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CHAPTER 6

SUMMARY AND CONCLUDING REMARKS

INTRODUCTION
A combination of genetic and biochemical studies identified the translocase that mediates
protein translocation across the Escherichia coli cytoplasmic membrane. Through its purification
from detergent-solubilized membranes, a complex of three membrane proteins, SecY, SecE and
SecG, was defined that allows the in vitro reconstitution of protein translocation. The SecYEG-
mediated translocation reaction required ATP and a soluble ATPase termed SecA (Brundage et
al., 1990). These studies complemented the genetic screens based on mutations that affect
protein translocation in vivo, that indicated SecA, SecY and SecE as essential components of the
cellular protein secretion route (Bieker et al., 1990; Schatz and Beckwith, 1990). The functional
assembly of SecA and the SecYEG complex is therefore considered the translocase (Wickner et
al., 1991). Studies of protein translocation in other bacteria like the Gram-positive Bacillus
subtilis (Simonen and Palva, 1993) and in the eukaryotic endoplasmic reticulum (Hartmann et
al., 1994) revealed the evolutionary conservation of translocase components. A homologue of
the SecYEG complex is found in all organisms, including archaea and the thylakoid membrane
of plant chloroplasts (Pohlschröder et al., 1993). The SecA protein is specific for bacteria and
organelles that have arisen from endosymbionts such as the chloroplast. The identification and
purification of the E. coli translocase allowed the extensive study of this membrane protein
complex. The scope of the research described in this thesis was to obtain information on the
translocase subunit interactions and their dynamics during the translocation reaction. Hereto,
both in vivo and in vitro approaches were pursued and a wide range of techniques was applied
including genetics, protein purification, chemical cross-linking and structural analysis via
electron microscopy.

SECA AND SECY ARE ASSOCIATED PROTEINS IN THE CYTOPLASMIC MEMBRANE
SecA is a key component of the bacterial translocation reaction, both as a receptor for
chaperone-bound precursor proteins (Fekkes and Driessen, 1999) and as the ATPase that
converts the energy of ATP-binding and -hydrolysis into the transmembrane movement of a
translocating precursor protein. Although SecA is a soluble cytoplasmic protein, it binds to the
cytoplasmic membrane with a high affinity for SecYEG and with a low affinity for poorly
saturable lipid binding sites (Hartl et al., 1991). SecA can be removed from the membranes by
treatment with chaotropic agents or anti-SecA serum, and radioactive SecA is chased from
translocation sites by excess cold SecA (Hartl et al., 1991; Schiebel et al., 1991; Economou et
al., 1994). Based on the reversible interaction of SecA with the SecYEG, a ‘sewing model’ for
translocation was proposed in which SecA undergoes continuous cycles of membrane
association and dissociation (Wickner et al., 1991). Since part of the SecA molecule is protected
from proteolysis during translocation, it was suggested that SecA domains insert into the
membrane via SecYEG (Economou et al., 1994). The latter theory was corroborated by findings
that the SecA molecule is accessible for proteases and membrane-impermeable probes from the
periplasmic side of the membrane, although this accessibility appeared not to be dependent on
translocation (Kim et al., 1994; Van der Does et al., 1996).

Chapter 2 describes the cellular distribution of the SecA under conditions where the
SecYEG complex is present at normal or elevated levels. The overexpression of the SecYEG
complex leads to a redistribution of SecA towards its membrane-bound state. By adding
formaldehyde to intact E. coli cells, proteins that are associated with SecA in vivo were
identified via cross-linking. A specific complex of SecA and SecY was observed and the amount
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of this complex was dramatically increased upon the overexpression of SecYEG. The work
demonstrates that SecA and SecY are interacting proteins. Although SecA possesses a binding
site for the cytosolic chaperone SecB and interacts transiently with SecB/precursor complexes at
the onset of translocation (Fekkes and Driessen, 1999), no cross-links were found between the
two proteins. Also, no cross-links were found with the SecE or SecG subunits of the translocase.
The increased cross-linking of SecA and SecY in SecYEG overproducing cells demonstrates that
the elevated membrane-bound state of SecA in these cells results from the interaction with
SecYEG. As this SecA exposes its carboxy-terminus to the periplasmic side (Van der Does et
al., 1996), it is likely that both the SecA binding to SecY(EG) and SecA membrane insertion are
translocation-independent. We propose that SecA is an intrinsic subunit of translocase.

