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Introduction 1

Chapter 1

ESCHERICHIA COLI TRANSLOCASE: THE UNRAVELLING OF A
MOLECULAR MACHINE

PROTEIN TRANSLOCATION IN BACTERIA, EUKARYOTES AND ARCHAEA
Based on their cellular organisation and genetic make-up, organisms are divided into three
domains of life: bacteria, eukaryotes and archaea. Bacteria and archaea are unicellular organisms
that consist of cytoplasm and a surrounding cellular envelope. They do not store their genetic
material (DNA) in a separate compartment, the nucleus or karyon, and are therefore collectively
termed prokaryotes. Although their cellular organisation is similar, archaea and bacteria are
evolutionary distinct. Archaea appear to represent an ancient life form that evolved long before
bacteria and eukaryotes (Woese et al., 1990). Cells of eukaryotes like fungi, animals and plants
are composed of cytoplasm, a surrounding plasma membrane, a nucleus (karyon) which contains
DNA that is densely packed in chromosomes, and various organelles. The nuclear membrane is
semi-continuous with that of the endoplasmic reticulum (ER), but the ER is a separate
compartment. Through the transport of membrane vesicles, the ER is connected to the Golgi
apparatus and other organelles, and to the plasma membrane (Palade, 1975). Besides this
endomembrane system, eukaryotes contain organelles that are evolutionary derived from
bacteria, i.e. mitochondria and plant chloroplasts (Cavalier Smith, 1992). These energy-
converting organelles contain their own genome, which encodes part of their proteins, and divide
like bacteria, through binary fission.

The synthesis of proteins, by the ribosomal translation of messenger RNA, takes place in
the cytosol. Proteins with a function in another compartment or outside the cell have to be
transported to their appropriate location, which involves transmembrane translocation. In
bacteria, secretory proteins are translocated across the cytoplasmic membrane by a protein
complex termed the translocase (Wickner et al., 1991; Driessen, 1994; Ito, 1996). The Gram-
negative bacterial envelope consists of two membranes, the inner (cytoplasmic) and outer
membrane, which are separated by the periplasm. After translocation across the Gram-negative
inner membrane, proteins are either retained in the periplasm or are further transported to the
outer membrane (Pugsley, 1993; Duong et al., 1997; Danese and Silhavy, 1998). In addition to
the general secretory pathway mediated via the translocase, the bacterial cytoplasmic membrane
possesses protein translocation systems that are dedicated to the secretion of defined subsets of
proteins. An abundant cytoplasmic membrane translocation system has been described for
proteins that bind complex redox cofactors (Berks, 1996; Weiner et al., 1998; Sargent et al.,
1998). Gram-negative bacteria often secrete degradative enzymes or, in the case of pathogens,
virulence factors and toxins via sec-independent pathways that may cross both the inner and
outer membrane (Binet et al., 1997; Hueck et al., 1998).

The eukaryotic cell contains a large variety of protein translocation systems.
Nucleocytoplasmic transport of proteins and other macromolecules is performed by the large,
but highly specific, nuclear pore complexes (Görlich and Mattai, 1996). Protein secretion starts
with co-translational translocation across the ER membrane via ribosome-nascent chain
complexes that are bound to a protein conducting channel termed the translocon (Walter and
Lingappa, 1986; Walter and Johnson, 1994; Rapoport et al., 1996). After translocation, proteins
are sorted via an intricate vesicle transport machinery that connects the ER with the Golgi
apparatus, the other components of the endomembrane system, and the plasma membrane
(Rothman and Wieland, 1994; Schekman and Orci, 1996). Proteins that bear organelle-specific
targeting signals are imported by specialised protein translocation systems. Such protein import
systems are present in peroxisomes (Subramani, 1996; Erdmann et al., 1997), mitochondria
(Schatz, 1996; Neupert, 1997) and chloroplasts (Schnell, 1995; Heins and Soll, 1997).
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Mitochondria and chloroplasts also posses protein export systems in their inner membranes that
are remnants of their bacterial evolutionary origin (Schatz and Dobberstein, 1996; Settles and
Martiensen, 1998).

The bacterial translocase has been extensively studied in the Gram-negative bacterium
Escherichia coli. The translocase consists of an integral membrane protein complex composed
of SecY, SecE and SecG, and a peripherally bound cytosolic ATPase, SecA (reviewed in the
references mentioned above and the following sections). The SecYEG complex appears to
constitute a highly conserved protein translocation pathway. It is homologous to the eukaryotic
Sec61p complex that constitutes the translocon of the ER membrane (Hartmann et al., 1994).
The mammalian Sec61p complex is composed of the Sec61α, β and γ subunits, which are
termed Sec61p, Sbh1 and Sss1p in yeast (Hartmann et al., 1994; Panzner et al., 1995). Protein
translocation in the mammalian ER is mainly co-translational and is driven by the concomitant
synthesis of nascent polypeptides by Sec61p-bound ribosomes (Görlich and Rapoport, 1993). In
yeasts, post-translational translocation predominates and is mediated by Sec61p, the accessory
Sec62/63 membrane protein complex and the BiP ATPase of the ER lumen (Panzner et al.,
1995). Archaeal homologues of SecY (Sec61α) and SecE (Sec61β), but not of SecA, have been
identified (Pohlschröder et al., 1997), and archaeal protein translocation may therefore be co-
translational. Homologues of SecY and SecE have been identified in an ancient mitochondrion
by genomic analysis (Lang et al., 1997). Finally, a homologue of translocase mediates protein
translocation into the thylakoid of chloroplasts (Yuan et al., 1994; Settles and Martiensen, 1998).
In summary, protein secretion is mediated by a conserved protein-conducting channel and by
pushing force (SecA or the ribosome), or pulling force (BiP) generators that interact with this
channel (Figure 1).

Fig. 1. The protein translocation pathways of bacteria and thylakoids (a), archaea (b), and post-
translational (c) or co-translational (d) transport across the ER membrane. For simplicity only the
minimal constituents of the translocation reaction, as revealed by purification and reconstitution,
are shown. The components of the archaeal pathway were identified on the basis of homology with
their eubacterial or eukaryotic counterparts. A homologue of either SecG or Sec61β has so far not
been identified as a possible third component of the archaeal protein conducting channel. The
translocating nascent chain/precursor is depicted as a solid line with the amino-terminal
hydrophobic signal sequence as a slightly thickened segment. Shapes and organisation of all
proteins are not intended to resemble their true structural features.
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IDENTIFICATION OF THE E. COLI TRANSLOCASE
Precursors of E. coli periplasmic and outer membrane proteins are synthesised with an amino-
terminal signal sequence. This signal sequence has a length of around 20 amino acids and
comprises a short stretch of positive charges, followed by a hydrophobic region and a proteolytic
cleavage site for its removal after translocation (Randall and Hardy, 1989; Von Heijne, 1990).
Signal sequences alter the folding properties of the mature part of precursors (Park et al., 1988),
and interact with the lipid bilayer of the cytoplasmic membrane due to their physicochemical
properties (de Vrije et al., 1990, Keller et al., 1996). Although the presence of a signal sequence
is not absolutely required for the translocation of secretory proteins (Derman et al., 1993; Flower
et al., 1994; Prinz et al., 1996), mutagenesis of signal sequences has been used successfully to
identify components of the protein translocation pathway in Escherichia coli. Genes that were
identified in this manner contained mutations that allow the correct localisation of precursor
proteins with a defective signal sequence and were therefore termed prl genes, for protein
localisation (Emr et al., 1981; Bankaitis and Bassford, 1985; Stader et al., 1989). Other
approaches to identify genes involved in protein translocation were based on conditional mutants
with general secretion defects, and yielded sec genes (Oliver and Beckwith, 1981; Ito et al.,
1983; Riggs et al., 1988). The prl and sec genes are allelic and encode the SecY (PrlA), SecE
(PrlG) and SecA (PrlD) proteins (reviewed in: Bieker et al., 1990; Schatz and Beckwith, 1990).
The role of these proteins in protein translocation was unequivocally demonstrated by their
purification and the subsequent reconstitution of the purified protein translocation reaction in
vitro (Cabelli et al., 1988; Brundage et al., 1990; Akimura et al., 1991). SecA is a soluble
ATPase that binds peripherally to the cytoplasmic membrane, whereas SecY and SecE are
integral membrane proteins that can be purified from solubilised cytoplasmic membranes as a
stable complex. In vitro translocation is strongly stimulated by a membrane protein that co-
purifies with SecYE, termed band 1, p12, or SecG (Brundage et al., 1990; Nishiyama et al.,
1993; Douville et al., 1993). Signal sequence suppressor mutations have been identified in the
secG gene, and SecG is therefore also termed PrlH (Bost and Belin, 1997). The SecYEG
complex suffices to reconstitute efficient SecA- and ATP-dependent preprotein translocation in
proteoliposomes prepared with purified E. coli phospholipids (Hanada et al., 1994; Douville et
al., 1995; van der Does et al., 1998). Importantly, the reconstituted translocase allows multiple
rounds of protein translocation (Bassilana and Wickner, 1993; Chapter 5). It also allows the
integration of hydrophobic segments in a translocating polypeptide into the lipid bilayer, a
process that underlies membrane protein insertion (Duong and Wickner, 1998).

ACCESSORY MEMBRANE PROTEINS
Although the SecYEG/A complex constitutes a functional entity, additional membrane proteins
are involved in protein translocation across the cytoplasmic membrane. The SecD and SecF
proteins were identified by an in vivo screen based on general protein secretion defects, and their
absence renders the protein translocation reaction cold-sensitive (Gardel et al., 1987, 1990).
SecD and SecF form a complex together with a protein that is encoded by the yajC gene located
in the same operon as the secD and secF loci, and this SecDF(yajC) complex interacts with both
SecA and SecYEG (Kim  et al., 1994; Economou et al., 1995; Duong and Wickner, 1997a, b).
SecD and SecF expose large periplasmic domains (Pogliano and Beckwith, 1994) and prl
mutations in these proteins have not been identified, indicating that they act in a late stage of the
translocation reaction. Antibodies against SecD prevent the release of translocated precursors
from E. coli spheroplasts (Matsuyama et al., 1993) and cells depleted of SecD and SecF are
unable to maintain the electrochemical gradient of H+ across the cytoplasmic membrane
(Arkowitz and Wickner, 1994). Homologues of the SecD and SecF proteins are present in the
genome sequences of archaea, that are to be devoid of a SecA homologue. By combining these
findings, it appears as if SecDF(yajC) is involved in closing the protein-conducting channel



Chapter14

constituted by translocase after completion of the translocation reaction. This results in the
release of the translocated protein on the periplasmic side of the membrane and prevents the
aspecific passage of ions. The translocation reaction is accompanied by the processing of
preproteins to their mature form mediated by the signal peptidase (Dalbey et al., 1997). The
signal peptide is proteolytically removed as soon as it emerges on the periplasmic side of the
membrane (Schiebel et al., 1991), and does not have a role in protein translocation after
initiation of the translocation reaction.

SECB AND SRP MEDIATE TARGETING TO THE TRANSLOCASE
To ensure that newly synthesised proteins do not misfold and aggregate, the E. coli cell contains
a series of molecular chaperones. These chaperones also have an important function in protein
transport, by preventing preproteins from folding into stable tertiary structures that are
incompatible with translocation (Kumamoto, 1991). Two chaperones, SecB and SRP, are
dedicated to translocation and facilitate the targeting of preproteins to the translocase. The secB
gene was identified in a screen of E. coli mutants with an impaired protein secretion activity
(Kumamoto and Beckwith, 1983). SecB is a tetrameric protein of 16 kDa subunits that interacts
with the mature part of a subset of preproteins and keeps them in an unfolded state (Randall and
Hardy, 1995). The mechanism and specificity of the interaction between SecB and mature parts
of a preprotein is cryptic. SecB binds peptides of 7-9 residues long that are significantly enriched
in aromatic and basic residues while acidic residues are strongly disfavoured (Knoblauch, N.,
Rüdiger, S., Schönfeld, H.-J., Driessen, A.J.M., Schneider-Mergener, J., and Bukau, B.,
unpublished). It appears that SecB cannot differentiate between secretory and non-secretory
proteins on basis of its binding specificity. The slowed folding of preproteins, due to the
presence of a signal sequence, has been proposed as a possible mechanism of SecB recognition
(Hardy and Randall, 1991). On the other hand, the association rate of SecB with an unfolded
polypeptide is a very rapid, diffusion limited process (Fekkes et al., 1995). A mutational analysis
of SecB has identified regions of the protein that are involved in preprotein binding (Gannon and
Kumamoto, 1993; Kimsey et al., 1995). Interestingly, one of these regions, comprising amino
acid 74-80, also yielded mutations that disturb the interaction between SecB and SecA (Fekkes
et al., 1998). Based on the alternating pattern of the two types of mutations, Fekkes et al. (1998)
suggested that this region of SecB has a beta-sheet structure and may serve as a molecular switch
between preprotein binding and SecA binding. SecB aids in the targeting of precursor proteins to
translocase through its affinity for SecA, but is released immediately after the initiation of
translocation (Hartl et al., 1991; Fekkes et al., 1997).

The constituents of the E. coli signal recognition particle, or SRP, were identified as
homologues of the eukaryotic SRP, involved in protein targeting to the ER membrane (Poritz et
al., 1988; Römisch et al., 1989). The mammalian SRP contains a 7S RNA molecule, which
provides the backbone for an assembly of six different polypeptides (Walter and Blobel, 1980,
1983). SRP recognises the signal sequence on a ribosome-nascent chain complex (RNC), arrests
further synthesis of the nascent polypeptide and targets the RNC to the ER membrane via
association with the SRP receptor. There, the RNC is released for translocation of the nascent
polypeptide across the ER membrane in a co-translational manner (Walter and Johnson, 1994).
The E. coli SRP consists of two subunits: a 4.5 S RNA molecule and a 48 kDa polypeptide,
termed Ffh (fifty-four homologue), which is homologues to the signal sequence binding SRP54
subunit of mamalian SRP (Bernstein et al., 1989; Römisch et al., 1989; Poritz et al., 1990). This
E. coli SRP recognises signal sequences and hydrophobic regions of nascent membrane proteins
(Luirink et al., 1992; Valent et al., 1995, 1997). Together with its receptor, it is a functional
substitute of the eukaryotic SRP-targeting pathway (Powers and Walter, 1997). The E. coli FtsY
protein is homologues to the SRα subunit of the eukaryotic SRP receptor (Bernstein et al., 1989;
Römisch et al., 1989; Gill and Salmond, 1990) and, like SRα, interacts with SRP in a GTP-
dependent manner (Miller et al., 1994; Luirink et al., 1994; Kusters et al., 1995). FtsY is
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peripherally associated with the membrane (de Leeuw, 1997) and is required for the GTP-
dependent release of RNC's from the SRP. Upon release from SRP, RNC's bind to SecA and the
SecYEG complex, demonstrating that the SecB- and SRP-mediated targeting routes converge at
the translocase (Valent, 1998). Several secretory proteins and, especially, cytoplasmic membrane
proteins use the SRP-mediated pathway of targeting to the cytoplasmic membrane (Phillips and
Silhavy, 1992, Luirink et al., 1994, Ulbrandt et al., 1997). Their general hydrophobicity may
make cytoplasmic membrane proteins more prone to aggregation and dependent on a co-
translational targeting pathway to the cytoplasmic membrane (De Gier et al., 1997). The role of
the SecA protein in SRP-mediated targeting is unresolved. Although RNC's are cross-linked to
SecA in vitro (Valent et al., 1998), it cannot be excluded that targeting and transfer of the
nascent chain from SRP to SecYEG occurs without a requirement for SecA.

Fig. 2. (A) Primary structure of
SecA. Relative positions of the
Walker A and B motives from NBS I
and II are indicated, as well as the
mapped binding sites for the
preprotein and SecB. (B) Topology
of the integral membrane subunits
of translocase in the cytoplasmic
membrane. Mapped interactions
between SecY and SecE are
indicated by arrows (see text for
details). N and C depict the amino-
and carboxy-termini of the proteins,
respectively.

STRUCTURAL CHARACTERISTICS AND INTERACTIONS OF THE TRANSLOCASE SUBUNITS
The SecA ATPase is an indispensable and unique bacterial protein. Indicative of its importance
is its size: a homodimeric protein consisting of 102 kDa subunits (Cabelli et al., 1988; Akita et
al., 1991; Driessen, 1993). It is the most abundant component of the translocation machinery in
the E. coli cell (Driessen, 1994), and has a balanced cellular distribution between soluble and
membrane-bound states (Cabelli et al., 1991). The expression level of SecA correlates with the
requirement for translocation (Oliver and Beckwith, 1982) and is autoregulated by SecA binding
to its own mRNA (Schmidt and Oliver, 1989). SecA binds to the cytoplasmic membrane via low
affinity interactions with the lipid bilayer and with a high affinity for SecYEG (Hartl et al.,
1991). Once bound to SecYEG, SecA is primed for the interaction with SecB/precursor
complexes (Hartl et al., 1990). SecA also recognises the signal sequence and the mature part of
preproteins and the interaction of preproteins with the SecYEG bound SecA strongly stimulates
its ATPase activity (Lill et al., 1990). The SecA binding sites for translocation ligands have been
mapped to regions in the primary sequence (Figure 2A). SecA contains two nucleotide binding
sites (NBS’s) composed of the Walker A (GXXXXGKT) and B (hXhhD; h is hydrophobic)
motives found in many ATPases (Walker et al., 1982). The amino-terminal NBS-I has a much
higher affinity (Kd,ADP = 0.13 µM) than the more distal NBS-II (Kd,ADP = 300-500 µM; Mitchell
and Oliver, 1993). The role of NBS-II in translocation is unclear. ATP-derived cross-linkers
revealed that NBS-II is part of the interface between the SecA subunits in the homodimer (van
der Wolk et al., 1997a). In between the NBS's lies the region of SecA that interacts with
preproteins (Kimura et al., 1991). The SecA carboxy-terminal third is involved in its
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dimerization (Hirano et al., 1996) and the interaction with SecY (Snyders et al., 1997). At its
extreme carboxy-terminus, SecA contains a stretch of 20 amino acids that binds SecB (Fekkes et
al., 1997). Its size and complexity allow SecA to function both as the receptor and as the ATP-
driven molecular motor of the translocase.

SecY is the largest subunit of the SecYEG complex, with a molecular mass of 48 kDa
and ten hydrophobic segments that span the cytoplasmic membrane (Akiyama and Ito, 1987;
Figure 2B). SecE (14 kDa) has three transmembrane segments (TMS’s), of which only the most
carboxy-terminal TMS is absolutely required for protein translocation (Schatz et al., 1991;
Figure 2B). SecY is stabilised by an equimolar amount of SecE and excess SecY is rapidly
degraded by the membrane-bound protease FtsH (Taura et al., 1993; Kihara et al., 1995). SecY
and SecE form a stable complex, that does not dissociate in the cytoplasmic membrane or upon
solubilization (Brundage et al., 1991; Joly et al., 1994). Mutational analyses of SecY and SecE
have revealed several regions of interaction between the two proteins. The fourth cytoplasmic
domain (C4) of SecY (Baba et al., 1994), and the highly conserved C2 of SecE (Murphy and
Beckwith, 1994; Pohlschröder et al., 1996) are sensitive to mutations that affect a stable SecY/E
interaction. Allele-specific synthetic lethality between prlA and prlG mutations suggests
interactions of SecE TMS3 with SecY TMS7 and 10, and between SecY periplasmic domain 1
(P1) and SecE P2 (Flower et al., 1995). The latter contact has been verified by cysteine scanning
mutagenesis and in vivo cross-linking (Harris and Silhavy, 1999). Specific contacts have been
mapped at the interface between SecY TMS2 and SecE TMS3 (Chapter 3). SecG (11.5 kDa)
traverses the membrane twice, and possesses a cytosolic hydrophobic segment, making the total
protein highly hydrophobic (Nishiyama et al., 1996; Figure 2B). SecG binds to SecY
independently of SecE (Homma et al., 1997) and appears more loosely associated because it is
exchanged between different SecYE complexes in the cytoplasmic membrane (Joly et al., 1994).
Although signal sequence suppressor (prl) mutations have been identified in all three subunits of
the SecYEG complex, interaction with a translocating preprotein has only been demonstrated for
SecY (Joly et al., 1994).

