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Membrane-Impermeable Sulfhydryl Reagent that Causes a Close
Association of SecG with SecA1
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SecG stimulates protein translocation in Escherichia coli by facilitating the membrane
insertion-deinsertion cycle of SecA. SecG was previously shown to undergo membrane
topology inversion, since SecA-dependent protein translocation renders the membrane-
protected region of SecG sensitive to external proteases. To examine this topology inver-
sion in more detail without protease-treatment, SecG derivatives with a single cysteine
residue at various positions were labeled in the presence and absence of protein translo-
cation with a membrane impermeable SH reagent, 4-acetamido-4'-maleimidylstilbene-2-
SJ'-disulfonic acid (AMS). Treatment of spheroplasts with AMS revealed that a cysteine
residue in the cytoplasmic region of SecG could be labeled from the periplasm side only
in the presence of protein translocation, whereas a cytoplasmic protein, elongation fac-
tor, Tu, remained unlabeled. Treatment of inverted membrane vesicles with AMS also
revealed that cysteine residues in the periplasmic region were labeled from the cyto-
plasmic side of membranes only when protein translocation was in progress. This label-
ing required ATP, SecA and a precursor protein, and became more efficient as the
position of the cysteine residue became closer to the C-terminus. CrossUnking analyses
revealed that the interaction between SecG and SecA in membranes markedly increases
when SecA and SecG undergo membrane-insertion and topology inversion, respectively.
Thus, the two most dynamic components of the translocation machinery were found for
the first time to interact with each other -when both undergo conformational changes.

Key words: Cys-specific labeling, membrane protein topology, protein translocation,
SecA, SecG.

Protein translocation across the Escherichia coli cytoplas- of the proton motive force (10-12). The membrane topology
mic membrane is mediated by a complex comprising Sec inversion of SecG, which is coupled to the SecA cycle, is
factors, and is energized by ATP and a proton motive force assumed to be responsible for the SecG-dependent stimula-
(1-6). The direct driving force for translocation is thought tion of the SecA cycle (13).
to be the membrane-insertion and deinsertion cycle of SecA SecG spans the membrane twice, its N- and C-termini
coupled to ATP binding and hydrolysis. Each SecA cycle is both being exposed to the periplasm, which leaves the
proposed to translocate 20 to 30 aminoacyl residues of a weakly hydrophobic region on the cytoplasmic side of the
precursor protein through a putative protein-conducting membrane (13, 14). When inverted membrane vesicles
channel comprising SecY and SecE. The proton motive (IMVs) are treated with proteinase K, the weakly hydro-
force accelerates the SecA cycle, making the protein trans- phobic region is cleaved, yielding a C-terminal 9 kDa frag-
location efficient (7). SecD and SecF modulate the SecA ment containing an epitopic sequence for antd-SecG anti-
cycle (8, 9). SecG stimulates the SecA cycle and thereby bodies (13). In contrast, when spheroplasts are treated with
allows efficient protein translocation, especially at low tem- proteinase K, these antibodies detect no SecG fragment
perature, at low ATP concentration, and/or in the absence since the epitopic C-terminal region has been digested.

Strikingly, however, the membrane topology of SecG ob-
served in the absence of protein translocation undergoes
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here the topology inversion of these derivatives, as exam-
© 2002 by The Japanese Biochemical Society. - ined by labeling of the cysteine residues with a membrane-
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impermeable SH reagent from the trans-side of the mem-
brane. Furthermore, it is shown for the first time that
interaction between SecA and SecG, the two most dynamic
components of the translocation machinery, significantly
increases in the membrane upon protein translocation.

MATERIALS AND METHODS

Materials -TranMS-label (37 TBq/mmol as [^SMet) was
obtained from ICN. AMS and TCEP [tris-(2-carboxyethyl)-
phosphine hydrochloride] were purchased from Molecular
Probes. ATP was from Boehringer Mannheim. DSS (disuc-
cinimidyl suberate) and BS3 [bis (sulfosuccinimidyl)suber-
ate] were from Pierce. Proteinase K was from Merck. Anti-
SecG antibodies were raised in rabbits against a synthetic
peptide corresponding to the C-terminal 16 amino acid resi-
dues of SecG (15). Anti-EF-Tu antibodies were raised in
rabbits against the purified protein (15).

