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Summary

In Escherichia coli , precursor proteins are targeted
to the membrane-bound translocase by the cytosolic
chaperone SecB. SecB binds to the extreme carboxy-
terminus of the SecA ATPase translocase subunit,
and this interaction is promoted by preproteins. The
mutant SecB proteins, L75Q and E77K, which inter-
fere with preprotein translocation in vivo , are unable
to stimulate in vitro translocation. Both mutants bind
proOmpA but fail to support the SecA-dependent mem-
brane binding of proOmpA because of a marked reduc-
tion in their binding affinities for SecA. The stimulatory
effect of preproteins on the interaction between SecB
and SecA exclusively involves the signal sequence
domain of the preprotein, as it can be mimicked by a
synthetic signal peptide and is not observed with a
mutant preprotein ( D8proOmpA) bearing a non-func-
tional signal sequence. D8proOmpA is not translocated
across wild-type membranes, but the translocation
defect is suppressed in inner membrane vesicles
derived from a prlA4 strain. SecB reduces the trans-
location of D8proOmpA into these vesicles and almost
completely prevents translocation when, in addition,
the SecB binding site on SecA is removed. These data
demonstrate that efficient targeting of preproteins by
SecB requires both a functional signal sequence and
a SecB binding domain on SecA. It is concluded that
the SecB–SecA interaction is needed to dissociate
the mature preprotein domain from SecB and that
binding of the signal sequence domain to SecA is

required to ensure efficient transfer of the preprotein
to the translocase.

Introduction

The molecular chaperone SecB, a tetrameric protein with
a molecular mass of 68 kDa (Smith et al., 1996), targets a
subset of periplasmic and outer membrane proteins to the
translocase at the cytoplasmic membrane of Escherichia
coli (Kumamoto, 1991). SecB associates with the nascent
chains as they emerge from the ribosome (Kumamoto and
Francetic, 1993; Randall et al., 1997) and promotes both
their post- and co-translational translocation (Kumamoto
and Gannon, 1988). SecB interacts with the mature part
of the preprotein (Collier et al., 1988; Gannon et al., 1989;
Randall et al., 1990; De Cock et al., 1992; Fekkes et al.,
1995) and, by forming a stoichiometric complex, it main-
tains the preprotein in a translocation-competent state (Ran-
dall and Hardy, 1986; Lecker et al., 1989; 1990). It has been
suggested that SecB recognizes preproteins by binding
their signal sequence domain (Watanabe and Blobel,
1989; 1995; Altman et al., 1990a), but other studies show
that signal sequence recognition is not a prerequisite for
the binding reaction per se (Lecker et al., 1989; Liu et
al., 1989; Randall et al., 1990; Hardy and Randall, 1991).

In vitro, SecB interacts with a variety of proteins as long
as they are in an unfolded state (Hardy and Randall, 1991;
Fekkes et al., 1995). In vivo, however, SecB is very selec-
tive, and only a few proteins, mainly precursors of outer
membrane proteins, are recognized (Kumamoto and Fran-
cetic, 1993). Several attempts have been made to identify
a SecB binding motif in preproteins (Altman et al., 1990b;
Topping and Randall, 1994; Khisty et al., 1995; Smith et
al., 1996), but so far no consensus has been reached.
Residues in SecB involved in preprotein binding have
been identified by mutational studies (Gannon and Kuma-
moto, 1993; Kimsey et al., 1995). These mutations, which
result in a reduced translocation efficiency, have been
classified into three classes based on a colony colour
assay as a semi-quantitative measure of SecB activity,
and cluster in two regions (Kimsey et al., 1995). The first
class (class I) consists of mutations that reduce the ability
of SecB to form a stable complex with the precursor of mal-
tose-binding protein (preMBP), but cause only a mild defect
in the rate of MBP export as judged from pulse–chase
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experiments. The second class (class 2) is characterized
by a severe slow-down in the rate of MBP export without
any effect on the SecB–preMBP complex formation. The
third class (class 3) consists of SecB mutations that fail
to support the growth of E. coli on rich media, indicating
that there is no SecB activity at all.

In addition to the chaperone functions, SecB targets the
preprotein to SecA, the peripheral ATPase subunit of the
translocase (Hartl et al., 1990; Fekkes et al., 1997). SecA
recognizes both the signal sequence and the mature domain
of the preprotein (Cunningham and Wickner, 1989; Lill et al.,
1990; Kimura et al., 1991), but also binds SecB directly
(Hartl et al., 1990; Breukink et al., 1995). The latter inter-
action is confined to a short extreme carboxyl-terminal
polypeptide sequence of SecA, which bears a high instance
of positively charged amino acid residues (Fekkes et al.,
1997). The interaction of SecB with SecA bound at the
SecYEG complex is of high affinity (Hartl et al., 1990). Sol-
uble SecB–SecA complexes have been observed (Hartl
et al., 1990; Hoffschulte et al., 1994), but such complexes
are formed with at least 10 times lower affinity than those
at the membrane (Den Blaauwen et al., 1997). Binding of
SecB to SecA at the membrane is stimulated by the pre-
protein resulting in the formation of a stable membrane-
bound ternary complex (Hartl et al., 1990) in which the
preprotein is no longer associated with SecB (Fekkes et
al., 1997). The binding of ATP to SecA causes the disloca-
tion of SecB from the translocase (Fekkes et al., 1997) and
the initiation of preprotein translocation.