SecA binds to the SecYEG complex via a direct interaction with SecY. This interaction
can be cross-linked in vivo (Chapter 2) and comprises at least the first 107 amino acids of SecY
(Snyders et al., 1997). SecY may have multiple sites of interaction with SecA, as a mutation in
the most carboxy-terminal domain of SecY (C6) disturbs SecA binding and the translocation
reaction (Matsumoto et al., 1997), whereas a single amino acid substitution in TMS7 improves
SecA binding and translocation (Chapter 4). Improved binding of SecA to SecY is responsible
for the reduced signal sequence specificity of the prlA4 mutant, which harbours mutations in
TMS7 and TMS10 (van der Wolk et al., 1998). Coupled structural changes during translocation
suggest that SecA also interacts with SecG (Nishiyama et al., 1996; Suzuki et al., 1998) and
with TMS3 of SecE (Chapter3).

THE TRANSLOCATION REACTION
In vitro protein translocation is generally reconstituted by purified SecB, SecA, a chemically
unfolded preprotein and urea-treated inverted inner membrane vesicles (IMV's). The
translocation reaction is energised with ATP and measured via the precursor-stimulated ATP
hydrolysis by SecA (the translocation ATPase), or protease-protection of accumulated
preproteins (Lill et al., 1989, 1990; Tani et al., 1989; Cunningham et al., 1989). The detailed in
vitro analysis of protein translocation has evolved in a catalytic model for the translocation
reaction and has revealed features of the subunit dynamics of translocase. Translocation is a
stepwise process that results in translocation intermediates which can be visualised on SDS-
PAGE as proteolytic truncates of the translocating preprotein. The formation of intermediates is
coupled to the reaction cycle of SecA, as they are more abundant at low ATP concentrations and
because their stability depends on the presence of both SecA and ATP (Schiebel et al., 1991).
The major translocation intermediates of the precursor of outer membrane protein A (proOmpA)
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are determined by hydrophobic stretches in its primary sequence (Sato et al., 1997a). The slowed
translocation of hydrophobic sequences may be an important feature of the translocase with
respect to membrane protein integration. Hydrophobic sequences in cytoplasmic membrane
proteins serve as 'stop-transfer' sequences which halt the translocation reaction to allow their
integration into the lipid bilayer (Von Heijne, 1994, 1997). The hydrophobic segments in
proOmpA indeed serve as stop-transfer signals when placed at adjacent positions (Sato et al.,
1997b). Importantly, membrane integration of segments with a 'threshold' hydrophobicity
depends on the kinetics of the translocation reaction (Duong and Wickner, 1998). The stop-
transfer event is thus a well-orchestered process, determined by the translocating polypeptide as
well as the translocase. Independent of the proOmpA primary sequence, its translocation
proceeds in steps of approximately 5 kDa (van der Wolk et al., 1998). In contrast, disulphide-
bonded loops in proOmpA with a maximal size of only 20 amino acids can be handled by the
translocase (Uchida et al., 1995). The step-size in translocation actually represents two distinct
catalytic events in the SecA reaction cycle. These two events can be distinguished by addition of
the SecA inhibitor sodium azide, which traps the reaction cycle in an intermediate stage and
reduces the step-size of translocation to 2-2.5 kDa (van der Wolk et al., 1997b).

Translocation is stimulated by the presence of a proton-motive force (pmf) both with
IMV's and with the purified and reconstituted translocase (Geller et al., 1986; De Vrije et al.,
1987; Yamane et al., 1987; Brundage et al., 1990). The pmf affects several aspects of the
translocation reaction, via mechanisms that are mostly unclear. The binding of signal sequences
to the cytoplasmic membrane and their subsequent insertion is altered by the presence of a pmf,
and this optimises the initiation of translocation (de Vrije et al., 1990; Nouwen et al., 1996a).
The pore-size of the translocation channel may be affected, as the translocation of a disulphide-
bonded loop in proOmpA is dependent on the pmf (Tani et al., 1990). Upon the removal of
SecA from translocation intermediates, they can be further translocated by the pmf (Schiebel et
al., 1991). In the absence of SecA, ATP and the pmf, reverse translocation occurs (hysteresis
movement of the polypeptide chain) and one of the contributions of the pmf to the translocation
reaction is to provide unidirectionality (Driessen, 1992). Finally, the pmf optimises the SecA
reaction cycle. The rate-limiting release of ADP from SecA is promoted by the pmf (Shiozuka et
al., 1990) and conformational transitions of the SecA molecule during translocation are
accelerated (Nishiyama et al., 1999). The influence of the pmf on the SecA reaction cycle is a
dominant factor in the translocation reaction, since excess SecA renders the translocation
reaction pmf-independent (Yamada et al., 1989). In prlA mutants, translocation is pmf-
independent due to an altered gating of the translocase (Nouwen et al., 1996b), and/or the
increased affinity of SecA for the SecYEG complex (van der Wolk et al., 1998; Chapter 4). The
latter will lead to a more permanent SecA binding to the translocation channel. This will
optimise SecA- and ATP-driven translocation and prevent the translocation of preprotein
segments by the pmf. The high affinity of SecA for SecYEG carrying a prlA mutation may
furthermore stabilise the active translocation channel, consisting of tetrameric SecYEG (see
below). On the other hand, the prlA and prlG mutations result in a loosened association among
the SecYEG subunits (Duong and Wickner, 1999). This may increase the pore-size or flexibility
of the translocation channel, resulting in altered gating, pmf independency, and improved SecA
membrane insertion.

THE PROTEIN CONDUCTING CHANNEL
SecYEG provides the structural basis for the proteinaceous channels across the cytoplasmic
membrane which can be observed as ion-conducting pores upon the addition of translocation
ligands (Simon and Blobel, 1992; Kawasaki et al., 1993). The protein conducting channel is not
in contact with the surrounding lipid bilayer, as translocating preproteins are shielded from
phospholipids and are mainly in contact with SecA and SecY (Joly et al., 1993). Like the
homologues Sec61p complex, SecYEG is likely to oligomerise thus constituting the protein-
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conducting channel. Electron microscopical analysis of purified Sec61p revealed quasi-
pentagonal structures with a 2 nm central pore or indentation. These structures represent
oligomers of 2-4 Sec61p complexes (Hanein et al., 1996). The central cavity in the ribosome
bound Sec61p aligns with the putative protein conducting channel of the large ribosomal
subunit, suggesting an alignment of conduits in co-translational translocation (Beckman et al.,
1998). The SecYE complex from the Gram-positive bacterium Bacillus subtilis forms structures
that resemble Sec61p (Meyer et al., 1999). Although B. subtilis SecG stimulates translocation in
a manner similar to E. coli SecG (van Wely et al., 1999), it is thus dispensable for formation of
the translocation channel. This is consistent with data in E. coli that indicate that SecYE is the
minimal constituent of the integral membrane translocase domain, albeit with a much reduced
activity as compared to SecYEG (Duong et al., 1997a). The formation of the purified Sec61p
oligomer is dependent on the addition of ribosomes or co-reconstitution with the yeast Sec62/63
complex (Hanein et al., 1996). The B. subtilis SecYE structure is visible without any
preincubation with translocation ligands (Meyer et al., 1999), and is therefore either more stable
during purification and reconstitution, or regulated differently than Sec61p. It is questionable
whether the structures observed with either Sec61p or SecYE in the absence of translocation
conditions represent the active protein-conducting channel. The Sec61p structure cannot account
for the 4-6 nm pore through which nascent chains pass the ER membrane (Hamman et al.,
1997). These pores are formed upon incubation with RNC’s and are observed in addition to
smaller, 1.5-2.5 nm pores that are also present without such preincubation (Hamman et al.,
1998). The recruitment of additional subunits may underlie the increase in channel size of the
active translocon. Electron microscopical analysis of the purified E. coli SecYEG complex
revealed the presence of two channel-like structures, one of which was a SecYEG dimer and
resembled Sec61p or B. subtilis SecYE. A larger structure with an increased central indentation
consisted of four SecYEG complexes and was only formed after incubation with membrane-
inserted SecA or a translocation intermediate (Chapter 5). A tetrameric assembly therefore
appears to represent the active conformation of SecYEG. The protein conducting channel is thus
a highly plastic structure constituted by different oligomeric assemblies of Sec61p or SecYEG
complexes.

SecA may be an intrinsic and integral subunit of translocase, as cysteines in the SecA
carboxy-terminus can be labelled from the periplasmic side of the membrane (Kim et al., 1994;
van der Does et al., 1996; Eichler and Wickner, 1998). This periplasmic exposure of the SecA
molecule is not dependent on translocation and, remarkably, the labelled cysteines are part of the
SecB binding site (Fekkes et al., 1997, 1998). Upon the introduction of additional cysteines in
SecA, multiple regions of the molecule have been shown to be periplasmically accessible for
thiol-reactive probes (Ramamurthy et al., 1997). The topology studies on SecA must be
interpreted with caution, as SecA is bound to the transmembrane structure formed by the
SecYEG complex that encompasses a large pore through which labelling may occur.

A MECHANISTIC MODEL FOR TRANSLOCATION
SecA is a highly dynamic molecule, that undergoes extensive nucleotide-modulated
conformational changes in solution (den Blaauwen et al., 1996). When bound to the SecYEG
complex, these conformational changes may be responsible for the transmembrane movement of
a translocating polypeptide. Economou et al. (1994) used 125I-labelled SecA in the in vitro
protein translocation reaction, and hereby showed that a radiolabelled proteolytic 30 kDa
fragment of the SecA arises during translocation conditions. The fragment is susceptible for
proteolysis upon the addition of detergent or after repeated cycles of freeze-thawing and can be
chased by excess cold SecA. From this, it was concluded that the 30 kDa fragment is protected
from the proteolysis by the cytoplasmic membrane, and represents cycles of SecA membrane
insertion and deinsertion at SecYEG during translocation. The 30 kDa fragment is a carboxy-
terminal domain of SecA (Price et al., 1996), and is shielded from phospholipids, presumably by
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Fig. 3. A mechanistic model for the translocation reaction. Translocation of a polypeptide segment
occurs as a step-wise process, related to the SecA reaction cycle. A translocation intermediate is
associated with ADP-bound SecA (1). In a rate-limiting step ADP is exchanged for ATP, resulting
in the membrane insertion of SecA and a concomitant preprotein translocation of ~ 2.5 kDa. This
stage of the translocation reaction is short-lived and only results in the formation of translocation
intermediates when trapped with AMP-PNP or sodium azide (2). Next, ATP is hydrolysed, SecA
releases the preprotein and deinserts from the membrane. It can now be exchanged with cytosolic
SecA and at SecA-free translocation sites, the pmf can drive further translocation (3). Re-binding
of SecA to the precursor results in the translocation of another ~ 2.5 kDa and halts translocation at
the position of a novel translocation intermediate (1a). The total step-size resulting from the SecA
reaction cycle is ~ 5 kDa. ATP binding and hydrolysis will initiate another cycle of SecA membrane
insertion and deinsertion.

the SecYEG complex (Eichler et al., 1997a). Several findings support the correlation between
the 30 kDa fragment and translocation. Formation of the 30 kDa fragment requires a functional
SecA NBS-I (Economou et al., 1995; Rajapandi and Oliver, 1996) and a productive interaction
between SecA and SecY (Matsumoto et al., 1997). The SecDF(yajC) complex modulates the
translocase in a manner that stabilises both the 30 kDa fragment and translocation intermediates
(Economou et al., 1995; Duong and Wickner, 1997b). The membrane-inserted state of SecA
represented by the 30 kDa fragment is trapped by non-hydrolysable ATP analogues (Economou
et al., 1994, 1995) or sodium azide (van der Wolk et al., 1997b). The pmf reduces 30 kDa and
optimises the transition of SecA from its inserted to its deinserted state (Nishiyama et al., 1999).
The carboxy-terminal region of SecA that comprises the 30 kDa fragment is the only part of the
molecule that is iodinated. By using other detection techniques various other proteolytic
fragments of soluble and membrane-bound SecA can be visualised, of which some are
nucleotide-modulated (Price et al. 1996; den Blaauwen et al., 1996; Chen et al., 1996). An
amino-terminal 35S-labelled 65 kDa proteolytic fragment of SecA correlates with translocation in
a manner similar to the carboxy-terminal 30 kDa fragment (Eichler and Wickner, 1997) and by
these criteria, it has been suggested that the entire SecA protein may insert into the membrane at
a certain stage of the translocation reaction. A two-step reaction model that includes SecA
membrane insertion is shown in Figure 3. The model is based on translocation of 2-2.5 kDa of
the preprotein upon SecA binding, and a similar step upon ATP binding, leading to SecA
membrane insertion (Tani et al., 1989, 1990; Schiebel et al., 1991; Economou et al., 1994). The
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total step size of a complete reaction cycle is 5 kDa (van der Wolk et al., 1997b). The exchange
of ADP for ATP after ATP hydrolysis and SecA deinsertion (Shiozuka et al., 1990; Economou
et al., 1995) is rate limiting, and determines the size of translocation intermediates. Intermediates
associated with SecA membrane insertion can only be visualised when trapped with sodium
azide (van der Wolk et al., 1997b).

Although the proteolytic protection of the 30 and 65 kDa fragments correlates with
translocation, experimental and hypothetical arguments contradict their membrane insertion.
Firstly, detergent-solubilised SecYEG supports formation of the 30 kDa SecA fragment upon the
addition of the non-hydrolysable ATP-analogue AMP-PNP. In this case, SecYEG is degraded to
near completion, showing that the 30 kDa fragment is intrinsically stable to proteolysis and does
not require insertion into the SecYEG complex (van der Does et al., 1998). Secondly, the SecA
dimer is an elongated molecule with a maximal width of 8 nm and a length of 15 nm (Shilton et
al., 1998). The size of the SecYEG complex or the thickness of the lipid bilayer are far from
sufficient to accommodate the SecA molecule, or large domains of it. Conformational changes in
SecA that lead to proteinase-protection may therefore not represent membrane insertion, and
other (e.g. hinge- or diaphragm-like) mechanisms of SecA-mediated translocation should not be
excluded. As a total enzyme, translocase is highly dynamic. SecG undergoes inversions of its
membrane topology during translocation and this optimises the SecA reaction cycle (Nishiyama
et al., 1996, Suzuki et al., 1998). SecE molecules are rearranged within the SecYEG oligomer
such that they can be cross-linked with high efficacy via unique cysteines positioned in one
helical face of TMS3 (Chapter 3). The co-ordinated interaction and dynamics of all translocase
subunits make it the unique molecular machinery that allows protein translocation across the
cytoplasmic membrane of bacteria, in a fashion that is still far from understood. More insight in
the mechanism of translocation will be obtained from the thermodynamics of the translocation
reaction, detailed structural analysis of SecA, SecYEG and translocase, as well as the surface
topography of the SecA molecule during translocation.
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CHAPTER 2

IN VIVO CROSS-LINKING OF THE SECA AND SECY SUBUNITS OF THE
ESCHERICHIA COLI PREPROTEIN TRANSLOCASE

Precursor protein translocation across the Escherichia coli inner membrane is mediated by
the translocase which is composed of a heterotrimeric integral membrane protein complex
with SecY, SecE, and SecG as subunits, and peripherally bound SecA. Cross-linking
experiments were conducted to study which proteins are associated with SecA in vivo.
Formaldehyde treatment of intact cells results in the specific cross-linking of SecA to SecY.
Concurrently with the increased membrane association of SecA, an elevated amount of cross-
linked product was obtained in cells harbouring overproduced SecYEG complex. Cross-
linked SecA co-purified with hexa-histidine tagged SecY, and not with SecE. The data
indicate that SecA and SecY co-exist as a stable complex in the cytoplasmic membrane in
vivo.

INTRODUCTION
In Escherichia coli and other bacteria, secretory proteins are translocated across the cytoplasmic
membrane as precursors (or preproteins) by a multimeric integral membrane protein complex
termed translocase (reviewed in: Wickner et al., 1991; Driessen, 1994). Core components of the
translocase are the SecA, SecY, SecE, and SecG polypeptides (Brundage et al., 1990; Hanada et
al., 1994; reviewed in: Ito, 1992; Oliver, 1993). SecA is a large homodimeric protein (Driessen,
1993), with preprotein-stimulated ATPase activity (Lill et al., 1989). It is found both free in the
cytosol and peripherally associated with the inner membrane (Cunningham et al., 1989; Cabelli et
al., 1988, 1991). SecY, SecE, and SecG are integral membrane proteins that can be purified in
detergent solution as a heterotrimeric complex (Brundage et al., 1990, 1992). This complex, or a
mixture of the individual purified subunits, suffices for reconstitution of the SecA- and energy-
(ATP and proton-motive force) dependent preprotein translocation into proteoliposomes (Brundage
et al., 1990, 1992; Driessen, 1992; Nishiyama et al., 1993; Hanada et al., 1994).

A variety of biochemical and genetic evidence indicates that the subunits of the translocase
are interacting polypeptides. SecY, SecE, and SecG can be isolated and co-immunoprecipitated as a
stable complex (Brundage et al., 1990, 1992). SecE stabilizes SecY (Matsuyama et al., 1990), and
protects it against proteolysis by FtsH, a membrane-bound ATP-dependent protease (Kihara et al.,
1995). Further studies have defined the interacting regions of SecY and SecE (Schatz et al., 1991;
Baba et al., 1994; Flower et al., 1995). In wild-type cells, newly synthesized SecY immediately
associates with SecE to form a complex that does not dissociate over time or during translocation,
whereas SecG appears to be a less stable subunit of the translocase (Joly et al., 1994). In contrast,
from genetic data it can be argued that SecE and SecY are dissociable proteins (Bieker and Silhavy,
1990, 1992).

SecA is a dissociable subunit of the translocase, and appears to cycle in an ATP-dependent
fashion between cytosol and membrane (Breukink et al., 1992; Van der Wolk et al., 1993;
Economou and Wickner, 1994), although it has been argued that this process may not be necessary
for the translocation reaction per se (Chen et al., 1996). Membrane binding of SecA occurs with
high affinity at the SecYEG complex (Hartl et al., 1990; Douville et al., 1995) and with low affinity
to phospholipids (Lill et al., 1990; Hendrick and Wickner, 1991). Using ligand affinity blotting, a
direct interaction between SecA and SecY has been demonstrated (Snyders et al., 1997). This
interaction appears to involve the amino-terminal halve of SecY and the carboxyl-terminal third of
SecA. SecY and SecA can both be photoaffinity cross-linked to the preprotein proOmpA during
translocation, suggesting that these two Sec-proteins are in the nearest vicinity of a translocating
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polypeptide chain (Joly and Wickner, 1993). The SecYEG-bound SecA is accessible to trypsin
digestion from the periplasmic surface (Kim et al., 1994; Van der Does et al., 1996; Chen et al.,
1996), suggesting that it may traverse the membrane. In the presence of preprotein and ATP, a 30-
kDa carboxyl-terminal domain of SecA has been shown to adopt a membrane-protected, proteinase
inaccessible conformation (Economou and Wickner, 1994; Economou et al., 1995; Price et al.,
1996). This has led to the suggestion that the stepwise translocation of preproteins across the
membrane (Schiebel et al., 1990) is coupled to ATP-dependent cycles of the membrane insertion
and de-insertion of the carboxyl-terminal SecA domain  (Economou and Wickner, 1994).
Strikingly, this process seems to be coupled to a reversible membrane topology inversion of the
SecG subunit of the translocase (Nishiyama et al., 1996).

