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The chaperone SecB keeps precursor proteins in a
translocation-competent state and targets them to SecA
at the translocation sites in the cytoplasmic membrane
of Escherichia coli SecA is thought to recognize SecB
via its carboxy-terminus. To determine the minimal
requirement for a SecB-binding site, fusion proteins
were created between glutathiones-transferase and
different parts of the carboxy-terminus of SecA and
analysed for SecB binding. A strikingly short amino
acid sequence corresponding to only the most distal 22
aminoacy! residues of SecA suffices for the authentic
binding of SecB or the SecB—precursor protein com-
plex. SecAN880, a deletion mutant that lacks this highly
conserved domain, still supports precursor protein
translocation but is unable to bind SecB. Heterodimers
of wild-type SecA and SecAN880 are defective in SecB
binding, demonstrating that both carboxy-termini of
the SecA dimer are needed to form a genuine SecB-
binding site. SecB is released from the translocase at
a very early stage in protein translocation when the
membrane-bound SecA binds ATP to initiate transloca-
tion. It is concluded that the SecB-binding site on SecA
is confined to the extreme carboxy-terminus of the
SecA dimer, and that SecB is released from this site at
the onset of translocation.

Keywords chaperone/SecA/SecB/secretion

Introduction

cytoplasm, SecA functions as its own translational
repressor (Dolan and Oliver, 1991). When bound to the
membrane at SecYEG, SecA is ‘activated’ for high-affinity
recognition of the SecB export chaperone (Haittlal,
1990), for the leader (signal) region of preproteins and
for the mature domain of precursor proteins. Binding of
the precursor protein activates SecA for the hydrolysis of
ATP at one of its two ATP-binding sites (Liéit al, 1990).
The energy of ATP binding drives the insertion of a
30 kDa domain of SecA (Economou and Wickner, 1994)
plus a loop of the signal sequence and the amino-terminal
region of the preprotein across the membrane (Schiebel
et al, 1991). After insertion, the release of the inserted
precursor protein requires hydrolysis of the ATP, and de-
insertion of SecA occurs upon the binding and hydrolysis
of a second ATP at a distinct ATP-binding site on
the SecA molecule (Economoet al, 1995). After de-
insertion, SecA is free to exchange with cytosolic SecA,
while protonmotive force-driven translocation can occur
at this stage, in which the precursor protein is not bound
by SecA (Schiebekt al, 1991; Driessen, 1992). SecA
can re-engage the SecYEG-bound preprotein, driving the
translocation of a discrete number of aminoacyl residues
of the preprotein during a cycle of ATP binding and
hydrolysis (Schiebeét al, 1991; Arkowitzet al, 1993;
Uchidaet al., 1995).

Although detailed information is available on the reac-
tion cycle of SecA-mediated preprotein translocation, little
is known about the timing of the SecB—SecA association
and dissociation reactions. SecB is a tetramer (Satiti,
1996) of identical subunits (Mof 17 kDa) that functions
as an export-dedicated chaperone (Kumamoto, 1991). It
binds to a subset of nascent secretory proteins while they
emerge from the ribosome (Kumamoto and Frangetic
1993; Randallet al, 1997). In the cytosol, it acts as a
true folding catalyst as it uses the energy of polypeptide
binding to stabilize the precursor protein in an unfolded,
non-aggregated state (Lecket al, 1989; Zahnet al,

In Escherichia colithe translocation of precursor proteins  1996). SecB targets precursor proteins to the membrane
across the cytoplasmic membrane is catalysed by thesurface by specifically binding to the SecA subunit of the
translocase, a multi-subunit membrane protein enzyme translocase. The SecA-SecB interaction is weak in solution

(Wickner et al, 1991; Driessen, 1994). The core of this

(Hoffschulteet al, 1994), but occurs with high affinity at

complex is a heterotrimeric integral domain with the SecY, the membrane surface, and is promoted by precursor
SecE and SecG polypeptides as subunits, and SecA agroteins (Hartet al, 1990). Although it appears that SecB

peripheral component (Brundage al, 1990; Nishiyama
et al, 1994; Douvilleet al,, 1995). The SecYEG complex

is not necessary for translocation once it has targeted the
precursor protein to the SecA subunit of the translocase,

serves as the high-affinity binding site for SecA (Hartl the question of at what stage SecB is released has not
et al, 1990). SecD and SecF are integral membrane been addressed.

proteins that are not essential for precursor protein trans- Recently, we have reported that the SecYEG-bound
location per se but, when overproduced, stabilize the membrane-integrated form of SecA exposes a trypsin
SecYEG-bound SecA in a membrane-inserted state (Kim cleavage site to the periplasmic side of the membrane
et al, 1994; Economowet al, 1995). SecA is alarge (M  (Van der Doe<t al, 1996). This site is on the carboxy-

of 102 kDa), dimeric protein with many binding sites, terminal flanking region of a fragment that has been

conformations and activities (Driessen, 1994). In the identified as the 30 kDa SecA membrane-penetrating
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Fig. 1. Schematic representation of the truncated SecA proteins and
the GST fusion proteins. SecAN880 is a SecA truncate which lacks
the last 21 amino acid residues due to the introduction of a stop codon
at position 881. The nucleotide-binding sites (NBS) are depicted as
grey boxes, with NBSI and Il as the high- and low-affinity binding

site, respectively. GST dchistosoma japonicumas amino-

terminally fused to amino acids 809-901, 809-879 and 880-901 of
wild-type SecA to produce GST216, GST217 and GST218,
respectively.

