY, and TMS 3 of another SecE. We now 
demonstrate that SecE also contacts TMS 10 of SecY. Combining all available cysteine 
scanning mutagenesis data, a three-dimensional model has been built in which the positions of 
the helices that form the central core of the bacterial translocase are mapped. Remarkably, 
this model reveals that TMS 3 of SecE is strongly tilted relative to SecY. 
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Introduction 
 
 In bacteria, the translocase mediates the 
translocation of proteins across, and integration 
of membrane proteins into the cytoplasmic 
membrane. Translocase consists of the 
membrane bound SecA and the integral 
membrane protein complex SecYEG. [For 
reviews see [1,207]]. SecY, SecE and SecG are 
membrane proteins that together form a 
heterotrimeric complex [28,139] which 
constitutes a high affinity binding site for SecA 
[82]. SecA is a large dimeric ATPase and drives 
the stepwise translocation of precursor proteins 
(preproteins) across the membrane by cycles of 
ATP binding and hydrolysis [86,87,182]. 
SecYEG can associate with another trimeric 
complex consisting of SecD, SecF and YajC 
that is required for efficient protein export in 
vivo [96].  
 SecY and SecE are essential subunits of the 
translocase. SecY harbors ten transmembrane 
segments (TMSs) (figure 1), whereas SecE has 
a single TMS in most bacteria. In Escherichia 
coli, SecE contains three TMSs (figure 1), but 
only the conserved C-terminal domain including 
the third TMS is essential for a functional 
translocase [59]. SecY forms a stable complex 
in the membrane with SecE that does not 
dissociate in vivo [114] and is rapidly degraded 
by FtsH when uncomplexed [112]. Several 
domains of SecY and SecE have been suggested 
to be in close contact. Mutations in the fourth 
cytoplasmic loop (C4) of SecY [116] and C2 
and TMS 3 of SecE [64] destabilize the SecYE 
complex. Furthermore, specific combinations of 
prlA (SecY) and prlG (SecE) mutations result in 
synthetic lethality [122]. Prl (for protein 
localization) is a class of mutants that 
suppresses signal sequence defects, and the 
synthetic lethality has been suggested to signify 
interactions between periplasmic loop 1 (P1) of 
SecY and P2 of SecE and TMS 7 and 10 of 
SecY and TMS 3 of SecE [122]. Indeed, 
cysteine-directed cross-linking studies 
demonstrated contacts between P1 of SecY and 
P2 of SecE [123] and between TMS 3 of SecE 
and TMS 2 [124] and 7 [125] of SecY. Most of 

the conserved residues and prlA mutations are 
clustered in TMS 2, 7 and 10 of SecY. 
Furthermore, TMS 2 and 7 of Sec61α, the yeast 
homologue of SecY, have been implicated in 
the binding of the signal sequence of the 
preprotein [155]. These data strongly suggest a 
conserved core of the translocase, consisting of 
TMS 2, 7 and 10 of SecY and TMS 3 of SecE 
that is involved in preprotein binding.  
 The SecYEG protomer is a dynamic 
complex that can organize into dimers and 
tetramers as revealed by electron microscopy, 
cysteine scanning mutagenesis, sedimentation 
analysis and Blue Native (BN)-PAGE [125,160-
162]. An activated state of the SecA dimer (i.e., 
with a non-hydrolysable ATP analog or with a 
trapped preprotein intermediate) was found to 
be associated with large ring-like SecYEG 
oligomers that could be fitted to the size of a 
SecYEG tetramer [160]. BN-PAGE 
demonstrates that a trapped preprotein 
intermediate remains stably associated with 
SecYEG dimers in the absence of SecA [162]. 
A chemical cross-linking study failed to 
demonstrate the presence of SecYEG oligomers, 
and it was suggested that such forms represent 
aggregates formed as an artifact of the 
overproduction [165]. However, cysteine 
directed cross-linking demonstrates that TMS 3 
of SecE contacts a neighboring SecE molecule 
[124,125] within a dimeric SecYEG assembly 
even when present at wild-type levels of the 
translocase [125], while BN-PAGE indicates 
that the chemical cross-linking interferes with 
the oligomerization of SecYEG [162]. The 
exact number of SecYEG subunits within the 
active oligomeric translocase complex, 
however, is a topic of discussion. 
 A central question is how the SecYEG 
complex forms the protein-conducting channel. 
To answer this, detailed information is required 
about the molecular architecture of the SecYEG 
complex. For this purpose, we have initiated a 
cysteine scanning mutagenesis approach to 
probe sites of interaction between SecY and 
SecE [124,125]. A model has been presented in 
which one face of TMS 3 of SecE stably 
interacts with TMS 2 and 7 of SecY while the  
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Table I. Plasmids 
Plasmids containing an isopropyl-β-D-thiogalactoside (IPTG) -inducible trc promotor before a synthetic secYEG operon 
were used for the over-expression of the SecYEG complex. 

Plasmid Relevant characteristics Mutations Source 
pET607 Cysteine-less SecYEG in pET610 C329S (TGT AGT); C385S (TGC AGC) Ref. [124] 
 SecY TMS 10 mutants in pET607:   
pET2510  L406C  L406C (CTG TGT) This work 
pET2511  L407C  L407C (CTT TGT) This work 
pET2512  I408C  I408C (ATC TGT) This work 
pET2513  V409C  V409C (GTT TGT) This work 
pET2514  V410C  V410C (GTT TGT) This work 
pET2515  V411C  V411C (GTC TGT) This work 
pET2516  V412C  V412C (GTG TGT) This work 
pET2517  I413C  I413C (ATT TGT) This work 
 SecE TMS 3 mutants in pET607:   
pET2500  L95C  L95C (CTG TGT) a Ref. [125] 
pET2501  I96C  I96C (ATT TGT) a Ref. [125] 
pET2502  V97C  V97C (GTG TGT) a Ref. [125] 
pET2503  A98C  A98C (GCT TGT) a Ref. [125] 
pET2504  A99C  A99C (GCG TGT) a Ref. [125] 
pET2521  V100C  V100C (GTT TGT) a Ref. [125] 
pET2522  T101C  T101C (ACC TGC) a Ref. [125] 

a  ∆ClaI (ATCGAT ATCGAC) between the SecY and SecE gene. The names of the double cysteine mutants are 
combined, e.g. pET2513/2522 contains SecY V409C and SecE T101C mutations. 
 
 
opposite face dynamically interacts with TMS 3 
of a neighboring SecE molecule that is part of a 
separate SecYEG complex. The periodic re-
appearance of the contacts suggests the presence 
of α-helices as the secondary structure of the 
investigated transmembrane segments. Based on 
the conserved residues and the high incidence of 
prlA mutations in TMS 10, and observed 
synthetic lethal combinations of prlA and prlG 
mutations, we expected that also TMS 10 of 
SecY is located in the core of the translocase in 
close vicinity of SecE. Here, we indeed present 
evidence that TMS 3 of SecE contacts TMS 10 
of SecY periodically in space. Using our 
combined data, a three-dimensional model is 
presented that compiles all the identified 
contacts in the membrane between SecY and 
SecE. This model reveals that TMS 3 of SecE is 
at the contact interface between two SecYEG 
protomers and must be strongly tilted to 
accommodate the various observed interactions. 
 
 
 
 

Experimental procedures 
 
Materials 
 SecA [27], SecB [189] and proOmpA [190] 
were purified as described. A stock solution of 
80 mM Cu2+(phenantroline)3 (Sigma Chem. 
Co., St. Louis, MO) was prepared as described 
previously [124]. 
 
Plasmids 
 The plasmids used to overproduce SecYEG 
are listed in table I. Single cysteine mutations in 
TMS 10 were introduced by a two-step 
polymerase chain reaction using plasmid 
pET607 (that allows overexpression of a 
cysteine-less SecYEG with an amino-terminal 
(His)6-tag on SecY) as the template [124]. 
Combining cysteine mutations in TMS 10 of 
SecY and TMS 3 of SecE was accompanied by 
the deletion of a ClaI site between SecY and 
SecE to facilitate the screening for correct 
mutants [124]. All mutations were confirmed by 
complete sequence analysis. 
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Bacterial strains, growth conditions and 
membrane vesicle preparation 
 Cell growth and isolation of inner membrane 
vesicles (IMVs) was performed as described 
previously [124].  
 
Cross-linking 
 For assays of disulfide bridge formation, 
IMVs (1 mg/ml) were oxidized with 1 mM 
Cu2+(phenantroline)3 for 30 min at 37 ºC. The 
oxidation reaction was quenched by the addition 
of 25 mM neocuproine (Sigma Chem. Co., St. 
Louis, MO). Samples were analyzed by 12% 
SDS-PAGE, Western blotting onto PVDF 
membranes (Amersham Pharmacia Biotech, 
Buckinghamshire, U.K.) and immunostaining 
using antibodies directed against SecY or SecE 
[184]. 
 
Three-dimensional modeling 
 The stretches of amino acids representing 
TMS 2, 7, 10 of SecY and TMS 3 of SecE were 
constructed as α-helices with the HyperChem 
(Hypercube Inc.) software, exported in the 
Brookhaven PDB file format and subsequently 
visualized with Weblab Viewer (Accelrys Inc.). 

The sites of contact between SecE and SecY 
and a neighboring SecE were highlighted and a 
model was built by fitting the matching sites in 
the best possible way. 
 
Miscellaneous methods 
 Translocation reactions were essentially 
performed as described [124] with the 
difference that the radioactive label (125I) on 
proOmpA was replaced by a fluorescent label 
(fluorescein maleimide) and translocated 
proOmpA was visualized with a Lumi-Imager 
F1 (Roche, Basel, Switzerland) (J. de Keyzer et 
al., manuscript in preparation). Protein 
concentrations were determined with the DC 
Protein Assay (Bio-Rad Laboratories, Hercules, 
Canada) using bovine serum albumin (BSA) as 
a standard.  
 