Most of the data on the interaction between Sec-proteins has been gathered from in vitro
studies using isolated membrane vesicles and cytosolic components. We have now employed an in
vivo cross-linking approach to identify SecA-interacting proteins in intact cells. Cross-linking
results in the formation of a 150-kDa protein complex, that in addition to SecA harbours the SecY
protein. These data support recent in vitro suggestions (Van der Does et al., 1996; Chen et al.,
1996) that SecA is an intrinsic subunit of the translocase.

RESULTS

Fig. 1. In vivo formaldehyde cross-linking of SecA to SecY. Anti-SecA (A), -SecY (B), and -SecB (C)
immunoblots of E. coli D10 cells incubated without (lanes 1 and 2) and with (lanes 3 and 4) 0.1 % (w/v)
formaldehyde (H2CO). Prior to SDS-PAGE, part of the samples was heated at 100 °C (lanes 2 and 4)
to reverse the cross-linking. The 150-kDa complex identified by the cross-linking is indicated by an
open arrow, while the positions of SecA, SecY and SecB proteins are indicated by closed arrows.
Cross-linked SecB di- and trimers are indicated with open arrows. For the detection of SecA and SecY
cross-links, 7.5 % SDS-PAGE was used with an optimal separation of proteins with a Mr between 50
and 300 kDa. For the detection of SecB, 12 % SDS-PAGE was used.
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In vivo cross-linking of SecA-associated proteins. Wild-type D10 cells were cross-linked
with formaldehyde, and analysed by SDS-PAGE and immunoblotting using an oligoclonal
antibody (oAb, mixture of monoclonal antibodies) directed against SecA (Den Blaauwen et al.,
1997). In the presence of 0.1 % (w/v) of formaldehyde, a specific cross-linked protein complex was
obtained with a relative molecular mass (Mr) of 150-kDa (Fig. 1A, compare lane 1 and 3). In
addition, a cross-linked product was observed (lane 3) with a Mr of about 180 kDa (lane 1). The 180
kDa represents dimeric SecA protein as was confirmed by cross-linking of purified SecA (not
shown), and was also present in unboiled samples not incubated with formaldehyde (Fig. 1A, lane
1). Most of the cellular SecA is not cross-linked and remained visible as a monomer on SDS-PAGE
with a Mr of 100 kDa. Formaldehyde-dependent cross-linking of proteins is reversible, and both
complexes were found to disintegrate upon extensive boiling (lane 4). When higher concentrations
of formaldehyde were employed, i.e., 0.5 to 1 % (w/v), the specificity of cross-linking was lost, and
a smear of protein aggregates with a Mr larger than 250 kDa was identified by the anti-SecA oAb
(data not shown). To assess whether the cross-linked complex contains any of the integral
membrane subunits of the translocase, blots were developed with polyclonal antibodies (pAb's) that
recognize SecY, SecG, or SecE. The anti-SecY pAb detected a protein complex with a Mr of 150-
kDa in the cross-linked sample (Fig. 1B, lane 3), while with the anti-SecE and -SecG pAb no
specific protein complexes were found in this molecular weight range (not shown).

Cross-linking of the cytosolic chaperone SecB was examined since SecA binds to SecB
with high affinity (Hartl et al., 1990), and the molecular weight of a SecB tetramer (64 kDa) could
also account for a ~160 kDa SecA-associated complex. With 0.1 % formaldehyde, a minor fraction
of the SecB was found to be cross-linked (Fig. 1C). The products were tentatively identified as
dimers and trimers, as similar cross-links were found with purified SecB (Fekkes, 1997). No SecB
was present in the 100-200 kDa range, and it is therefore unlikely that the 150-kDa complex
contains cross-linked SecB. These data suggest that the 150-kDa complex is composed of at least
monomeric SecA together with SecY protein.

Fig. 2. Overproduction of the SecYEG complex results in the increased cross-linking of SecA as 150-
kDa complex. Experiments were performed with E. coli NO2947 cells transformed with pET324
(control) or pET340 (SecYEG+). (A) Cells were incubated without (lanes 1 and 3) or with (lanes 2 and
4) 0.1 % (w/v) formaldehyde (H2CO) and analysed by 7.5 % SDS-PAGE and immunoblotting using
anti-SecA oAb. (B) Anti-SecA immunoblots of dilution series of sucrose gradient-purified inner
membrane vesicles from control cells and SecYEG+ cells. A ratio of 1:1 indicates 5 µg of total
membrane protein.
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Fig. 3.  Functional overexpression of the SecYEG
complex with His-tagged SecY and SecE proteins.
(A) Membranes derived from strain NO2947
bearing pET324 (control, lane 1), pET340
(SecYEG+, lane 2), pET349 (SechYnEG+, lane 3),
pET512 (SechYcEG+, lane 4) and pET320
(SecYhEnG+, lane 5) were analysed by SDS-PAGE
on 15 % gel, and immunoblotting using pAbs
against SecY, SecE , and SecG, as indicated. (B)
SecA ATPase activities of the membranes shown in
(A). Assays were performed as described in the
Materials and Methods section with urea-treated
membranes. Open bars represent SecA ATPase
activity in the absence, and solid bars in the
presence of preprotein. Data shown are the average
and standard deviation of three independent
experiments.

Overproduction of SecYEG results in an increased cross-linking of the 150-kDa
complex. In order to substantiate the polypeptide composition of the formaldehyde cross-linked
150-kDa complex, in vivo cross-linking experiments were performed with cells that overproduce
the SecYEG complex. E. coli strain NO2947, which gives the highest levels of SecYEG
overproduction (Van derDoes, 1997) was transformed with plasmid pET342 carrying the secY,
secE, and secG genes in tandem with individual ribosome binding sites, or with plasmid pET324, a
control plasmid lacking the sec genes. Formaldehyde cross-linking of SecYEG-overproducing cells
(termed SecYEG+) again resulted in the formation of the 150-kDa complex, but the amount formed
was substantially larger (i.e. 8-fold, based upon densitometric scanning) as observed with the
parental strain containing the control plasmid (Fig. 2A). The elevated level of 150-kDa complex
formed in the SecYEG+ strain correlated with the approximately 8-fold increased amount of SecA
present in sucrose gradient-purified inner membranes (Fig.2B).

Isolation of the SecA-containing 150-kDa complex. To enable purification and
unequivocal identification of the polypeptide composition of the cross-linked 150-kDa complex, a
six histidine-tag was introduced at the amino- or carboxy-terminus of SecY, and the N-terminus of
SecE. The genes were cloned individually in tandem behind the trc-promoter in the order secY-
secE-secG as has been described for the non-tagged genes (Van der Does et al., 1996). Strain
NO2947 was transformed with pET324 (control), pET340 (SecYEG+), pET349 (SechYnEG+,
designating a His-tag on the SecY protein), pET512 (SechYcEG+, designating a His-tag on the C-
terminus of SecY), and pET320 (SecYhEnG+, designating a His-tag on the SecE protein).
Immunoblot analysis of isolated membranes using SecY, SecE, and SecG-specific pAbs revealed
that the His-tagged proteins were overexpressed in similar amounts as the untagged proteins (Fig.
3A). The His-tag at SecY or SecE does not interfere with the activity of the translocase, as urea-
treated membranes derived from the various strains exhibited identical SecA translocation ATPase
activities that were around 20-fold higher than the activity found for the parental strain (Fig. 3B).

Cells that overproduce the SecYEG complex with His-tagged SecY or SecE proteins were
incubated with or without 0.1 % formaldehyde. After disruption by sonication, membranes were
isolated, solubilized with octylglucoside and loaded onto Ni2+-NTA columns. After several
washing-steps, proteins were eluted with imidazole and analysed by immunoblotting with anti-
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SecA oAb. Only in case of the N- or C-terminally His-tagged SecY, the elution fraction from the
cross-linked samples showed the presence of the 150-kDa complex (Fig. 4, lanes 3 and 4). The
minor amount of non-crosslinked SecA observed in the eluted fractions is most likely due to a
dissociation of  some of the cross-linked complex at 60 °C. Hardly any SecA or SecA-containing
complex was specifically eluted from the column loaded with the sample containing the His-
tagged SecE, or with His-tagged SecY when the sample was not cross-linked (Fig. 4, lanes 5 and
2, respectively). Since His-tagged SecY and SecE can be readily purified as individual proteins by
the Ni2+-NTA affinity chromatography (Van derDoes, 1997), the lack of a SecA-containing
complex in the imidazole eluted fractions using the His-tagged SecE is not due to the lack of
binding of this protein to the column-resin. As a control, elution fractions were stained with anti-
SecY or anti-SecE pAb, showing that His-tagged SecY and SecE were purified specifically from
the expected samples. These data unequivocally identify  SecA and SecY as the cross-linking
partners of the 150-kDa complex.

Fig. 4. Purification of 150-kDa
complex through His-tagged SecY.
Immunoblots of elution fractions
after Ni2+-purification of the indicated
samples. On blots developed with
anti-SecA oAb, 150-kDa complex is
visible only in fractions from cross-
linked samples containing His-tagged
SecY (upper panel). His-tagged SecY
and SecE are stained in the
appropriate samples, both before and
after cross-linking (middle and lower
panel, respectively). For the anti-
SecA blot, samples were run on 7.5 %
SDS-PAGE gel, for the anti-SecY and
-SecE blots on 15 % gel.

DISCUSSION
The general protein secretory pathway in E. coli is an extensively studied model system for
preprotein transport in bacteria. Various biochemical approaches have shown that SecY, SecE, and
SecG interact, forming a heterotrimeric integral membrane protein complex. This complex
functionally interacts with the SecA protein to form a catalytically active assembly termed
translocase, which satisfies the minimal requirement to reconstitute efficient preprotein
translocation in vitro. In this report we have used an in vivo cross-linking approach to analyse the
SecA interaction with the SecYEG complex. The use of formaldehyde as cross-linker allowed the
identification of a specific interaction between SecA and SecY in intact cells. This interaction most
likely is a direct one, since it is detected in in vitro ligand affinity blotting experiments (Snyders et
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al., 1997). It is well established that the SecY, SecE, and SecG subunits interact (Matsuyama et al.,
1990; Taura et al., 1993; Hanada et al., 1994; Brundage et al., 1990, 1992; Douville et al., 1994;
Joly et al., 1994), and that the entire SecYEG complex is needed for specific SecA binding (Kim
and Oliver, 1994; Douville et al., 1995). SecA may also interact with other proteins, such as the
integral membrane proteins SecD and SecF (Economou et al., 1995), and the cytosolic chaperone
SecB (Hartl et al., 1989). However, the cross-linking approach did not reveal a specific interaction
of SecA with any other proteinaceous component of sufficient abundance. Since the detection of
complexes by cross-linking is limited by the availability and the proximity of reactive
groups, the absence of cross-linked complexes does not imply that there are no other in vivo
protein-protein interactions than the ones shown in this paper.

 The cross-linking reagent identified a 150-kDa complex that based on the estimated
molecular mass in SDS-PAGE contains SecY with monomeric SecA. Cytosolic SecA is normally
purified as a stable dimeric protein, and can be cross-linked as such by formaldehyde and
succinimidyl esters (Akita et al., 1991; Manting, 1997). Since the SecA dimer does not dissociate at
the translocase (Driessen, 1993), it seems that the conformation of the translocase bound SecA
differs from that of the cytosolic SecA in a manner that it cannot be efficiently cross-linked as a
dimer. Alternatively, a single SecA-SecY cross-linking event may induce a structural rearrange-
ment of the molecules and thereby prevent further cross-linking, or cause an aberrant behaviour of
the complex on SDS-PAGE gel. At high formaldehyde concentrations, SecA-containing complexes
with a Mr > 250 kDa were detected. However, the poor specificity of cross-linking under those
conditions prevented the detection of discrete protein bands. The amount of 150-kDa complex
formed was dependent on the strain used for cross-linking, and was for instance higher with strain
D10 and SF100 than with NO2947. Nevertheless, with each strain, the same specificity of cross-
linking was observed, i.e., formation of the SecA-containing 150-kDa complex only. The difference
may be related to the growth physiology and/or due to small variations in the level of functional
translocase.

The cross-linking experiments were aimed at the detection of SecA-associated proteins
under conditions that no translocation takes place, i.e., the idle state of SecA. Therefore, washed,
resting cells were used. A substantial fraction of the cellular SecA is membrane-associated under
these conditions, including a tightly bound subfraction (Cabelli et al., 1991). In SecYEG+ cells, an
even larger fraction of the cellular SecA is tightly membrane-associated, most likely due to an
elevation of the number of high affinity SecA membrane binding sites (Douville et al., 1995) . This
SecA is not removed upon sucrose-gradient purification of inner membranes, and is resistant to
urea-extraction (this study; Van der Does et al., 1996). It exposes its carboxy-terminus to the
periplasm, and is active in in vitro preprotein translocation (Van der Does et al., 1996). Since the
cross-linking yield correlates with the increase in the SecA-membrane assocation upon SecYEG
overproduction, it is concluded that the elevated cross-linking of SecA to SecY in SecYEG+ cells is
due to the enhanced level of functional translocase.

To elucidate the protein composition of the 150-kDa complex, His-tagged SecY and SecE
were used. In a similar way as described for the SecY and SecE proteins we constructed a plasmid
encoding N-terminally His-tagged SecG, but the protein could not be detected on immunoblots of
membranes isolated from the overproducing strain, and the construct was therefore not used in
further experiments. The presence of a His-tag at either the amino- or carboxyl-terminus of SecY,
or the amino-terminus of SecE, does not interfere with the functionality of the translocase. It is
important to stress that the presence of the His tag has no effect on the specificity of the translocase.
Unlike the prlA4 suppressor mutant of SecY, the (overproduced) His-tagged SecY was unable to
translocate a proOmpA mutant with a defective signal sequence, i.e., with a deletion Ile -8 of the
signal sequence (∆8proOmpA)(Van derDoes, 1997). These results imply that the His-tagged
proteins catalyse an authentic translocation reaction.

In conclusion, the in vivo cross-linking approach demonstrates a specific interaction
between SecA and SecY as a 150-kDa protein complex in the cytoplasmic membrane of intact
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cells. It appears that even in resting cells, these proteins stably interact at the membrane
translocation sites. Since the SecA cross-linking method discriminates between the SecYEG-bound
and non-bound fractions, it provides a convenient tool to probe the SecA membrane-association
state in vivo.

MATERIALS AND METHODS
Materials. Formaldehyde (37 % w/v in H2O) was from Sigma Chem. Co. (St. Louis, MO), Ni2+-

NTA agarose was obtained from QIAGEN Inc. (Chatsworth, CA), and Wizard miniprep columns from
Promega Co. (Madison, WI). A mixture of mouse monoclonal antibodies (oligoclonal) (Den Blaauwen et al.,
1997) was used to detect SecA on immunoblots. Antibodies against SecE and SecG were obtained by
immunizing rabbits with synthetic peptides corresponding to amino acids 64-81 for SecE
(KGKATVAFAREARTEVRK) and 89-98 for SecG (APAKTEQTQP), coupled to a multi-antigen peptide
(MAP) (Research Genetics, Huntsville, AL). Rabbit polyclonal antiserum against SecB and a synthetic
peptide corresponding to the 22 amino-terminal amino acids of SecY were generously provided by
W.Wickner (Dartmouth College, Hanover, NH).

Bacterial strains and plasmids. E. coli strains D10 (Geller et al., 1986), and NO2947 (Knol et al.,
1996) were used. For overproduction of SecYEG in strain NO2947, pET340 was used that harbours the secY,
secE and secG genes in tandem under control of the isopropyl-β-D-thiogalactopyranoside (IPTG)-inducible
trc promoter (Van der Does et al., 1996). pET324 was used as control plasmid lacking the sec genes.
Plasmids overproducing the SecYEG complex with amino-terminally His-tagged SecY (pET349) and SecE
(pET320) were obtained by insertion of a linker region in the NcoI sites in the start codons of the secY and
secE genes in pET340. The inserted linking sequence 5'-CCATGCATCACCATCACCATCACGATGAC-
GATGACAAAGCCATGG-3' codes for (H)6(D)4KA, i.e., a six His-tag followed by an enterokinase
recognition site. A His-tag preceded by an enterokinase site was introduced at the carboxy-terminus of SecY
via PCR. The oligonucleotide sequence 5'-CCAGGAATTCGTCCGGGA-3', encoding amino acids 354-358
of SecY and an EcoRI site, was used as a forward primer. The SalI digestible reverse primer 5'-
GAGAGTCGACTTAATGGGTGATGGTGATGGTGTTTGTCATCGTCATCTCGGCCGTAGCCTTTCA
G-3' encodes amino acids 437-442 of SecY, and adds the amino acid sequence (D)4K(H)6 to the carboxy-
terminus. The PCR-product was cloned into pBluescript II SK+ (Stratagene, La Jolla, CA) via EcoRI/SalI
digestion, and finally cloned in EcoRI-ClaI digested pET340 via EcoRI/AccI digestion, yielding pET512. All
constructs were confirmed by sequence analysis on a Vistra DNA sequencer 725 using the automated ∆taq
sequencing kit (both from Amersham, Buckinghamshire, U.K.). Isolation of plasmid DNA and other DNA
techniques followed standard procedures (Sambrook et al., 1989).

Growth of bacteria and isolation of cytoplasmic membranes. NO2947 cells transformed with the
various plasmids were grown aerobically at 37 °C on LB-broth containing 50 mg/l of ampicillin to an OD660

of 0.7. Exponentially growing cultures were then supplemented with 0.5 mM IPTG and growth was
continued to an OD660 of 1.0. Membrane vesicles were prepared by French pressure treatment (Chang et al.,
1979). SecA translocation ATPase activity in the presence of urea-extracted membranes (Cunningham et al.,
1989) was measured as described (Lill et al., 1989), using 100 µg/ml membrane proteins, 20 µg/ml SecA, 2
mM ATP, and in the absence or presence of 30 µg/ml proOmpA and 50 µg/ml SecB.

Cross-linking and protein analysis. In vivo cross-linking of intact cells was performed as described
(Prossnitz et al., 1988). Protein samples were analysed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) using 7.5-15 % acrylamide gels (Laemmli, 1970), followed by western blotting
onto immobilon-P polyvinylidene fluoride (PVDF) membranes (Millipore, Bedford, MA). The Protean II
system from Bio-Rad (Hercules, CA) was used for electrophoresis to obtain maximal separation of the cross-
linked complexes. Immunoblots were developed using CSPD chemoluminescent substrate, according to the
manufacturers recommendations (Tropix, Bedford, MA). Protein concentrations were determined using
Lowry assays (Lowry et al., 1951). For quantitative analysis of immunoblots developed with the
chemiluminescence kit, films of various exposures were densitometrically scanned using a Dextra DF-2400T
scanner (Dextra Technology Corp., Taipei, Taiwan) and analysed using SigmaScan/Image (Jandel Corp., San
Rafael, CA).