To determine the catalytic mechanism of preprotein trans-
fer and to identify the SecA binding domain on SecB, we
have analysed the SecB class 2 mutants L75Q and E77K.
These two mutants were thought to interfere with preprotein
translocation by binding the preprotein with higher affinity
compared with the wild-type SecB (Gannon and Kumamoto,

1993; Kimsey et al., 1995). Our data demonstrate that these
mutants are unable to support the SecB-dependent prepro-
tein translocation because of a defect in the SecA binding.
The data show further that, for efficient delivery of the pre-
protein to SecA, both the SecA–SecB interaction and the
binding of the preprotein signal sequence domain to SecA
is necessary. The latter elicits a tightening of the SecB–
SecA interaction, causing the release of the mature pre-
protein domain from SecB for binding to SecA, thereby
providing specificity to the transfer reaction.

Results

SecBL75Q and SecBE77K fail to support in vitro
preprotein translocation

The class 2 mutants SecBL75Q and SecBE77K and wild-
type SecB, all containing an amino-terminal hexahistidine
tag, were purified to homogeneity by nickel-NTA affinity
and anion-exchange chromatography. To study the effect
of the mutations in SecB on the efficiency of preprotein
translocation, in vitro translocation of [35S]-proOmpA into
urea-washed inverted inner membrane vesicles (IMVs)
derived from the wild-type cells was performed in the pre-
sence of wild-type SecA or SecAN880 (Fig. 1). SecAN880
is a functional SecA truncate that lacks the carboxy-term-
inal SecB binding site and is therefore unable to interact
with SecB (Fekkes et al., 1997). The presence of a His
tag promoted the activity of SecB, as the SecA-dependent
translocation of proOmpA was stimulated to a greater
extent by HisSecB (Fig. 1A, lane 3) than by wild-type
SecB (lane 2). In contrast, translocation was not stimu-
lated by HisSecBE77K (lane 4) or HisSecBL75Q (lane
5). In the presence of SecAN880, hardly any stimulation
of translocation was observed with the SecB proteins
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Fig. 1. SecBL75Q and E77K fail to stimulate
preprotein translocation. Translocation of
[35S]-proOmpA into IMVs of strain MC4100
was performed as described in Experimental
procedures before (A) or after (B) preincuba-
tion of proOmpA for 15 min at 378C. Translo-
cation reactions were carried out in the
presence (lanes 1–5) or absence of SecA
(lane 6), or with SecAN880 (lanes 7–11), and
in the absence (lanes 1, 6 and 7) or presence
of SecB (lanes 2 and 8), His-tagged SecB
(lanes 3 and 9), His-tagged SecBE77K (lanes
4 and 10) or His-tagged SecBL75Q (lanes 5
and 11). The result of a typical experiment is
shown, which was repeated independently
three times. (A) and (B) represent different
exposures of the translocation reactions. The
proOmpA translocation efficiency of lane 2 in
(A) and (B) is about 23% and 8% respec-
tively.
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(lanes 8–11), and the translocation was about as efficient
as with SecA in the absence of SecB (lanes 1 and 7). Only
the HisSecB showed a slight stimulation of translocation
(lane 9). When proOmpA was first diluted from urea into
a buffer in the absence of SecB, incubated for 15 min at
378C to render it translocation incompetent and then
added to IMVs, no translocation was observed (Fig. 1B,
lane 1). When the preincubation was performed in the pre-
sence of HisSecBE77K or HisSecBL75Q, it appeared that
the translocation-competent state of proOmpA was main-
tained (lanes 4 and 5), although the translocation was less
efficient than in the presence of wild-type SecB or HisSecB
(lanes 2 and 3). In the presence of SecAN880 (lanes 7–
11), wild-type and mutant SecB proteins were nearly equally
effective in maintaining the translocation-competent state
of proOmpA. These data indicate that the L75Q and E77K
mutations in SecB do not interfere with preprotein binding,
but suggest that they are defective in the targeting of
proOmpA to the translocation site at the membrane.

SecBL75Q and SecBE77K are defective in the targeting
of proOmpA to the membrane

To ascertain further that the absence of stimulation of
proOmpA translocation by HisSecBL75Q and HisSec-
BE77K is not caused by a deficient interaction with pro-
OmpA, the HisSecB-dependent binding of urea-denatured
[35S]-proOmpA to Ni-NTA-coupled agarose beads was
determined (Fig. 2). In the presence of wild-type SecB,
little proOmpA was bound to the Ni-NTA-coupled agarose
beads, while with HisSecB, HisSecBL75Q and HisSec-
BE77K, substantial and nearly equivalent amounts of
proOmpA were bound by the resin. This observation, in
conjunction with the ability to maintain proOmpA in a trans-
location-competent state (Fig. 1B, lanes 8–11), demon-
strates that the mutated SecB proteins still recognize
proOmpA. Subsequently, the effect of SecB on the mem-
brane binding of proOmpA in the presence or absence of
SecA under non-translocating conditions (i.e. 08C and in
the absence of ATP) was measured using SecAN880 as
a control (Fig. 3). In the absence of SecA, only background
membrane binding of proOmpA was observed (white bars).
With both wild-type SecB and HisSecB, the addition of SecA
(grey bars) resulted in a large enhancement of the proOmpA
membrane binding. On the other hand, with HisSecBL75Q
and HisSecBE77K, the proOmpA binding with SecA (grey
bars) corresponded to the background levels observed
with SecAN880 (black bars). These data show that the
SecB mutants L75Q and E77K are disturbed in the target-
ing of proOmpA to membrane-bound SecA.