— GST218

domain (Priceet al, 1996). Other studies have shown that — SecB
deletion of the carboxy-terminal 66—70 amino acids of
SecA functionally destroys the SecB-—SecA interaction,
whereas it does not affect the ability of SecA to support
SecB-independent translocation of preproteins (Rajapandi
and Oliver, 1994; Breukinket al, 1995). These data
suggest that the carboxy-terminal region of SecA may
have a dual function, i.e. SecB interaction and membrane
integration. To determine what part of this region is
the genuine SecB-binding domain, fusion proteins were
constructed between glutathioSdransferase (GST) and i
different parts of the carboxy-terminus of SecA. A highly

conserved portion of SecA that consists of only the Eigfl-_ 2-IS§cB rfqognizefs thefpa(\jrtgg-tgrminﬁ ofdsg]w@é%f#o?ﬂa,ssie

= i i i i i rifian ue staining or puritie ane an e usion
e earanm oo e ) 5ovsrs o G718 (o 8 GET1 (a2 G122 (a5,

h I ) ’ . (B) Immunodetection of the purified GST fusion proteins with pAb
authentic SecB-binding site. Further studies demonstrate1o4s. pab 1045 recognizes only GST216 and GST218 (lanes 2 and 4),
that SecA releases SecB from its carboxy-terminus at thewhile it fails to recognize GST and GST217 (lanes 1 and ). $ecB
stage at which it inserts into the membrane. These studiespPinds to the extreme carboxy-terminus of SecA. GST (lane 1) and the

s (— proOmpA

2

assign the dual function of the SecA carboxy-terminal fusion proteins GST216 (lane 2), GST217 (lane 3) and GST218 (lane
region to two distinct domains, and couple the SecB-
SecA interaction to the nucleotide-modulated catalytic

4) (5 ug each) were incubated with SecB (i) and glutathione-
coupled agarose beads in 200Dof buffer C. After several washing
steps with buffer C, the GST proteins were eluted from the beads with

reduced glutathione. The presence of SecB in the eluent was checked
with an antibody against SecB after SDS—-PAGE and blotting onto
PVDF. D) Ternary complex formation between GST218, SecB and
proOmpA.3%S-labelled proOmpA was incubated with i§ of SecB

and 5ug of GST (lane 1) or ug of GST218 (lane 2), and with 1@

of glutathione-coupled agarose beads in p00@f buffer C. After

several washing steps with buffer C, the GST proteins were eluted
from the beads with reduced glutathione and the eluents were analysed
by SDS-PAGE and autoradiography.

cycle of SecA that allows the stepwise translocation of
precursor proteins across the membrane.

Results

SecB interacts with peptides derived from the
carboxy-terminus of SecA

Deletion analysis of the SecA protein suggests that the
SecB-interacting domain is contained in the carboxy-
terminal 70 amino acids of SecA (Breukimk al,, 1995). whereas wild-type GST and GST217 are not recognized
To establish whether this region indeed harbours the (Figure 2B, lanes 1 and 3). The latter proteins lack
SecB-binding domain, and to define its minimal size, the extreme carboxy-terminus of SecA. The interaction
Schistosoma japonicun®ST was fused with different  between the purified GST fusion proteins and SecB was
parts of the carboxy-terminus of SecA (Figure 1). GST216, monitored in a binding assay where GST and SecB were
GST217 and GST218 represent fusions between GST andirst pre-mixed and then supplemented with glutathione-
the SecA amino acids 809-901, 809-879 and 880-901,coupled agarose beads. After several washing steps, the
respectively. Fusion proteins were purified by glutathione— GST was eluted from the agarose beads with reduced
agarose affinity chromatography (Figure 2A), and the glutathione. SecB was found to co-elute with the GST216
presence of the extreme carboxy-terminus of SecA wasand GST218 proteins (Figure 2C, lanes 2 and 4), whereas
verified with a polyclonal antibody raised against a syn- no co-elution was observed with wild-type GST and
thetic peptide corresponding to amino acids 880-899 of GST217 (Figure 2C, lanes 1 and 3). These data indicate
SecA. This antibody recognizes the intact SecA (Van der that SecB interacts with a peptide corresponding to the
Doeset al, 1996; data not shown) and the GST216 and extreme carboxy-terminus of SecA.

GST218 fusion proteins (Figure 2B, lanes 2 and 4), To exclude the possibility that SecB binds to the GST
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SecB-SecA interaction

Table |. SecA- and SecB-dependent binding to urea-treated inner membrane vesicles

Ligand IMV Temperature proOmpA K Bra?
(°C) (nM) (pmol/mg of protein)
SecB wt 0 - 35 15
0 + 15 15
YEG* 0 - 305 115+ 15
0 + 10+ 2 111+ 15
37 - 100 110
37 + 60 110
SecA YEG 0 - 7+2 120+ 20

3Data shown are of at least two independent experiments and, where indicated, the standard error of the mean is of four or more experiments.
bThe maximum number of binding siteB,{.,) for SecA and SecB are calculated assuming that SecA is a dimer and SecB is a tetramer,
respectively.

fusion proteins because the SecA part is in an unfolded

state and therefore recognized by SecB as a substrate, 100
reduced bovine pancreatic trypsin inhibitor (R-BPTI) was
included in the binding assay. R-BPTI is a high-affinity
model substrate for the interaction between SecB and
preproteins (Hardy and Randall, 1991; Fekkets al,
1995). Excess R-BPTI could not compete with the fusion
proteins for the interaction with SecB (data not shown).
Moreover, a ternary complex between proOmpA, the
precursor form of theE.coli outer membrane protein A,
SecB and GST218 could be formed (Figure 2D, lane 2),
whereas GST did not bind proOmpA complexed to SecB
(Figure 2D, lane 1). In the absence of SecB, there was no
binding of proOmpA to GST or GST218 (data not shown).
This shows that the carboxy-terminal domain of SecA 0 _—
interacts with a region of SecB that is different from the o 1 2 3 4 5 6 7
precursor protein-binding site, and hence mimics a binding GST (uM)

site for a binary SecB—precursor protein complex.