Purification of His-tagged proteins. After cross-linking, cells (10 ml, O.D.660 of 1.0) were washed
three times with 50 mM TrisCl, pH 8.0, containing 2 mM of PMSF and 5 mM p-aminobenzamidine,
resuspended in 1 ml of the same buffer, and disrupted through sonication. Remaining cells were spun down
(10 000 g), and membranes were collected from the supernatant by centrifugation (120 000 x g, 20 min). The
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pellet was solubilized in 250 µl buffer A (1.25 % [w/v] n-octyl-β-D-glucopyranoside, 20 % [w/v] glycerol,
300 mM NaCl, and 50 mM TrisCl, pH 8.0) for 1 h on ice, after which nonsolubilized material was removed
by centrifugation (120 000 x g, 20 min). To assure the presence of equal quantities of protein during the
purification procedure, 20 µl of the supernatant was analysed by SDS-PAGE followed by Coomassie
brilliant blue staining and immunoblotting using anti-SecA antibody. Solubilized proteins were incubated for
2 h at 4• C by constant shaking with Ni2+-NTA agarose beads that were pre-washed with buffer A. The
solution was transferred into Wizard miniprep columns, and flow-through fractions were collected by
centrifugation (Eppendorf centrifuge, 2 000 rpm, 1 min). The column material was washed five times with
200 µl of 30 mM imidazole in buffer A for 15 min, followed by centrifugation. Proteins that were
specifically bound were finally eluted with 100 µl of 250 mM imidazole in buffer A. Samples were analysed
by SDS-PAGE and immunoblotting.
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CHAPTER 3

CYSTEINE-DIRECTED CROSS-LINKING DEMONSTRATES THAT HELIX 3 OF
SECE IS CLOSE TO HELIX 2 OF SECY AND HELIX 3 OF A NEIGHBORING

SECE

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 uncouples 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.

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 (1, 2) or as completely synthesized polypeptides. Proteins which are secreted through the post-
translational pathway can be kept translocation competent by the export-dedicated molecular
chaperone SecB (3, 4). Both targeting routes converge at a membrane protein complex termed
translocase (5). Translocase consists of a peripherally membrane-associated ATPase, SecA (6), and
the SecYEG heterotrimeric integral membrane protein complex (7). The dimeric SecA is activated for
SecB recognition when bound to the membrane at SecYEG (4), (8). SecB donates the preprotein to
SecA, and is released into the cytosol upon the exchange of SecA-bound ADP for ATP (9). The latter
reaction elicits a conformational change that permits SecA domains to insert into the membrane with
the concomitant insertion of the preprotein (10). The inserted preprotein is released from its
association with SecA upon the hydrolysis of ATP (11) 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 (11-13). In the absence of SecA association,
translocation may also be driven by the proton motive force (11, 14).

The translocase holoenzyme is formed by only SecA, SecY and SecE (15, 16). However, SecG
co-purifies with the SecYE complex (7, 17) and its presence markedly enhances the efficiency of in
vitro preprotein translocation (18). SecD, SecF and YajC are integral membrane proteins that
assemble into a complex that interacts with SecYEG (16). They may add to the fidelity of the
translocation reaction as overexpression of the SecDFYajC complex stabilizes SecA in the membrane-
inserted state (19, 20). 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 (21,
22). In vitro experiments have demonstrated that the SecYEG complex suffices to support efficient
SecA-dependent preprotein translocation (7, 17, 23).

The SecYEG complex shares functional and structural characteristics with the Sec61p protein
conducting channel of the eukaryotic endoplasmic reticulum (24, 25). High-resolution electron
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microscopy images of the mammalian and yeast Sec61p complex show ring-like oligomeric
structures, which are formed after interaction with the ribosome (26, 27). These structures seem to
consist of two to four Sec61p trimers with a central pore. Recently, it has been shown that the
bacterial SecYE of Bacillus subtilis shows quasi-pentagonal structures, which resemble the Sec61p
system (28). 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 combination of SecY (prlA) and
SecE (prlG) signal sequence suppressor mutants suggest an interaction between the periplasmic loop 1
(P1) of SecY and P2 of SecE, and indicate that transmembrane segment (TMS) 7 and TMS 10 of
SecY are in close proximity of TMS 3 of SecE (29, 30). The cytoplasmic domain 4 (C4) of SecY has
been suggested to interact with C2 of SecE (31, 32). 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 the helix packing and structure-function relationships
in polytopic membrane proteins (33, 34). 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 (35), 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 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.

EXPERIMENTAL PROCEDURES
Materials. E. coli SecA (6), SecB (36) and proOmpA (37) were purified as described. ProOmpA was

iodinated as described for preAmyL (38), 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 (17). Polyclonal antibodies (pAbs) raised against purified His-tagged SecY
and SecE, and against a synthetic peptide corresponding to a SecG domain were obtained as described
previously (17). 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 (39) was used.
Cells were grown aerobically at 37 °C 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-γ-D-
thiogalactopyranoside (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 (17, 40). 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.).
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Plasmid Relevant Characteristics Mutations Source

pET349 N-terminal His-tagged SecYEG (17)
pET608  PET610 with SecY(C385S) C385S (TGC →AGC) (This study)
pET609 PET610 with SecY(C329C) C329S (TGT →AGT) (This study)
pET607 Cys-less SecYEG in pET610 (This study)
pET610 pET349 with ∆HincII in secE  L60L (CTG →CTC) (This study)
pET626 SecE(S105C) in pET607  S105C (TCA →TGT) ∆ClaI (ATCGAT →ATCGAC) (This study)
pET627 SecE (L106C) in pET607  L106C (CTG →TGT) ∆ClaI (ATCGAT →ATCGAC) (This study)
pET628 SecE(I107C) in pET607  I107C (ATC →TGC) ∆ClaI (ATCGAT →ATCGAC) (This study)
pET629 SecE(L108C) in pET607  L108C (CTG →TGT) ∆ClaI (ATCGAT →ATCGAC) (This study)
pET630 SecE(W109C) in pET607 W109C (TGT →TGT) ∆ClaI (ATCGAT →ATCGAC) (This study)
pET636 SecY(F78C) in pET607  F78C (TTT →TGT) Q146Q (CAA →CAG) (This study)
PET637 SecY(A79C) in pET607  A79C (GCT →TGT) Q146Q (CAA →CAG) (This study)
PET638 SecY(L80C) in pET607  L80C (CTG →TGT) Q146Q (CAA →CAG) (This study)
PET639 SecY(G81C) in pET607  G81C (GGG → TGT) Q146Q (CAA →CAG) (This study)
PET640 SecY(I82C) in pET607  I82C (ATC → TGC) Q146Q (CAA→ CAG) (This study)
pET301 SecE in pET324 (This study)
pET1602 SecE(S105C) in pET324 (This study)
pET1603 SecE (L106C) in pET324 (This study)
pET1604 SecE(I107C) in pET324 (This study)
pET1605 SecE(L108C) in pET324 (This study)
pET1606 SecE(W109C) in pET324 (This study)

Table 1. Plasmids used in this study. 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.

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 °C, 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 rpm, 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/mL, and stored in liquid nitrogen.
 Cross-linking. For assays of disulfide bridge formation, vesicles were incubated for 30 min on ice in
the presence of 1 mM Cu2+(phenanthroline)3 (oxidized) 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 analyzed 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 oxidized 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 of 125I-labelled 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 °C in the presence of 5 mM DTT or 1 mM Cu2+(phenanthroline)3.
Reactions were energized with 2 mM ATP, placed at 37 °C, 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 analyzed by SDS-PAGE on 12 %
PAA gels. For SecA membrane insertion assays, reactions were performed with 0.2 µg of 125I-labelled SecA
and unlabelled proOmpA.

Other analytical techniques. Binding assays were performed as described (41). Translocation ATPase
activity of urea-treated IMVs or SecYEG proteoliposomes was measured with proOmpA as substrate (42).
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SecA membrane insertion assay using 125I-SecA were performed as described (10). Protein concentrations were
determined by the method of Lowry (43) 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. These mutations are predicted to be located in the part
of the TMS close to the periplasmic face of the membrane (Figure 1; 44, 45). The single Cys SecY
and SecE mutants were cloned either individually or as pairs into the secYEG expression vector under
control of the trc promotor with a N-terminal His-tag on SecY (40) (See Table 1). Inner membrane
vesicles (IMVs) derived from cells that express 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
(46), it appears that with each of the Cys mutants a stable SecY-SecE interaction is achieved. IMVs
were analyzed 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

Fig. 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.



SecY/E interactions 33

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 (41) that expresses 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.

Fig. 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, lane 1], pET610
[SecYEG, lane 2], pET607 [Cys-less
SecYEG, lane 3], pET626
[SecYE(S105C)G, lane 4], pET627
[SecYE(L106C)G, lane 5], pET628
[SecYE(I107C)G, lane 6], pET629
[SecYE(L108C)G, lane 7] and
pET630 [SecYE(W109C)G, lane 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.

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 oxidized with 1 mM Cu2+(phenanthroline)3.
The reaction was then quenched with 10 mM neocuproine, and protein profiles were analyzed 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 (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
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Fig. 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 Fig. 4.

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 oxidizing conditions also
yielded a highly specific protein band with an apparent molecular mass of 28 kDa (Figure 3). This
cross-link 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 oxidized 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 (17).
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 normally interacts with SecY and SecG. Moreover, under oxidizing 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 SecYEG complex. This unequivocally
demonstrates that oxidation of the SecYE(L106C)G complex results in dimerization 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
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Fig. 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
µg/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-E).

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 visualize the cross-linked products without complete loss of the monomeric SecE signal.
As the unique dimerization 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 were 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).

Fig. 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 (A) and
presence of DTT (B). Samples were stained with Coomassie brilliant blue and the position of the SecE
dimer is indicated (SecE-E).
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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 analyzed 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 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 (11). 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 dimerization of SecE(L106C) inactivates
translocase in a reversible manner. The effect of oxidation of the SecY-SecE single cysteine pairs was
not further analyzed due to the low efficiency of disulfide bond formation.

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.

Dimerized 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 was effectively released after the addition of an
excess of unlabeled SecA (Figure 7A). This demonstrates that the dimerization 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 near to complete block of translocation, the SecA translocation ATPase
appears uncoupled from translocation. Membrane insertion of SecA was analyzed 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. Oxidizing
conditions strongly, but not completely, inhibited 30 kDa formation with the SecYE(L106C)G
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complex. These data demonstrate that SecA retains the ability to bind with high affinity to the
oxidized SecYE(L106C)G complex and to hydrolyze ATP. Since membrane insertion is not
completely prevented under oxidizing conditions, it cannot be excluded whether the remaining
membrane insertion activity relates to incomplete oxidation of SecE(L106C) or residual activity of the
oxidized SecYE(L106C)G channel. We conclude, however, that the oxidized SecYE(L106C)G
channel must be in a close-to-functional state to allow SecA binding and an uncoupled translocation
ATPase activity.

Fig. 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).

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 oxidized 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 elevation of the SecE dimer formation occurred when instead of ATP, the nonhydrolysable
ATP-analogue AMP-PNP was added to the solution (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
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Fig. 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.

had an effect on the SecE(L106C) cross-linking. Indeed, a preprotein-dependent stimulation 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 (11) and a stabilization of the SecA membrane-inserted state (10).
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 (47), but enforces the formation of membrane-inserted SecA by preventing
its deinsertion (41). 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) dimerization (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 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 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 (30). 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 (46). None of the cysteine mutants showed a strong prl phenotype, as evidenced by the inability
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Fig. 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.

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 (35).

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) together with SecE C2, and of TMS 7 and TMS 10 of SecY together with TMS 3 of SecE have
been identified genetically (30-32). TMS 2, 7 and 10 of SecY are the 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 (29, 30). 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 (48). 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
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 dimerization, 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 has been shown not to dissociate from SecY in the
membrane (49). 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 dimerization 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
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Fig. 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 (indicated by the reversed ‘G’) 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.

translocase subunits. Although the oxidized 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 no
longer is able to meet the requirements that allow complete translocation reaction cycles.

The dynamic nature of the SecYEG channel was visualized by the modulation of SecE
(L106C) dimerization 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 stabilization of the membrane inserted state of SecA
by non-hydrolysable ATP analogues or azide, caused a marked stimulation of the
Cu2+(phenanthroline)3-induced dimerization of SecE (L106C). As both SecE molecules are part of the
SecYEG complex, this event may reflect conformational changes within an oligomeric organization of
multiple SecYEG heterotrimers that together form a translocation channel. Such an oligomeric
organization 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
organization of the SecYEG complex explains the paradigm that SecY and SecE do not dissociate in
vivo (49) but appear to interact dynamically (50). Our experiments are consistent with an oligomeric
assembly of the SecYEG complex were 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 (30-32) (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 (46, 51). We therefore propose that the observed SecE-E interaction takes
place between two SecYEG subunits within the oligomeric channel.

The modulation of the SecE(L106C) dimerization by SecA strictly required the presence of
proOmpA, although SecA membrane insertion with AMP-PNP is precursor-independent (10). 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
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change in the SecYEG channel and thereby activates or ‘opens’ the translocation channel (Figure 10:
‘channel opening’). Such a phenomenon has been postulated for both SecYEG (52) and the Sec61p
protein conducting channel (53). Whereas the pore-size of the Sec61 channel upon interaction with the
ribosome is around 2 nm (26, 27), it is opened to 4-6 nm in the presence of ribosome-nascent chain
complexes (54). 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 that take place in the SecA molecule. Only with
the precursor-activated translocation channel, SecA membrane insertion triggers the intimate contact
between two SecE(L106C) molecules that causes 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 (55) and SecA cycling at the cytoplasmic membrane (10) 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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CHAPTER 4

A SINGLE AMINO ACID SUBSTITUTION IN SECY STABILIZES THE
INTERACTION WITH SECA

The SecYEG complex constitutes a protein conducting channel across the bacterial
cytoplasmic membrane. It binds the peripheral ATPase SecA to form the translocase.
When isoleucine 278 in transmembrane segment 7 (TMS 7) of the SecY subunit was
replaced by a unique cysteine, SecYEG supported an increased preprotein translocation
and SecA translocation ATPase activity, and allowed translocation of a preprotein with a
defective signal sequence. SecY(I278C)EG binds SecA with a higher affinity than normal
SecYEG, in particular in the presence of ATP. The increased translocation activity of
SecY(I278C)EG was confirmed in a purified system consisting of SecYEG
proteoliposomes, while immunoprecipitation in detergent solution reveal that translocase-
preprotein complexes are more stable with SecY(I278C) than with normal SecY. These
data imply an important role for SecY TMS 7 in SecA binding. As improved SecA binding
to SecY was also observed with the prlA4 suppressor mutation, it may be a general
mechanism underlying signal sequence suppression.

INTRODUCTION
The components of the bacterial protein secretion pathway have originally been identified in
Escherichia coli through both genetic (1, 2) and biochemical studies (3). The translocation
reaction across the cytoplasmic membrane is mediated by an enzyme complex termed the
translocase. The translocase holoenzyme is an assembly of integral membrane proteins, termed
SecY (or PrlA) and SecE (PrlG), together with a peripheral ATPase termed SecA (PrlD). The
SecYE complex is homologues to the eukaryotic Sec61p complex of the endoplasmic reticulum
membrane (4) and both complexes appear to constitute a transmembrane protein conducting
channel (5-7). The SecA protein is unique for bacteria, and for organelles evolutionary derived
thereof (8). During cycles of ATP-binding and -hydrolysis SecA supports a stepwise
translocation reaction (9,10), coupled to cycles of membrane insertion and deinsertion at SecYE
(11). An additional source of energy for the translocation reaction is the proton-motive force
(pmf)1. The pmf positively affects the unidirectionality of the translocation reaction (12),
possibly by directly driving the translocation of preproteins in the absence of SecA (9) as well as
by stimulating the SecA reaction cycle (13). Other proteinaceous factors involved in the
translocation reaction are SecG (PrlH) (14) and a trimeric complex consisting of the SecD, SecF,
and YajC proteins (15). SecG inverts its membrane topology concomitantly with the membrane
cycling of SecA (16), whereas SecDFYajC stabilizes the membrane inserted state of SecA (17,
18). Both SecG and the SecDFYajC complex interact with the SecYE complex and stimulate
translocation (15). For the efficient in vitro reconstitution of preprotein translocation, SecYEG is
used as it is readily purified as a detergent-solubilized complex (19, 20). Stimulation of the
translocation reaction by SecG has been demonstrated using the purified and reconstituted
translocase (14, 21). Reconstituted SecYEG allows multiple rounds of translocation (22) as well
as the integration of transmembrane segments into the lipid bilayer (23).

Genetic studies have identified mutations in translocase components that allow the
correct cellular localization of preproteins carrying a defective signal sequence (24-28). How
these prl mutations (for protein localization) suppress defective signal sequence recognition is
yet unclear, but a direct restoration of the interaction between translocase and the signal
sequence is unlikely. Firstly, the number of prl alleles is too large to account for a single
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recognition event. Secondly, even (pre)proteins that lack the complete signal sequence are
transported in strains carrying prlA (secY) or prlG (secE) suppressor mutations (29, 30).
Alternatively, prl suppressor mutations may alter important enzymological events underlying the
translocation reaction. Allele-specific synthetic lethality caused by combinations of prlA and
prlG suppressor mutations suggest that they affect subunit interactions between SecY and SecE
(31). Recently, it was shown that the prlA4 suppressor mutation supports increased binding of
SecA to translocation sites in the cytoplasmic membrane (32). This increased affinity for SecA
leads to a decreased rejection of SecA or of SecA-precursor complexes during translocation.
Finally, prlA suppressors alter the translocation reaction less dependent on the proton-motive
force (33).

In an effort to understand the nature and the dynamics of subunit interactions within the
translocase, we employed cysteine-scanning mutagenesis to regions of SecY and SecE that
contain, or are proximal to, clusters of prl suppressor mutations. Cysteine scanning mutagenesis
has been used as a powerful technique to study structure-function relationships in membrane
proteins, including the E. coli lactose permease LacY (34) and the eukaryotic multi-drug
transporter P-glycoprotein (35, 36). SecY contains prlA suppressor mutations that cluster mainly
in transmembrane segment (TMS) 2, TMS 7 and TMS 10, and in periplasmic loop 1 (P1) (37).
Synthetic lethality between prlG and prlA suppressor mutations suggests interactions of SecE
TMS 3 with SecY TMS 7 and 10, and between SecY P1 and SecE P2 (31). The replacement of
consecutive residues by cysteines in SecY TMS 2 and SecE TMS 3 identified contacts at
specific helical interfaces between these two protein regions and between neighboring SecE
molecules (38). The latter interaction is dynamic and is modulated by conformational changes in
the SecA protein. We now report on the cysteine mutagenesis of SecY TMS 7, which yielded a
SecY molecule that supports increased translocation ATPase activity. This mutant possesses a
unique cysteine at the position of isoleucine 278, a residue that is altered by several prlA
suppressor mutations. Inner membrane vesicles (IMVs) or proteoliposomes containing
SecY(I278C)EG not only supported increased translocation of normal preproteins, but also
allowed translocation of a preprotein carrying a defective signal sequence. Binding studies
further demonstrated that, like the PrlA4 suppressor, SecY(I278C) has a higher affinity for SecA
than normal SecY. The latter permits efficient co-immunoprecipitation of translocase-preprotein
complexes even without prior stabilization by a preprotein translocation intermediate. The data
suggest an important role for SecY TMS 7 in SecA binding and support a model in which
stabilization of the SecA-SecY interaction leads to increased translocation of normal preproteins
concomitant with a reduced rejection of preproteins with a defective signal sequence.

