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SecA is the ATPase that acts as the motor for protein export in the general secretory, or Sec, system of
Escherichia coli. The tetrameric cytoplasmic chaperone SecB binds to precursors of exported proteins before
they can become stably folded and delivers them to SecA. During this delivery step, SecB binds to SecA. The
complex between SecA and SecB that is maximally active in translocation contains two protomers of SecA
bound to a tetramer of SecB. The aminoacyl residues on each protein that are involved in binding the other
have previously been identified by site-directed spin labeling and electron paramagnetic resonance (EPR)
spectroscopy; however, that study provided no information concerning the relative orientation of the proteins
within the complex. Here we used our extensive collection of single-cysteine variants of the two proteins and
subjected pairwise combinations of SecA and SecB to brief oxidation to identify residues in close proximity.
These data were used to generate a model for the orientation of the two proteins within the complex.

The general secretory, or Sec, system of Escherichia coli
exports proteins from the cytoplasm across the inner mem-
brane to the periplasm or to the outer membrane (4, 13). The
system is able to export only proteins that have not achieved
their final stably folded state. SecB is a small tetrameric cyto-
plasmic chaperone organized as a dimer of dimers that cap-
tures the precursors of some exported proteins before they
acquire stable, folded structures and delivers them to SecA for
export (for a review, see the work by Randall and Hardy [15]).
In the course of delivery, SecB, with the precursor bound,
forms a ternary complex with SecA. SecA is the translocation
ATPase that interacts with the translocon SecYEG, a pore
through the inner membrane. Using the energy of binding and
hydrolysis of ATP, SecA initiates the translocation of precur-
sors to the periplasm (5, 6). The complex that is maximally
efficient in coupling ATP hydrolysis to translocation comprises
two protomers of SecA and one tetramer of SecB (11).

The interaction of SecA and SecB involves multiple areas of
contact. One binding site is between the two carboxy-terminal
regions of SecA comprising 21 residues that contain zinc and
the flat eight-stranded �-sheets on each of the dimers of SecB
(referred to as the side sites) (7, 14, 19). A second binding
interaction is between the 13 carboxy-terminal residues of
SecB (referred to as the tail sites) and the amino terminus
of SecA (14, 16). The active wild-type complex between SecA
and SecB has a stoichiometry of two protomers of SecA bound
to a tetramer of SecB (referred to as the A2:B4 complex). If
interaction at the side sites is eliminated by mutation or spe-
cific competition, the two proteins still bind to each other, but
the stoichiometry is now one protomer of SecA bound to a

tetramer of SecB, i.e., A1:B4 (14), a complex which is ineffi-
cient in translocation (11). The loss of only one protomer of
SecA from the A2:B4 complex when the side sites are elimi-
nated shows that the binding between these two symmetrical
proteins is asymmetric. Previous studies using site-directed
spin labeling and electron paramagnetic resonance (EPR)
spectroscopy have identified regions of the surface of each
protein that interact within the complex (1, 2). However, de-
spite all of these findings we were not able to deduce unam-
biguously how the two proteins are oriented relative to each
other. Here we have used the extensive collection of single-
cysteine variants that was created for the spin-labeling studies
to generate a model for the relative orientation of the two
proteins within the complex.

MATERIALS AND METHODS

Mutagenesis and protein purification. The single-cysteine variants of SecA
and SecB were made by standard recombinant DNA techniques (QuikChange,
Stratagene) as described previously (1, 2). The cysteine substitutions were con-
structed in two different species of SecA. One, SecAC4 (obtained from Donald
Oliver), has all four native cysteines replaced with serines and forms a complex
with SecB containing a single protomer of SecA and a tetramer of SecB (A1:B4)
(14). The other, SecAC98S, retains the three native cysteines that coordinate zinc
and has only the native cysteine at position 98 replaced with serine. Thus,
SecAC98S forms a complex with SecB containing two protomers of SecA (A2:
B4). The cysteines in SecAC98S which coordinate the zinc did not form cross-
links with any of the single-cysteine variants of SecB (data not shown). Proteins
were purified as previously described (1, 14) and were stored at �80°C in 10 mM
HEPES (KOH), 300 mM potassium acetate (KOAc), 2 mM tris(2-carboxyethyl)-
phosphine (TCEP), pH 7.6. Concentrations of the proteins were determined
spectrophotometrically using extinction coefficients of 78,900 M�1cm�1 for the
SecA monomer and 47,600 M�1cm�1 for the SecB tetramer.