N
o

Relative SecB binding (%)
(o]
o

N
o
T

Fig. 3. GST218 competes with SecA for SecB binding. Urea-treated
The extreme carboxy-terminus of SecA is an membranes (25Qg/ml) from SecYEG cells were incubated on ice
authentic SecB-binding domain with 100 nM SecA and 10 nM?3-labelled SecB and increasing

To establish whether the carboxy-terminal peptide corres- 2mounts (0.01-5.6M) of either GST @) or GST218 () in 100l
. . . . of buffer B. After 15 min, the membranes were sedimented through a

ponding to amino acids 880-901 of SecA constitutes an 1g 1 0.2 M sucrose cushion and the amount of SecB in the pellet
authentic SecB-binding domain, competition experiments and supernatant was quantified ir-aounter.
between GST218 and SecA for SecB binding were per-
formed. For this purpose, membranes were used that
were isolated from af.coli strain that overproduces the 21 amino acids of SecA function as a SecB-binding site,
SecYEG complex (termed SecYEJ(Van der Doegt al,, a carboxy-terminal truncate of SecA was constructed, i.e.
1996). Overproduction of the SecYEG complex results in SecAN880, by the introduction of a stop codon in seeA
an increased number of high-affinity binding sites for gene at position 881. SecAN880 was able to functionally
SecA (Douville et al, 1995). Scatchard analysis complement the SecA deficiency Bfcoli strain MM66
(Scatchard, 1949) of the SecA-dependent binding of (geneX™ supFS) (Oliver and Beckwith, 1981) on rich
[1?¥]SecB to the membrane demonstrates an almost 8-fold medium at the non-permissive temperature (data not
increase in the numberB{,,) of high affinity SecB- shown). This demonstrates that the extreme carboxy-
binding sites K4 of ~30 nM) upon SecYEG overproduction terminus of SecA is not needed for viability under these
(Table ). When increasing concentrations of GST218 conditions. The truncated SecA protein was purified from
were included in the binding assay, the membrane-boundan overproducing strain, and tested for its ability to support
SecB was readily released, whereas the addition of wild- the ATP-dependent translocation of proOmpA into urea-
type GST was without effect (Figure 3). This phenomenon treated inner membranes (Figure 4A). In the absence of
was specific for the SecA-dependent binding of SecB to SecB, wild-type SecA and SecAN880 were nearly equally
the inner membranes as GST and GST218 had no influenceefficient in supporting translocation (lanes 2 and 3).
on the low-affinity membrane binding of SecB, i.e. SecB On the other hand, the presence of SecB stimulated
binding in the absence of SecA (data not shown). Thesetranslocation with wild-type SecA (lane 4), whereas the
data indicate that the extreme carboxy-terminus of SecA stimulation was far less with SecAN880 (lane 5). More-
fused to GST functions as an authentic SecB-binding site over, proOmpA that had been pre-incubated with SecB
that competes with membrane-bound SecA for SecB for 30 min was only poorly translocated when the
binding. SecAN880 was present (lane 7), while efficient transloca-

To demonstrate further that the carboxy-terminal tion was observed with the wild-type SecA (lane 6). The
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Fig. 4. SecAN88O0 is defective in the SecB interactioA) SecB-
dependent preprotein translocation. Translocatior?¥$]proOmpA

across urea-treated membranes from wild-type cells in the absence
(lanes 1-3) or presence (lanes 4-7) of SecB was performed in the
absence (lane 1) or presence of wild-type SecA (lanes 2, 4 and 6) or
SecANB880 (lanes 3, 5 and 7) as described in Materials and methods.
ProOmpA was either translocated directly (lanes 1-5) or first
pre-incubated for 30 min with SecB (lanes 6 and 7), prior to the
addition of IMVs. B) SecA translocation ATPase activity. The ATPase
activity of SecA (white bars) and SecAN880 (grey bars) was measured
in the absence of proOmpA and SecB, in the presence of proOmpA
alone or in the presence of proOmpA and SedB). $ecA-dependent
SecB binding to membranes2fi]SecB (10 nM) was incubated with
urea-treated membranes (260/ml) derived from SecYEG cells

either in the absence (white bars) or presence (grey bars) of proOmpA
(300 nM). The mixture was supplemented with 500 nM wild-type

SecA (wt) or SecAN880 (N880), and the membrane binding of SecB
was quantified as described in the legend to Figure 3.

observed stimulation by SecB of the protein translocation
in the presence of SecAN880 is most likely a result of
keeping proOmpA translocation-competent (Weatsl,,

1988; Leckeret al, 1990). These data indicate that the
SecB-dependent targeting of proOmpA to SecAN880
is severely compromised. A similar phenomenon was
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Fig. 5. Both carboxy-termini of the SecA dimer are needed for SecB
binding. The binding of PA]SecB (10 nM) to urea-treated membranes
of SecYEG™ cells was measured in the presence of either native
(white bars) or refolded (grey bars) SecA at a concentration of 50 nM,
using either the wild-type SecA (wt), SecAN880 (N880) or a one-to-
one mixture of these proteins (mix). The SecB binding with native
wild-type SecA was set to 100%. Binding experiments were performed
as described in the legend to Figure 3.