EXPERIMENTAL PROCEDURES
Materials. Monoclonal antibodies against OmpA were raised and selected by Prof. Dr. L. de

Leij, Academic Hospital Groningen. Polyclonal antisera against purified SecY or SecA were obtained as
described (20). Western blots were developed as films using chemoluminescence (Tropix, Bedford, MA).
For densitometry a Dextra DF-2400T scanner (Dextra Technology Corp., Taipei, Taiwan) and
SigmaScan/Image Software (Jandel Corp., San Rafael, CA) were used. DNA sequence analysis was
performed on a Vistra DNA sequencer 725 using the automated ∆taq sequencing kit (Amersham,
Buckinghamshire, U.K.). Protein A-sepharose was from Pharmacia (Uppsala, Sweden), n-octyl-ß-D-
glucopyranoside (octyl glucoside) from Sigma (St. Louis, MO), and E. coli phospholipids from Avanti
Polar Lipids Inc. (Alabaster, AL).

Plasmids. All plasmids used for this study are described in Table 1. The construction of plasmids
that allow the overexpression of SecYEG, (His)6-tagged SecYEG (20), or cysteine-less SecYEG (38) has
been described previously. Cysteines were introduced in SecY TMS 7 by a two-step polymerase chain
reaction (PCR) mutagenesis. To facilitate the screening for correct mutants, cysteine mutagenesis was
accompanied by the GGT > GGA (G350G) mutation, leading to the insertion of a BspEI restriction site.
An amino-terminal (His)6-tag on SecY(I278C) was obtained by cloning the NcoI/BamHI fragment from
pET615 (Table 1) into NcoI/BamHI-digested pET302 (20). All constructs were confirmed by sequence
analysis.
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Plasmid Relevant Characteristics Mutations Source

pET340 SecYEG tandem behind trc promotor (20)

pET349 His-tagged SecYEG in pET340 (20)

pET602 Cysteine-less YEG in pET605 (38)

pET605 pET340 with ∆HincII in secE   L60L (CTG->CTC) (38)

pET607 Cysteine-less YEG in pET610 (38)

pET610 pET349 with ∆HincII in SecE   L60L (CTG->CTC) (38)

pET611 SecY TMS7 mutant 1 in pET602  V274C (GTA->TGT) G350G (GGT->GGA) (This study)

pET612 SecY TMS7 mutant 2 in pET602   I275C (ATC->TGC) G350G (GGT->GGA) (This study)

pET613 SecY TMS7 mutant 3 in pET602  P276C (CCG->TGT) G350G (GGT->GGA) (This study)

pET614 SecY TMS7 mutant 4 in pET602  A277C (GCA->TGT) G350G (GGT->GGA) (This study)

pET615 SecY TMS7 mutant 5 in pET602   I278C (ATC->TGC) G350G (GGT->GGA) (This study)

pET616 SecY TMS7 mutant 6 in pET602   F279C (TTC->TGC) G350G (GGT->GGA) (This study)

pET617 SecY TMS7 mutant 7 in pET602   A280C (GCT->TGT) G350G (GGT->GGA) (This study)

pET618 SecY TMS7 mutant 8 in pET602 S281C (TCC->TGC) G350G (GGT->GGA) (This study)

pET650 His-tagged SecY TMS7 mutant 5 in pET340 (This study)

Table 1. Plasmids. A synthetic secYEG operon behind the isopropyl-β-D-thiogalactoside (IPTG)-
inducible trc promoter was used for the plasmid-derived overexpression of the SecYEG complex.
All plasmids encoding single cysteine SecYEG were constructed via PCR mutagenesis, resulting in
the indicated mutations.

Translocation reactions. (His)6-tagged SecYEG was purified and reconstituted into
proteoliposomes as described (20), and other components of the translocation reaction were obtained as
in (32). Concentrations of the different components are mentioned in the text or figure legends. Reactions
were incubated at 37°C in a total volume of 100 µl translocation buffer (50 mM Hepes-KOH, pH 7.6, 50
mM KCl, 5 mM MgCl2, 0.5 mg/ml bovine serum albumin and 10 mM DTT) and stopped by chilling on
ice and protease K treatment (10).

 Immunoprecipitations. Proteoliposomes from two translocation reactions were collected by
centrifugation (20 min, 120 000 g), and solubilized in buffer C [1.25 % (w/v) octyl glucoside, 0.3 mg/ml
E. coli phospholipids, 20 % (v/v) glycerol, 50 mM KCl and 50 mM Tris-HCl, pH 8.0] for 1 h on ice.
Protein A-sepharose slurry (10 µl) was incubated with 20 µl antiserum diluted in 200 µl buffer A for 1h
at 4°C, washed, and mixed with the solubilized proteoliposomes. After 90 min of constant shaking at
4°C, sepharose beads were collected (3 min, 12 000 g) and washed five times with 0.3 ml of buffer C.
Bound proteins were eluted by incubation with 60 µl SDS-sample buffer for 10 min at 60°C and
separated from the sepharose beads by centrifugation.

RESULTS
Identification of a mutation in SecY that supports increased translocation. As part of

a larger cysteine-scanning mutagenesis study (38), unique cysteine residues were introduced in
transmembrane segment 7 (TMS 7) of SecY. To cover at least two turns of the putative α-helical
structure, 8 residues in TMS 7 (V274 - S281) were mutagenized to cysteine residues (Fig. 1).
Substitutions of two of these residues that face the same side of the helix, V274 and I278, have
been reported to give rise to suppressor phenotypes (37). The mutant secY genes were cloned in
pET602, a vector that allows overexpression of cysteine-less SecYEG, which is functionally
indistinguishable from normal SecYEG (38). Although the expression of SecYEG was similar
with all TMS 7 mutants (Fig. 2A), there was a pronounced increase in SecA ATPase activity
with SecY(I278C)EG IMVs (Fig. 2B). Moreover, this resulted in increased translocation of the
preprotein proOmpA (Fig. 2C). To test whether the increased activity of the SecY(I278C)EG
complex affected its specificity, we examined the translocation of ∆8proOmpA, a variant 
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Fig.1. Localization of unique cysteines in SecY and SecE. Amino acids were replaced by cysteines
(black circles) in SecY TMS 7 using a cysteine-less SecYEG background. SecE and SecG are devoid
of cysteines and the two endogenous cysteines of SecY (black diamonds) were replaced by serine
residues (38). Positions of the replaced residues are based upon topology models of SecY (39, 40).
The position of the I278C substitution in SecY TMS 7 is marked with an asterisk.

precursor carrying a defective signal sequence due to the deletion of Ile-8 (41) that is efficiently
translocated by PrlA4 IMVs (32). This precursor was transported only into the SecY(I278C)EG
IMVs (Fig. 2D), demonstrating that the I278C mutation causes a loss of specificity for the signal
sequence. Apparently, the introduction of cysteines at the other positions of SecY TMS 7,
including V274, did not alter the activity or specificity of translocase.

Increased SecA binding to SecY(I278C)EG. With the PrlA4 suppressor, which
contains the F286Y substitution in TMS 7 and I408N in TMS 10, an increased affinity for SecA
was observed as compared to normal PrlA (SecY). The difference in SecA binding is even larger
upon the addition of ATP, which lowers the affinity, but to a much lesser extent with PrlA4 (32).
Since SecY(I278C) allows translocation of ∆8proOmpA, we compared the binding of SecA to
IMVs containing overproduced SecYEG, cysteine-less SecYEG or SecY(I278C)EG (Fig. 3). As
expected from their similar activity (Fig. 2), the binding of SecA to SecYEG or cysteine-less
SecYEG was nearly identical (Fig. 3A, closed bars) and was reduced to the same level in the
presence of ATP (open bars). In contrast, the binding of SecA to SecY(I278C)EG IMVs was
significantly higher and was only slightly reduced in the presence of ATP. Using a concentration
range of SecA, we determined the affinity of SecA binding to the IMVs containing cysteine-less
SecYEG (Fig. 3B) or SecY(I278C)EG (Fig. 3C) by Scatchard analysis (42). IMVs contained
2.1-2.4 µM/mg high affinity SecA binding sites, a 25- to 30-fold increase as compared to IMVs
harboring endogenous levels of SecYEG (80 nM/mg; 32). SecA binds to overproduced cysteine-
less SecYEG with a Kd of 4 nM in the absence and a Kd of 16 nM in the presence of ATP. These
affinities are somewhat higher, but comparable, to those observed with endogenous SecYEG, i.e.
7 nM without and 24 nM with ATP (32), and confirm that SecYEG is functionally
overexpressed. Compared to cysteine-less SecYEG, the affinity of SecA binding to
SecY(I278C)EG was 2.5-fold higher in the absence of ATP (Kd = 1.6 nM) and 5.7-fold higher in
the presence of ATP (Kd = 2.8 nM). These data demonstrate that the SecY(I278C) mutation
results in an increased affinity of the SecYEG complex for SecA, especially in the presence of
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Fig. 2. Overexpression and activity of the
SecY TMS 7 cysteine mutants. (A)
Isolated IMVs containing overexpressed
normal SecYEG (lane 1), cysteine-less
SecYEG (lane 2), or SecYEG with
unique cysteines at positions 274-281 of
SecY TMS 7 (lanes 3-10) were analyzed
by SDS-PAGE and coomassie brilliant
blue-staining. (B) SecA ATPase activity
in the presence of urea-treated IMVs
was measured in the absence (open bars)
and presence (black bars) of proOmpA,
as previously described (20). Data
represent the average of two
experiments, IMVs are numbered as in
(A). (C) Translocation of 35S-Met labeled
proOmpA with urea-treated IMVs (20
µg/ml) in the presence of SecA (10 µg/ml)
and ATP (2 mM). Reactions (50 µl) were
stopped after 20 min by chilling on ice
and protease K treatment, yielding
protease-protected proOmpA which is
partially processed to OmpA by
endogenous leader peptidase. (D)
Translocation of 35S-Met labeled
∆8proOmpA, carrying a defective signal
sequence using the conditions described
under (C).

ATP. With PrlA4, SecA binding occurs with a Kd of 1.4 nM in the absence and a Kd of 3.6 in the
presence of ATP. The increased affinity leads to a decreased rejection of SecA-precursor
complexes, and less dissociation of SecA during translocation (32). We propose that the same
phenomenon is responsible for the increased translocation activity and lowered specificity of
SecY(I278C).

Translocation activity of purified SecY(I278C)EG. To study the translocation activity
of the purified SecY(I278C)EG complex, a (His)6-tag was positioned at the amino-terminus of
SecY. The complex was then overexpressed, purified and reconstituted as previously described
(20). (His)6SecY(I278C)EG proteoliposomes were compared with those reconstituted with the
same amount of normal (His)6SecYEG. As observed with IMVs, the proOmpA-stimulated
ATPase activity was highest with SecY(I278C)EG proteoliposomes (Fig. 4A, closed bars).
However, when ∆8proOmpA was used in the translocation reaction, hardly any stimulation of
the SecA translocation ATPase activity was observed (Fig. 4A). Therefore, the amounts of
translocated precursor were visualized by western blotting using monoclonal antibodies against
OmpA. Quantitative analysis of these blots demonstrated that after 20 min only a minor fraction
(< 0.5 %) of the ∆8proOmpA was translocated in SecY(I278)EG proteoliposomes, as compared
to normal proOmpA (about 25 %) (Fig. 4B and C, closed symbols). To demonstrate that the
translocated protein was truly ∆8proOmpA, and not the result of an impurity with endogenous
proOmpA from the host-strain used for purification, we repeated the experiment with in vitro
synthesized and purified 35S-methionine labeled ∆8proOmpA (Fig. 4D). This clearly showed that
purified SecY(I278C)EG allows the translocation of this defective precursor. The sensitivity of
the autoradiograms (Fig. 4D) was somewhat higher than that obtained by western blots (Fig. 4C)
and revealed a minimal level of ∆8proOmpA translocation with normal SecYEG, confirming in
vivo data (41).
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Fig. 3. Increased SecA binding to
SecY(I278C)EG. (A) SecA binding to IMVs
containing overexpressed SecYEG (WT),
cysteine-less SecYEG (Cys-less), or
SecY(I278C)EG (I278C). Binding was
determined using 125I-labelled SecA (2 µg/ml)
and urea-treated IMVs (10 µg/ml) in the
absence (filled bars) and presence (open bars)
of 2 mM ATP. (B) Scatchard analysis of SecA
binding (1-200 nM) to urea-treated IMVs (10
µg/ml) containing overexpressed cysteine-less
SecYEG in the absence (closed circles) and
presence (open circles) of 2 mM ATP. (C)
Same as (B), with IMVs containing
overexpressed SecY(I278C)EG. All binding
experiments were performed as previously
described (32, 47). As no detectable
background binding of SecA was observed,
uncorrected data are shown.

In the absence of reducing agents, proOmpA is blocked for further translocation at the
position of a disulfide-bond between two unique cysteine residues (C290 and C302) in its
carboxyl-terminus (9, 43). In proteoliposomes, this results in the accumulation of a 31 kDa
translocation intermediate (I31) (Fig. 4E). This intermediate occupies the translocation sites and
blocks them for a second round of translocation (22; data not shown). With the normal
proteoliposomes, maximal I31 translocation was reached after 10 min, whereas proteoliposomes
with SecY(I278C) accumulated maximal amounts within the first 5 min of the translocation
reaction (Fig. 4E). SecY(I278C) did not allow the full length translocation of oxidized proOmpA
and thus differs in this respect from PrlA4 (33). The fast kinetics of the translocation reaction
with SecY(I278C), as compared to normal SecY, is apparent from the initial rate of translocation
(Fig. 4B) and the shorter time required to saturate the translocation sites with I31 (Fig. 4E). The
experiments with proteoliposomes demonstrate that the SecY(I278C) mutation stimulates SecA-
and ATP-driven translocation, and that this effect does not require proteinaceous factors other
than the SecYEG complex. In addition, SecY(I278C) enforces the translocation of ∆8proOmpA
with purified translocase.

SecY(I278C) stabilizes translocase-precursor complexes. Co-immunoprecipitation
was used to assay the stability of translocase-precursor complexes formed during ongoing
translocation or at halted stages of the translocation reaction. Proteoliposomes were incubated
with SecA and proOmpA in the absence of ATP (targeting of SecA and the precursor), the
presence of ATP (ongoing translocation), or with ATP under oxidizing conditions (blocked
translocation, yielding I31). The proteoliposomes were then harvested by centrifugation and
solubilized in the detergent octyl glucoside. Samples were immunoprecipitated with polyclonal
antiserum against SecA or SecY, and co-precipitation of proOmpA was visualized by
immunoblotting using a monoclonal antibody against OmpA (Fig. 5A). No, or only very little,
interaction between proOmpA and either SecY or SecA was observed with normal translocase
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Fig. 4. SecY(I278C) increases the activity of the translocase. (A) ATPase activities of 20 µg/ml SecA
was measured after 20 min of incubation with 2 mM ATP and 4 µg/ml reconstituted purified
SecYEG (open bars) or SecY(I278C)EG (closed bars) (4-6 µl proteoliposomes), in the absence (-) or
presence (+) of 10 µg/ml proOmpA, or ∆8proOmpA (∆8). (B) Translocation of proOmpA with
reconstituted SecYEG (open circles) or SecY(I278C)EG (closed circles) was performed as in (A),
and stopped at the indicated times by chilling on ice and protease K treatment. Protease-protected
proOmpA was visualized by immunoblotting using a monoclonal antibody against OmpA and
quantitated by densitometrical analysis of films from chemoluminescent blots. (C). Same as (B),
with ∆8proOmpA. (D) Translocation of 35S-Met labeled ∆8proOmpA into proteoliposomes
containing SecYEG (lanes 1-4) or SecY(I278C)EG (lanes 5-8). (E). Immunoblot of protease-
protected proOmpA after translocation in the absence of reducing agents, with SecYEG (lanes 1-4)
or SecY(I278C)EG proteoliposomes. A disulfide bond between C290 and C302 in proOmpA results
in the accumulation of translocation intermediate I31.

after incubation in the absence of ATP (lanes 1 and 7). After translocation under reducing
conditions, a fraction of proOmpA was associated with SecY but not with SecA (lane 2 and 8).
Apparently, SecA has dissociated from these SecYEG-precursor complexes. Only after
translocation of I31, fully stable translocase-precursor complexes were formed (lanes 3 and 9). In
contrast, SecY(I278C) translocase-precursor complexes were precipitated independent of the
preincubation (lanes 4-6 and 10-12). Only immunoprecipitation with anti-SecYE serum yielded
a significantly lowered amount of proOmpA after incubation in the absence of ATP (lane 4).
Antibodies against SecY interfere with SecA binding (44, 45) and therefore may destabilize
translocase. In conclusion, SecY(I278C) translocase-precursor complexes are more stable than
their counterparts containing normal SecY. Wild-type translocase is, however, stabilized by the
I31 translocation intermediate. This is consistent with experiments in IMVs that suggest a stable
association of this intermediate with SecA at translocation sites (9).

DISCUSSION
The E. coli translocase is composed of the SecA ATPase bound to a transmembrane protein
conducting channel with SecY and SecE as core components (19), and with SecG as an
additional subunit (14, 21). The identification and reconstitution of its minimal constituents (19-
21) have made translocase an intriguing model to study subunit dynamics in a membrane protein
complex. To allow site-directed labeling of functionally important regions in translocase and to
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Fig. 5. Co-immunoprecipitation of proOmpA with translocase. SecYEG (lanes 1-3 and 7-9) or
SecY(I278C)EG (lanes 4-6 and 10-12) proteoliposomes were incubated for 20 min with proOmpA
and 2 mM ATP and/or 10 mM DTT, as indicated. After solubilization of the proteoliposomes with
octyl glucoside, samples were immunoprecipitated with antibody against SecY (lanes 1-6) or SecA
(lanes 7-12). Co-precipitation of proOmpA was analyzed by immunoblotting using a monoclonal
antibody against OmpA.

detect specific intermolecular contacts, we have employed cysteine mutagenesis of regions in
SecY and SecE that contain clusters of prlA or prlG suppressor mutations, respectively (31, 37,
38). From the single cysteine mutants at positions 274-281 of SecY TMS 7, the I278C
substitution resulted in an increased translocation activity and gave rise to in vitro defective
signal sequence suppression, as measured by the translocation of ∆8proOmpA. Previously, prlA
suppressor mutations have been identified that lead to substitutions of I278 for S (prlA202, 203,
204 and 207), N (prlA208), or T (prlA303) residues (37). It thus seems that I278 is a hot spot for
such suppressor mutations. SecY(V274C) did not alter the activity and specificity of translocase,
although prlA suppressor mutations have been identified that result in a V274G substitution
(prlA1, 2, 5 and 201; 37). Apparently, the amino acid substitutions that give rise to prl
suppression depend not only on the position but also on the nature of the substituted amino acid.
We have also constructed plasmids that allowed co-overexpression of the SecY mutants with
cysteines at the positions 105-109 of SecE TMS 3. Although synthetic lethality was observed
between prlA208 (I278N) and prlG1 (L108R) (31), none of the combined mutants yielded cross-
links between SecY and SecE upon oxidation (data not shown). This implies that synthetic
lethality not necessarily results from a direct interaction between two amino acids.