 
Results 
  
Construction, expression and activity of single 
cysteine mutants of SecY 
 Unique cysteine mutations were introduced 
into TMS 10 of SecY to investigate possible 

Figure 1. Membrane topology of E. coli SecY and SecE. The grey diamonds represent endogenous cysteine 
residues in SecY that were replaced by serine residues. The residues that were replaced by cysteine are depicted as 
black circles. 
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contacts with TMS 3 of SecE as suggested by 
the synthetic lethality of combined prlA and 
prlG mutants [122]. The previously constructed 
SecE mutants (L95C to T101C) [125] were 
located at the cytosolic side of TMS 3. The new 
set of eight consecutive mutations (L406C to 
I413C) of SecY covers at least two turns of the 
putative α-helical structure of TMS 10. 
Sequence alignment and hydrophobicity 
analysis predicts the same depth in the 
membrane as for the SecE mutants (figure 1). 
The single cysteine SecY mutations were placed 
into a cysteine-less SecYEG expression vector 
[124] and the mutant SecYEG complexes were 
overproduced in E. coli strain SF100. IMVs 
derived from these cells were analyzed for the 
SecY and SecE expression levels and proOmpA 
translocation activity. The in vitro translocation 
assay monitoring the protease protection of the 
translocated proOmpA, was performed as 
described [124] except that fluorescein 
maleimide-proOmpA was used instead of 125I-
proOmpA (J. de Keyzer et al., manuscript in 
preparation) and visualization of the fluorescent 
bands in the gel after SDS-PAGE was done with 
a fluorescence imager. Cysteine-less SecYEG 
was used as the control since it is 
indistinguishable from wild-type SecYEG 
[124]. The expression level of the SecYEG 
mutants as analyzed by SDS-PAGE and 
Coomassie Brilliant Blue staining were found to 
be similar to that of the over-expressed 
cysteine-less SecYEG complex with one 

exception. IMVs harboring mutant 
SecY(I408C)EG showed a lower expression of 
SecY, but not of SecE (data not shown), and a 
correspondingly lower translocation activity 
(figure 2). Figure 2 suggests a slightly lower 
activity for mutant Y(V411C)EG. However, this 
is not representative for SecY(V411C)EG as 
repeated experiments show a translocation 
activity for the mutant that is similar to wild-
type SecYEG (data not shown). The cysteine 
mutations did not produce a strong prl 
phenotype as none of the mutants supported the 
translocation of ∆8-proOmpA, a preprotein with 
a defective signal sequence that is translocated 
by PrlA4 ([54,177]; data not shown), nor did 
they reveal a significantly higher proOmpA 
translocation activity (figure 2). 
  
TMS 10 of SecY contacts TMS 3 of SecE at an 
α-helical interface 
 To identify possible sites of contact between 
SecY and SecE, 56 pairs of cysteine mutations 
were constructed of combinations in TMS 10 of 
SecY (at position 406 to 413) and TMS 3 of 
SecE (at position 95 to 101).  The 
overexpression level and activity of the 
SecYEG complexes, which contain the SecE 
cysteine mutations that are used in this study, 
have been analyzed before and shown to be 
similar to wild-type SecYEG [125]. SecYEG 
IMVs of 49 pairs of cysteine mutations 
exhibited normal levels of overexpression while 
the 7 combinations with SecY I408C showed a 
lower SecY expression level (data not shown). 
IMVs, corrected for SecY level, were oxidized 
with 1 mM Cu2+(phenantroline)3 and analyzed 
by SDS-PAGE and immunoblotting using 
antibodies against SecY and SecE (figure 3). 
Four cysteine combinations display 
reproducibly a higher molecular mass band, 
which reacts with both antibodies against SecY 
and SecE and corresponds to an expected SecY-
SecE cross-link. In particular the combinations 
SecY(V409C)-SecE(T101C) and SecY(I413C)-
SecE(V100C) yielded a strong SecY-SecE 
cross-link. As shown previously for other 
identified cross-links [125], oxidation of these 
cysteine mutant pairs resulted in the inactivation 

Figure 2. Expression levels and activities of SecYEG 
complexes harboring a cysteine mutation in TMS 
10 of SecY. IMVs containing overexpressed SecYEG 
mutants were analyzed by: A, a Coomassie Brilliant 
Blue stained gel showing the levels of his-tagged SecY 
overexpression. B, in vitro translocation of proOmpA. 
SecY, proOmpA and OmpA are indicated by arrows. 
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of the protein translocation reaction, while the 
activity was recovered after reduction with 
dithiothreitol (DTT) (data not shown). Several 
other cysteine pairs, especially in combination 
with SecY I408C, show a faint bands at the 
position of the expected SecY-SecE cross-link 
(figure 3). These bands are significantly weaker 
than those for the four cysteine pairs mentioned 
above, did not stain with the SecE antibody and 
lacked apparent reproducibility. Therefore, we 
do not believe that these bands reflect clear 
contact points between SecY and SecE. The 
cross-linking data could be modeled by 
assuming an α-helical contact interface between 
TMS 10 of SecY and TMS 3 of SecE (figure 4 
and 5).  
 
Model for the core of the SecYE complex 
 To incorporate the identified cross-links into 
a three-dimensional model, TMS 2 (Ala75-
Ile92), 7 (Val274-Ala291) and 10 (Val397-
Met414) of SecY and TMS 3 (Leu95-Asp112) 
of SecE were built as α-helices in silico. 
Strikingly, TMS 7 and 10 of SecY contact the 

same side of TMS 3 of SecE. However, the 
position on SecE (Val97) that shows the 
strongest cross-linking reaction with TMS 7 of 
SecY is located at a different depth in the 
membrane than the positions (Val100 and 
Thr101) that are the strongest contact sites to 
TMS 10 of SecY. Only one model (figure 5) 
could explain all 13 observed transmembrane 
contacts [124,125]; this study). Remarkably, 
this model implies a strongly tilted SecE helix, 
surrounded by TMS 2, 7 and 10 of SecY. We 
therefore conclude that TMS 3 of SecE is tilted 
relative to the surrounding transmembrane 
segments of SecY in the core of the translocase. 
 
 
Discussion 
 
 To fully understand the mechanism of 
translocation and membrane insertion of 
proteins, detailed structural information of the 
translocase is essential. The highest level of 
structural information can be derived from x-ray 
crystallography. However, crystallization of 

Figure 3. Identification of the sites of contact between TMS 10 of SecY and TMS 3 of SecE. Eight consecutive 
unique cysteine mutations in SecY TMS 10 were co-expressed with seven cysteine mutations in SecE TMS 3 and 
wild-type SecG. IMVs containing the mutant SecYEG complexes were oxidized with 1 mM Cu2+(phenantroline)3 and 
analyzed by 12% SDS-PAGE and immunoblotting using antibodies against SecY and SecE. Mutant 
SecY(P276C)E(V97C)G that gives a crosslink between TMS 7 of SecY and TMS 3 of SecE was included as a control 
(18). The bands representing SecY (Y) and SecY-SecE crosslink (Y-E) (50 kDa) are indicated by arrows. 
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membrane proteins is very difficult to 
accomplish. This is in particular a major 
challenge with the SecYEG complex as it needs 
to interact with the soluble SecA protein to form 
a functional translocase. Recently, 2-
dimensional crystals of SecYEG have been 
produced from which a 9 Å projection structure 
was calculated but the structural information in 
this projection of SecYEG is limited as it is not 
possible to assign the helices at this resolution 
[161]. An alternative approach for obtaining 
structural information is cysteine-scanning 
mutagenesis, a technique that can be used to 
map the sites of contact between the 
transmembrane segments in membrane proteins. 
An important advantage of this technique is that 
structural information is obtained from the 
functional, membrane-embedded proteins and 
observed sites of interaction can be further 
exploited to obtain information on the dynamics 
of the proteins involved. We have used this 
technique to reveal the sites of interaction 
between SecY and SecE, both essential 
components of the protein-conducting channel. 
In this study, we show that TMS 3 of SecE 
contacts TMS 10 of SecY. Furthermore, we 
present a three-dimensional model of the SecYE 
core based on the combined cross-linking data. 
 We have identified multiple sites of contact 
between SecY and SecE, and between two 
neighboring SecE molecules. Using pairs of 
cysteine mutations, sites of contact were 

identified between TMS 3 of SecE and TMS 2 
(S105C-I82C; L108C-F78C; L108C-A79C) 
[124] and TMS 7 (V97C-P276C; V100C-
A280C; T101C-A280C) [125] of SecY. Here, 
we show that TMS 3 of SecE also contacts TMS 
10 of SecY (V97C-V410C; V97C-I413C; 
V100C-I413C; T101C-V409C) (figure 3). All 
cross-links re-appear periodically, consistent 
with an α-helical structure of these 
transmembrane segments (figure 4, 5A). 
Oligomeric forms of SecYEG were revealed by 
covalently linked SecE dimers when cysteines 
are introduced at the position of Ala99, Leu106 
and Gly110 in TMS 3 [124,125]. These contacts 
also display spatial periodicity, indicating an α-
helical interface that covers the entire span of 
the membrane. Furthermore, the SecE dimer 
interface is mapped opposite to the SecY-SecE 
contacts (figure 5B). 
 Prl mutations in SecY and SecE result in 
thermally induced destabilization of the SecY-
SecE interaction [171]. The current study shows 
that the positions of known prlA mutations in 
TMS 10 are directed away from the SecY-SecE 
interface (figure 4). This phenomenon has also 
been observed previously for TMS 2 and 7 of 
SecY [125]. This implies that the effect on the 
SecY-SecE interaction caused by prl mutations 
must be indirect, probably mediated by a local 
disturbance of the structure or helical packing. 
The mutation I408C in SecY resulted in 
lowered expression levels, but the translocation 
activity was found to be comparable to cysteine-
less SecYEG when corrected for the reduced 
SecY levels (figure 2). Ile408 is a hotspot for 
known prl mutations and thus sensitive to 
mutational changes. However, I408C did not 
yield a strong prl phenotype as assayed by 
translocation of ∆8-proOmpA (data not shown).  
Strikingly, the suggested contact interfaces of 
TMS 3 of SecE to TMS 7 and 10 of SecY are 
overlapping. An effort to fit all observed inner 
membrane cross-links resulted in the model 
shown in Figure 5. For this, TMS 2, 7 and 10 of 
SecY and TMS 3 of SecE were modeled as α-
helices and arranged such that all identified sites 
of contact could be accommodated. Extensive 
modeling and probing of the different contacts  