Bacterial Strains and Plasmids—E. coli EK414 (MC4100
ara* AsecG::kan) (13), K003 (HfrH pnp-13 tyr met RNasel"
Lpp" AuncB-Cr.TnlO) (16), and KN553 (K0O3 AsecG::kan)
(13) were used. Plasmids encoding SecG-Cys derivatives
under the control of the ara regulon were constructed as
reported previously (14). These derivatives were expressed
in KN553 or EK414 with the addition of 0.2% arabinose.

Preparation of Spheroplasts and IMVs — Spheroplasts
were prepared from EK414 cells expressing the indicated
SecG-Cys derivatives according to a reported method (17).
Stable spheroplasts were obtained with this strain (23).
K003 and KN553 cells expressing the specified SecG-Cys
derivatives were used to prepare IMVs according to a re-
ported method (18). IMVs were kept frozen in 50 mM po-
tassium phosphate (pH 7.5), 10% glycerol, and 8.5% su-
crose at 30-40 mg/ml. Where specified, IMVs were washed
with 6 M urea to remove endogenous SecA as described
(19).

AMS Labeling of Spheroplasts—Spheroplasts (0.3 mg/
ml) were suspended in 0.25 M sucrose, 10 mM Tris-HCl
(pH 7.5), 1 mM EDTA, 150 mM KC1, and 1 mM TCEP, and
then preincubated for 3 min on ice or at 20°C. The sphero-
plast suspension was then treated with 2 mM AMS for 10
min at 20°C or 20 min on ice. The labeling reaction was
stopped by the addition of 9 volumes of a buffer comprising
10 mM DTT, 0.38 M sucrose, 10 mM Tris-HCl (pH 7.5), and
150 mM KC1. Spheroplasts were recovered by centrifuga-
tion, and then analyzed by SDS-PAGE and immunoblotting
with anti-SecG antibodies (13). AMS-labeled SecG migrat-
ed more slowly than the unlabeled form on SDS-PAGE
(14). Immunoblots were quantitated with an ATTO Densi-
tograph.

AMS Labeling of IMVs -Prior to AMS-labeling, IMVs (10
mg/ml) were treated with 10 mM DTT for 10 min at 37"C
to reduce disulfide bonds. The IMVs were then diluted and
subjected to proOmpA translocation in a reaction mixture
comprising 0.1 mg/ml IMVs, 60 ttg/ml SecA, 50 p.g/ml SecB,
25 jig/ml proOmpA, and 50 mM potassium phosphate (pH
7.5). After preincubation for 3 min at 37"C, 1 mM ATP, an
ATP generating system comprising 2.5 mM creatine phos-
phate and 5 jJLg/ml creatine kinase, and 1 mM MgSO4 were
added to start the reaction. Where indicated, 1 mM AMS
was added at the specified time. AMS Inhaling was per-
formed for 5 min and stopped by the addition of Laemmli
sample buffer. AMS-labeled SecG was analyzed and quanti-

tated as described above.
In Vitro Protein Translocation—PSIProOmpA was syn-

thesized in vitro as described (20). The reaction mixture (25
\il), comprising 0.2 mg/ml IMVs, 1 mM ATP, 1 mM MgSO4,
[^SJproOmpA, 25 ^g/ml cold proOmpA, 50 jig/ml SecB, 60
jig/ml SecA, the ATP generating system described above,
and 50 mM potassium phosphate (pH 7.5), was incubated
at 37°C for the indicated times. Where specified, 2 mM
AMS was added at 0 or 6 min. The reaction mixture was
placed on ice and then treated with 1 mg/ml proteinase K
for 30 min to terminate the reaction. OmpA was precipi-
tated with 10% TCA, successively washed with acetone,
and then analyzed by SDS-PAGE and fluorography. The
translocation activity was determined by densitometric
quantification of proteinase K-resistant OmpA with an
ATTO Densitograph.

Preparation of [^SJSecA—PSJSecA was synthesized in
vitro in the presence of Tran^S-label using an EcoPro tran-
scription/translation system (Novagen) and pMAN400 (22),
which carries secA under the tac promoter. The transcrip-
tion/translation reaction was allowed to proceed for 1 h at
37°C, after which insoluble materials were removed by cen-
trifugation (170,000 xg for 30 min at 4*C). The supernatant
was then applied to a Sephadex G75 column (Pharmacia),
which had been equilibrated with 50 mM potassium phos-
phate (pH7.5) and 10% glycerol, to remove small molecules.
The fractions containing PSJSecA were collected and con-
centrated by means of membrane filtration (Amicon). Typi-
cally, -60 ng of PSJSecA (780 kBq) was obtained.

