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a b s t r a c t

SecB, a molecular chaperone in Escherichia coli, binds a subset of precursor proteins that are exported
across the plasma membrane via the Sec pathway. Previous studies showed that SecB bound directly
to the mature region rather than to the signal sequence of the precursor protein. To determine the bind-
ing pattern of SecB and the mature region of the preprotein, here, we visualized the structure of the SecB/
OmpA complex by electron microscopy. This complex is composed by two parts: the main density rep-
resents one SecB tetramer and the unfolded part of OmpA wrapping round it; the elongated smaller den-
sity represents the rest of OmpA. Each SecB protomer makes a different contribution to the binding of
SecB with OmpA. The binding pattern between SecB tetramer and OmpA is asymmetric.

� 2010 Elsevier Inc. All rights reserved.
Introduction

SecB, a molecular chaperone, is required for the export of a sub-
set of precursor proteins across the plasma membrane via a gen-
eral secretory pathway in Escherichia coli. When released from
ribosomes, the newly synthesized precursor proteins bind to SecB
in a translocation-competent state [1–4]. SecB prevents premature
folding of the precursor proteins in the cytoplasm and targets them
to the Sec translocase via its high-affinity binding to SecA [5–7].
The interaction between SecB and these precursor proteins is a cru-
cial feature of the Sec pathway, as translocation can occur only if
the precursor proteins are in an extended conformation [8–10].
The interaction between SecB and the preprotein has been exten-
sively studied. Previous studies showed that although SecB does
not bind to the signal sequence of the precursor protein directly,
it can recognize non-native conformations within the mature re-
gion of the precursor protein and bind with high affinity (the dis-
sociation constant [Kd] is around 5–50 nM) [11–15]. The SecB-
binding site in the mature region of the precursor protein is a
stretch of approximately 150–170 amino acids spanning SecB
[12,16–18]. As no crystal structure of SecB containing a precursor
protein ligand is available, the exact mode of the SecB-preprotein
interaction remains poorly understood [19–21]. In particular, the
structural basis for the function of the SecB C-terminus in prepro-
tein translocation is unclear.

Electron microscopy (EM) and single-particle analysis allow the
direct visualization of macromolecular protein complexes in solu-
ll rights reserved.
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tion. As expected, we found that in the absence of the signal se-
quence, OmpA formed a stable complex with SecB. SecB bound
the unfolded part of OmpA only; the rest of OmpA did not bind di-
rectly to SecB. The binding pattern between each SecB protomer
and the unfolded portion of OmpA was asymmetric.

Materials and methods

Materials. His6-tagged SecB [22], proOmpA [23], and SecA [24]
were purified as described previously. Protein samples were ana-
lyzed by 15% SDS–PAGE. Ni–NTA was obtained from QIAGEN. Ni–
NTA–Nanogold was obtained from Nanoprobes.

Sucrose gradient centrifugation. Twelve-milliliter liner 10–30%
sucrose gradients in buffer A (20 mM HEPES–KOH, pH 7.4,
30 mM KCl, and 1 mM DTT) were prepared in ultracentrifuge
tubes. Sucrose was pumped into the bottom of the tubes at a rate
of 1.0 mL/min using a peristaltic pump. The 0.2-mL load solution
was layered on top of the gradient and subjected to ultracentrifu-
gation in a HITACHI P40ST rotor at 4 �C for 20 h at 36,000 rpm. The
gradients were fractionated by pumping out the contents from the
bottom at a rate of 1.5 mL/min.

Size-exclusion chromatography. Size-exclusion chromatography
was performed using an AKTA purifier (GE Healthcare). A total of
100 lL of each protein sample was loaded onto a Superdex 200
analytical size-exclusion column equilibrated with buffer A. Sepa-
ration was carried out at 4 �C at 0.5 mL/min.

On-grid Ni–NTA–Nanogold labeling. SecB/OmpA or SecB/pro-
OmpA was deposited onto thin carbon film-coated grids. The grids
were incubated at room temperature for 30 min with Ni–NTA–
Nanogold (diluted 1/10 in 150 mM NaCl, 20 mM Tris–HCl, and 1%
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nonfat dried milk, pH 7.6). After incubation, the grids were washed
with a buffer containing 300 mM NaCl, 50 mM Tris, and 20 mM
imidazole adjusted to pH 7.6. Next, the grids were negatively
stained.