Figure 4. Schematic representation of the contact 
interface between TMS 10 of SecY and TMS 3 of 
SecE.  Schematic top view of TMS 10 of SecY and 
TMS 3 of SecE, which are depicted as helices. 
Cysteine-substituted residues involved in SecY-SecE 
crosslinking are shown as closed circles and connected 
by a line. Sites of known prlA mutations are displayed 
as open circles. 
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Figure 5. Three-dimensional models of the SecYE complex. Side view of helices representing TMS 2, 7 and 10 
of SecY and TMS 3 of SecE. A, monomeric view. B, dimeric view. SecY and SecE helices are indicated and 
displayed in white and gray, respectively. Gray patches and lines are used to specify the residues that are involved in 
contacts between TMS 3 of SecE and TMS 2, TMS 7, TMS 10 of SecY. Sites of contact between neighboring SecE 
molecules are depicted in black patches and connected by lines. Efficiency of cross-linking is categorized in strong 
(thick lines) and weak (thin lines). 
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resulted in only one model that met the set 
criteria. Other models could not fit the complete 
set of identified cross-links or even generate 
expected sites of contact that were not observed 
experimentally. Our model revealed a tilted 
TMS 3 of SecE relative to the surrounding TMS 
2, 7 and 10 of SecY. Furthermore, a tilted helix 
implies a crossed contact interface between two 
SecYE molecules and the presence of an 
optimal point of contact since the formation of a 
SecYE dimer involves TMS 3 of SecE (figure 
5B). Indeed, Leu106 of SecE has been observed 
as an optimal point of contact as the SecE-SecE 
cross-linking efficiency for the L106C mutation 
is significantly higher than for the surrounding 
A99C and G110C [125]. We believe that our 
model is a correct representation of the core of 
the translocase because: 1) it accommodates all 
13 identified inner membrane contacts; 2) 
periodically re-appearing contacts have been 
found for every helix-helix interface; and 3) it 
predicts no additional strong cross-links other 
than already observed for the cysteine 
combinations we have tested. Strikingly, a 
recent three-dimensional reconstruction of the 
SecYEG dimer from two-dimensional crystals 
reveals the presence of two highly tilted helices 
at the SecYEG contact interface (Dr. I. 
Collinson, personal communications). Since 
SecE has been mapped at this interface, we 
propose that these helices represent the SecE 
dimer contact interface [124]. 
 The dynamics of the identified interactions 
within the functional translocase have been 
investigated before [124,125]. The formation of 
thiol-stabilized interactions in the interface 
between TMS 3 of SecE and TMS 7 of SecY 
and another TMS 3 of SecE inhibits preprotein 
translocation reversibly [124,125]. This is also 
observed for the identified SecY TMS 10 – 
SecE TMS 3 contacts (data not shown). These 
disulfide bonds can, however, also be formed 
between SecY and SecE [124,125] and even 
much more efficiently between neighboring 
SecE molecules [124] during an active cycle of 
preprotein translocation. Therefore, transient 
flexibility and conformational changes within 
the integral membrane domain of the 

translocase appears essential for its function. 
The current data will facilitate future attempts to 
resolve the structure of the translocase, and to 
study its dynamic nature during preprotein 
translocation. 
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Nucleotides influence the SecE conformation at the 
contact surface of the SecYEG dimer 

 
Andreas K.J. Veenendaal, Jan-Willem Veening, Jeanine de Keyzer, Chris van der 
Does and Arnold J.M. Driessen 
 
 
Summary 
 
The SecYEG complex of Escherichia coli self-assembles into dimers with at the interface two 
opposing transmembrane segments 3 of SecE. By means of cysteine cross-linking experiments, 
we observed that nucleotide tri-phosphates induce a conformational change at the dimer 
interface which is manifested as a reduced interaction between the two SecE proteins at a 
position close to the cytosolic face of the membrane. This effect is specific for the γ-phosphate, 
while magnesium functions as an antagonist. The possible physiological relevance of the 
observed phenomenon is discussed. 
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Introduction 
 
 In bacteria, most preproteins are translocated 
into or across the cytosolic membrane via the 
protein-conducting channel that consists of the 
membrane proteins SecY, SecE, and SecG (for 
a recent review see [208]). These proteins 
together form a stable heterotrimeric SecYEG 
complex [28,139]. The channel is well 
conserved in all three kingdoms of life with 
homologues found in eukaryotes and archaea 
[13-16,20-23,209]. The SecYEG complex 
constitutes a high affinity binding site for the 
ATPase SecA [82], a large dimeric protein [80] 
that drives the stepwise translocation of 
preproteins by cycles of ATP binding and 
hydrolysis [86,87,182]. SecYEG can also 
interact with the ribosome for co-translational 
membrane protein insertion [7,8] and with 
SecDFyajC, another heterotrimeric membrane 
protein complex, that facilitates protein 
translocation [12]. 
 The structure of the protein-conducting 

channel has been extensively investigated. 
Although it has been suggested that the channel 
constitutes a single SecYEG molecule 
[128,165], the SecYEG readily forms dimers 
and possibly higher ordered units. Several 
studies indicate that the active channel consists 
of multiple SecYEG complexes (2-4 units), the 
formation of which is triggered by binding of 
the ribosome, SecA or the Sec63p complex. 
Evidence for multimeric channel complexes 
emerged from electron microscopic and 
structural analyses [149-151,157,159-161], 
biochemical studies [71,124,125,130,162-164] 
and an in vivo mutational study [63]. The 
oligomerization properties of SecYEG indicate 
that the channel must be a highly dynamic 
structure. The actual number of SecYEG 
complexes in the active protein-conducting 
channel, however, remains a topic of discussion. 
 The interface between a dimer of SecYEG is 
constituted by two oppositely tilted TMS3 of 
SecE as demonstrated by cysteine scanning 
mutagenesis on the protein-conducting channel  

Figure 1. Schematic model of the SecYEG dimer interface.  The dimer interface between two neighboring SecYEG 
complexes is constituted by opposing TMS3 helices of SecE. The three observed sites of close proximity, identified 
by cysteine scanning mutagenesis [124,125], are indicated by connecting lines. 
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Table I. Plasmids 
Plasmid secYEG mutation(s) Characteristics Source 
pET627 secYE(L106C)Ga L106C mutation in secE [124] 
pET2504 secYE(A99C)Ga A99C mutation in secE [125] 
pET2505 secYE(G110C)Ga G110C mutation in secE [125] 
pET615/627 secY(I278C)E(L106C)Ga prlA-I278C combined with L106C in secE [125] 
pET615/2504 secY(I278C)E(A99C)Ga prlA-I278C combined with A99C in secE [125] 
pET2328 secYE(L106C)Gb L106C mutation in secE  This work  
pET2329 secYE(A99C)Gb A99C mutation in secE This work 
pET2330 secY(F286Y;I408N)E(L106C)Gc prlA4 combined with L106C in secE This work 
pET2331 secY(F286Y;I408N)E(A99C)Gc prlA4 combined with A99C in secE This work 

a Mutations are introduced into pET607 [124], which encodes a cysteine-less SecYEG with a histidine-tag on the 
amino-terminus of SecY; or b into pET2302 [177], which encodes wild-type SecYEG with a histidine-tag on the amino-
terminus of SecY. c Mutations in SecE are introduced into pET2306 [177], which encodes SecYEG that harbors the 
PrlA4 form of SecY with a histidine-tag on the amino-terminus of SecY. 
 
 
of Escherichia coli [124-126], and confirmed by 
the recent structural analyses [127,128]. 
Cysteine-directed cross-linking identified  the 
presence of at least three sites of close 
proximity in the interface: positions Ala-99, 
Leu-106 and Gly-110 in SecE [124,125]. These 
residues are well positioned at a confined face 
of the α-helical structure of TMS3 of SecE, and 
together cover the full stretch of the helix 
(figure 1). 
 In this study, we have employed the cysteine 
cross-linking assay as a molecular ruler to 
investigate conformational changes at the 
SecYEG dimer interface. The data shows that 
the interaction with nucleotides prevents the 
cross-link at Ala-99, a position that is located at 
the cytosolic side of the membrane. This 
phenomenon specifically depends on the γ-
phosphate while magnesium shows an 
antagonizing effect. The possible physiological 
relevance of this conformational change is 
discussed. 
 
 
Experimental procedures 
 
Material 
 SecA [27],proOmpA and proOmpA-DHFR 
[190] were purified as described previously. A 
stock solution of 80 mM Cu2+(phenantroline)3 
(Sigma, St. Louis, MO) was prepared as 
described [124]. Neocuproine was purchased 
from Sigma (St. Louis, MO). Nucleotides were 

purchased (from Sigma, St. Louis, MO) either 
as sodium or lithium salts: Na-AMP; Na-ADP; 
NA-ATP; Li-AMP-PNP; Li-ATP-γ-S; Na-
GMP; Na-GDP; Na-GTP; Na-CMP; Na-CTP; 
Na-UMP; Na-UTP. 
 