Assays of activity. The cysteine variants of SecA and SecB used here were
constructed for previous EPR studies and were tested for activity as published
(1–3). Here we briefly summarize that characterization. All variants of SecB and
all variants of SecA were subjected to analyses by high-performance liquid
chromatography (HPLC) on a TSK3000SW (TosoHaas) size exclusion column to
ascertain that introduction of cysteine did not disrupt structure or function (data
not shown). The absolute molar mass of proteins was determined directly using
static light scatter by passing the column eluent through a multiangle laser static
light scatter detector followed by a differential refractometer (DAWN-EOS and
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Optilab rEX, respectively; Wyatt Technology, Inc.). All SecA variants were
folded, demonstrated a monomer-dimer equilibrium, and were shown to bind
SecB (see the work by Cooper et al. for examples [1]). All species of SecB eluted
as a uniform peak of tetrameric SecB (molar mass of �70 kDa). SecB species
were shown to form complexes with a natural ligand, unfolded precursor galac-
tose-binding protein, as well as with SecA. All complexes were of the expected
molar mass.

Oxidative cross-linking of SecA and SecB. The reducing agent, TCEP, was
removed from the single-cysteine variants of SecB and SecA, and the buffer was
exchanged for 10 mM HEPES (KOH), 300 mM NaCl, pH 7.6, by using PD
SpinTrap G-25 columns (GE Healthcare). Mixtures of the two proteins (15 �l)
were prepared on ice to give concentrations of 7 �M SecB tetramer and 7 �M
SecA protomer for SecAC4 variants, which form the complex A1:B4, or concen-
trations of 7 �M SecB tetramer and 14 �M SecA protomer for SecAC98S
variants, which form the complex A2:B4. A sample of the mixture (4 �l) was
removed into 36 �l of nonreducing sample buffer containing 1% SDS, 8 mM
N-ethylmaleimide, and 12 mM EDTA for SDS-polyacrylamide gel electrophore-
sis. Copper phenanthroline was added to the remainder of the mixture to a final
concentration of 0.1 mM. After 30 s on ice, 4.5 �l was pipetted into 36 �l
nonreducing sample buffer with EDTA to terminate the reaction. Experiments
showed that by 30 s of oxidation with copper phenanthroline the quantity of
cross-linked complex had reached a maximum, and if 12 mM EDTA was added
before the oxidizing agent, no cross-linking was observed. The samples were
incubated at 100°C for 5 min and analyzed by SDS-polyacrylamide (13%) gel
electrophoresis. It is important to carry out the oxidative cross-linking as soon as
possible after removal of TCEP. Storage overnight in the absence of TCEP often
resulted in formation of cysteine sulfoxide or other oxidized products that cannot
form disulfide bonds.

SDS-polyacrylamide gel electrophoresis and immunoblotting. All electro-
phoresis was carried out on 13% polyacrylamide gels (17). Immunoblotting using
antisera to SecB and to SecA and the chromogenic dye 4-chloro-1-naphthol for
detection was carried out to confirm the identity of the cross-linked proteins.

Analyses of the results. After staining and destaining, the gels were photo-
graphed using a Kodak EDAS 290 digital camera. The bands containing SecA
were quantified using the 1D gel analysis program in TotalLab from Nonlinear
Dynamics, Ltd. The quantity of stain in the band containing the cross-linked
complex was expressed as a percentage of the total stain in all the bands con-
taining SecA. We can neglect the amount of stain in the cross-linked adduct that
is due to SecB: the molar mass of SecA is six times that of SecB, and each unit
weight of SecA binds more than twice the amount of Coomassie blue as does
SecB. Thus, the fraction of stain due to SecB in the adduct band is less than 8%.
Recovery of stain in bands containing SecA in the oxidized mixture averaged
91% of that in the band containing SecA in the lane for which the sample had not
been exposed to copper phenanthroline.