to stimulate further the ATPase activity of SecAN880
whereas an almost 2-fold increase was observed with the
wild-type SecA. Finally, SecAN880 was analysed for
its ability to bind 123-labelled SecB. For this purpose,
SecYEG IMVs were used (Figure 4C). After urea treat-
ment, some SecA remains bound to the membranes (Van
der Doeset al, 1996), giving rise to background binding
of SecB in the absence of added SecA (Figure 4C).
Addition of wild-type SecA resulted in a dramatic increase
in the SecB binding, that was stimulated even further by
the addition of proOmpA (Figure 4C), but not by OmpA
(Hartl et al, 1990; data not shown). In contrast, addition
of SecAN880 resulted in a decreased level of SecB
binding, whereas proOmpA was without any effect. Taken
together, these data provide functional evidence that the
extreme carboxy-terminus of SecA constitutes the SecB-
binding site.

SecB binds the dimeric form of the

carboxy-terminus of SecA

SecA is functional as a dimer, and the carboxy-termini of
both monomers are in close proximity (Driessen, 1993).
To investigate if both carboxy-termini are necessary for
SecB binding, heterodimers of SecA and SecAN880 were
formed by reversible unfolding and refolding. Wild-type
SecA, SecAN880 and an equimolar amount of both
proteins were mixed in the absence or presence of 6 M
GdnHCI, and subsequently refolded by dilution. By this
treatment, SecA can be refolded in a functional state
(Driessen, 1993; Breukinkt al, 1995; data not shown).
The [129]SecB-binding activity of the refolded and native

observed when the translocation ATPase activity of SecA wild-type SecA are nearly indistinguishable (Figure 5),
and SecAN880 was compared (Figure 4B). In the presencewhile both the refolded and native forms of SecAN880

of urea-treated inner membrane vesicles (IMVs), the

are defective in SecB hinding. As expected, the SecB-

endogenous ATPase activity of SecAN880 was somewhatbinding activity of an equimolar mixture of native or

elevated as compared with that of wild-type SecA. Sub-
sequent addition of proOmpA stimulated the ATPase
activity of both proteins to similar extents, but SecB failed
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>

SecAN880 showed ~20% of the SecB-binding activity
found for the refolded wild-type SecA. These data demon-
strate that both carboxy-termini of the SecA dimer are
needed for high-affinity SecB binding.

25

2.0

SecB is released from SecA at an early stage
during preprotein translocation
SecA-dependent binding of SecB to inner membranes is
promoted by preproteins (Hart al., 1990; Figure 4C).
To determine whether this phenomenon is due to an
increase in binding affinity Kg) or number of binding
sites Bmay, binding of [123]SecB to IMVs was analysed
by Scatchard analysis in the absence and presence of
proOmpA (Figure 6A and B, Table 1). In the absence of
proOmpA, SecA binds SecB with g of ~30 nM and a
Bmax Of 115 pmol/mg of membrane protein. The presence
of proOmpA promotes SecB binding by increasing the
affinity 3-fold, i.e. 10 nM, whereas th®,,, remains
unchanged. OmpA has no influence on the affinity or on
the B2y (Hartl et al, 1990; data not shown). The number
of binding sites for SecB is in agreement with the number
of binding sites for SecA (Table I, Figure 6C), suggesting
that a stoichiometric complex of one dimeric SecA with
one tetrameric SecB is formed at the membrane.

To study the timing of SecB dislocation from the
translocase, SecB binding studies were performed under

10 |

Bound SecB/Free SecB

05

0.0 e

0 20 40 60 80 100120
Bound SecB (nM)

o

Specifically bound SecB/Free SecB

translocation conditions. At the temperature used for 0 5 10 15 20 25 30
translocation, i.e. 37°C, SecA binds SecB with a lower Specifically bound SecB ("M)
affinity than at 0°C, both in the absence and presence of (o

precursor protein (Table 1), while the number of binding
sites remains unchanged. IMVs with bound SecA, SecB
and proOmpA were isolated, and the translocation of
[35S]proOmpA was initiated by the addition of 2 mM
ATP. In a parallel experiment, the release &]SecB
from the IMVs was followed. The disengagement of SecB
from the translocase was not coupled to the appearance
of fully translocated proOmpA (Figure 7A). This suggests
that the release of SecB from the translocation complex
occurs at a very early stage in translocation. To substantiate
this conclusion, the effect of ATP on the SecA-dependent
SecB binding to IMVs was studied. Both in the absence 0 5 10 15 20 25 30

and presence of precursor protein, ATP reduced the SecB Specifically bound SecA ("M)

bl.ndmg Severely at 0°C as well as 3709 (I.:Igure 7B). Fig. 6. ProOmpA promotes SecB binding to membrane-bound SecA
Since translocatlon' only takes place at 37°C, it _Seems thatby elevating the affinity of interactionA( Scatchard plot analysis of
the SecB release is not coupled to translocapien se the binding of {23]SecB (4 nM to 5uM) to urea-treated membranes
SecB release is induced by binding of ATP, as similar derived from SecYEG cells in the presence of §0g/ml (250 nM)
effects were observed when the non-hydrolysable ATP SB?)Cé’c:tr;ﬂe;?dtg?otp fnsaelgggxo?rsggiﬁigcgiz&ig;Fz)rfo gg(]:%ﬁn the presence
analOg_ue AMP-PNP was used (data no_t shown). Scatchar O) or absence®) of proOmpA. The fraction of non-specific SecB
analysis of the SecB binding at 0°C in the presence of pinding was 0.02.¢) Scatchard plot analysis of the specific
proOmpA and ATP revealed that the SecB release is duemembrane binding of'f%]SecA (1-600 nM). The fraction of

to a reduction in the number of b|nd|ng sites rather than non-specific SecA binding was 0.04. Binding experiments were
a change irky (Figure 8) performed as described in the legend to Figure 3.