Plasmids, bacterial strains, growth conditions 
and membrane vesicle isolation 
 The plasmids used to overproduce SecYEG 
are listed in table I. Plasmids pET627 [124], 
pET2504, pET2505, pET615/627 and 
pET615/2504 [125] were constructed 
previously. Plasmids pET2328 and 2329 were 
constructed by replacing the NruI/BamHI 
fragment (containing the cysteine mutation in 
secE) from pET2302 [177] with that from 
pET627 and pET2504, respectively. Plasmids 
pET2330 and 2331 were constructed by 
replacing the NruI/BamHI fragment (containing 
the cysteine mutation in secE) from pET2306 
[177] with that from pET627 and pET2504, 
respectively. 
 Cell growth and the isolation of inside-out 
inner membrane vesicles (IMVs) was as 
described previously [124]. IMVs were treated 
with urea with or without 
ethylenediaminetetraacetic acid (EDTA) to 
remove the endogenous SecA and Mg2+ ions. 
For this purpose, IMVs (1 mg/ml) were 
incubated with 6 M urea (and 10 mM EDTA) 
on ice for 30 min. Samples were centrifuged 
(TLA 100.4 rotor, 100,000 rpm, 20 min, 4 ºC) 
and pellets were washed twice with ice cold 
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buffer (50 mM Tris-HCl pH 8.0). Finally, the 
washed pellets were resuspended in a buffer (50 
mM Tris-HCl pH 8.0, 20% glycerol), frozen in 
liquid nitrogen and stored at -80 ºC. 
 
DHFR blocked preprotein translocation 
intermediate 
 The translocation intermediate was formed 
by trapping the preprotein proOmpA in the 
translocation pore by a folded dihydrofolate 
reductase (DHFR) moiety that is fused to the 
carboxyl-terminus of proOmpA. The DHFR 
folding assay was performed essentially as 
described in [210]. In short, 1 µl of proOmpA-
DHFR (2 mg/ml) was incubated with DHFR 

folding ligands methotrexate (MTX) (5 µM) 
and NADPH (40 µM) for 5 min at 37 ºC. 
Subsequent proOmpA-DHFR translocation was 
carried out in a 25 µl reaction mixture by the 
addition of IMVs (4 µg of protein), 0.5 µg SecA 
and 2 mM ATP in a translocation buffer (10 
mM creatine phosphate, 0.5 µg creatine kinase, 
50 mM HEPES-KOH, pH 7.6, 2 mM MgCl2, 30 
mM KCl). The translocation reaction was 
carried out for 20 min at 37 ºC. 
 
Cross-linking assay 
 Disulphide bond formation between 
neighboring cysteine residues was induced and 
monitored as described previously [125,126]. In 

Figure 2. Cross-linking of the sites of contact in the SecYEG dimer interface under translocation conditions. 
IMVs harboring overproduced SecYEG cysteine mutant were subjected to various translocation conditions, prior to 
oxidation by 2 mM Cu2+(phenantroline)3. Subsequently, samples were analyzed by 12% SDS-PAGE and Western 
blotting and immunostained with an antibody directed against SecE. A, IMVs harboring overproduced 
SecYE(A99C)G, SecYE(L106C)G or SecYE(G110C)G were diluted into translocation mixtures containing 
proOmpA-DHFR (pOA-DHFR), SecA, ATP, MTX and NADPH as indicated. Samples B,  IMVs harboring 
overproduced SecYE(A99C)G was diluted into translocation mixtures containing proOmpA (pOA), SecA, ATP, 
AMP-PNP or ADP as indicated. The bands representing SecE and cross-linked SecE dimer (SecE2) are indicated. The 
lower position of the SecE(106C) dimer compared to the other SecE dimers is due to shifted gel mobility that is 
caused by its mutation. 
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short, IMVs (1 mg/ml) were oxidized with 1 
mM Cu2+(phenantroline)3 for 30 min at 37 ºC. 
The oxidation reaction was quenched by the 
addition of 25 mM neocuproine. When 
indicated, IMVs were incubated with nucleotide 
for 15 min at 37 ºC prior to the oxidation 
reaction. The samples were analyzed by 12% 
SDS-PAGE, Western blotting onto PVDF 
membranes (Amersham Pharmacia Biotech, 
Buckinghamshire, U.K.) and immunostaining 
using antibodies directed against SecE [184]. 
 
Miscellaneous methods 
 Translocation reactions were performed as 
described [170]. Protein concentrations were 
determined with the DC Protein Assay (Bio-Rad 
Laboratories, Hercules, Canada) using bovine 
serum albumin (BSA) as a standard.  
 
 
Results 
 
Nucleotides affect disulfide-bond formation 
between SecE proteins at position Ala-99 
 Previously, multiple sites of contact (at 
positions 99, 106 and 110) between neighboring 
SecE molecules within a multimeric SecYEG 
complex were revealed by cysteine cross-
linking studies [124,125]. These contacts were 
used to investigate the conformational changes 
within the SecYEG complex upon protein 
translocation. For this purpose, conditions were 

employed that lead to the quantitative formation 
of a trapped precursor translocation 
intermediate using a proOmpA derivative with, 
at its carboxyl-terminus, a fused and folded 
DHFR moiety [210]. Subsequently, samples 
were subjected to an oxidation reaction and 
analyzed by SDS-PAGE, Western blotting and 
immunodetection against SecE. The results 
show that the homodimeric cross-link between 
neighboring SecE molecules in IMVs harboring 
SecYE(A99C)G disappears under conditions of 
the translocation intermediate, whereas non-
translocating conditions normally showed the 
presence of the cross-link. Remarkably, the 
SecE dimer cross-link for SecYE(L106C)G and 
SecYE(G110C)G were unaffected (figure 2A). 
This prompted us to study the effect of the 
translocation conditions on the cysteine cross-
linking efficiency for A99C in SecE in greater 
detail (figure 2B). Surprisingly, the inhibition of 
the SecE dimer cross-link correlates only to the 
presence of the nucleotides ATP or AMP-PNP 
(a non-hydrolysable ATP analogue), while ADP 
had no apparent effect. Other translocation 
ligands such as SecA and proOmpA or 
proOmpA-DHFR are not needed to induce the 
loss of cross-link between the two neighboring 
SecE molecules. These results indicate that the 
conformational change at the SecE dimer 
interface is specific for position Ala-99 in SecE 
and induced by ATP (or AMP-PNP) alone. 
 
The nucleotide effect on the SecE dimer 
contact is exacerbated in the absence of 
magnesium 
 The abovementioned experiments were 
performed in the presence of 2 mM MgCl2, a 
concentration that is typically used in protein 
translocation assays. To analyze the role of 
Mg2+ ions on A99C cross-linking, IMVs 
harboring SecYE(A99C)G were treated with 
urea and EDTA, to completely remove the 
endogenous SecA and residual traces of Mg2+ 
present in the membrane preparation. Next, the 
IMVs were incubated with ATP (2 mM) in the 
absence or presence of 2 mM MgCl2 and 
subsequently oxidized and analyzed by SDS-
PAGE and Western blotting. The inhibitory 

Figure 3. Mg2+ ion and ATP dependency of the 
disulfide cross-linking of SecE(A99C). A, incubation 
with or without 2 mM MgCl2 and 2 mM Na+-ATP 
prior to oxidation. B, incubation with various ATP 
concentrations in the absence of Mg2+ prior to 
oxidation. The bands representing cross-linked SecE 
dimer (SecE2) are indicated. Further details are as 
described in the legend to Figure 2. 
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effect of ATP on the homodimeric SecE(A99C) 
cross-link is exacerbated in the absence of Mg2+ 
and prevented by an excess of Mg2+ (Fig 3a). To 
cancel out its antagonizing effect, all subsequent 
nucleotide experiments were performed with 
urea and EDTA treated IMVs, and Mg2+ was 
omitted in the procedure. 
 
Low affinity binding of ATP affects the SecE 
dimer contact 
 The inhibitory effect of ATP on the SecE 
dimer cross-link in SecYE(A99C)G was tested 
at various ATP concentrations. SecE dimer 
cross-link was not affected at an ATP 
concentration of 0.25 mM, slightly diminished 
at 0.5 mM and practically non-existent at 1 and 
2 mM (figure 3B). This suggests that a low 
affinity interaction is responsible for the ATP-
dependent effect. ADP decreases the cross-
linking efficiency only marginally at 
concentrations of 1 mM and higher while AMP 
has no effect at all (figure 4). 
 
The nucleotide effect on the SecE dimer 
contact is not nucleosidyl specific 
 A variety of nucleotides that differ in their 
nitrogenous base  were tested for their effect on 
SecYE(A99C)G cross-linking. All tested 
nucleotides were sodium or lithium salts to 
cancel out the antagonizing effect of 
magnesium. The results show that the SecE 
dimer contact disappears in the presence of all 
tested nucleotide tri-phosphates (ATP, GTP, 

CTP and UTP), showing only minor differences 
in strength of their effects (figure 4, upper 
panel). Nucleotides harboring a di-phosphate 
group (ADP, GDP) exhibit only a mild effect, 
while nucleotide mono-phosphates (AMP, 
GMP, CMP, UMP) are not effective at all. The 
loss of contact could also be demonstrated 
under condition of ATP regeneration by the pre-
incubation of ADP with creatine phosphate and 
creatine kinase (data not shown). Strikingly, 
while nucleotide tri-phosphate analogues AMP-
PNP and GMP-PNP also prevent cross-linking, 
ATP-γ-S displays no such effect (figure 4, lower 
panel). The cross-linking efficiency is also 
unaffected when free phosphate (2 and 10 mM 
potassium phosphate buffer) was used instead of 
nucleotides (data not shown). These data 
indicate that the observed phenomenon is 
insensitive to the nucleosidyl group but 
dependent on the presence of a γ-phosphate. 
 
SecE dimer formation at position Ala-99 is 
also prevented by the prlA mutation I278C 
 Because the nucleotide-induced loss of the 
SecE-SecE contact points at a conformational 
change, we next investigated the properties of a 
set of Prl mutants of SecY. The introduction of 
a cysteine mutation in SecE did not seem to 
affect the activity of the investigated Prl 
mutants as demonstrated by proOmpA 
stimulated SecA ATPase activity (data not 
shown). The SecE dimer cross-linking is also 
prevented when SecYEG harbors both 

Figure 4. Influence of the nucleotide base and polyphosphate chain on the dimerization of SecE(A99C). IMVs 
harboring overproduced SecYE(A99C)G were incubated with various nucleotides at 2 mM (upper panel) or at the 
concentration indicated (lower panel) prior to the oxidation reaction. Samples were analyzed by 12% SDS-PAGE and 
Western blotting and immunostained with an antibody directed against SecE. The bands representing cross-linked 
SecE dimer (SecE2) are indicated. 
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SecE(A99C) and SecY(I287C) (figure 5). The 
latter mutation results in a prlA phenotype as 
described previously [173]. This effect seems, 
however, specific for this Prl mutant as a 
combination of SecE(A99C) and PrlA4 (SecY 
F286Y; I408N) does not result in an altered 
cross-linking (figure 5). Moreover, 
SecE(L106C), when combined with the PrlA4 
or SecY(I287C) mutant shows a normal 
disulfide bonding as wild-type SecY (figure 5). 
These data suggest some conformational 
flexibility in the cytosolic region of TMS3 of 
SecE which can be either influenced by 
nucleotide tri-phosphates or mutations in SecY. 
 