Generation of models of orientation. In generating models of the orientation
of SecA and SecB in complex, we considered pairs that displayed cross-links of
40% or more. This empirical criterion was used to avoid including random,
collisionally induced cross-links. We did not use the results of cross-linking to
residue 155 in generating a model of relative orientation of the two proteins,
since this residue on each protomer is at the end of a flexible region that if
extended could reach as far as 35 Å. This long tether to the sulfhydryl could
result in the apparent lack of specificity in cross-linking (Fig. 1).

Generation of movie. The movie in the supplemental material was generated
using the eMovie plugin (8) within the PyMOL molecular graphics system (http:
//www.pymol.org).

RESULTS AND DISCUSSION

The cytoplasmic chaperone SecB is a tetramer of identical
polypeptides, each 155 residues in length (Fig. 2a). SecA in
solution equilibrates between monomer and dimer. The pro-
tomers each contain 901 residues (Fig. 2b). The subdomains of
SecA include two nucleotide binding folds, NBF1 (Fig. 2b,
yellow, residues 1 to 220 and 378 to 420) and NBF2 (Fig. 2b,
light brown, residues 421 to 599), a precursor binding domain
(PBD) (Fig. 2b, pink, residues 221 to 377), a long �-helix, the
helical scaffold domain (HSD) (Fig. 2b, blue, residues 610 to
668), a helical wing domain (Fig. 2b, purple, residues 669 to
755), an intramolecular regulator, IRA1 (Fig. 2b, dark brown,
residues 756 to 835), and a short 10-residue �-helix (residues
600 to 609), the linker helix (Fig. 2b, green), that connects
NBF2 to HSD. The amino-terminal residues 1 to 8 were de-
leted from the protein that was crystallized, and the carboxy-
terminal domain, residues 836 to 901, was not resolved in the
structure. EPR spectroscopy studies have shown that upon
binding to SecB, several amino acid residues of SecA become
constrained in their mobility, indicating close contact between
the two proteins in those regions. The constrained residues lie
near the amino terminus as well as in the linker helix and in the
helical scaffold domain (1). Here we used pairwise combina-
tions of single-cysteine variants of the two proteins to attempt
to produce a disulfide cross-link between them. If such a cross-
link was readily and abundantly formed, the two sulfhydryl
groups in the proteins were deemed to be in close proximity
within the complex. The data obtained, together with the X-ray
structures of the proteins, were used to deduce the orientation
of SecB relative to SecA in the complex.

The 26 single-cysteine variants of SecB selected for these
studies are distributed over the entire surface of the protein
(Fig. 2a; note that SecB is a tetramer; thus, 104 surface posi-
tions were tested). The 12 single-cysteine variants of SecA
included representatives from several domains as shown in Fig.
2b. To ascertain that introduction of cysteine did not disrupt
structure or function, each variant of both SecA and SecB was
shown to behave normally when subjected to analyses by col-

FIG. 1. Cross-linking of complexes between cysteine variants of SecA and SecB. Cross-linking values were estimated as described in Materials
and Methods. Values of 40% cross-linking or more are shown in purple if the cross-linking partner lies in the SecA amino-terminal region, in green
if the partner is located in the SecA linker helix, and in red if the partner lies in the SecA helical scaffold domain. Values between 21% and 39%
are black, and those less than 20% are indicated by “—.” Values between 16% and 20% are dark black dashes, and those less than 15% are light
gray dashes. All values are the average of between 2 and 5 cross-linking experiments. The average number of cross-linking experiments used to
calculate each percentage greater than 40 shown in the figure was 3.1 (41 values obtained from 129 cross-linking experiments).
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umn chromatography in combination with static light scatter
(data not shown; see Materials and Methods for details).

It was important, when attempting to form disulfide bonds
between SecA and SecB in complex, to avoid random colli-
sional disulfide bond formation that would lead to misinter-
pretation of the distance between cysteines. To this end, the
oxidative reaction catalyzed by copper phenanthroline was car-
ried out on ice and terminated after 30 s. The products were
subjected to SDS-polyacrylamide gel electrophoresis and im-
munoblotting to identity the cross-linked species. An example
of an immunoblot is shown in Fig. 3. Complexes between two
variants of SecA, V9C and G605C, and one variant of SecB,
Q50C, were oxidized, and the resulting gels were blotted with
either antiserum to SecA or antiserum to SecB. The bands that
were detected by both antisera are the cross-linked species of
interest. Small quantities of dimers of both SecA and SecB

were also identifiable as were unreacted protomers of each
protein. The mobility of the cross-linked product between
SecA and SecB depends on the position of the single cysteine
within SecA. SecB cross-linked near the extreme N terminus of
SecA, at positions 9 or 11, forms an adduct that displays a
higher mobility than does SecB cross-linked near the middle of
SecA (compare V9C with G605C, Fig. 3). This is a conse-
quence of the latter having a greater hydrodynamic volume
and thereby a lower mobility.