SecBL75Q and E77K are deficient in SecA binding

SecB binds with high affinity to the membrane-bound form

of SecA (Hartl et al., 1990; Fekkes et al., 1997). In the
absence of proOmpA, SecB binds SecA with a dissoci-
ation constant (Kd) of 25 nM (Fekkes et al., 1997; see
also Fig. 4A). To determine whether the SecB mutants
are still able to associate with SecA, their ability to com-
pete with [125I]-SecB for SecA binding was examined.
For this purpose, IMVs were used that were derived from
a SecYEG-overproducing strain that has previously been
shown to bind elevated amounts of SecB in a SecA-depen-
dent fashion (Fekkes et al., 1997). In the assay, binding of
a fixed concentration of 125I-labelled wild-type SecB to IMVs
was measured in the presence of increasing concentrations
of unlabelled wild-type SecB, HisSecB, HisSecBL75Q or
HisSecBE77K protein. The inhibition curves for wild-type
SecB (Fig. 4A, W) and HisSecB (X) were nearly identical,
indicating that HisSecB has the same affinity for membrane-
bound SecA as wild-type SecB. In contrast, the L75Q SecB
mutant (B) is a poor competitor, and HisSecBE77K (O) is
even worse. Only high concentrations of these SecB pro-
teins could compete substantially with the [125I]-SecB for
SecA binding. This implies that these two mutants are
defective in the interaction with SecA. In the presence
of proOmpA, membrane-bound SecA binds SecB with an
enhanced affinity, i.e. a Kd of 8 nM instead of 25 nM (Fekkes
et al., 1997; see also Fig. 4B). Even under these conditions,
inhibition curves of wild-type SecB (Fig. 4B, W) and His-
SecB (X) were nearly identical, whereas the L75Q and
the E77K SecB mutants were equally poor competitors.
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Fig. 2. ProOmpA binds to SecBL75Q and E77K. [35S]-proOmpA
was preincubated for 30 min on ice with 2.5 mM (tetramer) SecB,
HisSecB, HisSecBL75Q or HisSecBE77K as described in
Experimental procedures. Subsequently, prewashed Ni-NTA-
coupled agarose beads were added and, after further incubation
for 25 min on ice, the amount of [35S]-proOmpA bound to the beads
was determined.
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Taken together, these data demonstrate that the SecBL75Q
and E77K mutants are defective in their ability to interact
with the membrane-bound SecA.

To substantiate this conclusion, binding studies with
SecB were performed with the Schistosoma japonicum
glutathione-S-transferase (GST) protein that was fused
at its carboxy-terminus to the SecB binding domain of
SecA, i.e. GST218 (Fekkes et al., 1997). Both wild-type
SecB and HisSecB were bound efficiently by the GST218
fusion protein (Fig. 5, lanes 2 and 3), whereas no binding
was observed in the absence of the SecB binding domain,
i.e. with GST alone (lane 1, data not shown). GST218
failed to recognize the HisSecBE77K and L75Q (lanes 4
and 5), further demonstrating that these mutant SecB
proteins are disturbed in the interaction with SecA.

The signal sequence domain of precursor proteins
stimulates the SecA–SecB interaction

The interaction between SecA and SecB at the membrane
is stimulated by preproteins (Hartl et al., 1990; Fekkes et
al., 1997), and this phenomenon is retained in the SecA
binding mutant SecBE77K. To determine the mechanism
of stimulation and to establish which portion of the prepro-
tein, i.e. the signal sequence and/or the mature domain, is
responsible for this phenomenon, the binding of a signal
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Fig. 3. SecBL75Q and E77K fail to target proOmpA to IMVs.
Urea-treated IMVs (250 mg ml¹1) derived from wild-type cells were
incubated on ice with [35S]-proOmpA (20 nM) and, as indicated,
100 nM SecB, HisSecB, HisSecBL75Q or HisSecBE77K. Incuba-
tions were performed in the absence of SecA (white bars) or in the
presence of 250 nM SecA (grey bars) or SecAN880 (black bars).
After 15 min, membranes were sedimented through a 100 ml 0.2 M
sucrose cushion, and the amount of proOmpA in the pellet and
supernatant fractions was quantified by counting in scintillation
liquid.