 
Discussion 
 
 Chemical cross-linking studies have 
revealed many sites of close proximity within 
the protein-conducting channel [71,121,123-
126,130,131]. Cross-linking can also be used as 
a molecular ruler to monitor conformational 
changes in the channel complex. In this study, 
we show that nucleotide tri-phosphates change 
the SecE-SecE dimer interface at a specific 
position between neighboring SecYEG 
complexes. 
 Initially, we set out to look for possible 
changes at the SecYEG dimer interface between 
in the active channel, i.e. under translocation 
conditions. This interface harbors at least three 

identified sites of close proximity as determined 
by cysteine scanning mutagenesis [124,125]. 
Their positions are confined to a specific face 
on the α-helical TMS3 of SecE, i.e. Ala-99, 
Leu-106 and Gly-110. The homodimeric cross-
links for the indicated cysteine-substituted 
residues were monitored under translocation 
conditions. The results show that the 
homodimeric SecE cross-link in IMVs 
harboring overproduced SecYE(A99C)G 
disappears completely under conditions that 
allow complete or DHFR-trapped proOmpA 
translocation, while the cross-linking of SecE in 
SecYE(L106C)G and SecYE(G110C)G is 
unaffected (figure 2A). Surprisingly, further 
analysis revealed that ATP (and its analogue 
AMP-PNP) seems to be the sole effector for this 
phenomenon since neither SecA nor proOmpA 
are required (figure 2B). The possibility that 
residual SecA in the isolated membranes may 
be involved in the loss of contact can be ruled 
out since IMVs used in the assays are almost 
completely devoid of SecA as verified by 
immunodetection with SecA antibody (data not 
shown). Moreover, any residual SecA present in 
the IMVs will be significantly under submolar 
concentrations compared to overproduced 
SecYEG and therefore unlikely to be involved 
in the loss of contact. The loss of contact is also 
observed in purified SecYE(A99C)G 
reconstituted into liposomes, albeit with much 
lower efficiency (data not shown), confirming 

Figure 5. Effect of prlA mutations on the SecE dimer cross-linking. prlA-I278C and prlA4 (F286Y; I408N) 
mutations were combined with cysteine mutations A99C and L106C in SecE. SecYEG harboring wild-type SecY and 
SecE(A99C) or SecE(L106C) were included as control. IMVs, harboring the respective SecYEG complexes at 
overproduced levels, were oxidized. Samples were analyzed by 12% SDS-PAGE and Western blotting and 
immunostained with an antibody directed against SecE. The bands representing SecE and cross-linked SecE dimer 
(SecE2) are indicated. The weaker bands in the first two lanes (SecY I278C; SecE L106C) are caused by a lower 
blotting efficiency in that region and are otherwise comparable to samples in lanes 3 and 4. 
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the notion that ATP is the sole effector. The 
region of the membrane domain that harbors the 
affected site of interaction is positioned in the 
cytosolic side of the membrane and does not 
contain any charged residues. Thus, possible 
aberrant charge effects on the residues by 
nucleotides can be excluded. 
 The results presented here suggest the 
presence of a nucleotide binding site on 
SecYEG. Walker A and B motives are common 
for nucleotide binding proteins [211] but there 
is no evidence for such motifs in the amino acid 
sequences of the SecYEG subunits. On the other 
hand, other proteins are known to bind 
nucleotides while lacking common binding 
motifs, such as annexins [212-215] and the ε 
subunit of the F1-ATPase from Bacillus strain 
PS3 [216]. Therefore, the possibility that 
SecYEG contains a low affinity nucleotide 
binding site cannot be excluded. We have made 
several attempts to establish nucleotide binding 
to SecYEG. Assays were employed that allow 
photo-reactive cross-linking of azido derivatives 
of ATP to proteins.  Subsequent detection of 
ATP binding could be done by means of a 
radio-active label or a biotin moiety on the ATP 
molecule. So far, specific nucleotide binding to 
SecYEG could not be reliably detected. 
Probably the low specificity of cross-linking of 
azido-ATP (high background) and the apparent 
low binding affinity for ATP are accountable 
for this result.  
 Divalent cations such as Mg2+ are involved 
in the binding of nucleotides to proteins. Mg2+ 
ions typically enhance the specificity of the 
nucleotide binding reaction by enhancing the 
binding energy [217]. First, the Mg2+ ion 
neutralizes some of the negative charges present 
on the polyphosphate chain. This reduces non-
specific interactions between enzymes and the 
polyphosphate group. Second, the interaction 
also serves to hold the oxygen atoms in the 
phosphoryl group in a conformation that can be 
specifically bound by the enzyme. Often, the 
magnesium ion provides additional points of 
interaction between the ATP-Mg2+ complex and 
the enzyme, thus increasing the binding energy. 

SecA requires magnesium to bind nucleotides 
[218] and it is needed for ATP-hydrolysis. In 
contrast, Mg2+ is not required to change the 
interaction at the SecYEG dimer interface but 
instead, acts as an antagonist to ATP since the 
cross-link re-appears in the presence of 
magnesium (figure 3A).  In the absence of 
Mg2+, a minimal ATP concentration of ~0.5 
mM seems to be required to induce loss of 
contact at the indicated position in the SecYEG 
dimer interface (figure 3B). In contrast, 
SecYEG-bound SecA exhibits a high ATP 
binding affinity (Kd = 59 nM) [133]. The 
observed low affinity for ATP is well within the 
range for cellular concentrations of ATP, but 
most ATP in the cell is present as an ATP-Mg2+ 
complex and therefore it is difficult to access 
the physiological relevance of the observed 
nucleotide effect on the SecYEG dimer 
interface.  
 AMP-PNP exhibited a similar effect as ATP 
(figure 2B, 4) while ADP caused only a minor 
reduction in A99C cross-linking (figure 2A, 4). 
Other nucleotides were also tested for their 
ability to abolish the dimer contact at Ala-99. In 
general, all tested nucleotides that harbor a tri-
phosphate group were able to reduce the dimer 
contact significantly, while nucleotide di-
phosphates showed only a marginal effect 
(figure 4). This suggests that the presence of the 
γ-phosphate is essential for this effect, while the 
nucleosidyl group seems exchangeable.  
Intriguingly, while nucleotide analogues AMP-
PNP and GMP-PNP affect the SecE dimer 
interface similar to ATP (and GTP), ATP-γ-S 
seems not effective at all (figure 4, lower panel). 
In AMP-PNP and GMP-PNP, the oxygen atom 
in the ester bond between the β- and γ-
phosphate is substituted by nitrogen. In ATP-γ-
S, one of two single bonded oxygen atoms in 
the γ-phosphate is substituted by sulfur. Thus, 
ATP-γ-S harbors an intrinsically altered γ-unit 
that seems unable to affect SecYEG dimer 
formation.  
 The loss of contact is observed in the 
SecYEG dimer interface at the cytosolic side of 
the membrane, while retaining those contacts in 
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the middle and at the periplasmic side of the 
transmembrane segment. This may imply the 
opening of the SecYEG dimer interface facing 
the cytosol, thus forming a wig. Such a wig 
could possibly constitute a docking site for 
SecA. The presence of a wig in the SecYEG 
dimer interface is evidenced by the projection 
structure derived from 2-dimensional SecYEG 
crystals [127]. Strikingly, the introduction of a 
prlA mutation, prlA-I278C in secY also results 
in the loss of contact at SecE position Ala-99 in 
the SecYEG dimer interface (figure 5). The 
SecY(I278C)EG mutant is known bind SecA 
more tightly to SecYEG [173]. Interestingly, 
SecY Ile-278 is located at approximately the 
same level in the membrane as SecE Ala-99. 
The loss of contact, however, cannot be 
regarded as a PrlA-specific phenomenon as it 
was not observed with PrlA4 (figure 5). Taken 
together, SecA binding to SecYEG complex 
may be regulated by the cellular ATP 
concentration while magnesium (and possibly 
other cations) acts as an antagonist. This effect 
does, however, not dependent on the hydrolysis 
of ATP, suggesting a putative regulatory 
function for ATP binding. Preliminary surface 
plasmon resonance experiments indicate a small 
decrease in the binding of SecA to SecYEG in 
the presence of ATP, but without Mg2+ (J. de 
Keyzer, unpublished data). However, this effect 
seems more subtle than indicating a major 
regulatory phenomenon. 
 Taken together, the putative binding of 
nucleotides at the SecYEG complex seems to be 
mediated by the γ-phosphate. So far, tested 
nucleotide binding assays have failed to 
unequivocally demonstrate a nucleotide binding 
site in SecYEG. The apparent low binding 
affinity for ATP may be accountable for this 
problem. However, only when the identity of 
such a nucleotide binding site on the SecYEG 
complex is established, it will be possible to 
define the physiological role of nucleotide 
binding to the channel complex. 
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Summary and concluding remarks 
 
 
 
Introduction 
 
 Cellular structures of all living organisms 
consist of one or more compartments that 
separate and protect their contents from the 
surrounding environment. These compartments 
are typically enclosed by a semi-permeable lipid 
membrane that contains membrane proteins that 
facilitate traffic between the in- and outside of 
the compartment. Compartments contain unique 
sets of proteins that define specific functions. 
The localization of these proteins is mediated by 
membrane embedded protein-conducting 
channels and translocation machineries. 
 The major protein-conducting channel in the 
cytoplasmic membrane of eubacteria is formed 
by so-called "Sec" proteins. It is well conserved 
in all kingdoms of life, and homologous 
systems exist in archaea and in the endoplasmic 
and thylakoid membrane of eukaryotes. A 
review on the structure and function of this 
protein-conducting channel is presented in 
chapter 1. In bacteria, this channel is the 
membrane integral component of the 
translocase that, together with the peripherally 
associated SecA protein [3], mediates the 
translocation of precursor proteins into or across 
the cytosolic membrane. SecA is an ATPase 
that functions as the molecular motor that drives 
the protein translocation reaction [86,87]. The 
channel itself consists of three integral 
membrane subunits that are termed SecY, SecE 
and SecG [28,139]. Together, they form a stable 
heterotrimeric SecYEG complex. Insight in the 
structure and dynamics of the protein-
conducting channel is essential to understand 
the intimate features of the protein translocation 
mechanism. For this reason, we have studied the 
interaction between the subunits of the protein-
conducting channel from the bacterium 
Escherichia coli as presented in this thesis. 
 