To determine whether SecA and SecB interact with the
same relative orientation in the complexes having different
stoichiometries, we used single-cysteine variants of two species
of SecA, one of which forms the A2:B4 complex and the other
of which forms A1:B4. The same pattern of cross-linking with
all the variants of SecB was seen when the equivalent variant of
each species of SecA was used to form complexes with SecB.

FIG. 2. Structure of SecA and SecB. (a) Structure of tetrameric SecB in ribbon representation from Haemophilus influenzae (Protein Data Bank
[PDB] code 1FX3). The Haemophilus structure is used here instead of that of E. coli SecB to illustrate the C-terminal residues 141 to 155, which
are not resolved in the E. coli structure (PDB code 1QYN). The numbered CPK models of side chains are those residues used in this study. The
residues that showed cross-linking are colored corresponding to the cross-linking partner in SecA. The gray residues showed no cross-linking. The
inset shows SecB in CPK representation with all residues used in this study shown in gray. The images on the right correspond to a 90° rotation
around the y axis of the images on the left. (b) Structure of SecA in CPK representation with the subdomains in color as described in the text. The
residues that showed cross-links are shown in purple (V9 and G11), light green (601, 603, 605, 607, and 609), and red (636). The gray residues did
not cross-link. Residue 827 is not shown because it lies in the IRA1 domain (brown) and is masked by the helical wing domain (purple). PDB code
2FSF with the PBD model based on the B. subtilis SecA PDB code 1TF5.

192 SUO ET AL. J. BACTERIOL.



Two examples are shown in Fig. 4. Thus, we conclude that a
SecB tetramer interacts in the same orientation with a pro-
tomer of SecA whether or not the complex formed contains
one or two protomers of SecA. EPR studies support this con-
clusion by showing that spin-labeled residues in SecA re-
sponded in the same way to the addition of SecB whether the
complex formed was A1:B4 or A2:B4.

All possible pairwise combinations of SecB and SecA single-
cysteine variants were subjected to oxidative cross-linking.

Four of the SecA variants (S300C, S350C, I641C, and S827C)
did not form detectable amounts of cross-links with any of the
SecB variants (data not shown). The data for the remaining
eight SecA variants are summarized in Fig. 1. The extent of
cross-linking is estimated by calculating the quantity of stain in
the adduct as the percentage of the total stain in the bands
containing SecA. Values of less than 20% cross-linking are
indicated by a dash. The data clearly show that some pairs are
more readily cross-linked than others, indicating greater prox-
imity of the two cysteines in the complex of SecB with SecA.

We used only pairs of variants that displayed robust cross-
linking, greater than 40% (Fig. 1, purple and green), to gen-
erate the models of the orientations of SecB on SecA that are
shown in Fig. 5. Many of the pairs of cysteines that undergo
abundant cross-linking involve at least one cysteine that lies
within a flexible region of the protein (Fig. 1). For example, the
last 13 residues of SecB (residues 143 to 155) that participate
in 23 of the 41 values of 40% lie in regions that are intrinsically
disordered as shown by nuclear magnetic resonance (18) and
EPR studies (3, 10). The amino terminus of SecA, which par-
ticipates in 16 of the most abundant cross-links, is likely to be
flexible since in the three X-ray structures of SecA from Ba-
cillus subtilis the N-terminal 15 residues have different confor-
mations. In one, the sequence lies at the dimer interface (9), in
a different dimer one protomer has the N terminus extended,
and in the other protomer it is unresolved (20). In the structure
of B. subtilis SecA as a monomer, the N terminus forms two
turns of a helix and is then extended (12). The observed cross-
linking between the flexible amino terminus of SecA and the
flexible carboxyl terminus of SecB agrees with our recent dem-
onstration by isothermal titration calorimetry of their direct
interaction (16). This study used a synthetic peptide corre-
sponding to residues 2 through 11 of the SecA amino terminus
and a series of SecB species with progressively longer deletions
of the C terminus to demonstrate interaction of the peptide
with the C-terminal 13 amino acid residues of SecB. The data
presented here are the first demonstration that the C-terminal
residues of SecB have a second site of interaction: the short