Fig. 4. SecBL75Q and E77K are defective in SecA-dependent SecB binding to IMVs. Urea-treated IMVs (250 mg ml¹1) derived from SecYEGþ

cells were incubated on ice with 250 nM SecA, 10 nM [125I]-SecB and 13–4600 nM SecB (W), HisSecB (X), HisSecBL75Q (B) or HisSecBE77K
(O) in 100 ml of buffer B in the absence (A) or the presence (B) of proOmpA (300 nM). After 15 min, membranes were sedimented through a
100 ml 0.2 M sucrose cushion, and the amount of [125I]-SecB in the pellet and supernatant was quantified in a g-counter.
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sequence mutant of proOmpA, D8proOmpA, was exam-
ined. This mutant is defective in translocation as a result
of a deletion of the isoleucine at position 8 of the hydro-
phobic core of the signal sequence (Tanji et al., 1991;
Van der Wolk et al., 1998). Binding of SecB to the mem-
brane-bound SecA was stimulated by proOmpA (Fig. 6A,
lane 2), but not by D8proOmpA (lane 3). OmpA (lane 4)
also failed to stimulate the binding of SecB to SecA.
These data suggest that the signal sequence is respon-
sible for the stimulation, but do not rule out a possible role
for the mature preprotein domain. Therefore, the SecA-
dependent SecB binding to IMVs was measured in the pre-
sence and absence of a synthetic peptide corresponding
to the signal sequence of proOmpA (MKKTAIAIAVALAG-
FATVAQA; Movva et al., 1980; Lill et al., 1990). For better
resolution, these experiments were conducted with IMVs
obtained from cells overproducing SecYEG, but similar
results were obtained with wild-type IMVs. The presence
of the synthetic signal peptide (10 mM) had no effect on
the number of high-affinity SecB binding sites, but reduced
the Kd value from 23 to 4 nM (Fig. 6B). The addition of a
non-related peptide (reduced bovine pancreatic trypsin
inhibitor) up to 250 mM had no effect on the SecB binding
to IMVs (data not shown). These data demonstrate that the
stimulation of the interaction between SecA and SecB at
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Fig. 5. SecBL75Q and E77K fail to interact with the SecB binding
domain of SecA fused to glutathione-S-transferase. GST (lane 1)
and GST218 (lanes 2–5) were preincubated with 5 mg of SecB
(lanes 1 and 2), HisSecB (lane 3), HisSecBE77K (lane 4) and
HisSecBL75Q (lane 5). Subsequently, 10 ml of prewashed
glutathione-coupled agarose beads were added and, after two
washing steps with buffer HB, the GST proteins with bound SecB
protein were eluted with 20 mM reduced glutathione in buffer HB.
Samples were applied on a 15% SDS–PAGE gel and stained with
Coomassie brilliant blue. The positions of the SecB and HisSecB
are indicated. HisSecB had a higher apparent molecular mass
because of the presence of the hexaHis-tag.

Fig. 6. The signal sequence domain of the preprotein stimulates
the interaction between SecA and SecB.
A. Preproteins with a defective or without a signal sequence fail to
enhance SecA-dependent SecB binding to IMVs. Binding of
[125I]-SecB (10 nM) to urea-treated membranes of wild-type cells
was measured in the absence (lane 1) or in the presence of
proOmpA (lane 2), D8proOmpA (lane 3) or OmpA (lane 4).
B. Scatchard plot analysis of SecA-dependent binding of
[125I]-SecB (4 nM to 5 mM) to urea-treated membranes derived from
SecYEGþ cells in the presence (W) or absence (X) of 10 mM
proOmpA signal peptide.
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the membrane occurs primarily via the signal sequence
domain of the preprotein.

SecB and the signal sequence co-operate to transfer
the preprotein to SecA

In the stable membrane-bound complex of SecA, SecB
and preprotein, transfer of the preprotein from SecB to
SecA has already taken place. This is suggested by the
observation that proOmpA does not promote the binding
of SecB to SecAN880, a SecB binding-deficient SecA trun-
cate (Fekkes et al., 1997), implying that SecB cannot bind
to SecA via the preprotein. To investigate the mechanism
of preprotein transfer further, binding of OmpA proteins
with different signal sequence domains to IMVs was mea-
sured in the presence of SecA or SecAN880 (Fig. 7).
Experiments were performed in the presence of SecB to
prevent non-specific interactions of the (pre)proteins with
the IMVs (Hartl et al., 1990). SecA supports the efficient
binding of proOmpA to the IMVs (lane 1, white bar), while
a reduced level of binding was observed in the presence
of SecAN880 (lane 1, black bar). SecA supports only low
levels of OmpA or D8proOmpA binding (lanes 2 and 3,
white bars), while the binding was almost completely abol-
ished with SecAN880 (lanes 2 and 3, black bars). These
results demonstrate that both a functional SecB binding
site on SecA and a functional signal sequence on the pre-
protein are needed for efficient targeting and transfer of
preproteins from SecB to SecA.