One of the earliest identified prlA suppressor mutations is prlA4 (24). Its suppressor
phenotype is caused by the I408N substitution in SecY TMS 10, but this mutation is generally
accompanied by the F286Y substitution in TMS 7 or, with prlA6, S188L in TMS 5 (37, 46, 47).
The apparently unavoidable occurrence of secondary mutations may reflect a detrimental effect
of the I408N substitution on the E. coli cell. SecA binds to PrlA4 with an increased affinity, and
this results in a decreased rejection of SecA and the preprotein at the onset of translocation (32).
We now report on a similar phenomenon with SecY carrying the I278C amino acid substitution
in TMS 7 in a cysteine-less background. This mutant supports an increased translocase activity
and translocates ∆8proOmpA, carrying a defective signal sequence. As the activity of cysteine-
less SecYEG is indistinguishable from normal SecYEG (this study; 38), the I278C mutation
appears solely responsible for the observed phenotype (See Fig. 2D). Using affinity blotting, the
amino-terminal half of SecY was detected as a binding site for SecA (48). The increased affinity
for SecA caused by this I278C substitution, however, indicates that SecY TMS 7 also serves as a
site of interaction with SecA. Alternatively, this mutation affects binding of SecA to the amino-
terminal half of SecY. Our data support a model in which prlA suppression is the result of an
improved binding between SecA and SecY. This will optimize the translocation of normal
preproteins due to a better targeting of SecA to SecYEG and less dissociation of the translocase
components during ATP-driven translocation. At the same time, it lowers the proofreading
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activity of translocase as SecA carrying a defective preprotein is less easily rejected from
translocation sites at the onset of translocation, likely upon the binding of ATP. Since pmf-
driven translocation is prevented by the presence of SecA (9), an increased affinity for SecA
may explain why PrlA suppressors render the translocation reaction pmf-independent (33).

The stabilization of translocase-precursor complexes by SecY(I278C) during
translocation was directly demonstrated by co-immunoprecipitation. With normal SecY, a
soluble translocase-precursor complex required the presence of a stable translocation
intermediate I31. No complexes between SecA or SecY with the precursor were observed after
incubation in the absence of ATP, and SecA readily dissociated from the complex during an
ongoing translocation reaction. With SecY(I278), translocase-preprotein complexes were
completely stable after incubation under translocating conditions, as compared to complexes
with trapped I31. Incubation in the absence of ATP yielded complexes that were susceptible for
dissociation by an antibody against SecY. This suggests that the SecYEG channel alters its
conformation during translocation, rendering the interaction with SecA and the preprotein more
stable. This conformational change may involve subunit rearrangements, or channel ‘opening’,
as has been observed with the Sec61p complex during translocation (49, 50).

Whereas increased SecA binding is a clear phenotype of both PrlA4 and SecY(I278C),
they are functionally different in two aspects. Firstly, PrlA4 allows translocation of a disulfide
bonded loop of 10 amino acids in the mature region of proOmpA (33), whereas SecY(I278C)
does not (Fig. 4E). Secondly, PrlA4 supports increased translocation with a lowered SecA
ATPase activity (32), whereas with SecY(I278C), the increased translocation is accompanied by
a concomitant increase in the rate of ATP hydrolysis by SecA. The affinity of PrlA4 and
SecY(I278C) for SecA is hardly different and we therefore hypothesize that PrlA4 and
SecY(I278C) differ mechanistically. Suppressor mutations in SecY TMS 10 appear to strongly
affect the interaction with SecE TMS 3 (31, 37). As conformational changes in SecE TMS 3 and
SecA membrane cycling are interrelated (38), the I408N mutation in PrlA4 may slow the SecA
reaction cycle due to an altered interaction with SecE. A slowed ATPase activity has been
proposed as a mechanism for prlD (secA) suppression by increasing the life-time of SecA-
preprotein complexes during translocation (27). With PrlA4, improved SecA binding to the
SecYEG complex at the same time makes translocation highly efficient. We propose that
SecY(I278C) is a milder suppressor than PrlA4 because it does not affect the SecA reaction
cycle. Extensive biochemical analysis of other Prl suppressors will unravel more of the
mechanistic aspects underlying signal sequence recognition and the activity of translocase.
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Chapter 5

SecYEG assembles into a tetramer to form the active protein
translocation channel

Translocase mediates preprotein translocation across the Escherichia coli inner membrane. It
consists of the SecYEG integral membrane protein complex and the peripheral ATPase SecA.
Here we show by functional assays, negative-stain electron microscopy and mass
measurements with the scanning transmission microscope that SecA recruits SecYEG
complexes to form the active translocation channel. The active assembly of SecYEG has a side
length of 10.5 nm and exhibits an approximately 5 nm central cavity. The mass and structure
of this SecYEG as well as the subunit stoichiometry of SecA and SecY in a soluble
translocase-precursor complex reveal that translocase consists of the SecA homodimer and
four SecYEG complexes.

INTRODUCTION
Escherichia coli translocase consists in its minimal form of three integral membrane proteins
termed SecY, SecE and SecG, and a peripheral ATPase SecA (Brundage et al., 1990; Hanada et al.,
1994). SecY and SecE form a stable stoichiometric complex in the cytoplasmic membrane that does
not dissociate in vivo (Matsuyama et al., 1990; Joly et al., 1994). SecYE is purified from the
cytoplasmic membrane as a soluble complex together with the SecG protein. SecG strongly
stimulates the in vitro translocase activity (Nishiyama et al., 1993) and therefore the SecYEG
complex is used for the reconstitution of the translocation reaction in proteoliposomes (Hanada et
al., 1994; Douville et al., 1995; Van der Does et al., 1998). SecA is a homodimeric protein that
serves both as a receptor for precursor proteins and as an ATP-driven molecular motor during the
translocation reaction (Economou, 1998; Driessen et al., 1998). SecA binds to the cytoplasmic
membrane with a low affinity for phospholipids and a high affinity for the SecYEG complex
(Hendrick and Wickner, 1990; Hartl et al., 1991). It binds to SecYEG, at least partially, via a direct
interaction with SecY (Snyders et al., 1997, Manting et al., 1997). Upon binding to SecYEG, SecA
is activated for precursor-stimulated cycles of ATP-binding and -hydrolysis (Lill et al., 1990). This
process permits the stepwise movement of a translocating polypeptide chain across the membrane
(Schiebel et al., 1991) by a two-stroke reaction (Van der Wolk et al., 1997). Translocation is further
stimulated by the presence of a proton-motive force, which ensures unidirectionality of the
translocation reaction and facilitates the SecA reaction cycle (Driessen, 1992; Nishiyama et al.,
1999).

SecA is a highly dynamic protein. Calorimetric studies of the nucleotide-modulated
structural changes of the soluble SecA molecule demonstrate that it exists in a compact, ADP-
bound state and an extended, ATP-bound state (Den Blaauwen et al., 1996). During translocation,
SecA inserts into the cytoplasmic membrane with both a 30 kDa carboxy-terminal domain and a 65
kDa amino-terminal domain (Economou et al., 1994; Price et al., 1996; Eichler and Wickner,
1997). SecYEG appears to form a large transmembrane structure that accommodates at least a part
of SecA together with a translocating precursor protein, shielding both from phospholipids (Joly
and Wickner, 1993; Eichler et al., 1997; van Voorst et al., 1998). The Bacillus subtilis SecYE
complex and the homologues eukaryotic Sec61p complex have been visualised by electron
microscopy as quasi-pentagonal structures with a diameter of 8.5 nm and a central cavity with a
diameter of 1.5-2 nm (Hanein et al., 1996; Meyer et al., 1999). Beckmann et al. (1998) have
reported the three-dimensional structure of the ribosome-bound Sec61p at 2.6 nm resolution. It is a
4 nm thick disk with a diameter of 9.5 nm containing a 1.5-3.5 nm wide central pore.

In this study, we demonstrate that upon solubilization, a majority of E. coli SecYEG form
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dimers that have a length of 8.5 nm, a width of 6.5 nm and a weakly stained central indentation.
This SecYEG dimer resembles the B. subtilis SecYE complex described by Meyer et al. (1999), but
does not represent the active translocation channel. Membrane insertion of SecA triggers the
assembly of SecYEG into a larger complex consisting of four SecYEG subunits, that has a width of
10.5 nm and a central stain-filled depression of about 5 nm width. To confirm the presence of
tetrameric SecYEG in active translocase, a translocation intermediate of the preprotein proOmpA
was used to stabilise translocase in detergent solution. This soluble translocase-precursor complex
contains four SecY molecules per SecA dimer, as determined by quantitative immunoprecipitation
and corroborated by mass measurements. We propose that SecA recruits and assembles four
SecYEG complexes to form the active translocase. The SecYEG tetramer is sufficiently large to
accommodate a central cavity or pore of 4-6 nm size, that has been observed with the Sec61p
complex under translocating conditions (Hamman et al., 1997).

RESULTS
SecYEG is solubilised as a dimer. Translocase was studied in a purified system using

proteoliposomes reconstituted with SecYEG (Van der Does et al., 1998). First, SecYEG was re-
solubilised in dodecyl maltoside without prior incubation with the other components of the
translocation reaction. Excess phospholipids were removed from the soluble SecYEG complex by
anion exchange chromatography, without a detectable loss of the SecYEG activity (data not shown;
see Materials and Methods). The complex was then visualised using negative-stain electron
microscopy (EM). In uranyl-formate stained preparations, the SecYEG complex was visible as an
elongated structure with a length of 8-9 nm and central stain-filled indentation (Figure 1). Single
particle analysis and averaging of the 8 nm structures resulted in classes of structures that resembled
each other in shape and size (Figure 1, right inserts). Smaller particles were discerned as well, but
their structural features were less distinct. Single particle analysis and averaging of the 8 nm
structures resulted in classes of structures that resembled each other in shape and size (Figure 1,
right inserts). The analysis of the small particles yielded an average with 6.8 nm length and 4.5 nm
width (top right inset in Figure 1). The structure of the 8 nm E. coli SecYEG complex is similar in

Fig. 1. Structural analysis of soluble SecYEG. Electron microscopy of negatively stained SecYEG
complexes solubilised in dodecyl maltoside reveals particles of two distinct sizes (overview, scale
bar = 100 nm). While particles with a size of ~ 5 nm lack distinct structural features, the larger
particles of 8-9 nm are elongated, sometimes having a central stain-filled pit (bottom inserts, scale
bar = 10 nm). Single particle analysis and class averaging yields projection maps with a width of
6.7 nm, a length of 8.7 nm, and a more or less pronounced 2 nm wide stain-filled indentation with
all three major classes, containing about 450 particles each (right inserts, scale bar = 5 nm). A small
size reduction from the top average to the bottom average indicates that top views and bottom
views were recorded. The major class average of the smaller particles is shown in the top right
insert and has a width of 4.5 nm and a length of 6.8 nm. It is close to half an elongated particle.
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Fig. 2. Formation of large SecYEG structures after incubation with membrane-inserted SecA.
SecYEG proteoliposomes were incubated with SecA and AMP-PNP, solubilised and subjected to
anion-exchange chromatography. The fraction containing SecYEG was visualised by negative-stain
electron microscopy revealing a heterogeneous size distribution (overview, scale bar = 100 nm). A
significant fraction of particles had a size of 10-12 nm, a 4-6 nm central stain-filled cavity and
either a squarish or elongated shape (bottom inserts, scale bar = 10 nm). Major class averages (200-
400 particles) were generated by single particle analysis (right inserts, scale bar = 5 nm). The size
variation of the tetrameric projections indicates that top views and bottom views were recorded.

size to that of B. subtilis SecYE, which is also an elongated particle but has a semi-pentagonal
shape (Meyer et al., 1999). The remarkable similarity of the three major class averages (Figure 1,
inserts), suggests that SecYEG binds to the supporting carbon EM grids in a specific orientation,
probably representing a top or bottom view of the complex. Its width and length estimated from the
class averages are 6.7 nm and 8.7 nm, respectively. From the two-fold symmetry in the particles
and the particle size, we conclude that the structure of soluble SecYEG represents an assembly of
two SecYEG subunits (see also Table 1). The smaller particles that were observed indicate that part
of the SecYEG dimers dissociated into monomers due to the solubilisation and purification
procedure.

Membrane inserted SecA triggers tetramerization of SecYEG. In the next experiment,
SecYEG proteoliposomes were incubated with SecA in the presence of AMP-PNP. This non-
hydrolysable ATP analogue triggers membrane-insertion of the SecA protein even in the absence of
preprotein (Economou et al., 1994). Proteoliposomes were then collected by centrifugation,
solubilised in dodecyl maltoside solution and subjected to anion exchange chromatography. The
His-tagged SecYEG complex elutes in the very beginning of the salt gradient (Van der Does et al.,
1998) and was easily separated from SecA and excess phospholipids. After incubation with
membrane inserted SecA, a significant fraction of SecYEG had assembled in 10-12 nm sized
structures that often exhibited a prominent central stain-filled depression (Figure 2). Incubation of
SecYEG proteoliposomes with SecA in the absence of AMP-PNP did not result in any change in
shape or size of SecYEG, as observed with B. subtilis SecYE (Meyer et al., 1999). Due to the bi-
directional reconstitution of SecYEG into proteoliposomes (Van der Does et al., 1998),
approximately 50 % of the total SecYEG was inactive. Therefore, an inhomogeneous particle
distribution emerged, with a major fraction of dimeric SecYEG. The larger particles comprised
around 30 % of the particles and often exhibited a square shape and a stain-filled central cavity.
Class averages of these square-shaped structures had a side length of 10.5 - 12 nm and a 5 nm wide
central stain-filled depression (Figure 2, right inserts). The size and the four-fold symmetry of these
structures suggest that SecYEG had assembled into a tetrameric structure upon interaction with
membrane-inserted SecA. As with the dimeric SecYEG, the major class averages of the SecYEG
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tetramer resembled each other in size and shape and appeared to represent top or bottom views. The
size difference in the class averages however suggests a slightly asymmetrical particle, with a 10.5
nm projection (upper two inserts) and a 12 nm projection (second insert from bottom). Minor
structural classes contained oval-shaped particles that may represent tilted projections (Figure 2,
lower right insert).

Formation of a soluble translocase-precursor complex. A stable translocation
intermediate was prepared in SecYEG proteoliposomes complemented with SecA and ATP. The
precursor of outer membrane protein A, proOmpA, efficiently translocates in this system (Brundage
et al., 1990; Figure 3A, lanes 1-4). Under oxidising conditions, however, proOmpA translocates
into the SecYEG proteoliposomes as an intermediate with an apparent molecular mass on SDS-
PAGE of 31 kDa (Figure 3A, lanes 6-9). This translocation intermediate, termed I31, resembles the
processed I29 intermediate formed in inner membrane vesicles due to a disulphide bond between the
unique cysteine residues C290 and C302 of proOmpA (Tani et al., 1990; Schiebel et al., 1991). The
I29 intermediate is associated with SecA and is unstable at 37 °C upon depletion of ATP, reduction
of the disulphide bond, or the addition of antibodies against SecA, but is completely stable at low
temperature (Schiebel et al., 1991).

Fig. 3. Characterization of the I31 intermediate. (A) Translocation of proOmpA (lanes 1-4) or
translocation intermediate I31 (lanes 5-8). Reconstituted SecYEG (10 µg/ml) was mixed with SecA (60
µg/ml), and proOmpA (20 µg/ml) in the presence or absence of 10 mM DTT. Reactions were energised
with 2 mM of ATP, incubated at 37 °C for the indicated time, chilled on ice, and digested with
proteaseK (0.1 mg/ml) for 15 min. Accumulation of translocated preprotein was analysed by western
blotting using monoclonal antibodies against proOmpA. (B) Densitometrical quantitation of the data
in (A). (C) I31 blocks active translocation sites. Proteoliposomes that had undergone translocation of I31

(lane 1), proOmpA (lane2), or no translocation (lane 3) were tested for their ability to support a second
round of translocation. Reactions were performed for 20 min in the absence of DTT similar as in (A),
except for that proOmpA was replaced by 35S-labelled single-cysteine proOmpA (C290S). (D) I31 does
not support formation of the 30 kDa SecA fragment. Translocations with were performed with 125I-
labelled SecA and in the presence or absence of 10 mM DTT, proOmpA, 2 mM AMP-PNP, or 2 mM
ATP, as indicated. After 20 min incubation at 37 °C, or with AMP-PNP at 4 °C, reactions were
digested with proteaseK. The 30 kDa SecA fragment was visualised using autoradiography and
quantitated by densitometry. The averages and error margins of two experiments are shown as
arbitrary densitometric units.
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I31 reached its maximum level within 15 min of incubation at 37 °C, while the translocation
reaction in the presence of DTT continued nearly linearly up to at least 20 min (Figure 3B). To
confirm that I31 occupied all active translocation sites, proteoliposomes bearing I31 and
proteoliposomes that had undergone complete translocation cycles were harvested, and tested for a
second round of translocation. SecYEG proteoliposomes that had not been preincubated with
proOmpA were used as controls. For this round of translocation, we used 35S-methionine labelled
proOmpA(C290S), a site-directed single cysteine mutant that is unable to form an intramolecular
disulphide bond and translocates completely under both reducing and oxidising conditions.
Proteoliposomes that had accumulated I31 were inactive for proOmpA translocation (Figure 3C,
lane 1), whereas those that underwent full translocation were nearly as active as control
proteoliposomes not incubated with preprotein (lane 2 and 3). Since I31 quantitatively occupies the
translocation sites and the accumulation level of fully translocated proOmpA exceeds that of I31

(Figure 3B), SecYEG proteoliposomes must allow multiple rounds of translocation. This is
supported by their activity after their re-isolation from a previous translocation reaction. Membrane
insertion of SecA in the presence of proteoliposomes was assayed using 125I-labelled protein. As
expected, a proteolytically stable 30 kDa fragment was either formed during translocation, or with
AMP-PNP. In contrast, I31-bound SecA yielded only background levels of the 30 kDa fragment,
similar to a control experiment were ATP was omitted. This indicates that I31 retains SecA in a
deinserted state (Figure 3D).

Fig. 4. Immunoprecipitation of soluble
translocase-precursor complexes.
Translocation reactions were incubated
for 20 min in the presence or absence of
DTT, 2 mM ATP, 2 mM AMP-PNP, or 2
mM ATP together with 10 mM NaN3, as
indicated. Solubilised proteoliposomes
were incubated with proteinA-sepharose
beads coated with antiserum against
OmpA (top panels), SecYE (bottom
panels), SecA (lane 7), or no antiserum
(control, lane 8) and precipitated.
Precipitates were eluted and analysed by
western blotting using monoclonal
antibodies against SecA or proOmpA as
indicated.