INTERACTION BETWEEN SECY AND SECE
Genetic studies designed to identify components of the protein translocation route in E. coli
included the analysis of mutations that allow the transport of precursor proteins carrying a
defective signal sequence (Bieker et al., 1990). These so-called prl mutations are allelic with the
sec genes and alter both the specificity and the activity of the translocase. Synthetic lethality
between prlG (secE) and prlA (secY) mutations appears to predict interactive regions between
SecE and SecY (Flower et al., 1995). To test this hypothesis, we applied cysteine scanning
mutagenesis to transmembrane segments (TMS) 2 and 7 of SecY and TMS 3 of SecE. These
regions contain or are proximal to prl mutations. Series of amino acid residues were replaced by
single cysteines, and pairs of cysteine mutants were combined by co-overexpression. After
oxidation of isolated inner membranes, we identified sites of interaction by the ability of the
cysteines to form disulfide bonds.

Chapter 3 describes our findings with combinations of single cysteine mutants in SecY
TMS 2 and SecE TMS 3. Out of a total of 25 Cys-pairs, cross-links were found only with the
combinations of SecY(F78C) with SecE(L108C), SecY(A79C) with SecE(L108C), and
SecY(I82C) with SecE(S105C). Their low number did not only indicate the specificity of these
interactions, but also the periodicity of the interaction that is consistent with a putative α-helical
structure of the TMS. Remarkably, a cysteine residue at the position of L106 of the SecE TMS 3
caused a strong cross-linking between two SecE molecules. It appears as if the TMS 3 of two
SecE molecules face each other in the SecYEG complex, at the α-helix face opposite from SecY
TMS 2. The oxidation of the SecE(L106C) molecules reversibly but completely abolished the
translocation activity of the cytoplasmic membranes. However, the conformation of SecYEG
was not dramatically distorted, as SecA binding and ATPase activity were normal both with
oxidized and reduced membranes. Cross-linked SecYE(L106C)G even allowed conformational
changes in the SecA molecule leading to protease protection, or ‘membrane insertion’ of a
carboxyl-terminal 30 kDa SecA fragment. In a reciprocal experiment, it was determined how
SecE(L106C) cross-linking was influenced by the conformation of the SecA molecule.
Conditions that trapped SecA in its membrane inserted state were most optimal for SecE(L106C)
cross-linking. As SecYEG is organized as a multimeric complex (Chapter 5) it is likely that
SecE is on the interface between two SecYEG subunits. Apparently, this interface is dynamic,
requires flexibility during translocation, and is modulated by SecA.