Isothermal titration calorimetry (ITC). All calorimetric titrations
were performed on a VP-ITC microcalorimeter (Microcal). Protein
samples were extensively dialyzed against buffer B (50 mM
HEPES and 50 mM KCl, pH 7.5). All solutions were filtered using
membrane filters (pore size 0.22 lm) and thoroughly degassed
for 20 min by gentle stirring under a vacuum. For SecB–SecA,
the 1.35-mL sample cell was filled with a 20-lM solution of SecA
dimer and a 200-lM solution of SecB tetramer using a 250-lL
injection syringe; for SecB/OmpA–SecA, the 1.35-mL sample cell
was filled with a 10-lM solution of SecA and a 100-lM solution
of SecB/OmpA complex using a 250-lL injection syringe. Each
titration typically consisted of a preliminary 2-lL injection fol-
lowed by 15 or 30 subsequent 12-lL injections. The data for
the preliminary injections, which were affected by diffusion of
the solution from and into the injection syringe during the initial
equilibration period, were discarded. Binding isotherms were
generated by plotting the heats of reaction normalized by the
modes of injectant versus the ratio of total injectant to the total
protein per injection. The data were fitted using Origin 7.0
(Microcal).

EM and three-dimensional (3D) reconstruction. For negative
staining, a 5-lL sample was applied to a hydrophilic carbon-coated
EM grid for 1 min and then stained with 1% uranyl acetate (w/v) for
1 min. The specimens were examined using a Phillips CM120
microscope operated at 100 kV. Images were recorded on Kodak
SO-163 film at 74,000� magnification under low-dose conditions.
Following development in full-strength D19 for 12 min, selected
images were digitized with a Nikon Coolscan 9000ED scanner at
a step size of 12.7 lm/pixel. Three-dimensional reconstructions
were performed mainly using the EMAN package [25]. About
3510 particles were selected manually. The particle images were
bandpass filtered, then centered and rotationally aligned using
the CENALIGNINT command. About 10% of the particles were dis-
carded after this step due to poor alignment. The remaining 3265
particles were classified into about 40 groups by multivariate sta-
tistical analysis. Eight typical class averages from the resulting 40
classes were selected, and an initial model was obtained by angular
reconstitution. Back projections of this initial model were com-
puted at 30� intervals, and a projection match was performed on
the data set of 3265 particles over eight cycles. The final map
was calculated from 2987 particles at 15� intervals. The resolution
of the final map was estimated by both the Fourier Shell Correla-
tion (FSC) and Differential Phase Residual (DPR) methods. The final
3D map was low-pass filtered at 2.4 nm and visualized by CHI-
MERA [26]; the surface threshold was selected to fit the molecular
weight of 103 kDa (sum of the SecB tetramer and OmpA) assuming
a protein density of 1.35 g/mL.
Fig. 1. SecB can form a complex with proOmpA or OmpA. (A) A mixture of
proOmpA and OmpA (50 lg) in 8-M urea was rapidly diluted into 0.2 mL of buffer A
with or without SecB. The samples were then layered onto sucrose gradients and
sedimented, as described in Materials and methods. Fractions (1 mL) were collected
from the bottom of each gradient and analyzed by SDS–PAGE with Coomassie blue
staining after TCA precipitation. The fraction numbers (1–14) are listed from the top
to the bottom of the gradient. Top panel: no SecB present during rapid dilution.
Bottom panel: SecB added (55 lg). (B) A mixture of OmpA and proOmpA (200 lg)
was rapidly diluted into 200 lL of buffer A with or without SecB and used for size-
exclusion chromatography. Dash line: SecB alone (12.5 lg). Dash dot line: no SecB
present during rapid dilution. Solid line: SecB added (55 lg). Dot line: After rapid
dilution with SecB, Ni–NAT was added to the preparation. The protein complexes
were eluted with 250 mM imidazole in buffer A after binding at 4 �C for 60 min and
were then applied to the column. Marker protein: albumin (67 kDa), aldolase
(158 kDa), catalase (232 kDa), ferritin (440 kDa), and thyroglobulin (669 kDa). The
elution fractions (300 lL/fraction, solid line) were collected and analyzed by SDS–
PAGE after TCA precipitation with Coomassie blue staining. The panel shows the
contents of 20 fractions (from 8.2 to 14.2 mL). (C) Negatively stained EM images of
20 lg/mL SecB/OmpA (left panel) and SecB/proOmpA (right panel) in buffer A.
Several distinct complex particles are indicated by arrows. (D) Negatively stained
EM images of Ni–NTA–Nanogold-labeled SecB/OmpA (left panel) and SecB/pro-
OmpA (right panel). Several distinct Nanogold-labeled complex particles are
indicated by arrows. The size bar corresponds to 50 nm in (C) and (D).
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Results