Specifically bound SecA/Free SecA
N

in vitro translocation (Matsuyamat al, 1990), but that
this region of SecA is needed for the viability Bfcoli
SecB functions as a coupling factor that binds to nascentcells (Breukinket al, 1995). The removal of this region
secretory proteins when they emerge from the ribosome interferes with the ability of SecA to interact with SecB,
(Kumamoto and Francétid993; Randalkt al, 1997). It suggesting that the carboxy-terminal domain of SecA may
stabilizes them in an unfolded, translocation-competent contain the SecB-binding site (Breukink al, 1995).
conformation (Leckeret al, 1989), and targets them to Since the evidence was based mainly on deletion analysis,
the SecA subunit of the translocase (Hatlal, 1990). we have now performed a reciprocal experiment, and
Deletion analysis of SecA has shown that the carboxy- fused various carboxy-terminal parts of SecA to GST.
terminal 70 amino acids of SecA are not required for These GST fusion proteins genuinely bind SecB or a SecB—

Discussion
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Fig. 7. SecB is released in an early step in translocatig). ime-
dependent translocation of proOmpA and release of SecB. Pre-formed
complexes of 10 nMA]SecB, 300 nM $°S]proOmpA, 250 nM

SecA and urea-treated membranes of SecYE@lls were incubated

for 15 min at 0°C and isolated via centrifugation through a 0.2 M
sucrose cushion. The pellet was resuspended and, after pre-incubation
for 2 min at 37°C, 2 mM ATP was added to initiate the translocation
reaction { = 0). The release of SecB)) and translocation of

proOmpA @) was followed for 15 min. The amount of SecB bound

to membranes at= 0 (no ATP,[]) and the amount of fully

translocated (pro)OmpA dt= 15 min were set to 100%B{ SecA-
dependent SecB binding to membranes is reduced in the presence of
ATP. SecA-dependent SecB binding to urea-treated membranes of
SecYEG-overproducing cells was assayed as indicated in the absence
(white bars) and presence (grey bars) of 300 nM proOmpA at 0 and
37°C, and in the absence or presence of 2 mM ATP.

2.5
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1.5
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Specifically bound SecB/Free SecB
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Fig. 8. ATP binding to SecA reduces the number of SecB high-affinity
membrane-binding sites'¥1]SecB binding to urea-treated membranes
derived from SecYEG cells was determined in the presencs) ©r
absence®) of 2 mM ATP as described in the legend to Figure 6. The
fraction of non-specific SecB binding was 0.015.

preprotein complex provided that the extreme carboxy-
terminal 22 aminoacyl residues of SecA are present.
Moreover, these fusion proteins compete with the
SecYEG-bound SecA for SecB binding. A moderate
deletion of only the carboxy-terminal 21 aminoacyl

residues of SecA results in a protein that is fully active
in translocation, but that is unable to interact with SecB.
These studies therefore identify a surprisingly short poly-
peptide stretch of SecA as the authentic SecB-binding

site, and demonstrate that in the ternary SecA-SecB-

SecA protein

Escherichia coli CPCGSGK 901
Haemophilus influenzae CPCGSGKI@% 901
Caulobacter cresentus RNIL\PCPCGSGK! 921
Rhodobacter capsulatus I 904
Bacillus subtilis 841
Listeria monocytogenes D CPCGSGKK: 836
Staphylococcus carnosus 844

consensus

-RN.PCPCGSGKKFK.CHG.R

Y cC K

Fig. 9. SecB-binding domain of the bacterial SecA proteins is highly
conserved. Alignment of the carboxy-termini of SecA proteins of
Escherichia coli Haemophilus influenza€aulobacter cresentus

Bacillus subtilis Listeria monocytogeneStaphylococcus carnosum
andRhodobacter capsulatuPerfectly and well-conserved residues are
black- and grey-boxed, respectively. Positively- and negatively-charged
amino acid residues are indicated tyand —, respectively. The dot in
the consensus sequence of the SecB-binding motif stands for any
amino acid residue.

With the exception ofStreptomyces, Mycobacterium
and Mycoplasmaspecies, the carboxy-terminus of SecA
is highly conserved among the bacterial SecA proteins
(Figure 9) with the consensus sequence: [GN]RNxP-
C[PH]CGSGKKJ[YF]K[NQ]C[CH]G. We therefore pro-
pose this sequence as the consensus SecB-binding motif.
Due to the high content of glycine and proline residues,
this polypeptide stretch is likely to be highly flexible. The
presence of lysyl (plus arginyl and histidyl) residues will
give this domain a strong electropositive surface with
predicted pl values of 9.5-10.8. SecB interacts with low
affinity with peptides that carry a net positive charge
(Randall, 1992), most of which are also membrane-surface
active. As suggested by Breukin&t al. (1995), this
phenomenon most likely reflects the SecB—SecA inter-
action, rather than the SecB-preprotein interaction. In
this respect, the observed lipid-interacting ability of the
carboxy-terminus of SecA (Breukinkt al, 1995) may
well be due to its charged properties. It should be emphas-
ized that the SecA-SecB interaction is highly specific,
and not merely determined by electrostatics. Studies by
Rajapandi and Oliver (1994) suggest that serine substitu-
tion at the conserved C896 and C885 or C887 in the
SecB-binding region of SecA already compromise its
translocation activity. These cysteines do not need to be
in an oxidized state, i.e. as disulfide bridges, since the
SecA-SecB interaction at the membrane is not affected
by the redox state of the solution, i.e. reduced [in the
presence of dithiothreitol (DTT)] or oxidized (in the
presence of sodium tetrathionate) (P.Fekkes, unpublished
results). Since the consensus SecB-binding motif is not
present in the cyanobacterial, plastid and chloroplast SecA
homologues, it seems that these organisms and organelles
lack a classic SecB homologue.