A SINGLE CYSTEINE MUTATION IN SECY TMS 7 STABILIZES THE INTERACTION WITH SECA
Although synthetic lethality was observed between prl mutations leading to the replacements of
I278 in SecY TMS 7 and L108 of SecE TMS 3, no cross-links were found between cysteines at
these or surrounding positions. As described in Chapter 4, the SecY(I278C)EG complex has an
altered activity, as compared to normal SecYEG. Firstly, it stimulated increased SecA ATPase
activity and in vitro translocation of the precursor protein proOmpA. As I278 is a ‘hot spot’ for
prlA mutations, we determined whether the SecY(I278C)EG complex restored the in vitro
translocation of a defective signal sequence. Indeed, it allowed the translocation of ∆8proOmpA,
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a mutant precursor lacking a crucial residue (Ile -8) of its signal sequence. In a study by Van der
Wolk et al. (1998), a possible mechanism for defective signal sequence suppression by prlA
mutations was described. Using the prlA4 mutant, that harbors mutations in SecY TMS 7 and 10,
an increased affinity of SecA for the translocation sites was demonstrated. This increased
affinity leads to a reduction in premature release, or ‘rejection’, of SecA and SecA-precursor
complexes. This results not only in an improved translocation of normal precursor proteins, but
also impairs the ability of translocase to reject SecA-bound precursors without a functional
signal sequence. To further study this hypothesis, we characterized the binding of SecA and
precursor proteins to SecY(I278C)EG. SecA bound with a 2.5-fold increased affinity to vesicles
containing SecY(I278C)EG as compared to normal SecYEG. The effect of the SecY(I278C)
mutation was even more pronounced (nearly 6-fold) when the binding studies were performed in
the presence of ATP. As the binding of ATP to SecA initiates translocation, it is well
conceivable that the ‘proofreading’ of the signal sequence takes place at the initiation of
translocation and is inhibited by the increased affinity between SecA and SecYEG, as previously
suggested (Van der Wolk et al., 1998). By using a completely purified system consisting of
reconstituted SecYEG we demonstrated that no proteinaceous factors other than the translocase
are responsible for the signal sequence suppression. Immunoprecipitations in detergent solution
revealed that SecY(I278C) stabilized translocase-precursor complexes at various stages of the
translocation reaction, and even in the absence of a lipid bilayer. Whereas PrlA4 supports
increased translocation with a lowered SecA ATPase activity, the high rate of translocation with
SecY(I278C) was paralleled by an increased ATP hydrolysis rate. Also, SecY(I278C) did not
allow the translocation of a 10 amino acid long disulfide-bonded loop in proOmpA, a
phenomenon observed with PrlA4 (Nouwen et al., 1996). It therefore appears as if PrlA4 is a
stronger, or at least mechanistically different, suppressor mutant than SecY(I278C). PrlA4
harbors a mutation in TMS 10 that is responsible for its suppressor phenotype. Mutations in this
region in SecY have been proposed to disturb the interaction with SecE (Osborne and Silhavy,
1993). A loosened interaction between SecY and SecE has been suggested to play an important
role in the Prl phenotype of translocase (Duong and Wickner, 1999). However, PrlA4 and
SecY(I278C) seem to differ in this respect. Destabilization of the SecY-SecE interaction seems a
major cause for the synthetic lethality observed when certain PrlA and PrlG mutants are
combined.  The further analysis of PrlA (SecY), PrlG (SecE), PrlH (SecG) and PrlD (SecA)
suppressor mutants will reveal more aspects of the subunit interactions in translocase. The
introduction of cysteines in regions of SecY and SecE that are proximal to prl mutations allows
the site-directed labeling of the proteins with sulfhydryl-specific probes. This will open the way
to experiments that monitor their subunit dynamics in real time during the ongoing translocation
reaction.

BIOCHEMICAL AND STRUCTURAL EVIDENCE FOR A SECYEG TETRAMER IN TRANSLOCASE
As described in Chapter 5, we have worked towards a soluble translocase-precursor complex to
allow the structural analysis and to determine the subunit stoichiometry of the active translocase.
To halt the translocation reaction at a defined stage, oxidized proOmpA was used for SecA- and
ATP-dependent translocation in SecYEG proteoliposomes. A disulfide bond in the carboxyl-
terminal part of proOmpA creates a loop of 10 amino acids and causes the accumulation of a
translocation intermediate that blocks all functional translocation sites. Translocase carrying this
‘I31’ translocation intermediate is stable in detergent solution, and can be specifically co-
immunoprecipitated with the antibodies directed against the precursor. By using purified SecA
and SecY of known concentrations as standards, the amounts of SecA and SecY were
determined in immuno-purified translocase. SecY was present in a two-fold excess over SecA.
Since SecA functions as a dimer (Driessen, 1993), this suggests that active translocase contains
four SecY molecules.

The structural analysis of SecYEG was preceded by the electron microscopical analysis
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of the homologues eukaryotic Sec61p complex (Hanein et al., 1996; Beckmann et al., 1997) and
B. subtilis SecYE (Meyer et al., 1999). Both complexes resembled each other in shape and size,
with a semi-pentagonal shape, an 8.5-10 nm outer diameter, and a 1.5-3 nm central pore or
indentation. Purified E. coli SecYEG had similar dimension in negative-stain electron
microscopy, but dramatically changed its size and structure after incubation with SecA and
translocation ligands. When SecYEG proteoliposomes were incubated with SecA and the non-
hydrolysable ATP-analogue AMP-PNP, followed by the solubilization and purification of
SecYEG, structures were visible with a 10.5-12 nm outer diameter and a 4-5 nm central stain-
filled cavity. Similar structures were visible after incubation under translocation conditions that
yield the I31 translocation intermediate. Unfortunately, the latter preparation was too
heterogeneous to distinguish the soluble translocase-I31 particles. A detailed structural analysis
of the translocase-I31 complex will require its complete purification and, preferably, a known
orientation of the protein particles. The structural analysis of the solubilized proteoliposomes
did, however, document the existence of large SecYEG structures under translocation
conditions. Mass analysis via scanning transmission electron microscopy (STEM) as well as the
structure and estimated masses of the different SecYEG particles suggest that the small
structures contain two SecYEG complexes, whereas the large, active SecYEG consists of four
SecYEG subunits.