SecB can form a complex with proOmpA or OmpA

ProOmpA was purified as a mixture with OmpA [23]. We mon-
itored the formation of the SecB/proOmpA and SecB/OmpA com-
plexes by sucrose gradient centrifugation (Fig. 1A). When the
mixture of proOmpA and OmpA was diluted rapidly [2] from urea
into buffer A without SecB, the two proteins were found in aggre-
gates (Fig. 1A, upper panel). When SecB was included, both com-
plexes could be formed and separated (Fig. 1A, lower panel).
OmpA was found in a soluble form with SecB, indicating the forma-
tion of a complex between the two proteins. ProOmpA, unlike
OmpA, was found in multiple lower fractions of the sucrose gradi-
ent with SecB. This suggested that the SecB/proOmpA complexes
were heterogeneous and existed in more extended forms.We also
examined the SecB/proOmpA and SecB/OmpA complexes by size-
exclusion chromatography (Fig. 1B). After rapid dilution, the prep-
aration was applied to the column. The proOmpA/OmpA mixture
without SecB was eluted at the void volume, indicating the forma-
tion of aggregates (Fig. 1B, dash dot line), consistent with our su-
crose gradient data (Fig. 1A, upper panel). When the mixture was
diluted with SecB, two peaks appeared, with the main peak shifted
to a smaller size (Fig. 1B, solid line). The contents of each fraction
(from 8.2 to 14.2 mL) were collected and analyzed by SDS–PAGE
Fig. 2. Structure of the SecB/OmpA complex. (A) Resolution curves of the three-dimensio
line) and Differential Phase Residual (DPR) functions (solid line). (B) Distinct views of ne
reconstructed model; the bottom panel is the average map of all particles in this class. Th
corresponds to 5 nm. (C) Surface representation of the 3D reconstruction of the SecB/Om
EM 3D map (C4–C6). Top panel: surface representation of the 3D reconstruction. The surfa
top (C2), and bottom (C3). Each view was obtained after a 90� rotation around the axis
protomers are rendered in different colors: green, blue, cyan, and magenta. Each view is in
5 nm.
(Fig. 1B). The shoulder of the first peak contained SecB and pro-
OmpA, whereas the second peak contained SecB and OmpA. The
formation of SecB complexes was verified by Ni–NTA binding with
His-tagged SecB after rapid dilution. Size-exclusion chromatogra-
phy of the imidazole elution showed two peaks: SecB/proOmpA,
corresponding to the shoulder (around 9.5 mL), and SecB/OmpA
(at 12.5 mL) (Fig. 1B, dot line). The SecB/OmpA peak corresponded
to an estimated molecular weight of 100 kDa, consistent with a
single tetramer of SecB and one molecule of OmpA (calculated
molecular weight: 103 kDa). These results suggest that SecB and
OmpA form a stoichiometric complex.

Fractions containing the SecB/proOmpA and SecB/OmpA com-
plexes collected by size-exclusion chromatography were immedi-
ately applied to EM grids and fixed by negative staining (Fig. 1C).
SecB/proOmpA showed up as separate particles that varied in diam-
eter from 10 to 50 nm. The observed variations in particle size and
structural features suggest that SecB/proOmpA complexes are het-
erogeneous and complicated. On the other hand, SecB/OmpA
showed well-preserved particles with a homogeneous structure.
These results are supported by our Ni–NTA–Nanogold labeling anal-
ysis of His-tagged SecB (Fig. 1D). Both the homogeneous SecB/OmpA
and heterogeneous SecB/proOmpA can be labeled by the Ni–NTA–
Nanogold. These SecB/OmpA complexes were analyzed further.

The binding of SecB and SecB/OmpA to SecA was measured
using ITC. ITC can measure changes in enthalpy occurring during
nal (3D) reconstruction as calculated by the Fourier Shell Correlation (FSC) (dashed
gatively stained SecB/OmpA EM samples. The top panel is the projection map of the
e number of particles in each class is indicated below the bottom panel. The size bar
pA complex (C1–C3) and docking of the Escherichia coli SecB X-ray structure into the
ce was rendered and displayed using the chimera. Three views are shown: side (C1),
, as shown between views. The bottom panel is shown for docking. The four SecB
the same orientation as its counterpart in the top panel. The size bar corresponds to
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a bimolecular interaction as well as determine the Kd and stoichi-
ometries of the complexes. The mixture of proOmpA and OmpA,
which was used as a control, showed no detectable binding with
SecA by ITC (data not shown). Both SecB and SecB/OmpA showed
significant changes in enthalpy, and therefore, clearly associate
with SecA in solution. The Kd between SecA and SecB was
2.045 lM, whereas that between SecB/OmpA and SecA was
1.145 lM (Supplementary Fig. S1). These data show that the ma-
ture region of proOmpA may contribute to the transfer of proOmpA
from SecB to SecA.