When SecB is complexed to proOmpA, it still recog-
nizes the SecB-binding site of the GST-SecA fusion

precursor protein complex, the precursor protein is either protein. This indicates that the SecA-binding site on SecB

bound to SecB or to SecA, but never to both proteins at

differs from the preprotein-binding site. Mutations in the

the same time. The latter is evident from the observations presumed preprotein-binding site of SecB that cause

that even in the presence of precursor protein, the
SecAN880 does not bind SecB, and, additionally, that
OmpA fails to bind SecA, regardless of the presence
of SecB.
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translocation defects can be divided into two classes
(Gannon and Kumamoto, 1993; Kimseyal., 1995). The

first class of mutants is characterized by a reduced ability
to form stable complexes with the precursor form of



SecB-SecA interaction

large conformational change that disengages SecB, causes
SecA to release the signal sequence domain of the bound
precursor to the SecYEG complex and drives the mem-
brane integration of SecA and the translocation of a
precursor protein segment by co-insertion. The released
SecB then will bind a cytosolic precursor protein or
nascent chain before it re-enters the translocation cascade.

In conclusion, SecB fulfils an important role in targeting
the precursor protein to the translocase by binding the
carboxy-termini of the SecA dimer. The SecB-translocase
interaction is synchronized with the catalytic cycle of
SecA in that SecB uses the ATP-binding capacity of SecA
to get removed from the translocation site. Once the
1 2 3 precursor protein has been delivered to SecA, and trans-
location is initiated by the binding of ATP, the membrane-
bound form of SecB becomes obsolete and is released
into the cytosol to rebind another precursor protein.

Fig. 10. Model for early steps in precursor protein translocation. See
Discussion for details.

maltose-binding protein (preMBP), but causes only mild .

defects in the rate of preMBP export. The pattern of Materials and methods

mutations suggests that the primary preprotein-binding Bacterial strains and growth conditions

site is hydrophobic and presumably contaifssheet All strains used weré.coli K12 derivatives. Cloning experiments were

secondary structure. A hydrophobic character of the pre- Perff’flmed in '?Hﬁt W%ﬁ‘fgﬁ%ﬁ& ?Xefergeslsko?hf)f thE (SfthA\; EG
n_hi H H : compiex was In strain ac. ga ga 1 1ps Str.

prr]otelntbln(:_lng SI:‘e ;’p}’as glso eVIhdent from Ithde ﬂuotrhestcence AphoA(Pvull) AompT (Baneyx and Georgiou, 1989) harbouring plasmid

characteristics of the tuoropnore acrylodan thal Was peT340 (Van der Doest al, 1996). Overexpression of GST and

derivatized to SecB-bound model polypeptides (Fekkes GST fusion proteins was done in strain NO294Fla¢[IPOZYA],

et al, 1995). The second class of mutants is characterizedaraD139A[ara-leu]7697, galU, galK, rpsL, recA56 stTnl0, ramy).

by a severe translocation defect, but does not disrupt theUnIess indicated otherW|s_e, strains were grown aerobically at 37°C on

. - LB-broth supplemented with 5ag of ampicillin/ml.

SecB-preMBP complex formation. These mutations are

con_fined to a singl_e region and are Iz_slrgely in acidic pgaterials

residues. These residues are conserved in the SecB homosecA (Cabelliet al., 1988), SecB (Weisst al, 1988), proOmpA and

|ogues of Haemoph”us inﬂuenzaéﬂeischmannet al, OmpA (Crookee_t al, 19_88) were purifi_ed as d_escribed. SecA and SecB

1995) andBuchnera aphidicoldLai and Baumann, 1992)  Wwere labelled with (_:grr|er-freé25| (Radiochemical Centre, Amersham,

. . 0 - UK) to specific activities of ~X 10° and 1.6<10° c.p.m. g, respectively.
that share an overaII. |dent|ty. of 36 and 47% with the 5 ins (100ug) were suspended in 200 of buffer A (50 mM Tris—
E.coli SecB, respectively. Given the nature of these HclpH 7.6, 50 mM KCI, 5 mM MgC}), and transferred to a reaction
residues and their alternating appearance in the SecBuvial coated with IODO-GEN lodination Rlezzagent (Pierce, Rockford, IL).
domain, one may hypothesize that this region forms a ?gac,“o”s were Stzftted by at‘"fj'”g"szK fs‘ (Zootﬁc')v,'”twb&!tetd for

_ H : H : _ min on Iice, an erminate y transrerring e mixwre Into a new
B St.rl.]Ctured acidic br.IStle that interacts with t.he elec;tro' reaction vial containing 10 mM DTT. Free iodine was removed by
posmvehcarbr?xy-termlnus of Se(':ACi R%C%ntf EVl_denﬁie 'gd"Achromatography on a PD-10 Sephadex column (Pharmacia Biotech AB,
cates that these mutants are indee efective In SecAuppsala, Sweden) which was pre-washed with buffer A containing
binding (P.Fekkes, J.G.de Wit, H.H.Kimsey, C.A. 1mMDTT.Inverted IMVswere prepared froBrcoli SF100 as described
Kumamoto and A.J.M.Driessen, unpublished results). by Changet al. (1978), and treated with 6 M urea (Cunningham