To determine the functional impact of the co-operative
effect of SecB and the signal sequence on SecA targeting,
the in vitro translocation of proOmpA into IMVs with a wild-
type or an altered signal sequence (D8proOmpA) was
analysed (Fig. 8). IMVs were derived from wild-type cells
(Fig. 8A) or from cells harbouring the prlA4 signal sequ-
ence suppressor mutation in secY (Fig. 8B), which enables
translocation of preproteins with a defective signal sequence
(Emr et al., 1981; Osborne and Silhavy, 1993; Van der Wolk
et al., 1998). In the presence of SecA, the translocation of
proOmpA into IMVs was stimulated by SecB (Fig. 8A,
lanes 3 and 4). This stimulation was largely absent when
SecAN880 was used (lanes 5 and 6; Fekkes et al., 1997;
see also Fig. 1). D8proOmpA was not translocated into
wild-type IMVs, regardless of the presence of SecB or
SecA (lanes 7–12). The translocation of proOmpA into
IMVs derived from the prlA4 strain in the presence of
SecA was far more efficient than in wild-type vesicles,
and even further stimulated by SecB (Fig. 8B, lanes 3
and 4). Under the conditions used, about 60% of the
added proOmpA was translocated into the IMVs. Again,
this stimulatory effect of SecB was largely abolished when
SecAN880 was used instead of SecA (lanes 5 and 6).
The prlA4 IMVs suppressed the D8proOmpA transloca-
tion defect in a SecA-dependent manner, although the

preprotein was translocated with a lowered efficiency com-
pared with proOmpA (compare lanes 3 and 9). The addi-
tion of SecB did not stimulate, but slightly reduced, the
translocation of D8proOmpA into these IMVs (lane 10).
This effect was exacerbated when the SecB binding
domain on SecA was also removed. SecB almost comple-
tely abolished the SecAN880-dependent translocation of
D8proOmpA into the prlA4 IMVs (lanes 11 and 12). There-
fore, it appears that the SecA–SecB interaction is needed
for the release of the preprotein from SecB and that this
reaction is facilitated by the binding of the functional signal
sequence to SecA.

Discussion

The molecular chaperone SecB fulfils a dual function in
bacterial preprotein translocation. It maintains preproteins
in a translocation-competent state and targets them to the
SecA subunit of the translocase. The preprotein binding
site on SecB has been identified by mutational analysis
(Kimsey et al., 1995), and we have shown recently that
SecB recognizes the extreme carboxy-terminus of SecA
as its docking site (Fekkes et al., 1997). Here, we have
analysed a number of critical amino acid residues on
SecB that were thought to be involved in preprotein binding
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Fig. 7. SecB and the signal sequence domain co-operate in the
targeting of proOmpA to SecA. Urea-treated IMVs (250 mg ml¹1)
derived from wild-type cells were incubated on ice with 100 nM
SecB and, as indicated [35S]-proOmpA, [35S]-OmpA or
[35S]-D8proOmpA (20 nM). Incubations were performed in the
presence of 250 nM SecA (white bars) or SecAN880 (black bars).
After 15 min, membranes were sedimented through a 100 ml 0.2 M
sucrose cushion, and the amount of radiolabelled protein in the
pellet and supernatant fractions was quantified by counting in
scintillation liquid.
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(Gannon and Kumamoto, 1993; Kimsey et al., 1995), but
now prove to be part of the SecA binding site. Mutation
of leucine-75 into glutamine (L75Q) or glutamate-77 into
arginine (E77K) does not lead to loss of the ability of
SecB to bind the preprotein substrate proOmpA or to main-
tain proOmpA in a translocation-competent state. However,
the mutant SecB proteins fail to target the preprotein to the
membrane because of a defect in the interaction with SecA.
These data demonstrate that single point mutations can
separate the two functions of SecB in preprotein transloca-
tion, i.e. preprotein binding and targeting.

Mutations in SecB that alter the ability to stimulate pre-
protein translocation are clustered in two regions. Region 1
comprises amino acid residues 74–80, while region 2 starts
at position 20 and extends to amino acid 24 (Kimsey et al.,
1995). The residues of both regions are highly conserved
among the SecB proteins of Haemophilus influenzae
(Fleischmann et al., 1996) and Buchnera aphidicola (Lai
and Bauman, 1992) (Fig. 9). The unannotated genome
sequences of Actinobacillus actinomycetemcomitan, Neis-
seria meningitidis, Pseudomonas aeruginosa, Rhodobac-
ter capsulatus and Vibrio cholerae also harbour SecB
homologues that exhibit a high degree of conservation
specifically in these regions. Class 1 mutations affecting
preprotein binding occur only in region 1 (Kimsey et al.,

1995). The L75Q and E77K mutations analysed in this
report are also located in region 1 but belong to class 2.
Other class 2 mutations have also been identified, and
these are located in region 2, i.e. aspartate-20 and gluta-
mate-24 (Kimsey et al., 1995). Both residues are nega-
tively charged and, like the residues characterized in this
paper, may well be involved in the SecA interaction. It is
therefore tempting to speculate that the interaction between
SecB and SecA is of an electrostatic nature. The strong
positively charged SecB binding site of SecA may bind to
a cluster of negatively charged residues present in the
SecA binding site of the tetrameric SecB.