FIG. 3. Identification of cross-linked species. Immunoblots of un-
oxidized (�) and oxidized (�) mixtures of single-cysteine variant
Q50C of SecB and either variant V9C or variant G605C of SecA. (a)
Blotted with antiserum to SecA; (b) blotted with antiserum to SecB.
The positions of protomers and dimers of SecA (“A”) and SecB (“B”)
as well as those of cross-linked species of SecA (“A-A”), SecB (“B-B”),
and SecA with SecB (“A-B”) are indicated.

FIG. 4. The same pattern of cross-linking is obtained from both A1:B4 and A2:B4 complexes. (a) SecA variant V9C in an A1:B4 complex (top)
or an A2:B4 complex (bottom) with every variant of SecB without (left lane of numbered lanes, no dot) or with (right lane of numbered lanes, dot)
oxidation. (b) SecA variant G605C subjected to the same treatment. Only the portion of the gels that has the SecA-containing bands is shown. The
positions of the protomer of SecA (“A”), cross-linked protomers of SecA and SecB (“A-B”), and the cross-linked dimer of SecA (“A-A”) are
indicated.
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linker helix of SecA, comprising residues 600 to 609. This
stretch of residues is also likely to be flexible. The equivalent
sequence in the crystal structure of the SecA dimer from Ba-
cillus subtilis exists in one protomer as an �-helix and as a
�-strand in the other protomer (20), indicating sufficient flex-
ibility to assume different conformations.

The 4-fold symmetry of SecB, which is a tetramer organized
as a dimer of dimers, introduces difficulty in determining the
orientation of SecB bound to SecA. In a complex with a stoi-
chiometry of A2:B4, we assume that one protomer of SecA
interacts with two protomers of a SecB tetramer (A1:B2). Most
of the residues on SecB that cross-link to greater than 40%
(residues 43 and 50 and residues 143 through 150) have mul-
tiple binding partners. Any one of the residues on SecB shows
cross-linking both to residues near the amino terminus (resi-

dues 9 and 11, purple numbers in Fig. 1) and to residues in the
linker helix (residues 600 to 609, green numbers in Fig. 1).
Since the two areas of SecA are well separated in space (Fig.
2b), it is most likely that the cross-linking partners on SecB lie
in different protomers. However, the two protomers of SecB
that are involved in contacts can be arranged in three possible
ways (Fig. 5a, b, and c). They could both be in the same dimer
of the SecB dimer of dimers (Fig. 5, one dimer is blue
ribbon, and the other is magenta ribbon), or each of the
dimers could contain one protomer that makes contacts with
SecA, and these SecB protomers could be either directly
across the dimer-dimer interface (Fig. 5b) or diagonally
opposite each other (Fig. 5c). In each of these possible
arrangements, the cysteines that have been shown to cross-
link are depicted as Corey-Pauling-Koltun (CPK) models in

FIG. 5. Models of the orientation of SecB and SecA within a complex. SecB residues that cross-link to SecA shown as CPK models colored
according to the cross-linking partner on SecA: purple for SecAV9 and G11, green for residues on SecA between 600 and 609. (a) SecB with
both protomers involved in contact on the same dimer; (b and c) each of the dimers contains one protomer involved in contacts, directly
across the dimer interface (b) or diagonally opposite (c). Two orientations that satisfy all cross-links are shown: one in panels d to f and a
second in panels g to i. The SecA protomer has the subdomains that cross-link to SecB in CPK representation: nucleotide binding folds NBF1
(yellow) and NBF2 (light brown), the precursor binding domain (PBD; pink), the helical scaffold domain (HSD; blue), and the linker helix
(green). The remaining domains that show no contacts, the helical wing domain and the intramolecular regulator, are shown as brown lined
ribbons. The residues that show cross-links are purple (V9 and G11), light green (601, 603, 605, 607, and 609), and red (636). A second
protomer could be positioned on the upper surface through symmetrically related residues on the protomers of SecB. The red CPK residues
(SecB35) are the sites that contact the long blue helix at residue SecA636 (red CPK). An asterisk marks the channel that would be occupied
by a precursor polypeptide as described in the text.
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purple if the cross-linked partner is in the N-terminal region
of SecA and in green if the partner lies in the linker helix of
SecA (Fig. 5d).