The biochemical analysis and visualization of active SecYEG is a major step towards our
understanding of the translocase structure and function. The large structure of the SecYEG
tetramer, with a putative central opening of 4-5 nm, explains the large opening of the protein
conducting channel observed with Sec61p during translocation (Hamman et al., 1997). Both
small (1.5-2 nm) and large (4-6 nm) channels are present in the endoplamic reticulum
membrane, but the latter are only formed under translocation conditions (Hamman et al., 1998).
On the basis of homology and structural resemblance with Sec61p, it appears as if both the
SecYEG dimer and tetramer are structures that are present in the E. coli cytoplasmic membrane.
The SecA molecule may be involved in closing the central pore of SecYEG, by binding to its
cytosolic surface.

CONCLUDING REMARKS
The translocase is a molecular motor that consists of two modules: the SecYEG protein-
conducting transmembrane channel and the SecA ATPase that drives translocation. Both SecA
and SecYEG are highly dynamic structures. SecA undergoes large conformational changes that
alter its proteolytic stability and may even drive the insertion of SecA domains into the
membrane via SecYEG. Within the SecYEG complex, subunit rearrangements seem to occur
during translocation and, even more importantly, SecYEG complexes assemble into a large
oligomeric complex. The oligomeric organization of SecYEG explains how it forms the
translocation channel across the cytoplasmic membrane that is sufficiently large to accommodate
SecA and to allow the passage of a translocating precursor. Coupled structural rearrangements
within this channel and the SecA subunit drive translocation, in an orchestrated fashion that is
still unrevealed.

The organization of SecYEG in the cytoplasmic membrane and its association with SecA
may be a complicated equilibrium between dimeric, tetrameric, SecA-bound, and SecA-free
states. It is not clear from our experiments with proteoliposomes whether the SecYEG tetramer
disassembles in the cytoplasmic membrane after translocation. Accessory translocase subunits
like SecD and SecF could be involved in the regulation of size and assembly states of the
translocation channel. SecA may have an important function as a cytosolic ‘plug’ to prevent
leakage of ions and macromolecules through the central opening in SecYEG. On the other hand,
SecA must be able to dissociate from SecYEG to allow proofreading of the signal sequence or to
allow association of other SecA-precursor complexes with the translocation channel. To obtain a
better understanding of the cellular protein translocation machinery, it is important to determine
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the assembly states of SecYEG in the cytoplasmic membrane, and in relation to translocation
conditions.

In vivo, the cytoplasmic membrane is energized by the presence of a proton-motive force
(pmf) that contributes to the translocation reaction (Geller et al., 1986; deVrije et al., 1987).
Besides promoting the unidirectionality of the translocation reaction (Driessen, 1992), it appears
to mechanically alter the translocase. The SecA reaction cycle is optimized by the pmf
(Nishiyama et al., 1999) and the presence of a pmf allows the translocation of proOmpA
containing a disulphide bond (Tani et al., 1990). Although prlA mutations render the
translocation reaction pmf-independent (Nouwen et al., 1996), the pmf does not give rise to a prl
phenotype. Therefore, the effects of the pmf and of prl mutations on the translocase must be
different. It is not clear what determines the size limit of the translocase. Based on the size of the
central opening in active SecYEG and the translocation block imposed by the relatively small
disulfide bond in oxidized proOmpA, it could be a property of the SecA molecule. By promoting
SecA ‘membrane-deinsertion’ (Nishiyama et al., 1999), the pmf may also contribute to the
maximal substrate size of translocase. Finally, major questions relate to the properties of the
protein-conducting channel during the integration of cytoplasmic membrane proteins. Is there a
lateral opening in the translocation channel that allows the integration of transmembrane
segments into the surrounding lipid bilayer and, if so, how is it formed? Is the SecA protein
required at all, or only at specific stages of the integration process? The reconstitution of
membrane insertion using purified components will allow a detailed analysis and will define the
required translocase subunits. The targeting and membrane insertion of ribosome-bound nascent
chains to SecYEG proteoliposomes (Scotti et al., 1999) is an important step in this direction and
may allow an initial structural analysis of the formed structures.
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