. . . et al, 1989). Polyclonal antiserum (pAb) 1045 (Neosystem Laboratoire,
Cytosolic SecA binds SecB with an almost 50-fold Strasbourg, France) was raised against a synthetic peptigé H

lowered affinity as compared with the membrane-bound GRNDPSPCGSGKKYKQCHGR-COOH which corresponds to amino
SecA, i.e.>1.5 uM versus 30 nM, respectively (Den acids 880-899 of SecA, with the exception that Cys885 is replaced by

Blaauwenet al, 1997). This implies that SecA that is Ser (Van der Doest al, 1996).
?e“%herg ”%.a SdS.OCIate(é Wlfth tﬁﬁ.seCYEG protein is prIrT;ﬁd Construction and purification of the GST fusion proteins
or oec 'r_] Ing an . or this purpose_, exposes - € PCR reactions were performed with pMKL18 (Klosé al,, 1993) as
carboxy-terminus. Addition of ATP results in a substantial template and the primer combinations for809 and revEND, for809 and
dislocation of the SecB from the membrane, which may rev879, and for880 and revEND (Table II) to obtain fragments coding
be caused by the |arge conformational Change of SecA for different parts of the carboxy-terminus of SecA. PCR fragments were
L . digested withEcoR| and BanHI and ligated into pSKIf (Stratagene,
upon binding of ATP (Den Blaaywm. al, 1996). Unlike La Jolla, CA), resulting in plasmids pET213, pET214 and pET215,
many other chaperones, SecB ItSQlf IS not an ATPaSe- .Ourrespectively. The nucleotide sequence of the inserts was verified by
data demonstrate that SecB utilizes the ATP-binding automatic sequencing on a Vistra DNA sequencer 725 (Amersham,
capacity of SecA for the active release from the translocase.Buckinghamshire, UK). pET213, pET214 and pET215 were digested
Based on the above considerations. we propose theW'th EcaRl and BarmHI and inserts were ligated into pGEX-4T1

. . o (Pharmacia), yielding pET216, pET217 and pET218, respectively. For
followmg cascade of events du”ng the initial stages of the purification of the GST fusion proteins, exponentially growing cells

precursor protein translocation (Figure 10): (i) the were supplemented with 1 mM isopropyl-1-tHies-galactopyranoside
SecYEG-bound form of SecA binds the binary SecB- (IPTG) at ODysp ~0.5 and grown for another 2 h. Cells were harvested
precursor protein complex with high affinity through the by centrifugation (10 00Qy, 10 min) and lysed by French pressure

e T treatment (two passes at 900 p.s.i.). The cleared lysate (40, a®0min)
recognition of SecB; (”) SecB donates the precursor was incubated with glutathione-conjugated Sepharose 4G beads and the

prOtF{in to SecA, and fen']ains bound to the C_al_'boxy' GST fusion proteins were isolated according to the manufacturer’s notes
terminus of SecA,; (iii) binding of ATP to SecA elicits a  (Pharmacia).
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Table Il. PCR primers used to construct GST—SecA fusion proteins and SecAN880-truncate

Primer Sequence Introduced features

for809 5-CGGGATCCATGTTTGCAGCGATGCTG-3 BanH| site

for880 5-CGGGATCCGGACGTAACGATCCTTGCCCG:3 BanH| site

rev879 B-TGAATTCTTATACTTTGCGCTCTCCGG-3 EcaRlI site, stop codon at position 880
revEND 5-TGAATTCCGCAGAATCCTGCC-3 EcdRlI site

for785 5-CGGGATCCTGCGTGGCTACGC-3 BarrH| site

rev880 B-CGGAATTCTTATTATCCTACTTTGCGCTC-3 EcadRl site, stop codon at position 881
Construction of the SecAN880 References

To introduce a stop codon at position 881 of SecA, a PCR reaction was ) ) . .
performed with primers for785 and rev880 and pMKL18 as template. Arkowitz,R.A., Joly,J.C. and Wickner,W. (1993) Translocation can drive

The resulting fragment was digested wigboRl andBanH! and ligated the unfolding of a preprotein domaiEMBO J, 12, 243-253. ,
into pSKII* digested with the same enzymes to obtain pSK880. After Baneyx_,F. and Georglou,Q. (198191)_V|vo degradation of secreted fusion
verification of the correctness of the insert by sequencing, pSK880 was ~ Proteins by theEscherichia coliouter membrane protease OmpT.
digested withSnaI and EcoRI and the 153 bp fragment was ligated J. Bacteriol, 172, 491-494.

into pUC19, in which the 1282 bipnl—Ndd fragment of pMKL18 Bradford,M.M. (1976) A rapid and sensitive method for the quantitation
was cloned. The resulting plasmid was then digested Wijphl and of microgram quantities of protein utilizing the principle of protein—
Ndd and the fragment coding for the truncated carboxy-terminus of  dye binding.Anal. Biochem.72, 248-254.
SecA was ligated into pMKL18, resulting in pET259. Breukink,E., Nouwen,N., Van Raalte,A., Mizushima,S., Tommassen,J.
and De Kruijff,B. (1995) The C terminus of SecA is involved in both
Binding studies lipid binding and SecB binding]. Biol. Chem.270, 7902—-7907.
Purified GST fusion protein and SecB were pre-incubated at room Brundage,L., Hendrick,J.P., Schiebel,E., Driessen,A.J.M. and Wickner,W.
temperature for 10 min in 100! of buffer C (140 mM NaCl, 2.7 mM (1990) The purifiedE.coli integral membrane protein SecY/E is
KCl, 10 mM NaHPQy, 1.8 mM KH,PQy, pH 7.3). Subsequently, 1 sufficient for reconstitution of SecA-dependent precursor protein

of buffer C-washed glutathione-conjugated Sepharose 4B beads were translocationCell, 62, 649-657.