Determination of the orientation of SecA bound to SecB is
made difficult not only by the 4-fold symmetry of SecB but also
by the flexibility and multiple binding partners of the C-termi-
nal tails of SecB. A crucial observation in developing a model
is that of all the residues tested that are in well-structured
regions and that cross-linked to greater than 40%, only residue
35 in SecB, which is at the edge of the eight-stranded �-sheet,
has a single binding partner, residue 636 of SecA, which is in
the long helical scaffold domain (Fig. 5, both residues are
shown as red CPK models). This singularity provides a refer-
ence point for orienting a SecB dimer on a SecA protomer.
Using the contact between residues 636 of SecA and 35 of
SecB as a pivot point, we rotated the tetramer of SecB relative
to SecA to bring the C termini of the SecB protomers into
close proximity to their observed cross-linking partners. There
are two possible orientations that satisfy all the proximities
deduced from the cross-linking data (Fig. 5d to f and g to i; the
movie in the supplemental material depicts the orientation of
the model in Fig. 5d). In one, the C-terminal tails of SecB that
are involved in contact are on the same dimer (Fig. 5d). In the
other, the protomers involved in contact are directly across the
dimer interface (Fig. 5g). Comparison of Fig. 5d and g shows
that the axis of the dimer-of-dimer interface of SecB is rotated
90° relative to the underlying SecA in the two orientations.

Figure 5e and i show that in a complex of SecA2:SecB4, a
second protomer of SecA could bind on the upper surface of
SecB in either orientation through the identical symmetrically
related contacts on the unoccupied protomers of SecB. The
only residue on these protomers shown as a CPK representa-
tion is residue 35 (red), which is the contact to residue 636 of
SecA. It is possible that in a SecA2:SecB4 complex one pro-
tomer of SecA might bind as illustrated in Fig. 5d and the
second as illustrated in Fig. 5g, resulting in a 90° rotation of
one protomer relative to the other. It is clear that in all of the
proposed models no dimer interface could form between the
protomers of SecA since they are separated by SecB, which is
bound between them.

The documented contact between the zinc-containing motif
in the C-terminal 21 aminoacyl residues of SecA and the flat
eight-stranded �-sheet on the dimer of SecB (7, 14, 19) is not
illustrated in Fig. 5 because the last 65 residues of SecA were
not resolved in the crystal structure. Furthermore, because of
the length of the missing region, knowledge of the contact
provides no information that is useful in establishing a unique
orientation.

Our previous work has shown that the contacts between the
two symmetric proteins are asymmetric (14). One protomer of
SecA must lack some contacts that are present between the
second protomer and SecB. Work is in progress to identify the
source of the asymmetry.

During protein export, precursors must be transferred from
SecB to SecA and subsequently through the translocon. Stud-
ies using site-directed spin labeling and EPR spectroscopy
show that in the complex between SecB and a precursor, the
polypeptide is wrapped around the surface of SecB. It occupies
a channel at the interface of the dimer of dimers, crosses over
the ends or the flat sides of SecB, and binds in the channel on

the opposite side (3, 10). Either of the orientations of SecB
illustrated in Fig. 5 would facilitate the transfer of the precur-
sor from SecB to SecA in a ternary complex. In both orienta-
tions the crucial cross-link between SecB residue 35, which lies
on the edge of the ligand-binding channel at the dimer inter-
face, and SecA residue 636 in the helix scaffold domain posi-
tions the ligand-binding channel of SecB directly above the
linker helix and the portion of the helix scaffold domain (res-
idues 636 through 645) which were shown to provide the bind-
ing surface for polypeptide ligands (1). This channel can be
seen in Fig. 5e and i (marked with an asterisk). An interesting
question that remains is how the transfer of the polypeptide
from contact with SecB to the binding site on SecA and further
through the SecYEG translocon is achieved.
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