To target preproteins efficiently, SecB has to interact in
a productive manner with SecA. When this interaction is
disturbed, either by the absence of the SecB binding site
on SecA (SecAN880) (Fekkes et al., 1997; this paper) or
by mutations in the SecA binding site on SecB, targeting
of preproteins to the membrane is no longer possible, and
translocation defects are apparent (Kimsey et al., 1995;
this paper). As these SecB mutants are still able to
maintain the translocation competence of preproteins, as
shown for proOmpA in this study, it appears that targeting
is an important aspect of the SecB function in vivo. The
translocation of a preprotein with a defective signal sequ-
ence in cells with the prlA4 mutation is impaired by
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Fig. 8. Interaction of SecA with both SecB and
the preprotein signal sequence is essential for
optimal stimulation of translocation.
Translocation of [35S]-proOmpA (lanes 1–6)
and [35S]-D8proOmpA (lanes 7–12) into IMVs
of strain MC4100 (SecYþ) (A) or SE6004
(PrlA4) (B) was performed as described in
Experimental procedures. Reactions were car-
ried out in the absence (lanes 1, 2, 7 and 8) or
presence of SecA (lanes 3, 4, 9 and 10) or
SecAN880 (lanes 5, 6, 11 and 12), without
(lanes 1, 3, 5, 7, 9 and 11) or with SecB (lanes
2, 4, 6, 8, 10 and 12). The result of a typical
experiment is shown, which was repeated inde-
pendently three times. (A) and (B) represent
identical exposures. [35S]-ProOmpA and [35S]-
D8proOmpA were synthesized by an in vitro
transcription/ translation reaction with a similar
yield of radioactivity. The translocation effi-
ciency in lane 4 of (B) represents about 60% of
the input proOmpA.

Fig. 9. SecA binding site on SecB. Alignment
of regions 1 and 2 of known bacterial SecB pro-
teins. Eco, E. coli (Kumamoto and Nault, 1989),
GeneBank accession number M24489; Bap,
Buchnera aphidicola (Lai and Baumann, 1992),
GeneBank accession number M90644; Hin,
Haemophilus influenzae (Fleischmann et al.,
1995), GeneBank accession number U32758.
Mutants belonging to class 1 are defective in
preprotein binding, while class 2 mutants are
disturbed in SecA binding. The class 2 SecB
mutants, L75Q and E77K, are indicated. In E.
coli, region 1 stretches from amino acids 74 to
80 and region 2 from amino acids 20 to 24.
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SecBL75Q but still occurs in the presence of wild-type
SecB (Francetic et al., 1993). With the current notion that
SecBL75Q is defective in SecA binding, it is evident that,
when both targeting factors are eliminated, i.e. a functional
signal sequence and the SecB–SecA interaction, trans-
location is abolished. A similar phenomenon is observed
in vitro with the SecAN880-mediated translocation of
D8proOmpA in prlA4 IMVs. However, in contrast to the
in vitro data, the translocation of signal sequence-defective
preproteins in vivo strictly requires SecB (Derman et al.,
1993; Francetic et al., 1993; Flower et al., 1994). This pos-
sibly reflects the dual role of SecB in protein translocation
and suggests that the targeting capacity of SecB in vivo is
even more important than in vitro. It is important to empha-
size that in vitro, using urea-denatured preprotein, the rate-
determining steps in translocation may be different from in
vivo.

The stimulatory effect of the preprotein on the interaction
between SecB and SecA is presumably mediated through
the direct binding of the signal sequence to SecA. The
possibility that the signal sequence acts through direct
binding to SecB cannot be formally excluded. However,
this is less likely, as the signal sequence of the SecB-
bound preprotein seems to be exposed because it is easily
accessible for protease digestion (Topping and Randall,
1994; Khisty et al., 1995), and signal sequence binding
is not a prerequisite for the recognition of preproteins
bySecB (Lecker et al., 1989; Liu et al., 1989; Randall et
al., 1990; 1997; Hardy and Randall, 1991). Furthermore,
SecA has been shown to interact with the signal sequence
(Cunningham and Wickner, 1989; Lill et al., 1990). When
the signal sequence is mutated or deleted, preprotein recog-
nition by SecA is impaired, and the SecA–SecB interaction
is no longer stimulated. Under these conditions, the target-
ing of the preprotein to the membrane is also defective,
even though the SecB binding domain on SecA is still func-
tional. This suggests that SecB releases its cargo upon
binding to membrane-bound SecA, but that, because of
the lack of a proper signal sequence, the interaction of
the preprotein takes place only inefficiently. When the
SecB binding site on SecA is also removed, targeting is
completely abolished and, instead of stimulating trans-
location, SecB now even blocks the translocation of a pre-
protein with a defective signal sequence. This implies
strongly that the SecB–SecA interaction serves to dissoci-
ate the preprotein from SecB, consistent with previous
findings that, in the ternary SecA–SecB–preprotein com-
plex, the preprotein is no longer bound to SecB (Fekkes et
al., 1997). The current study also demonstrates that the
SecB proteins defective in SecA interaction are unable to
support the high-affinity binding of proOmpA to SecA,
despite the fact that they have retained the ability to
form a complex with proOmpA. This further supports the
notion that the SecA–SecB interaction is not mediated

via binding of the preprotein to both SecA and SecB and
can be taken as a further indication that SecB is stimulated
by SecA to release the preprotein.