added and, after 10 min, the mixture was transferred to a quick-spin Cabelli,R.J., Chen,L., Tai,P.C. and Oliver,D.B. (1988) SecA protein is

column (Promega, Madison, WI) and centrifuged for 5 min at 5000 required for secretory protein translocation inocoli membrane

r.p.m. The column was washed twice with 200of buffer C, and GST vesicles.Cell, 55, 683-692.

was eluted by a repeated wash with@®f 10 mM reduced glutathione Chang,C.N., Blobel,G. and Model,P. (1978) Detection of prokaryotic

in buffer C. Eluted samples were pooled and analysed by SDS—-PAGE signal peptidase in anEscherichia coli membrane fraction:

(Laemmli, 1970) and blotted on PVDF membranes (Millipore, Bedford, endoproteolytic cleavage of nascent f1 pre-coat protemc. Natl

MA) using a semi-dry blotter (Bio-Rad, Hercules, CA). Immunodetection Acad. Sci. USA75, 361-365.

was carried out with pAb raised against SecB. Blots were developed Crooke,E. and Wicker,W. (1987) Trigger factor: a soluble protein that

with the chemiluminescence kit (Tropix, Bedford, MA). folds pro-OmpA into a membrane-assembly-competent fdPnoc.
Binding of 123-labelled SecA and SecB to urea-treated inner mem-  Natl Acad. Sci. USA84, 5216-5220.

branes was performed as described (Heatrdl, 1990). Molar concentra- Crooke,E., Guthrie,B., Lecker,S., LilLbR. and Wickner,W. (1988)

tions of SecA and SecB are calculated assuming that SecA is a dimer ProOmpA is stabilized for membrane translocation by either purified

and SecB is a tetramer, respectively. Escherichia colitrigger factor or canine signal recognition particle.
Cell, 54, 1003-1011.

In vitro translocation of ProOmpA Cunningham,K., Lill,R., Crooke,E., Rice,M., Moore,K., Wickner,W. and

In vitro translocation of°S-labelled proOmpA into IMVs oE.coli was Oliver,D. (1989) Isolation of SecA protein, a peripheral membrane

assayed by its accessibility to added proteinase K (Cunningttaan, protein of Escherichia coliplasma membrane that is essential for the

1989).35S-labelled proOmpA was obtained with Ervitro transcription/ functional binding and translocation of proOmp&AMBO J, 8,

translation reaction (De Vrijeet al, 1987), and affinity-purified as 955-959.

described (Crooke and Wickner, 1987). Reaction mixtures |(§0 Den Blaauwen,T., Fekkes,P., de Wit,J.G., Kuiper,W. and Driessen,A.J.M.
contained: buffer B [50 mM HEPES-KOH, pH 7.5, 30 mM KCl, 0.5 mg/ (1996) Domain interactions of the peripheral preproteanslocase

ml bovine serum albumin (BSA), 10 mM creatine phosphateghnl subunit SecABiochemistry35, 11994-12004.
creatine kinase, 10 mM DTT and 2 mM Mg(OAt) 20 pug/ml SecA Den Blaauwen,T., Terpetschnig,E., Lakowicz,J.R. and Driessen,A.J.M.
(100 nM), 32 pg/ml SecB (500 nM), 1pl of urea-denatured (1997) Interaction of SecB with soluble SecREBS Lett, in press.

[3*S]proOmpA and IMVs (15ug of protein). This mixture was pre-  pe \rjje,T., TomassenJ. and De Kruiff,B. (1987) Optimal
incubated for 5 min at 37°C, and the reactions were initiated by  posttransiational translocation of the precursor of PhoE protein across

the addition of 2 mM ATP. Samples were treated with proteinase K Egcherichia colimembrane vesicles requires both ATP and the proton
(0.1 mg/ml) for 15 min on ice, precipitated with 7.5% (w/v) trichloroacetic motive force.Biochim. Biophys. Acte900, 63-72.

aciid, washed with ice cold acetone, solubilized in SDS sample buffer Dolan,K.M. and Oliver,D. (1991) Characterization Bcherichia coli
and analysed by 12% SDS-PAGE (Laemmli, 1970) and autoradiography. SecA protein binding to a site on its mMRNA involved in autoregulation.

. J. Biol. Chem, 266, 23329-23333.
Other techniques ) Douville,K., Price,A., Eichler,J., Economou,A. and Wickner,W. (1995)
The ATPase activity of SecA and SecAN880 was assayed using the  gecyEG and SecA are the stoichiometric components of preprotein
method of Schiebeét al. (1991). Protein determination was performed translocasel. Biol. Chem 270, 2010620111,
according to Bradford (1.976) or Lowret al. (1951) with BSA as Driessen,A.J.M. (1992) Bacterial protein translocation: kinetic and
standard. The concentrations of SecA and SecB were determined by thermodynamic role of ATP and the protonmotive fordgends
amino acid content analysis (Eurosequence, Groningen, The Biochem. Scj 17, 219223

Netherlands). Driessen,A.J.M. (1993) SecA, the peripheral subunit ofEeeherichia
coli precursor protein translocase, is functional as a dimer.
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