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Chapter 7 
 
Summary and concluding remarks 
 
The Sec machinery is a multicomponent enzyme system that is present in every cell and 
that facilitates two essential biological processes: translocation of proteins across 
membranes and integration of proteins into membranes. The central component of the 
Sec machinery is the translocon, a membrane embedded complex of three proteins that 
forms a protein conducting channel. The translocon can associate with the ribosome to 
mediate co-translational protein translocation, or it can associate with motor proteins to 
mediate post-translational protein translocation. In bacteria, the translocon is formed by 
SecY, SecE and SecG. The motor protein SecA binds to the cytoplasmic side of the 
SecYEG complex. While bound to SecYEG, SecA can bind and hydrolyze ATP resulting 
in conformational changes that are required for opening of the channel and progressive 
movement of the substrates. In this study, we used biochemical and biophysical methods 
to investigate the intermolecular interactions between SecY, SecE, SecG and SecA of the 
model organism E. coli.  In addition, we have investigated the evolutionary history of the 
E. coli Sec machinery by comparative genome analyses.  
Due to its ease of culturing and genetic accessibility, the Gram negative proteobacterium 
E. coli has been the model organism for the majority of molecular microbiologists during 
the past fifty years. It is thus not surprising that the bacterial genes involved in protein 
translocation were first identified in E. coli, and that subsequent studies with (partially) 
purified E. coli Sec-proteins are largely responsible for our current understanding of the 
molecular mechanism of protein translocation in bacteria. However, the E. coli Sec 
machinery differs in three aspects from the canonical machinery that is observed in most 
other Gram negative and all Gram positive bacteria. Two E. coli Sec-components are 
mostly absent in other bacteria: SecB and SecM; and one E. coli Sec-component, SecE,  is 
much larger in E. coli than in other bacteria. In order to investigate which organisms 
contain an E. coli-like Sec machinery, we have analyzed all the available completely 
sequenced bacterial genomes for presence of the above mentioned three components 
(Chapter 2). It was revealed that SecB, SecM and the extended SecE are only present in 
certain subdivisions of the proteobacteria, but not in any other bacterial division. 
Furthermore, the three components are only found in the following combinations: SecB 
alone; SecB together with extended SecE; or SecB with the extended SecE and SecM as 
observed in E. coli. By combining the latest insights into bacterial phylogeny with the 
genomic distribution of the three components, it was revealed that the Sec machinery of 
proteobacteria has most likely evolved in the following discrete steps: First SecB was 
introduced, then SecE was extended with two transmembrane segments, and finally 
SecM was introduced (Figure 1). Thus the E. coli Sec machinery represents the end 
product of a stepwise evolutionary process, while the other combinations that are 
observed in proteobacteria represent the intermediate steps. It was proposed that the 
three accessory features observed in E. coli contribute to protein translocation 
synergistically rather than individually, and this proposal can now be tested 
experimentally.  
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Figure 1. 
Most likely scenario for the stepwise evolution of the 
Sec machinery within the proteobacteria. The 
canonical Sec machinery as it is observed in most 
Gram-positive and many Gram-negative bacteria was 
sequentially modified in the following discrete steps: 
SecB was introduced in the last common ancestor 
(LCA) of the α-, β- and γ-proteobacteria, SecE was 
extended in the LCA of the β- and γ-proteobacteria, 
and SecM was introduced in the LCA of the γ-
proteobacterial orders Pasteurellales and 
Enterobacteriales. 