Because of the high content of b-structure in SecB and
in the outer membrane proteins, which form the main sub-
strate for SecB, it has been suggested that preprotein
recognition is mediated through b–b interaction (Mac-
Intyre et al., 1991; Breukink et al., 1992). This would mean
that the preprotein binding site on SecB consists of strands
with b-sheet secondary structure. Modelling of the poly-
peptide sequence of region 1 as a b-sheet reveals that
the amino acid residues involved in preprotein binding
(class 1 mutants) all face the same side of the b-sheet
yielding a hydrophobic patch (Kimsey et al., 1995). Simi-
larly, the residues that are involved in SecA binding face
the opposite side and, in conjunction with region 2, may
form a negatively charged surface. Such close proximity
of the preprotein and SecA binding sites on SecB provides
a possible mechanism by which SecA can modulate the
preprotein binding activity of SecB. Binding of SecA to
the negatively charged face of region 1 may cause a con-
formational change in the preprotein binding site of SecB
on the opposite face of this b-sheet-like region, thereby
lowering the binding affinity of SecB for the mature portion
of the bound preprotein.

The data presented here provide a possible scenario for
the transfer of the preprotein from SecB to SecA (Fig. 10).
SecB interacts in the cytosol with newly synthesized pre-
proteins by binding their mature domain. Within this binary
complex, the signal sequence is available to interact with
components such as the membrane-bound SecA. As a
result of this interaction, SecA changes its conformation
and binds SecB with higher affinity (step 1). Subsequently,
SecB undergoes a conformational change, and the mature
domain of the preprotein is unloaded. As the preprotein
is anchored to SecA via its signal sequence, it is auto-
matically transferred from SecB to SecA, yielding a stable
ternary complex (step 2). Although SecB is now no longer
associated with the preprotein, it remains bound to SecA
and, in this state, it prevents newly synthesized preproteins
from entering the translocase. Once translocation is initiated
upon the binding of ATP, SecB is released into the cytosol
(step 3; Fekkes et al., 1997) to interact with another pre-
protein. The signal sequence fulfils a dual role in this cata-
lytic preprotein transfer mechanism. First, it functions as
an anchor to hold on to SecA while the mature domain
of the preprotein is released from SecB. When this anchor
function is absent, either by removal or by mutation of the
signal sequence, the preprotein does not remain stably
bound at the membrane and is, to a large extent, released
into the cytosol. Secondly, by promoting the tight binding
of SecB to SecA, it ensures the efficient release of the
mature preprotein domain from its association with SecB.

It is concluded that SecB and the signal sequence of the
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preprotein co-operate in SecA targeting and that the pre-
protein is transferred from SecB to SecA by a mechanism
in which binding of the signal sequence to SecA promotes
the release of the mature preprotein domain from SecB for
binding to SecA.

Experimental procedures

Bacterial strains and plasmids

All strains were E. coli K-12 derivatives. Strains MC4100 (F¹

DlacU169 araD139 rps relA thiA motA; Casadaban, 1976),
SE6004 (MC4100 alamBS60 prlA4; Emr et al., 1981) and
SF100 [F¹ DlacX74 galE galK thi rpsL (strA) DphoA(PvuII),
DompT; Baneyx and Georgiou, 1990], bearing plasmid
pET340 (Van der Does et al., 1996) for overproduction of
the SecYEG complex, were used for the isolation of IMVs.
pET340 is a pTRC99A derivative with secYEG in tandem
and under the control of the trc promoter (Van der Does et
al., 1996). Overexpression of the hexaHis-tagged SecB pro-
teins was carried out in strain MM152 (MC4100 secB::Tn5
zhe::Tn10 malTcon; Kumamoto and Beckwith, 1985).

Biochemicals

SecA (Cabelli et al., 1988), SecAN880 (Fekkes et al., 1997),
SecB (Weiss et al., 1988), proOmpA, D8proOmpA and OmpA
(Crooke et al., 1988) and GST and GST218 (Fekkes et al.,
1997) were purified as described. IMVs were prepared from
MC4100 or SE6004, or SF100 cells overproducing SecYEG,
as described previously (Chang et al., 1978) and treated with
6 M urea (Cunningham et al., 1989). [35S]-proOmpA and

[35S]-D8proOmpA (Van der Wolk et al., 1998) were synthe-
sized by in vitro transcription/translation reaction, affinity puri-
fied (Crooke and Wickner, 1987) and stored frozen in 6 M
urea and 50 mM Tris-HCl, pH 7.8.

Construction of His-tagged wild-type and mutant SecB

To create an SphI site for cloning, the secB sequence was
changed from 58-CACATGTCA (encoding the first two resi-
dues of SecB, Met-Ser) to 58-CGCATGCCA (encoding Met-
Pro) by oligonucleotide-directed mutagenesis as described
previously (Kimsey et al., 1995). The modified secB gene
was digested with SphI and MscI, and the resulting fragment
was cloned into pQE-32 (Qiagen). The DNA sequence of the
58 end of the resultant gene fusion was determined, and the pre-
dicted amino acid sequence of HisSecB was MRSGSH6GIRMP,
followed by the wild-type SecB sequence starting at amino
acid residue 3. Mutations in secB were introduced by replac-
ing the EcoRV–SacII secB fragment with fragments contain-
ing single base substitution mutations (Gannon and Kumamoto,
1993), yielding the plasmids pHKSB366, pHKSB387 and
pHKSB382 for HisSecB, HisSecBL75Q and HisSecBE77K
respectively.