The requirements for a solubilised translocase-precursor complex were established using
immunoprecipitation. SecYEG proteoliposomes were incubated with SecA and proOmpA under
various conditions, as described below. They were then collected and after solubilization, the
interactions between the SecYEG complex, SecA and proOmpA were determined by co-
immunoprecipitation (Figure 4). AMP-PNP (Economou et al., 1994) or the ATPase inhibitor
sodium azide (Van der Wolk et al., 1997) enforces SecA membrane insertion. However, neither
condition gave rise to a translocase-precursor complex that is stable in micellar solution, as only
minute amounts of SecA were immunoprecipitated with anti-SecYE or anti-OmpA serum (lanes 1
and 2). After incubation under conditions that resulted in the completion of translocation, some
proOmpA but no SecA remained associated with the SecYEG complex upon solubilization (lane
5). This may represent an incomplete release of proOmpA after translocation, due to the absence of
the accessory translocase subunit SecDF (Matsuyama et al., 1993) or the proton-motive force
(Geller, 1990). A marked increase in the amount of immunoprecipitable proOmpA was observed
when the translocation reaction was performed in the absence of DTT to yield I31 (lane 6). In
addition, SecA co-immunoprecipitated with SecYE and proOmpA, whereas in control samples
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Fig. 5. The SecY:SecA ratio in I31-bound translocase. Translocase was immunoprecipitated via I31

using NHS-sepharose coated with IgG against OmpA. Samples incubated without proOmpA were
used as negative controls to verify the specificity of the immunoprecipitation. The amounts of SecA
and SecY in the immunoprecipitate were determined by densitometry, using purified SecA (2.6 µM)
and SecY (5.1 µM) as standards. Dilutions of the immunoprecipitate (lane 4 and 5) were compared
with dilutions of the protein standards (lane 1 and 2) that gave similar intensities after
immunostaining, taking the average as the outcome of one experiment. Three immunoprecipitates
were in this manner compared with two independent dilution series of the protein standards, yielding
a total of six experiments in which the SecY:SecA ratio was determined as 2.0 ± 0.3.

lacking proOmpA or ATP no immunoprecipitation of SecA was observed (lanes 3 and 4). In the
reciprocal experiment proOmpA was immunoprecipitated by anti-SecA (lane 7). These data
establish that the translocation intermediate I31 is sufficiently stable to allow its solubilization.

Translocase contains four SecY molecules per SecA dimer. The purification of a
translocation intermediate via antibodies against the precursor offered the possibility to determine
the amount of SecA and SecY in translocase by quantitative immunoblotting. First, SecY and SecA
concentration standards were prepared. Hexa-histidine tagged SecY was purified from the soluble
SecYEG complex via Ni2+-NTA chromatography (Manting et al., 1997). Amino acid analysis of
this SecY sample determined its concentration as 5.05 (± 0.05) µM, on the basis of 10 amino acids
in a duplo analysis. A SecA standard with a concentration of 2.58 (± 0.03) µM was used as a
comparison. To obtain purified translocase, we immunoprecipitated the translocase-I31 complex
with antibodies against OmpA. The amounts of SecA and SecY associated with the translocation
intermediate was then analysed by quantitative western blotting, using dilution series of SecA and
SecY as standards (Figure 5). The SecY:SecA molar ratio in the precipitated samples was
determined to be 2.0 ± 0.3 (n = 6) by densitometry on films from chemoluminescent blots. As SecA
is a dimeric molecule (Akita et al., 1991; Driessen, 1993), the SecY:SecA ratio confirms the
tetrameric organisation of SecY in translocase.

Structural analysis of the soluble translocase. Proteoliposomes that had accumulated I31

were collected by ultracentrifugation, solubilised in dodecyl maltoside, and subjected to sucrose
gradient centrifugation. All translocase subunits (SecA, SecY, SecE, and SecG) cofractionationed
with I31 (Figure 6A, fraction 4), while excess phospholipids migrated to the top and insoluble
material to the bottom of the gradient (fraction 10). When complete reaction mixtures were
incubated in the presence of DTT, or when ATP was omitted, proOmpA appeared to form
aggregates, as it was retrieved mainly in the bottom gradient fractions. The comigration of all
translocase subunits in density gradient centrifugation was specific for dodecyl maltoside. When the
translocase-I31 complex was solubilised in n-octyl-β-D-glucopyranoside, SecE and SecG
dissociated from SecY and migrated to fractions with a lower density. This is consistent with the
finding that with this detergent the stability of the SecYEG complex is dependent on the presence of
excess phospholipids (Driessen and Wickner, 1990; Manting et al., 1997). The density of the
SecYEG complex and of translocase-I31 was similar in gradients with dodecyl maltoside, as
SecYEG migrated to similar fractions in the gradients irrespective of the formation of I31 (data not
shown). Negatively-stained gradient fractions containing translocase-I31 revealed particles with a
pronounced size and shape heterogeneity, due to the presence of SecYEG dimers and a lack of
orientation of the larger particles (Figure 6B). Nevertheless, square shaped particles were found that
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A         B

Fig. 6. Fractionation and negative-stain electron microscopy of preparations containing translocase-
I31. (A) Solubilised proteoliposomes that had accumulated I31 were loaded on a 10-45 % (w/v) sucrose
gradient containing 0.03 % (w/v) of dodecyl maltoside. After equilibration centrifugation, fractions
were separated from top to bottom. The fraction containing all translocase components and proOmpA
(*) was separated from excess lipids (fractions 1-3; not shown) and unsolubilised or aggregated
material (fraction 10). (B) Negatively stained preparations of the sucrose gradient fraction (*)
demonstrates a highly heterogeneous particle distribution containing predominant large particles with
a size of 10-15 nm (overview; scale bar = 100 nm) A selection of large particles is shown in the bottom
inserts (scale bar = 10 nm), and class averages (100-300 particles) in the right inserts (scale bar = 5
nm). A major class of particles (top right insert) resembles the SecYEG structures observed in Figure
2.

had a size and shape similar to the tetrameric SecYEG, as documented by the selected particles in
the bottom insert of Figure 6, and the class average (top right). The latter compares favourably to
the largest tetrameric structure found in SecA/AMP-PNP induced SecYEG tetramers (Figure 2,
right inserts).

Mass analysis of solubilised SecYEG and translocase-I31 Scanning transmission electron
microscopy (STEM; Müller et al., 1992) was employed to determine the particle masses in all three
cases described above. Samples were freeze-dried after adsorption to thin carbon film and extensive
washing by double distilled water. Particle masses were evaluated from dark-field micrographs
recorded at a dose of typically 300 electrons/nm2. Figure 7 shows a striking upshift of the mass
values observed with solubilised SecYEG (A), SecA- and AMP-PNP- treated SecYEG (B), and the
translocase-I31 complexes (C). The histogram in Figure 7D shows the mass histogram of all small
particles present in the translocase-I31 preparation. Distinct peaks emerged reproducibly in the mass
histograms, as summarised in Table 1. Although the corresponding Gaussian profiles in Figures
7A-C had the same position within the error limits, their standard deviation varied between 32 and
57 kDa, because the background signal was different in different preparations. To interpret these
masses, they were compared with the particle masses estimated from the average particle
projections, and masses calculated from the assumed stoichiometry of the protein complexes.
Soluble SecYEG that had not been incubated with translocation ligands was present in equal
amounts as monomers and dimers, demonstrating that the majority (around 65 %) of SecYEG is
organised as a dimer (Figure 7A). The minor shoulders on both sides of this histogram indicated
two further particle types, but the corresponding mass values cannot be related to distinct
oligomers. Importantly, the STEM analysis confirms the tetrameric assembly of the SecYEG that
was pre-incubated with SecA and AMP-PNP (Figure 7B). These particles, with a mass of around
420 kDa, were also observed in sucrose gradient fractions prepared from proteoliposomes that had
been incubated with proOmpA and ATP under oxidising conditions (Figure 7C). Two other classes
of large particles were observed in these preparations. Particles with a mass of 686 kDa are
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consistent with the presence of translocase containing the I31 translocation intermediate. Another
particle mass of 531 kDa represents a complex that was not observed with the samples containing
purified SecYEG (Figure 7C). As SecA efficiently binds to soluble SecYEG (Van der Does et al.,
1998), we propose that these complexes exist of SecA together with the precursor and unassembled,
dimeric SecYEG. Minor peaks required to fit the histograms in Figure 7B-D represent
approximately 10% of the measurements and were not assigned.

Fig. 7. Mass analysis. The scanning transmission
electron microscope (STEM) allows mass analysis of
heterogeneous particle mixtures. Unstained
preparations prepared by freeze-drying were
recorded and evaluated as described (Müller and
Engel, 1998). (A) Solubilised SecYEG reveals two
major peaks (at 176 and 268 kDa) and two minor
peaks at the left and right sides of the histogram (B)
SecYEG after incubation with SecA and AMP-PNP
demonstrates a striking shift of the particle mass.
The three major peaks are centred at 183 kDa, 289
kDa, and 421 kDa. The peak at 580 kDa includes
about 10 % of all particles measured. (C) Sucrose
gradient fraction from solubilised proteoliposomes
after the accumulation of the I31 translocation
intermediate reveals a further shift towards larger
complexes. The histogram includes particles larger
than 10 nm. The three major peaks are centred at
416 kDa, 531 kDa, and 686 kDa, the minor peaks at
276 kDa and 900 kDa. (D) Mass analysis of the same
preparation, but of particles smaller than 10 nm. The
major Gauss peak is located at 200 kDa, the minor
peak at 330 kDa.

SecYEG
[SecYEG]2 [SecYEG]4 [SecYEG]2 SecA

proOmpA
[SecYEG]4 SecA

proOmpA

Protein 1 75 150 300 385 535

Micelle 2 100 125 125 150 150

SecYEG 176 ±  32 268 ±  32 - - -

SecYEG after
preincubation
with SecA plus
AMP-PNP

183 ±  57 289 ±  57 421 ±  57 - -

SecYEG, SecA
plus ATP,
proOmpA

ND 276 ±  48 416 ±  48 531 ±  48 686 ±  48

Calculated 3 151 287 477 ND ND

1Calculated from the molecular masses of the indicated proteins. 2Estimated mass of a dodecyl maltoside micelle incorpo-rating the indicated
protein mass. 3Calculated masses of the SecYEG dimer and tetramer were determined by their surface observed in negative-stain EM after single
particle analysis (349 nm2 for the dimer and 582 nm2 for the tetramer), a height of 6 nm, and a density of 1.35 g.cm-3, with no correction for the putative
pore. ND = not determined.

Table 1. Size and interpretation of the reoccuring peaks in STEM mass analysis.
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DISCUSSION
This study demonstrates that E. coli translocase consist of the dimeric SecA ATPase and a channel
structure composed of four SecYEG complexes. A remarkable enzymological event underlies
formation of the SecYEG tetramer: SecYEG complexes are recruited by the SecA protein and
assembled upon SecA membrane insertion. The tetrameric organisation of active SecYEG
elucidates on how the complex provides a structure that allows ATP-driven membrane insertion of
SecA domains and the concomitant translocation of preproteins. The recruitment of additional
subunits also explains the plasticity observed with the protein conducting channel in the
mammalian endoplasmic reticulum (ER) membrane, which increases its pore size during
translocation (Hamman et al., 1997, 1998). It is conceivable that SecA covers the pore in SecYEG,
thereby preventing the aspecific passage of macromolecules and ions through the translocation
channel.

We have used proteoliposomes reconstituted with SecYEG as a minimal system to study
SecA- and ATP-driven translocation. SecG is a specific subunit of the bacterial translocase, and its
function appears to be related to SecA. The membrane insertion and deinsertion of SecA is
accompanied by topology inversions of the highly hydrophobic SecG, which facilitate the SecA
reaction cycle (Nishiyama et al., 1996). Our studies do not include SecD, SecF and the
uncharacterised YajC protein, all of which form a complex that interacts with SecYE (Sagara et al.,
1994; Duong and Wickner, 1997). SecG and SecDF(YajC) have apparent complementary
functions, but SecYEG is the most abundant SecYE-containing complex present in the cytoplasmic
membrane (Pogliano and Beckwith, 1994; Duong and Wickner, 1997). Purified SecYEG suffices to
reconstitute translocation sites that allow multiple rounds of translocation mediated by SecA and
ATP (Figure 3B; Bassilana and Wickner, 1993). Finally, Duong and Wickner (1998) have shown
that this complement of translocase subunits also permits the integration of hydrophobic
transmembrane segments into the lipid bilayer.

Solubilised SecYEG exists as monomers and dimers, the latter representing a majority
having a mass of approximately 280 kDa, including detergent. This value is the average of three
independent STEM measurements and the mass estimated from the size of negatively stained
particles (Table 1). We suspect that part of the SecYEG dimers have dissociated during
purification. Alternatively, SecYEG may be present in the membrane in an equilibrium between
its monomeric and dimeric form. Upon interaction with SecA and AMP-PNP, a substantial
amount (30 %) of SecYEG had assembled into tetramers, with a measured mass of 420 kDa (two
independent experiments) and a calculated mass of 477 kDa (Table 1). The latter value is an
overestimate, because the central indentation in the SecYEG tetramers has not been accounted
for. These particles were also observed in the STEM analysis of solubilised proteoliposomes that
were preincubated with oxidised proOmpA and ATP. In addition, the proteoliposomes
harboured translocase-precursor complexes with a mass of 686 kDa and smaller, 530 kDa
complexes consisting of SecA and dimeric SecYEG. The latter particle may also be accounted
for by SecYEG tetramers and monomeric SecA, but this is unlikely as SecA functions as a dimer
and does not dissociate during translocation (Driessen, 1993). In our calculations of the protein
masses (Table 1) we presume a stoichiometric organisation of SecY, SecE and SecG within each
SecYEG subunit, making it a 75 kDa protein complex. SecY and SecE form a stable complex
that does not dissociate in the cytoplasmic membrane (Joly et al., 1994). From their
interdependent stability and similar expression levels in the cytoplasmic membrane (Matsuyama
et al., 1990, Pogliano and Beckwith, 1994), as well as their defined regions of interaction (Baba
et al., 1994; Flower et al., 1995) it is apparent that they interact stoichiometrically. SecG is
somewhat loosely associated with the SecYE complex (Joly et al., 1994), and may therefore be
present in sub- or super-stoichiometrical amounts to SecYE. The number of SecG molecules and
the amount of detergent bound to SecYEG are unknown variables in the interpretation of the
STEM mass analysis. Therefore, the mass data need to be compared to the projection maps of
negatively stained particles.
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The soluble E. coli SecYEG dimer was visible in negative-stain EM mainly as a two-fold
symmetric, elongated particle, but smaller particles were present as well. Averages of both
particle types were calculated and compared. The smaller particle (top right inset in Figure 1)
had the dimensions (4.5 nm x 6.8 nm) of half the larger particle (6.7 nm x 8.7 nm; right inset in
Figure 1), consistent with the mass measurements. The central position of their stain-filled
depression in the larger particle indicates that the structures represent a top or bottom view of the
SecYEG complex. The resolution obtained by single particle analysis and class averaging
approximates 2 nm, and is insufficient to allow a more detailed analysis of the structural
organisation and subunit assembly within the SecYEG dimer. The reported structure of B.
subtilis SecYE resembles the SecYEG dimer, but has a semi-pentagonal appearance (Meyer et
al., 1999). Although also in B. subtilis translocation is enhanced by SecG (Van Wely et al.,
1999; unpublished data), this subunit is apparently not required for formation of the SecYE
dimer. This is consistent with data obtained in E. coli which indicate that SecYE is sufficient to
support translocation, albeit inefficiently (Duong and Wickner, 1997).

The active conformation of the preprotein conducting channel is not the SecYEG dimer,
but is represented by a larger structure with a four-fold symmetry, consisting of a SecYEG
tetramer. This square shaped particle had a side length of 10.5 nm (Figure 2). Firstly, it was
formed upon interaction with membrane-inserted SecA, and not with SecA without activation
with AMP-PNP. Secondly, it was present in proteoliposomes that had been incubated with
complete translocation reactions. Thirdly, biochemical analysis of the SecY:SecA ratio in a
soluble translocase-precursor complex demonstrated that SecY is organised as a tetramer. We
propose a two-step model for the formation of translocase in which the SecA dimer first binds
two SecYEG dimers, thereby bringing them together, and subsequently enforces their stable
assembly into a functional channel upon membrane insertion. Speculatively, SecG and SecDF
influence formation of this active channel by promoting the stability of the tetramer. The
assembly of translocase via a complex between SecA and dimeric SecYEG is supported by the
putative formation under translocation conditions of such protein complexes. The ability of
SecA to bind unassembled SecYEG is also apparent from results obtained in detergent solution.

The eukaryotic Sec61p complex of the ER membrane is homologues to SecYEG (Hartmann
et al., 1994; Matlack et al., 1998). Purified Sec61p has a closed ring structure and a central pore or
indentation with a diameter of 1.5-2 nm, and these structures are also observed in the ER membrane
(Hanein et al., 1996). When bound to the ribosome, the central cavity of Sec61p aligns the putative
nascent chain-conducting channel in the large ribosomal subunit (Beckmann et al., 1998). The size
of the protein conducting channel in the mammalian ER membrane is dramatically larger (4-6 nm)
during translocation than the putative pore observed in structural analysis of Sec61p in the absence
of nascent chains (Hamman et al., 1997). It was therefore suggested that the Sec61p structure does
not represent the active protein conducting channel. Indeed, biophysical studies with microsomal
membranes confirm the presence of two distinct populations of Sec61p complexes, with a pore size
of either 0.9-1.5 nm or 4-6 nm. The latter is formed only upon incubation with ribosome-nascent
chain complexes and collapses after release of the nascent polypeptide (Hamman et al., 1998). Our
results with the purified and reconstituted SecYEG channel support a model in which the large
‘active’ channels are formed via recruitment and assembly of small subcomplexes.

Both the dimeric and tetrameric SecYEG complexes will be deleterious to the integrity of
cytoplasmic membrane as a chemo-osmotic barrier. In the ER membrane, the lumenal side of the
Sec61p channel is closed by the BiP ATPase. BiP remains bound to Sec61p after ribosomal
targeting and channel opening, but is released when translocating nascent chains have a reached a
length of 70 amino acids or more (Hamman et al., 1998). In analogy, the SecA molecule may be
involved in closing the pore of the SecYEG complex, either by binding at the cytosolic side,
through the insertion of specific domains, or both. In addition to SecA, the SecDF complex may
contribute to the maintenance of the proton-motive force during translocation (Arkowitz and
Wickner, 1994). The SecA membrane topology appears complex and its integral membrane state is
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not dependent on translocation (Kim et al., 1994; Van der Does et al., 1996; Chen et al., 1996;
Ramamurthy and Oliver, 1997). Topology studies on SecA may be obscured because the SecA
protein is part of a large transmembrane structure. It may be accessible for chemical probes or
proteases added from the periplasmic side of the membrane via the proteinaceous channel
constituted by SecYEG. The determination of its crystal structure will elucidate more structural
aspects of SecA. Although it did not yield immediate structural information, the stabilisation of
translocase via a translocation intermediate is an important advance towards its large scale
purification and crystallisation. In addition, it will be important to establish the thermodynamics of
the translocation reaction and the surface topography of the SecYEG-bound SecA during the
various stages of the translocation reaction. Finally, a major question lies in the structural and
mechanistical features of the protein conducting channel during the integration of membrane
proteins.