 
Despite the fact that the E. coli Sec machinery is perhaps not the most appropriate model 
system due to its non-canonical components, it is still the preferred system to study 
experimentally because of the well-established genetic and biochemical methods. One of 
the major unresolved questions concerning the molecular mechanism of protein 
translocation is how the nucleotide and (pre-)protein induced conformational changes in 
SecA drive protein translocation, and the nature of the conformational changes that 
occur within the SecA-SecYEG complex during protein translocation. In order to study 
the intermolecular interaction within the SecYEG complex, single cysteine residues were 
introduced in each of the six cytoplasmic domains of SecY (C1-C6) (Chapter 3). 
Cysteine residues can be selectively modified with various chemical compounds such as 
fluorescent probes or crosslinking reagents, and when two cysteines are in close 
proximity they have the potential to form disulfide bonds under oxidizing conditions. 
Three of the six single cysteine SecY mutants (in C1, C2 and C6) formed SecY homo-
dimers upon oxidation, indicating that within an oligomeric SecYEG assembly, the two 
cysteine residues of these mutants are in close proximity. These results support 
previously obtained crosslinking data in which it was shown that cysteine mutants of 
SecE and SecG can also form dimers upon oxidation (85, 125), and they give an 
indication of which SecY domains are located close to a dimer interface. Two different 
SecYEG dimer arrangements have been proposed to represent the physiologically active 
dimer: the so called "back-to-back" (18) and "front-to-front" (115) arrangements. The C1 
and C6 crosslinks support the first, whereas the C2 crosslink support the latter 
arrangement. In order to investigate whether the crosslinked SecY dimers are active, we 
analyzed them for in vitro protein translocation activity. It was shown that both C1- and 
C6-crosslinked SecY dimers are still active in post-translational protein translocation, 
whereas C2 crosslinked dimers are inactive. These studies do, however, not discriminate 
between the two different dimer arrangements as the functional oligomeric state of 
SecYEG might be of higher order than dimeric as observed in several electron 
microscopy studies (5). The crosslinked dimers may thus re-associate with neighboring 
crosslinked dimers to yield a single functional unit (70, 104, 160). Further structural 
studies will be required to resolve this critical issue. It can be concluded though that the 
C2 domain of SecY requires substantial conformational freedom during protein 
translocation.  
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Chemical crosslinking studies on the six SecY single cysteine mutants revealed an 
interaction between SecG and two cytoplasmic domains of SecY. SecG is a auxiliary 
component of the translocon, that stimulates the activity of SecYE by facilitating the 
conformational dynamics of SecA (69, 108). The identified SecY-SecG interaction 
prompted us to critically test a long held controversial theory on SecG (Chapter 4). 
Based on protease accessibility- and cysteine labeling studies it has been proposed that 
SecG inverts its membrane topology during protein translocation via SecYEG (126, 133). 
Such a phenomenon has not been observed for any other stably integrated membrane 
protein, and would be energetically highly unfavorable since SecG contains two 
hydrophilic loops that need to be translocated across the hydrophobic membrane region 
for topology inversion. The SecG residue involved in the chemical crosslinks was 
identified and subsequently replaced with a cysteine residue. This allowed a highly 
efficient and specific formation of an SecY-SecG crosslink upon oxidation. In this way a 
SecG variant was created that is covalently linked to SecY and thereby unable to invert its 
membrane topology. By showing that this topologically fixed SecG is equally active as 
wild type SecG, it was revealed that topology inversion of SecG is not required for 
protein translocation. Furthermore, the protease assay that has led to the topology 
inversion theory yielded conflicting results (this study and (122, 155), that were 
previously ignored. Taken together, the current evidence makes it highly unlikely that 
SecG can invert its membrane topology, and the initial results therefore most likely 
represent a conformational change of SecG.  
In order to understand at a molecular level how SecA drives post-translational protein 
translocation, it is important to assess its functional oligomeric state. SecA is known to 
equilibrate dynamically between monomeric and dimeric species, and in vivo it is expected 
to be largely dimeric (211). However, it has been shown that monomerization of SecA 
can be induced by several translocation ligands (7). This has led to the proposals that 
SecA might dissociate during protein translocation (137), and that it functions as a 
monomer (136). Both these proposals were investigated by analyzing SecYEG-binding 
and in vitro translocation activity of an obligatorily dimeric SecA (Chapter 5). A non-
dissociable SecA was created by oxidation-induced disulfide bridge formation between 
the naturally occurring carboxy-terminal cysteines, and SecYEG-binding was analyzed by 
surface plasmon resonance (SPR). It was shown that obligatorily dimeric SecA binds 
similarly to SecYEG as non-crosslinked SecA, indicating that non-crosslinked SecA also 
binds to SecYEG as a dimer. In support with this finding, it was shown that the dimeric 
fraction of SecA that co-purifies with cytoplasmic membranes is increased upon 
overexpression of SecYEG.  
The translocation activity of obligatorily dimeric SecA was shown to be identical to that 
of non-crosslinked SecA, indicating that dissociation of dimeric SecA is not required for 
translocation activity. It could be argued that SecA crosslinked via its flexible carboxy-
terminus functions as a tethered monomer. However, several other studies indicate that 
SecA functions as a dimer. First, a recent study shows that the obligatorily dimeric SecA 
created via two disulfide crosslinks between the rigid scaffold domains is active in protein 
translocation (77). Second, in contrast to two initial reports (137), monomeric variants of 