Overexpression and purification of hexaHis-tagged
SecB proteins

MM152 cells carrying F8 lacIQ lacþ and transformed with the
plasmids pHKSB366, pHKSB387 or pHKSB382 were grown
on LB at 378C to an OD660 of 1.0, induced with 1 mM IPTG
and grown for another 2 h. Cells were harvested by centri-
fugation (10 min, 10 000 ×g) and passed twice through a
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French pressure cell (18 000 p.s.i.). After centrifugation
(15 min, 30 000 ×g), the supernatant was adjusted to 60 mM
imidazole, pH 8.0, and applied onto a nickel chelating column,
which was pretreated according to the manufacturer’s instruc-
tions (Pharmacia, Biotech). The column was washed with
several column volumes of 50 mM NaPi and 60 mM imidazole,
pH 8.0. His-tagged SecB proteins were eluted with a buffer
containing 50 mM NaPi, 500 mM imidazole and 300 mM
NaCl, pH 6.0. After overnight dialysis against 50 mM Tris-
HCl, pH 7.6, at 48C, the His-tagged proteins were applied to
a MonoQ FPLC anion-exchange column for further purifica-
tion (Fekkes et al., 1997).

In vitro translocation of proOmpA

In vitro translocation of [35S]-proOmpA into E. coli IMVs was
assayed by its accessibility to added proteinase K (Cunning-
ham and Wickner, 1989). Reaction mixtures (50 ml) contained
TB buffer [50 mM HEPES–KOH, pH 7.5, 30 mM KCl, 0.5 mg
ml¹1 BSA, 10 mM creatine phosphate, 5 mg ml¹1 creatine
kinase, 10 mM dithiothreitol (DTT) and 2 mM Mg(OAc)2 ],
1 mg of SecA, 1.6 mg of SecB, 1 ml of urea-denatured [35S]-
proOmpA and IMVs (15 mg of protein). This mixture was pre-
incubated for 5 min at 378C, and the translocation reactions
were initiated by the addition of 2 mM ATP. After transloca-
tion, samples were treated with proteinase K (0.1 mg ml¹1)
for 15 min on ice, precipitated with 7.5% (w/v) TCA, washed
with ice-cold acetone, solubilized in SDS sample buffer and
analysed by SDS–PAGE (Laemmli, 1970) and autoradio-
graphy. Translocation reactions were quantified by direct count-
ing using the b-imager 2000 (Biospace Instruments).

Binding studies

Binding of 35S-labelled proOmpA to His-tagged SecB was
measured as follows: SecB (9 mg) and 1 ml of [35S]-proOmpA
were incubated on ice in 50 ml of HB buffer (50 mM HEPES–
KOH, pH 7.6, 0.5 mg ml¹1 BSA). After 30 min, 50 ml of pre-
washed 50% Ni-NTA agarose slurry prewashed with HB
buffer was added and further incubated on ice for 25 min
with regularly vortexing. Subsequently, the mixture was cen-
trifuged (5 min, 3000 r.p.m.) through a 200 ml sucrose cushion
(0.2 M sucrose in HB buffer). The pellet was washed with
150 ml of HB buffer, and the combined supernatant fractions
and the resulting pellet were counted in Optima Gold scintilla-
tion liquid (Packard Instrument).

Binding of [35S]-proOmpA, [35S]-D8proOmpA or [35S]-OmpA
to urea-treated IMVs derived from E. coli MC4100 cells was
measured as follows: SecB (100 nM), SecA (250 nM) and
[35S]-proOmpA, [35S]-D8proOmpA, or [35S]-OmpA (20 nM)
were incubated on ice in 100 ml of HB buffer. After 15 min,
the mixture was centrifuged (10 min, 30 000 p.s.i. in a Beck-
man airfuge at 48C) through a 100 ml sucrose cushion (0.2 M
sucrose in HB buffer), and the supernatant and the pellet
were counted in Optima Gold scintillation liquid (Packard).

Binding of 125I-labelled SecB to urea-treated IMVs derived
from E. coli MC4100 cells or SF100 cells overproducing
SecYEG was performed as described previously (Hartl et al.,
1990).

Binding of SecB to GST fusion protein was measured as

follows: purified GST fusion protein and SecB were preincu-
bated at 208C for 10 min in PBS buffer (140 mM NaCl,
2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM K2HPO4, pH7.3). Sub-
sequently, 10 ml of PBS buffer-washed, glutathione-conjugated
Sepharose 4B (Pharmacia) beads were added. After 10 min,
the mixture was transferred to a quick-spin column (Promega)
and centrifuged for 5 min at 5000 r.p.m. The column was
washed twice with 200 ml of PBS buffer, and GST was eluted
by a repeated wash with 50 ml of 20 mM reduced glutathione
in 50 mM Tris-HCl, pH 7.6. Eluted samples were pooled and
analysed by SDS–PAGE (Laemmli, 1970) and Coomassie
brilliant blue staining.

Other techniques

Protein concentrations were determined according to the
method of Lowry et al. (1951) in the presence of SDS using
BSA as a standard. The SecB concentration was estimated
from quantitative total amino acid determination performed
by Eurosequence.
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