MATERIALS AND METHODS
Materials. ProOmpA (Crooke et al., 1988), SecB (Weiss et al., 1988), and SecA (Cabelli et al.,

1988) were purified as previously described. A plasmid encoding (C290S)proOmpA was constructed by
PCR starting from plasmid pET149 (Van der Wolk et al., 1997) using the mutagenesis primer 5'-
GGCAACACCTCTGACAACGTG-3'. The resulting plasmid pET503 was used for the synthesis of 35S-
labeled (C290S)proOmpA with an in vitro transcription/translation reaction and immunopurified as described
(Van der Wolk et al., 1997). Hexa-histidine tagged SecYEG was purified and reconstituted into
proteoliposomes as described by Van der Does et al. (1998). Rabbit polyclonal antisera against SecY, SecE,
OmpA, SecA and SecB were raised against the purified proteins at the animal facility of the Department of
Chemistry, University of Groningen, The Netherlands. The antisera against SecY or SecE were raised against
the His6-tagged proteins, and contained specific cross-reactivity with His6-tags on other proteins.
Monoclonals against OmpA were raised and selected by Prof. Dr. L. de Leij, Academic Hospital Groningen.
SecA was detected by a mixture of monoclonals (oligoclonal) (Den Blaauwen et al., 1997). Protein samples
were analysed by SDS-PAGE using 12-15 % acrylamide gels, followed by western blotting or silver staining
(Bio-Rad, Hercules, CA, USA). Western blots were developed as films using chemoluminescence (Tropix,
Bedford, MA, USA). For densitometry a Dextra DF-2400T scanner (Dextra Technology Corp., Taipei,
Taiwan) and SigmaScan/Image Software (Jandel Corp., San Rafael, CA) were used. Protein A- or NHS-
sepharose beads were from Pharmacia (Uppsala, Sweden), dodecyl maltoside and octyl glucoside from
Sigma (St. Louis, MO, USA), and E. coli phospholipids from Avanti polar lipids (Alabaster, AL, USA).

Translocation reactions.Translocation reactions were performed with 6.0 µg of SecA, 2.0 µg of
urea-denatured proOmpA, 1.0 µg of reconstituted SecYEG (8-10 µl of proteoliposomes) and 2 mM ATP in
100 µl translocation buffer consisting of 50 mM Hepes-KOH, pH 7.6, 100 mM KCl, and 5 mM MgAc. For
oxidation or reduction of proOmpA, complete reaction mixtures were preincubated for 10 min on ice in the
absence or presence of 10 mM DTT. Reactions were started by placing them at 37 °C and stopped by chilling
on ice, followed by digestion with protease K, TCA precipitation and a washing step with ice-cold acetone
(Van der Wolk et al., 1997). For densitometrical quantitation of translocation, bands representing
accumulated proOmpA or I31 were compared with 5 % and 10 % of a reaction mixture that was not digested
with proteaseK as a standard. For a second round of translocation, proteoliposomes were collected by
centrifugation (Beckman Airfuge, 30 psig, 10 min) and resuspended in ice-cold translocation buffer.
Translocation reactions were then performed as described above, except for the proOmpA, which was
replaced by 2 µl of urea-denatured 35S-labelled (C290S)proOmpA.

Immunoprecipitations. Antibodies (20 µl) were mixed with 10 µl protein A-agarose suspension in
a total volume of 200 µl with buffer S, consisting of 50 mM Tris-HCl, pH 8.0, 50 mM KCl, 20 % (w/v)
glycerol and 0.05 % (w/v) dodecyl maltoside. Mixtures were incubated for 1.5 h at 4 °C and the beads were
then washed with 0.5 ml buffer S (Eppendorf centrifuge, 14 000 rpm, 3 min). Isolated proteoliposomes from
two translocation reactions were solubilized with 2 % (w/v) dodecyl maltoside in buffer S (200 µl) and
mixed with the proteinA-bound antibodies for 1 h at 4 °C. Beads were then washed extensively with buffer S
and bound proteins were eluted with SDS-sample buffer (10 min, 50 °C). Samples were analysed on
western-blots using mouse monoclonals as primary antibodies to avoid cross-reaction of the secondary
antibody with the rabbit IgG used for the precipitation. Alternatively, purified IgG was covalently coupled to
NHS-sepharose, according to the manufacturers recommendations. Immuno-precipitations were carried out
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as described above with 10 µl of NHS-coupled IgG sepharose. Bound proteins were eluted with SDS-sample
buffer in the absence of reducing agents, to avoid dissociation of the IgG molecules.

For quantitative immunoblotting, purified SecA in 0.1 % (w/v) SDS was prepared by buffer
exchange using a PD10 gel filtration column (Pharmacia). His-tagged SecY was purified from 0.5 mg of
soluble SecYEG complex by Ni2+-affinity chromatography (Manting et al., 1997) and dialysed against water.
Precipitated protein was collected by centrifugation (5 min, 14 krpm, Eppendorf) and solubilised in 0.1 %
(w/v) SDS (10 min, 50 °C). Non-solubilised material was removed by centrifugation (10 min, 14 krpm,
Eppendorf). Amino acid concentrations of the SecY and SecA standards were determined in duplo, using
RNAse as a standard, by Eurosequence, Groningen. Using a dilution range of 1 to 1/20 000 of the SecA and
SecY standards, the protein contents in immunoprecipitates of translocase-I31 complexes were estimated by
immunoblotting. Next, the appropriate dilutions were used to densitometrically determine the amounts of
SecA and SecY in the immunoprecipitates from films of chemoluminescent blots.

Isolation of SecYEG complexes. Either proteoliposomes containing purified SecYEG (50 µl, 0.4
mg/ml in 50 mM Tris-HCl, 50 mM KCl), or reaction mixtures (500 µl) containing SecYEG proteoliposomes
(20 µg), SecA (120 µg) and 2 mM AMP-PNP in translocation buffer, were solubilised on ice in a total
volume of 2 ml 2 % (w/v) dodecyl maltoside, 10 mM Tris-HCl, pH 8.0, 10 mM KCl and 15 % (w/v) sucrose.
The sample was injected on a miniQ anion-exchanger mounted in a Smartsystem (Pharmacia) equilibrated at
6 °C with a buffer containing 10 mM Tris-HCl pH 8.0, 15 % sucrose, 10 mM KCl and 0.03 % (w/v) dodecyl
maltoside. The column was eluted with a linear gradient of 10 mM to 1 M KCl in the same buffer and 75 µl
fractions were collected. The protein content of these fractions were assayed by SDS-PAGE and appropriate
fractions were used for electron microscopy. Activity of the purified SecYEG complex was confirmed by
reconstitution in E.coli phospholipids via rapid dilution (Van der Does et al., 1998) and measuring the
proOmpA stimulated SecA ATPase activity.

To isolate translocase-precursor complexes, proteoliposomes yielding the I31 translocation
intermediate were harvested from a total of 2 ml translocation reactions performed in the absence of
DTT. Proteoliposomes were collected by ultracentrifugation (120 000 g, 30 min), solubilised in 250 µl of
buffer S and loaded on 10 ml linear sucrose gradients ranging from 10-45 % (w/v) in 50 mM Tris-HCl,
pH 8.0, 50 mM KCl and 0.03 % (w/v) dodecyl maltoside. After equilibration centrifugation (16 h, 120
000 g, 4 °C), gradients were fractionated as 1 ml samples by pipetting from the top.

Electron microscopy. Fractions from anion-exchange chromatography or sucrose gradients were
absorbed to carbon films rendered hydrophilic by glow discharge. Grids were washed briefly with distilled
water and stained with saturated uranyl formate. Images were taken in a Hitachi H-7000 transmission
electron microscope at 100 kV and a magnification of 50 000 x. Suitable films were scanned at 50 lines/mm
(corresponding to a pixel size of 0.4 nm) using a Leafscan 45. Particles were automatically selected based on
their size by calculating the cross-correlation function with a ring-shaped reference of either 7 nm or 10 nm
diameter, or were selected interactively, using the SEMPER image processing system (Saxton et al. 1979).
Multivariate statistical classification (Frank et al., 1988) was achieved on data sets containing over 3000
particles prior to angular alignment and cluster averages were calculated to allow for picking an unbiased
reference. Aligning ~3000 particles from each set of experimental conditions using the respective reference
laterally and angularly, and subsequent classification yielded a final set of cluster averages from which class
averages containing closely related structures were calculated. Typically, the class averages shown included
50-60 % of all selected particles.

Scanning transmission electron microscopic mass analysis of detergent solubilised particles was
carried out as described previously (Müller and Engel, 1998). Elastic dark images of unstained complexes
were recorded using a VG-HB5 STEM at electron doses of typically 300 electrons/nm2 and 80 kV
acceleration voltage. The particle mass was evaluated by measuring the number of electrons elastically
scattered by a circular region enclosing the particle and subtracting the background contribution due to
the thin carbon film using the IMPSYS software (Müller et al., 1992). Gaussian curves were fitted to the
mass histogram peaks by a Marquart algorithm (Bevington, 1962).
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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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CHAPTER 7

SAMENVATTING

De compartimenten van een biologische cel worden omgeven door membranen. Deze
membranen bestaan uit vetten (lipiden) die slecht oplosbaar zijn in water. Door hun specifieke
chemische eigenschappen vormen de lipiden gesloten structuren die een barriere vormen voor
water en water-oplosbare moleculen. In de membraan bevinden zich membraaneiwitten, die op
een gecontroleerde manier transport van moleculen over de membraan mogelijk maken.
Bacteriën worden omgeven door een of twee membranen. De zogenaamde Gram-positieve
bacteriën bezitten alleen een cytoplasmamembraan die hun interne vloeistof, het cytoplasma,
scheidt van hun omgeving. Gram-negative bacteriën, zoals de darmbacterie Escherichia coli,
bezitten naast het cytoplasmamembraan, of binnenmembraan, ook een buitenmembraan. De
ruimte tussen beide membranen wordt het periplasma genoemd. Cellen van gisten, schimmels,
planten en dieren (eukaryoten) bevatten een kern (karyon) waarin zich chromosomen bevinden
die het DNA bevatten. De kern is niet het enige interne compartiment (organel) van de eukaryote
cel. Het membraan van de kern gaat over in dat van het endoplasmatisch reticulum (ER). Via de
afsnoering en het transport van membraanblaasjes (vesikels) gaat het ER over in het Golgi-
apparaat en uiteindelijk in het cytoplasmamembraan dat de cel omgeeft. Naast het ER-Golgi
systeem bevat de eukaryote cel tal van andere organellen, die al dan niet in verbinding staan met
het ER via transportvesikels.

Omdat eiwitten worden geproduceerd in het cytoplasma, is het noodzakelijk om eiwitten
die hun functie daarbuiten vervullen naar de juiste plaats te transporteren. Dit proces is
uitgebreid bestudeerd in het cytoplasmamembraan van E. coli. Hierin bevindt zich een complex
van membraaneiwitten, het translocase, dat in staat is om de meeste eiwitten die zijn bestemd
voor het periplasma of de buitenmembraan te exporteren. Bovendien is het betrokken bij het
inbouwen (integreren) van membraaneiwitten in het cytoplasmamembraan. De componenten van
het E. coli translocase zijn in de jaren tachtig geïdentificeerd en in het begin van de jaren
negentig gezuiverd. In de minimale vorm bestaat het translocase uit een drietal integrale
membraaneiwitten, die het SecYEG complex vormen, en een cytosolisch eiwit, SecA, dat aan
SecYEG bindt. SecA is een drijvende kracht achter de translocatiereactie. Het bindt voorlopers,
precursors, van periplasmatische of buitenmembraaneiwitten en duwt ze door het
cytoplasmamembraan via SecYEG. Hiertoe moet energie geleverd worden in de vorm van
adenosine-tri-fosfaat (ATP) moleculen, die als universele brandstof van de cel dienen. Het SecA
eiwit is als enige component van het translocase in staat om het proces van ATP-binding en -
afbraak (hydrolyse) uit te voeren. Doordat het membraan chemisch ondoorlaatbaar is voor
water-oplosbare moleculen kan de cel energie opbouwen door concentratie- en/of
ladingsverschillen te creëren over het cytoplasmamembraan. De ladingsgradient draagt bij aan
het proces van eiwittransport door het functioneren van het SecA eiwit te optimaliseren en zelfs
door gedeelten van precursoreiwitten door het membraan dwingen. Veel inzichten in de
eiwittranslocatiereactie zijn verkregen door gebruik te maken van gezuiverde
cytoplasmamembraanvesikels of gezuiverd SecYEG en SecA. In het laatste geval wordt
SecYEG ingebouwd in kunstmatige membraanvesikels, waardoor zogenaamde proteoliposomen
worden gevormd (zie Hoofdstuk 2, 3 en 4). Eiwittransport wordt vervolgens gemeten door in
omgekeerde georienteerde membranen precursors te transporteren en vervolgens alle niet-
getransporteerde eiwitten met enzymen (proteasen) af te breken, terwijl getransporteerde
eiwitten worden beschermd door de membraan. Ook kan de afbraak van ATP door SecA
chemisch worden gemeten (translocatie-ATPase). Beide methoden zijn terug te vinden in de
verschillende hoofdstukken van dit proefschrift.

In Hoofstuk 2 is beschreven hoe het SecA eiwit zich gedraagt in de E. coli cel. Een
gedeelte blijkt te binden aan SecY en de twee eiwitten kunnen specifiek worden verbonden door
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cellen te fixeren met formaldehyde. Via deze methode hebben we vastgesteld dat het SecA eiwit
in een sterkere mate aan het membraan bindt via SecY wanneer de SecYEG concentratie in de
cel wordt verhoogd. Dit is een sterke aanwijzing voor een functionele interactie van de beide
eiwitten en geeft aan dat SecA ook deel uitmaakt van het translocase wanneer er geen
translocatie plaatsvindt. In Hoofdstuk 3 en 4 is een andere truc toegepast om de interacties tussen
de componenten van het translocase te bestuderen. Cysteines zijn aminozuren (bouwstenen van
eiwitten) die onderling een chemische binding (zwavelbrug) kunnen vormen wanneer ze in
elkaars nabijheid zijn. Door unieke cysteines in te bouwen in SecY en SecE en te zoeken naar
zwavelbruggen werden enkele gebieden geïdentificeerd die een verbinding vormen tussen de
twee eiwitten. Daarnaast waren er enkele verassingen. Een cysteine mutant in SecE bleek een
zwavelbrug te veroorzaken tussen twee SecE moleculen. Blijkbaar zijn SecE moleculen dicht bij
elkaar geplaatst in het translocase (Hoofdstuk 3). Een cysteine mutant in SecY die geen
zwavelbrug vormde met een ander SecY of SecE molecuul bleek wel een sterk effect te hebben
op de binding van SecA. Door een sterkere binding van SecA aan deze SecY mutant onstaat een
translocase dat een verhoogde activiteit heeft (Hoofdstuk 4).

In eukaryote cellen worden precursors getranporteerd over het ER membraan.
Vervolgens worden zij via vesikeltransport door de cel en naar het cytoplasmamembraan
gevoerd. Toen de componenten van het ER transportapparaat waren gevonden bleken zij erg
veel te lijken op het SecYEG complex. Door het vergelijken van de tranportmechanismen en van
de beschikbare genetische informatie van eukaryoten en bacteriën werd duidelijk dat SecA een
uniek bacteriëel eiwit is. In het algemeen geldt dat eiwittransport een proces is dat verloopt via
het SecYEG complex, of eiwitten die daar sterk op lijken, maar wordt gedreven door
verschillende duwende of trekkende krachte. Dit is weergegeven in Figuur 1 van Hoofdstuk 1.
De struktuur van het eukaryote eiwittransportcomplex (Sec61p) werd duidelijk door Sec61p uit
verschillende organismen te zuiveren en via elektronenmicroscopie zichtbaar te maken. De
struktuur die zo werd gevisualiseerd blijkt uit meerder Sec61p complexen bestaan en zou een
kanaaltje kunnen vormen door het ER membraan, waarlangs eiwitten kunnen worden
getransporteerd. Zoals beschreven in Hoofdstuk 5 hebben we op een soortgelijke manier naar het
SecYEG complex gekeken. De struktuur van gezuiverde SecYEG is vergelijkbaar met dat van
Sec61p en bestaat uit twee SecYEG complexen. Een probleem met de interpretatie van deze
strukturen als het eiwittransportkanaal waren biofysische studies van het functionerende
eiwittransportkanaal in geïsoleerde ER membranen. Deze proeven maakten duidelijk dat het
kanaal tijdens translocatie veel groter is dan verwacht op basis van de Sec61p struktuur. Door
SecA toe te voegen aan SecYEG proteoliposomen en een stof (AMP-PNP) toe te voegen die lijkt
op ATP, maar niet afgebroken kan worden, bleek de structuur van SecYEG drastisch te
veranderen. In plaats van twee waren nu vier SecYEG complexen met elkaar verbonden en de zo
ontstane  struktuur bezat een centrale opening die ongeveer zo groot is als verwacht op basis van
de functionele studies met Sec61p. Deze grotere SecYEG struktuur onstond ook tijdens
translocatiecondities, in de aanwezigheid van precursor eiwit. Ondanks het verschil in
mechanisme tussen eukaryote en bacteriële eiwittranslocatie lijkt het er dus op dat de SecYEG
en Sec61p complexen zich vergelijkbaar gedragen. Waarschijnlijk zijn zowel de kleine als de
grote SecYEG strukturen aanwezig in het cytoplasmamembraan. Het SecA eiwit voorkomt dan
dat de functie van het membraan als chemische barriere wordt verstoord, door de SecYEG
kanaaltjes af te sluiten. Het werk in Hoofdstuk 5 geeft aan dat het bij de struktuuranalyse van
eiwitten belangrijk is om hun functie niet uit het oog te verliezen.
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Stellingen

Behorende bij het proefschrift “Functional and structural analysis of the Escherichia coli
translocase” van Erik Manting.

1. SecA past niet in zijn geheel in de lipidenbilaag van het cytoplasmamembraan, ook niet via
een oligomeer complex van SecYEG molekulen (Shilton et al., 1998, FEBS Lett. 436: 277-
282; Chapter 5).

2. Het 125I-gelabelde 30 kDa carboxy-terminale proteolytische fragment van SecA geeft een
conformatieverandering van het molekuul aan die plaatsvindt tijdens translocatie, maar geen
membraaninsertie (Economou and Wickner, 1994, Cell 78: 835; van der Does et al., 1998,
Biochemistry 37: 201).

3. Het zoeken naar stoffen met een remmende werking op SecA opent een goede mogelijkheid
tot de ontwikkeling van nieuwe antibiotica.

4. Zonder voorstellingsvermogen is het beoefenen van moleculaire biologie een saaie
bezigheid.

5. Wetenschappelijke modellen die zaken eenvoudiger voorstellen dan ze zijn verkopen beter
dan modellen die een eenvoudige verklaring in twijfel trekken.

6. Ondanks de ontwikkeling van steeds snellere media is mondelinge overdracht van informatie
onovertroffen. Dit komt omdat er nog steeds geen medium is uitgevonden waarbij sociale
interactie bijdraagt aan de informatieoverdracht.

7. Politiek is de meest voorspelbare component van wetenschap.

8. In verband met stelling 6 en 7 is regelmatig congresbezoek onontbeerlijk om als
promovendus wetenschapswereldwijs te worden.

9. Ook amerikaanse rokers hebben een eigen verantwoordelijkheid.

10. Brede wegen vragen om snelheidsovertredingen.

11. Mystieke verklaringen gaan door voor ‘diep’; de waarheid is dat zij niet eens ondiep zijn.
(Uit: Nietzsche, “De vrolijke wetenschap”)

12. De redacteuren Touber en Kamp van het blad “Ode” laten in hun discussie over AIDS zien
dat je er naast een gezonde levensstijl ongezonde gedachten op na kan houden (De
Volkskrant, 26 juni 1999).

13. Promoveren doe je niet alleen.