 

Interactions between SecY and SecE 
 
 SecY and SecE constitute the two essential 
subunits of the protein-conducting channel. The 
third component, SecG is not essential but it 
accelerates the rate of translocation [31] by a 
mechanism that is still unclear. In chapters 2-4, 
we have probed for interactions between several 
transmembrane segments (TMSs) of SecY and 
SecE. TMS2, TMS7 and TMS10 of SecY were 
selected on the basis of a set of observations 
from genetic studies. For instance, these TMSs 
harbor many of the residues that are 
evolutionary conserved. Furthermore, a large 
number of the so-called prlA mutations, that 
allow the translocation of precursor proteins 
with a defective signal sequence, are clustered 
in or proximal to these domains. Finally, 
specific combinations of secY and secE prl 
mutations are lethal, which was taken as 
evidence that these positions interact in the 
SecYEG complex [122]. TMS3 of SecE was 
selected because of this observation of synthetic 
lethality. Moreover, TMS3 of SecE is the only 
essential membrane domain in the E. coli SecE 
[60]. In many bacteria, the SecE protein only 
contains a single TMS.  
 Protein-protein interactions were probed by 
means of a cysteine scanning mutagenesis 
approach. In this technique, sites of interaction 
can be observed on SDS-PAGE as cross-linked 
proteins due to disulfide bond formation 
between the neighboring cysteine residues as 
induced by oxidizing conditions.  In our studies, 
the two endogenous cysteine residues in SecY 
were substituted by serine residues yielding a 
cysteine-less SecYEG variant. The cys-less 
SecYEG was used as a template to introduce 
unique cysteines in stretches of amino acyl 
residues in the indicated transmembrane 
domains. The cys-less and single cysteine 
mutants of SecYEG were tested for an altered 
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Table I. Cysteine directed cross-links between transmembrane segments of SecY and SecE that were identified in 
this thesis 

Interactions SecY cysteine mutation SecE cysteine mutation 
SecY-SecE   

TMS2 of SecY - TMS3 of SecE: F78C - L108 
 A79C - L108 
 I82C - S105 
    
TMS7 of SecY - TMS3 of SecE: P276C - V97C 
 A280C - V100C 
 A280C - T101C 
    
TMS10 of SecY - TMS3 of SecE: V409C - T101C 
 V410C - V97C 
 I413C - V100C 
 I413C - V97C 

SecE-SecE   
TMS3 of SecE - TMS3 of SecE:  A99C 
  L106C 
  G110C 

 
 
phenotype that may have arisen from their 
mutations. All mutants show protein 
translocation activity similar to wild-type 
SecYEG with the exception of SecY(I278C)EG 
that was found to exhibit a prlA phenotype 
[173]. SecY and SecE cysteine mutations were 
combined and in total 129 combinations (25 that 
included TMS2, 48 for TMS7 and 56 for 
TMS10 of SecY) were constructed. Inner 
membrane vesicles (IMVs) harboring 
overproduced SecYEG double cysteine mutants 
were isolated and oxidized with the reagent 
Cu2+(phenantroline)3. Samples were 
subsequently subjected to SDS-PAGE, Western 
blotting and immunodetection. Combinations 
that yielded SecY-SecE cross-links were 
observed as a 50 kDa band that could be 
immunostained with SecY as well as with SecE 
antibodies. In this way, multiple sites of 
interaction were identified for each of TMS2 
(chapter 2), TMS7 (chapter 3) and TMS10 
(chapter 4) of SecY with TMS3 of SecE (table 
1). The periodicity of the cross-links is in close 
agreement with an α-helical structure of the 
membrane domains of SecY and SecE, and 
supports the view of specific contact interfaces 
at the investigated helices. 
 
 

Interactions within a SecE dimer 
 
 The cysteine scanning mutagenesis also 
revealed multiple sites of interaction between 
two neighboring SecE molecules (table 1). In 
chapter 2, the oxidation of IMVs harboring 
SecYEG with SecE(L106C) induced the 
appearance of a 28 kDa band on the 
immunoblot that stains with the antibody 
against SecE. Immunoblotting of 
proteoliposomes, in which purified 
SecYE(L106C)G was reconstituted, confirmed 
that this band represents a cross-linked SecE-
SecE product. In chapter 3, two additional 
SecE cysteine mutants were found to yield a 
cross-linked SecE-SecE product: SecE(A99C) 
and SecE(G110C), albeit the efficiency of 
cross-linking was found to be lower than for 
SecE(L106C). These three sites of interaction 
within the SecE dimer also exhibit a periodicity 
that is consistent with an α-helical structure of 
TMS3 of SecE. 
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Modeling the core of the SecYEG complex 
 
 The identified sites of interaction provided 
ample data to map them into a 3-dimensional 
model showing the arrangement of the analyzed 
TMSs of SecY and SecE. The model likely 
represents a core element of the protein-
conducting channel because on the significance 
of the indicated membrane domains for the 
functionality of the channel. In chapter 4, such 
a model was built using α-helical fragments to 
represent the TMSs. The 3-dimensional model 
is consistent with the notion that one side of 
TMS3 of SecE participates in the dimer 
interface between two neighboring SecE 
subunits while the opposite side interacts with 
TMS2, TMS7 and TMS10 of SecY. Due to the 
overlap in contact interface between TMS7 and 
TMS10 of SecY on one side and TMS3 of SecE 
on the other side, the latter has to be modeled as 
a strongly tilted helix relative to SecY to 
accommodate all identified sites of contact. 

SecYEG structures from crystallography studies 
confirmed the remarkable tilt for the essential 
TMS of SecE [127,128]. The tilt for TMS3 of 
SecE is mirrored in the dimer interface, 
resulting in a cross-like structure which explains 
the higher cross-linking efficiency for the most 
intimate point of contact: SecE(L106C).  
 Our model seems in agreement in several 
aspects with the crystal structure of the 
homologous SecYEG complex from the 
archaeon Methanococcus jannaschii, the 
Sec61αβγ complex, while in variance with 
other aspects [128]. The crystal structure 
confirms the strong tilt for the essential TMS of 
SecE (Sec61γ) and its close proximity to 
TMS10 of SecY (Sec61α). Also, the peripheral 
location of the TMS of SecE provides the 
possibility of a SecE dimer contact interface 
between neighboring SecYEG complexes. This 
is further supported by the notion that the 
residues, which correspond to the identified 
sites of dimer contact in E. coli SecE, are facing 

Figure 1. Side view of the crystal structure of the Sec61αβγ complex from M. jannaschii. SecY/Sec61α (dark 
grey), SecE/Sec61γ (black) and SecG/Sec61β (light grey) are indicated. The residues that correspond to the sites of 
contact in the E. coli SecE dimer interface are highlighted and indicated. 
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outwards (figure 1). However, TMS2 and TMS7 
of SecY are more distant from the TMS of 
SecE. In particular, with TMS7 of SecY this is 
difficult to understand because of the high 
cross-linking efficiency that was observed 
between the TMS7 of SecY and TMS3 of SecE. 
The cross-links with TMS2 are much weaker, 
which also indicates a more distant location. 
The crystal structure of the Sec61αβγ complex 
provides a snapshot of what is assumed the 
closed state of the channel. Possibly the 
assembly into a multimeric channel, or opening 
up of the presumed hourglass-like channel could 
lead to a conformational rearrangement of the 
helices that brings TMS2 and TMS7 of SecY 
closer to SecE. At any rate, the distribution of 
the cross-links suggests that the SecYEG 
complex is a dynamic structure. 
 
 
On the dynamics of the protein-conducting 
channel 
 
 Cysteine scanning mutagenesis can also be 
applied as a molecular ruler to investigate 
conformational changes within proteins. These 
changes could affect the pattern and intensity of 
the identified cross-links. In chapter 2, we have 
observed an increase in cross-linking efficiency 
for the SecE(L106C) dimer contact under 
conditions that results in a preprotein trapped 
translocase by blocking the SecA deinsertion 
step. This implies a structural change in the 
SecE dimer interface upon preprotein 
translocation. Such an effect on the cross-
linking efficiency under similar translocation 
conditions could not be detected for the 
identified sites of interaction between SecY and 
SecE (chapters 2, 3). This suggests persistence 
of the contacts between SecY and SecE upon 
preprotein translocation. On the other hand, 
flexibility within the protein-conducing channel 
seems essential since the disulfide bonded 
SecY-SecE (chapters 2-4) and SecE-SecE 
(chapter 2) reversibly inactivate the 
translocase. 