Structure of the SecB/OmpA complex as analyzed by EM

Using single-particle EM we examined the structure of the SecB/
OmpA particles. The particles displayed no preferred orientation on
the grids (Supplementary Fig. S2). An angular reconstruction algo-
rithm was used to produce the initial model, which was then re-
fined by projection matching. A stable, asymmetric 3D model
was obtained from 2987 negatively stained particles after twelve
iterations of refinement. The resolution was estimated by compar-
ing two independent data sets; a value of 2.1 nm was produced
using the FSC criterion (>0.5), whereas a value of 2.4 nm was pro-
duced using the DPR criterion (<45�; Fig. 2A). The accuracy of the
structure was assessed by comparing the class averages with the
projections from the EM map at representative orientations
(Fig. 2B and Supplementary Fig. S2). The reconstituted model,
which lacked symmetry, has two parts: a main density and a smal-
ler elongated density protruding from the main one (Fig. 2C).

We next manually docked the E. coli SecB crystal structures
(PDB ID: 1QYN), which is organized as a dimer of dimers [19–
21], into the EM density map to determine the localization of the
molecules in the complex. The SecB tetramer could be fitted into
the main density (Fig. 2C4–C6). The peripheral density wrapping
around the SecB surface probably represents the unfolded portion
of OmpA. The difference volume between the main density map
and the low-pass filtered map of the SecB atomic model is much
more around the green and magenta protomers than that around
the blue and cyan ones (Supplementary Fig. S3). The elongated
smaller density, which may represent the rest of OmpA, protrudes
from the main density through one SecB dimer of the tetrmer (the
cyan and green ones) (Fig. 2C4). This structure suggests that un-
folded OmpA wraps asymmetrically around a single SecB tetramer.
Discussion

In the Sec-dependent pathway, precursor proteins cannot be
transported if they are folded or aggregated. The binding between
the preprotein and SecB is a crucial step. For the first time, we visu-
alized the structure of the SecB/OmpA complex by EM. Randall et al.
showed that SecB bound directly to the mature regions of the prepro-
tein rather than to the signal sequence and that the binding pattern
between SecB and unfolded secretory proteins is the same with or
without a signal peptide [11,27]. Thus, the SecB/OmpA complex
structure may reveal the binding pattern between SecB and the pre-
protein. In the EM density, extended OmpA wraps around the SecB
tetramer forming the main density, while the rest of OmpA pro-
trudes. Our results are in agreement with those from a study of the
binding pattern between SecB and another preprotein, MBP [28],
and also the latest findings from Randall’s group [27]. Lecker et al. re-
ported that proOmpA contained secondary and tertiary structure
prior to translocation when associated with SecB [3]. The protruding
density may represent this structure. In the model, the peptide-
binding groove and C-terminal tails of SecB, which were previously
suggested to be the main preprotein binding sites, are covered by ex-
tended OmpA [19,20,27,29–31] (Supplementary Fig. S3). The most
notable characteristic of the SecB/OmpA complex is that the density
volume around each subunit is different and the smaller elongated
domain protrudes through one SecB dimer. Each SecB protomer
makes a different contribution to the binding of SecB to OmpA. These
results suggest that the binding pattern between SecB tetramer and
OmpA is asymmetric.

The two Kds produced by ITC indicate that SecA binds to SecB/
OmpA with a greater affinity than to SecB alone. Thus, we suggest
that, besides the signal sequence [5,32–34], the mature region of
the preprotein may also contribute to the transfer of the preprotein
from SecB to SecA.

Although proOmpA and OmpA can form complexes with SecB, a
significant difference exists between the two complexes. Com-
pared to the homogeneous SecB/OmpA complex, SecB/proOmpA
was observed as heterogeneous particles by negatively-stained
EM. The signal sequence may cause structural differences between
the two complexes. Because the signal sequences of proOmpA do
not bind to SecB directly, they may interact with each other or with
the mature regions of proOmpA to avoid exposing their hydropho-
bic cores to an aqueous environment. Thus, the signal sequence
may induce SecB and proOmpA to form heterogeneous oligomers
rather than a stoichiometric complex like SecB/OmpA. The results
of sucrose gradient centrifugation and size-exclusion chromatogra-
phy (Fig. 1A and B) showed that the mole concentration of SecB to
proOmpA was not 1:1. Our Ni–NTA binding and sucrose gradient
centrifugation results suggest that free proOmpA may be mixed
with SecB/proOmpA and that the interaction pattern between SecB
and proOmpA may be more complicated than that of SecB/OmpA.
Further structural study of SecB/proOmpA will elucidate the role of
the signal sequence in the binding of SecB and the preprotein.
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