Chapter 7 

 84 
 

SecA have been shown to be inactive in protein translocation (78, 152). Taken together, 
these results strongly suggest that SecA not only binds to SecYEG as a dimer, but also 
that it mediates post-translational protein translocation as a dimer (see also Chapter 1). 
In order to understand how the conformational dynamics of SecA are transmitted to 
SecYEG, it is essential to know the exact location of the intermolecular interaction sites. 
Our initial attempts to locate SecA interaction sites on SecY by cysteine-directed 
crosslinking was not succesfull. Since genetic studies suggested that the highly conserved 
fifth cytoplasmic domain (C5) of SecY is involved in SecA binding (118) we decided to 
direct our cysteine-directed crosslinking approach on this domain. A small stretch of 
amino acids around the universally conserved Arg357 in C5 was shown to interact with 
SecA (Chapter 6), explaining the high sensitivity of this region for mutagenesis. Since 
other regions of SecYEG are expected to interact with SecA as well, we employed a 
more systematic approach to identify additional interaction sites. With the SPOT-
technology, synthetic peptides are covalently attached to a cellulose membrane, which 
can subsequently be treated as a Western blot membrane to identify proteins that interact 
with the peptides. To this end, we synthesized SecY, SecE and SecG in fragments of 15 
amino acids, with an overlap of 14 amino acids between neighbouring peptides. Upon 
incubation of this so-called "peptide scan" with SecA, we identified a single stretch of 8 
peptides of SecY that showed strong SecA binding (Chapter 6). Surprisingly, these 
peptides do not correspond to the C5 region, but to the cytoplasmic end of TMS4 of 
SecY, a region that is partially buried in the crystal structure of the SecYEG homolog 
from Methanococcus jannaschii (189). In order to reveal which residue within this stretch is 
important for the SecA interaction, we mutated every amino acid from one of the SecA 
binding peptides to all 19 other amino acids, and analyzed the mutant peptides for SecA 
binding. Mutagenesis of Glu176 in particular, located at the interface between the 
membrane region and the cytoplasm, interferes with SecA binding to the peptide. In 
agreement with previous studies (121, 181), this residue is important for protein 
translocation, illustrating the strength of the SPOT technology for identification of 
functionally important residues in multisubunit enzyme complexes. A more detailed 
analysis of the Glu176 and Arg357 mutants of SecY revealed that they are not defective in 
SecA binding, but in a nucleotide-dependent SecA conformational change (referred to as 
membrane insertion) that is induced upon initial SecYEG binding (55). These results 
suggest that C5 is important for transition of SecA from the SecYEG-bound state to the 
activated state, and that SecA directly interacts with the cytoplasmic end of TMS4.  
Importantly, these results support a simple mechanistic model that couples the SecA 
conformational change to the opening of the SecYEG channel. The core of a single 
SecYEG protomer consists of two similarly folded SecY domains, representing roughly 
the amino- and carboxy-terminal halves of SecY. The opening mechanism has been 
proposed to involve separation of these two domains (189). When activated by 
nucleotide binding, SecA could induce this separation by interacting simultaneously with 
TMS4 in the amino-terminal half and C5 in the carboxy-terminal domain of SecY (Figure 
2) which would exert an outward directed force on the two SecY domains. Additional 
biochemical and structural studies will be required to resolve how these conformational 
changes can take place in an oligomeric assembly of SecYEG.  
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Figure 2. 
Proposed mechanism of translocon opening 
induced by SecA. The structure of a single 
protomer of the SecYEG homolog from 
Methanococcus jannaschii is depicted (189), with 
domains corresponding to the amino-terminal half 
of SecY and SecG in dark grey, those 
corresponding to the carboxy-terminal half of SecY 
and SecE in light grey, and residues corresponding 
to Glu176 and Arg357 from E. coli SecY in contrasting 
grey levels. Open arrows represent the outward 
directed forces exerted on each domain of SecY, 
the curved arrow represents the proposed 
separation of the two domains on the "front" side 
of the protomer, the hinge region is located at the 
"back" side. See text for details.  
(A full colour version of this figure can be found on 
page 119) 
 

 
Taken together, the results presented in this thesis shed more light on the structure, 
dynamics and evolution of the bacterial Sec machinery. Many major questions remain 
unresolved, while new questions emerged during the study. We are just beginning to 
understand the mechanism of protein translocation on a molecular level, and a 
combination of biochemical, biophysical and structural approaches will be required to 
further unravel this intriguing process. In the near future, these studies should continue 
to focus on the structural dynamics of the SecA-SecYEG complex, with emphasis on the 
arrangement of SecYEG protomers within an oligomeric assembly. In addition, the roles 
of YidC and SecDFYajC will require more detailed investigation.  
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