 Conformational changes at the SecE dimer 
interface have been further explored in chapter 
5. We have found that the site of interaction in 
the SecE dimer at position Ala-99 is severely 
affected by certain conditions. A loss of SecE 
dimer cross-link was observed for SecE(A99C) 
when IMVs harboring overproduced 
SecYE(A99C)G were incubated with tri-
phosphate nucleotides. This phenomenon is 
specific for the γ-phosphate since di- and mono-
phosphate nucleotides do not exhibit such a 
strong effect and also the nucleosidyl group 
seems exchangeable. Furthermore, a high 
nucleotide concentration is required (about 500 
µM of ATP) to induce the effect and 
experiments conducted to detect ATP 
hydrolysis with the purified SecYEG complex 
were unsuccessful. A similar effect on cross-
linking was observed when SecE(A99C) is 
combined with the PrlA mutant SecY(I278C) 
but not with PrlA4.  The loss of cross-link is 
specific for SecE(A99C) since dimer cross-links 
for SecE(L106C) and SecE(G110C) were not 
affected. This phenomenon suggests the 
opening of the SecE dimer at the cytosolic side 
of the membrane, forming a kind of wig in the 
membrane. Such an opening in the dimer 
interface can be seen also in the projection 
structure from 2-dimensional crystals of the 
SecYEG dimer [127]. We speculate that the 
wig-shaped dimer interface may constitute part 
of the docking site for SecA. Its formation may 
be regulated by cellular ATP. This seems 
consistent with the finding that the 
SecY(I278C)EG complex already exists in a 
similar “conformational” state and that this 
mutant shows an increased SecA binding 
affinity. However, it is unknown what regions 
of the SecYEG complex contribute to 
nucleotide binding as the low affinity of this 
interaction hampered such an analysis. In order 
to evaluate the physiological role of the 
nucleotide binding, this information will be 
needed to allow the construction of mutants that 
no longer bind nucleotides or that bind a 
different nucleotide base. The latter would 
enable studies on the effect of nucleotide 
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binding to SecYEG in a translocation reaction 
that utilizes ATP to activate SecA and to fuel 
translocation.   
 In chapter 3, we have produced a complex 
in which two SecE molecules were cross-linked 
not only to each other, but also to neighboring 
SecY molecules, yielding a SecY2-SecE2 cross-
linked product. This confirms that the SecE 
dimer interface indeed exists in the context of a 
SecYEG complex, thus in oligomers of 
SecYEG containing at least two SecYEG 
molecules. The possibility that oligomerization 
of SecYEG is induced by the overproduction of 
SecYEG in IMVs can be ruled out since SecE 
dimer cross-links are formed also at SecYEG 
levels comparable to that of wild-type. In the 
appendix to chapter 3, we have demonstrated 
SecYEG oligomerization in proteoliposomes by 
means of fluorescence resonance energy 
transfer (FRET) analysis. For this, two SecYEG 
mutants, each harboring a single cysteine that is 
positioned close to both ends of the SecE dimer 
interface, were purified and cysteine-specific 
labeled with two different fluorescent dyes. 
When these two dyes are proximal to each 
other, they function as a donor-acceptor couple 
in which the acceptor can absorb excited-state 
energy from the donor dye leading to reduced 
emission fluorescence for the latter. Labeled 
SecYEG was reconstituted into liposomes and 
energy transfer was observed in fluorescence 
measurements under conditions where the donor 
and acceptor labeled SecYEG are co-localized 
in the same lipid environment. Moreover, 
subunit exchange was observed between 
oligomers of SecYEG. This demonstrated that 
E. coli SecYEG complexes are at least in 
dynamic monomer-dimer equilibrium. A similar 
study has been done on the SecYE complex 
from Thermus thermophilus HB8 that also 
demonstrated oligomerization of SecYE 
complexes by FRET [163]. However, no 
exchange between subunits was observed. The 
heterologous combination of T. thermophilus 
SecYE reconstituted into liposomes that consist 
of E. coli lipids and the much lower-than-
physiological temperature in the FRET analysis 
may alter the dynamics of the SecYE complex, 

thus resulting in the apparent lack of subunit 
exchange. 
 The oligomerization of SecYEG complexes 
is not only supported by our data (chapters 2, 
3) but by many other studies as well (see 
chapter 1). However, the crystals of the M. 
jannaschii Sec61αβγ complex revealed only 
monomeric structures [128]. Successful 
crystallization of SecYEG oligomers possibly 
requires phospholipids or a membranous 
environment. While phospholipids are lacking 
in the crystals of Sec61αβγ, 2-dimensional 
crystals of E. coli SecYEG dimers are formed in 
phospholipid bilayers [127,161]. In this thesis, 
the SecYEG complex was studied in its natural 
membrane environment, either in IMVs or in 
proteoliposomes. 
 
 
Concluding remarks 
 
 The bacterial translocase consists of the 
molecular motor SecA and the protein-
conducting channel SecYEG. Their role in the 
protein translocation process has been 
extensively studied and has led to the 
elucidation of many aspects regarding their 
function and structure, including the resolution 
of the crystal structure of SecA [88] and the 
homologous SecYEG complex from an 
archaeon [128]. However, several major 
questions are unsolved. For instance, what is the 
functional oligomeric state of SecYEG? If the 
monomeric state of SecYEG indeed represents 
the channel, what is the function of oligomeric 
states of the channel observed in many different 
studies? What is the docking site for SecA on 
SecYEG? How can ribosomes and SecA, as 
suggested by Zito and Oliver [8], bind to 
SecYEG simultaneously? Obtaining the 
structures of co-complexes of the protein-
conducting channel with SecA with and without 
a translocation intermediate that occupies the 
channel will help to solve several of these 
issues. High resolution structures of such 
intermediates could also resolve the 
discrepancies between the current SecYEG 
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structure and the biochemical cross-linking data. 
Such studies will also contribute to our 
understanding of the dynamics of the process, 
i.e., the interplay between the channel and SecA 
during the catalytic cycle. However, current 
imaging techniques can capture only distinct 
states of the protein-translocation machinery. To 
study the conformational and spatial dynamics 
of the protein-conducting channel, techniques 
such as cysteine directed cross-linking and 
FRET analysis as employed in this thesis will 
be highly useful. Moreover, these techniques 
allow the study of the protein-conducting 
channel in its native environment, which is the 
lipid membrane. Another major question is how 
the protein-conducting channel functions in the 
membrane insertion and assembly of membrane 
proteins that are predominantly SecA 
independent. Some insight in this process has 
been obtained in recent years, and a novel 
SecYEG associated protein YidC has been 
identified that can function both independently 
and together with the SecYEG complex in the 
insertion of proteins into the membrane [35,36]. 
However, the actual mechanism of membrane 
insertion and the possible differences in 
conformation, oligomeric state and dynamics of 
the channel from the protein export mechanism 
is still unknown. Related to this question, a 
better understanding of the interplay between 
the channel and its associating partners, such as 
the SecDFyajC complex, should be pursued.  
 These questions will be addressed not only 
by genetic, biochemical and molecular imaging 
methods, but also increasingly by means of 
biophysical approaches such as various 
spectroscopic techniques and surface plasmon 
resonance. These are valuable assets to the 
range of tools to study interactions and 
dynamics in membrane protein complexes in 
general and the protein-conducting channel in 
particular. 
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Nederlandse Samenvatting 
 
 
 
 Al het leven op aarde bestaat uit één of 
meerdere cellen. Hogere organismen zoals 
planten en dieren zijn complexe systemen, 
bestaande uit vele miljarden cellen. Veel 
organismen echter zijn eencelligen waaronder 
ook de bacteriën. De inhoud van een cel wordt 
“cytoplasma” genoemd en is een waterige 
substantie waarin vele moleculen zoals DNA en 
eiwitten opgelost zijn. Het DNA is het 
genetische materiaal dat codeert voor allerlei 
eiwitten die betrokken zijn bij vele processen 
zoals onderhoud en groei van de cel. 
 De voornaamste buitenlaag van de cel wordt 
gevormd door een membraan dat bestaat uit 
vetachtige moleculen, lipiden genaamd. Het 
membraan vormt de barrière tussen de inhoud 
van de cel en het omringende milieu en is 
daarmee essentieel voor het in stand houden van 
de cel en dus het organisme. Omdat uitwisseling 
van stoffen tussen het cytoplasma en het 
omringende milieu noodzakelijk is, 
bijvoorbeeld voor het importeren van 
voedingstoffen en het uitscheiden van 

afvalstoffen, is het membraan niet 
ondoordringbaar. Sommige, veelal kleine 
moleculen, zoals watermoleculen kunnen vrij 
(“passief”) het membraan passeren. Andere 
moleculen moeten “actief” worden geholpen bij 
het passeren van het membraan. Hiervoor is in 
het membraan een grote verscheidenheid aan 
eiwitten aanwezig die betrokken zijn bij het 
verkeer van stoffen tussen het cytoplasma en de 
omgeving. Deze eiwitten worden transport- of 
kanaaleiwitten genoemd. Een belangrijk 
systeem dat hierbij betrokken is, is het Sec (van 
secretie) systeem. Dit systeem zorgt ervoor dat 
eiwitten worden ingebouwd in of uitgescheiden 
door het membraan. Het centrale onderdeel van 
het Sec systeem is het eiwittranslocatie kanaal: 
een complex van eiwitten dat een kanaal vormt 
in het membraan waardoor andere eiwitten 
kunnen passeren. Alleen eiwitten met een juist 
herkenningssignaal worden door het kanaal in 
het membraan ingebouwd of naar buiten 
uitgescheiden alwaar ze hun functie kunnen 
uitoefenen. Het eiwittranslocatie kanaal is sterk 

Figuur 1. Overzicht van het eiwittranslocatie kanaal in E. coli. SecA is gebonden aan het kanaal en bezig met het 
transport van een eiwit (“precursor-eiwit”). Hierbij wordt energie verbruikt in de vorm van ATP moleculen. De 
energie komt vrij door het omzetten van ATP (bevat drie fosfaatgroepen) tot ADP (bevat twee fosfaatgroepen) en 
vrije fosfaat. 
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geconserveerd in de natuur, wat betekent dat het 
in verschillende varianten voorkomt in alle 
organismen, van bacterie tot mens. 
 In de inleiding van dit proefschrift 
(hoofdstuk 1) wordt het eiwittranslocatie 
kanaal uitgebreid besproken. Veel aspecten van 
zowel de structuur als de werking van het 
kanaal zijn nog niet opgehelderd. Het onderzoek 
in dit proefschrift had als doel om daaraan een 
bijdrage te leveren. Hiervoor is het 
eiwittranslocatie kanaal bestudeerd dat 
voorkomt in het darmbacterie Escherichia coli. 
Het eiwittranslocatie kanaal in E. coli bestaat uit 
de membraaneiwitten SecY, SecE en SecG die 
samen het zogenaamde SecYEG complex 
vormen. Om ongewenst “weglekken” van 
eiwitten te voorkomen, gaat het kanaal alleen 
open wanneer dat vereist is. Hierbij is het eiwit 
SecA betrokken dat bindt aan het te 
transporteren eiwit en het door het kanaal duwt. 
Daarbij wordt energie verbruikt in de vorm van 
ATP moleculen (Figuur 1). Voor het 
doorgronden van het mechanisme van 
eiwittranslocatie is kennis van de structuur en 
dynamica van het SecYEG complex belangrijk. 
In dit proefschrift zijn daarom de interacties 
tussen de verschillende componenten van het 
eiwittranslocatie kanaal bestudeerd. 

Interacties tussen de eiwitten in het kanaal 
 
 In het SecYEG complex zijn SecY en SecE 
de twee belangrijkste componenten. Zoals alle 
eiwitten zijn ook SecY en SecE opgebouwd uit 
aminozuren, waarvan er in de natuur twintig 
verschillende soorten bestaan. Eiwitten 
onderscheiden zich van elkaar door het aantal 
en de combinatie van aminozuren waar ze uit 
zijn opgebouwd. Deze combinatie leidt 
uiteindelijk tot een unieke drie-dimensionale 
eiwitstructuur. Een belangrijk kenmerk van 
membraaneiwitten is dat ze zogenaamde 
transmembraan segmenten bevatten. Deze 
segmenten bestaan hoofdzakelijk uit 
waterafstotende aminozuren en zijn via lussen 
die buiten het membraan steken aan elkaar 
gekoppeld (Figuur 2). 
 Om beter inzicht te verkrijgen in de manier 
waarop SecY en SecE, samen met SecG, het 
eiwittranslocatie kanaal vormen, is onderzocht 
waar de contactpunten tussen de twee 
membraaneiwitten voorkomen (hoofdstuk 2-4). 
Voor een gerichte analyse zijn een aantal 
transmembraan segmenten van SecY en SecE 
geselecteerd. Deze segmenten zijn belangrijk 
voor de functie van het kanaal. In de gekozen 
delen van SecY en SecE zijn de aminozuren een 

Figuur 2. Structuur van een membraaneiwit. Als voorbeeld is gekozen voor het membraaneiwit 
bacteriorhodopsine. Dit membraaneiwit bevat zeven transmembraan segmenten, elk als een helix gevormd. Deze 
segmenten zijn verbonden met lussen die buiten het membraan steken. 
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voor een vervangen door het aminozuur 
cysteine. Het aminozuur cysteine heeft namelijk 
de bijzondere eigenschap dat een chemische 
koppeling tussen twee naburige cysteines kan 
worden bewerkstelligd. 
Daarna is een groot aantal mutanten van het 
eiwittranslocatie kanaal gemaakt die elk een 
andere combinatie van een SecY en SecE 
cysteine mutant bevat. Een verbinding tussen 
SecY en SecE kan worden gemaakt en 
aangetoond (via moleculair biologische 
technieken) indien de cysteines op een 
contactpunt tussen beide eiwitten liggen. Op 
deze manier zijn een groot aantal contactpunten 
tussen SecY en SecE opgespoord. SecE blijkt 
niet alleen dichtbij SecY te liggen. Uit de 
analyses blijkt SecE ook dicht bij een tweede 
SecE te liggen en hun contactpunten op het 
grensvlak zijn geïdentificeerd (hoofdstuk 2 en 
3). Dit resultaat geeft aan dat het 

eiwittranslocatie kanaal in elk geval twee SecY 
en SecE membraaneiwitten bevat en bevestigt 
de gegevens van andere studies, waaruit bleek 
dat het kanaal uit meerdere SecYEG complexen 
is opgebouwd. 
 
 
De structuur en dynamica van het 
eiwittranslocatie kanaal 
 
 Aan de hand van de gelokaliseerde 
contactpunten in het kanaal kon een drie-
dimensionaal model van de belangrijkste delen 
van SecY en SecE (hoofdstuk 4) worden 
gecreëerd. Dit model laat zien dat SecE aan één 
kant een interactie aangaat met een tweede SecE 
en aan de andere kant met SecY (Figuur 3). 
Recentelijk is een kristalstructuur van het 
SecYEG complex van het microorganisme 
Methanococcus jannaschii opgehelderd. Een 

Figuur 3. Drie-dimensionaal model van SecY en SecE. Het model laat de belangrijkste transmembraan segmenten 
van SecY en SecE zien. In het midden zijn twee naburige SecE eiwitten afgebeeld die elk een interactie aangaan met 
een SecY eiwit. De gevonden contactpunten tussen de segmenten zijn weergegeven als donker gekleurde plekken en 
de juiste combinaties zijn via een balk met elkaar verbonden. 
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kristalstructuur laat een zeer gedetailleerd beeld 
van de structuur van een eiwit zien, gevangen in 
de kristalvorm van het eiwit. In de genoemde 
kristalstructuur is slechts één SecYEG aanwezig 
en niet alle gevonden contactpunten tussen 
SecY en SecE zijn te verklaren. Mogelijk 
weerspiegelt de kristalstructuur van SecYEG 
een niet natuurlijke toestand van het kanaal of 
deels een ander momentopname dan wat in dit 
proefschrift is beschreven. De vorm van het 
kanaal is inderdaad niet statisch: de translocatie 
van een eiwit vereist duidelijke veranderingen 
in de structuur van het kanaal. De flexibiliteit 
van het kanaal blijkt ook uit het feit dat het 
patroon van de interacties op het grensvlak van 
twee naburige SecE eiwitten in het kanaal 
verandert tijdens de translocatie van een eiwit. 
Hierbij treden geen duidelijke veranderingen op 
in de gevonden interacties tussen SecY en SecE. 
Echter, voor alle geobserveerde contactpunten 
in het kanaal geldt dat het eiwittranslocatie 
proces, eenmaal vastgelegd door middel van een 
biochemische verbinding, is stil gelegd. Dit 
onderschrijft het dynamische karakter van het 
eiwittranslocatie kanaal en dus de noodzaak 
voor structuurveranderingen tijdens het 
eiwittranslocatie proces. 
 Zoals vermeld heeft SecA energie in de 
vorm van ATP nodig om eiwitten door het 
kanaal te transloceren. De structuur van het 
grensvlak tussen twee SecE eiwitten in het 
kanaal blijkt gevoelig te zijn voor de 
aanwezigheid van deze energierijke moleculen, 
met als gevolg dat het contactpunt in het 
membraan dat dicht bij het cytoplasma ligt 
wordt verbroken (hoofdstuk 5). Een duidelijke 
verklaring voor dit fenomeen kan nog niet 
worden gegeven, maar wellicht is dit de plek 
waar het kanaal zich opent om de interactie met 
SecA en het te transloceren eiwit te 
vergemakkelijken.  
 De resultaten van de hierboven vermelde 
experimenten duiden op de aanwezigheid van 
meerdere SecYEG complexen in het kanaal. Dit 
is verder onderzocht in een ander experiment 
(appendix bij hoofdstuk 3). Hierbij is het 
SecYEG complex geëxtraheerd uit het 
membraan van de cel en in een artificieel 

membraanblaasje (“liposoom”) geplaatst, 
waarbij SecE een fluorescente label bevatte. 
Fluorescente moleculen stralen energie uit in de 
vorm van waarneembaar licht en deze energie 
kan worden overgedragen op een andere 
naburige fluorescente label. Dit fenomeen heet 
“Fluorescent Resonance Energy Transfer”. 
Inderdaad blijkt de fluorescente label van de ene 
SecE eiwit zijn energie over te dragen op de 
label van een naburige tweede SecE. Hieruit 
blijkt dat SecYEG complexen in de 
membraanblaasjes kunnen fuseren tot een groter 
geheel. Bovendien is er sprake van uitwisseling 
van SecYEG complexen tussen deze grotere 
moleculen. Deze resultaten dragen bij aan de 
kennis van de dynamica van het 
eiwittranslocatie kanaal. 
 
 
Afsluiting 
 
 De translocatie van eiwitten door het 
membraan is een universeel verschijnsel. 
Daarom komt het eiwittranslocatie kanaal, in 
verschillende varianten, in alle organismen 
voor. Hoewel eiwittranslocatie al enkele 
decennia wordt bestudeerd, is de kennis van het 
mechanisme nog verre van compleet. Dit komt 
onder andere door de betrokkenheid van vele 
eiwitten en in het bijzonder de moeilijkheid van 
het bestuderen van membraaneiwitten. Hierbij is 
de moleculaire biologie, een relatief jonge tak 
van wetenschap, onontbeerlijk. Voor de 
bestudering van dit kanaal is gekozen voor het 
organisme E. coli. Deze bacterie is, vergeleken 
met planten en dieren, beter hanteerbaar voor 
moleculaire experimenten in een laboratorium. 
De gegevens in dit proefschrift kunnen dan ook 
worden toegepast om de eiwittranslocatie 
systemen van andere organismen te 
doorgronden. Dit heeft niet alleen een puur 
wetenschappelijke waarde. In de 
biotechnologische industrie worden vele 
interessante eiwitten geproduceerd en 
uitgescheiden door microorganismen. Ook is 
een defect eiwittranslocatie systeem bij de mens 
oorzaak van soms ernstige ziektebeelden. Het 
vergroten van de kennis over eiwittranslocatie 
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kan daarom bijdragen tot het optimaliseren van 
industriële productieprocessen en het bestrijden 
van humane ziektes. 
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