RESULTS

Structures of SecG and Its Cys-Containing Derivatives—
SecG comprises 110 amino acid residues and has no Cys
residue. We previously constructed 18 SecG derivatives
having a single Cys at various positions (14). All the deriva-
tives retained the SecG function and stimulated protein
translocation both in vivo and in vitro. Of these derivatives,
the eight shown in Fig. 1 were used in this study. Previous
AMS labeling experiments carried out with LMVs estab-

111C

Periplasm

Cytoplasmic
membrane

Cytoplasm

60C

39C

Fig. 1. Eight SecG derivatives with a single cysteine residue at
various positions. The Cys residue was added after residue 3 in
3.5C and at the C-terminus in 111G Other derivatives had Cys in
place of the indicated residues.

J. Biochem.

 at Islam
ic A

zad U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


SecASecG Interaction during Protein Translocation 631

lished that 39C is located in the cytoplasmic loop whereas
75C- to-1-l-lC -are in the -periplasmic region, i.e. solubiliza-
tdon of IMVs with a detergent significantly increased the
labeling of 75C to 111C, while 39C was labeled irrespective
of the presence or absence of detergent (14). AMS labeling
caused slower migration of these derivatives on SDS-
PAGE, thereby enabling quantification of the labeled deriv-
atives (14).

Cys in the Cytoplasmic Loop of SecG Can Be Labeled
with AMS from the Periplasmic Side—Spheroplasts con-
taining 39C, 75C, 82C, or 88C were treated with AMS on
ice or at 20'C, and then analyzed by SDS-PAGE and immu-
noblotting (Fig. 2). AMS efficiently labeled 75C (lanes 9 and
10), 82C and 88C (data not shown) both on ice and at 20°C,
since these derivatives have Cys in the periplasmic region.
The Cys of 39C is exposed to the cytoplasm and not labeled
with AMS on ice, where protein translocation does not
occur (lane 5). On the other hand, a significant portion
(22%) of 39C was labeled with AMS at 20°C (lane 6), where
protein translocation takes place. EF-Tu, a cytoplasmic pro-
tein, was not labeled with AMS even at 20°C Qanes 6 and
10) unless the spheroplasts had been solubilized Gane 2) or
sonicated (lanes 3 and 7). The AMS labeling of 39C ob-
served at 20°C is therefore not caused by non-specific leaM-
ness of the spheroplast membranes. Instead, the results
indicate that the cytoplasmic loop of SecG is exposed to the
periplasm when protein translocation takes place.

Cys in the Periplasmic Region of SecG Can Be Labeled
with AMS from the Cytoplasmic Side—We next examined
AMS labeling with IMVs containing a SecG-Cys derivative
in the presence and absence of protein translocation (Fig.
3). The extent of labeling varied slightly with the prepara-
tion of IMVs. We, therefore, repeated the experiments three
times with different IMV preparations. Typical results are
shown in Fig. 3A, and the averages of the three experi-
ments are shown in Fig. 3B. When protein translocation
was prevented by the omission of ATP, about 10% of 75C to
111C was labeled. As reported previously (14), this labeling
is most likely caused by rightside out membrane vesicles
contaminating the IMV preparation, since the Cys residues

10

39G —=5=

EF-Tu

AMS

on ice 20 C on ice 20-C

Fig. 2. AMS labeling of a cytoplasmic Cys from the periplasmic
side of membranes. Spheroplasts were prepared from EK414
(AsecGr.kan) cells expressing 39C (lanes 1 to 6) or 75C (lanes 7 to
10), and then subjected to AMS labeling for 20 min on ice or 10 min
at 20'C as described under "MATERIALS AND METHODS." To gen-
erate both AMS-labeled and -unlabeled proteins, spheroplasts were
briefly sonicated and then treated with AMS at 20'C for 5 min (lanes
3 and 7). Spheroplasts bearing 39C were also solubilized with 2% (3-
D-octylglucopyranoside and then treated with (lane 2) or without
(lane 1) AMS at 20"C for 5 min. SecG derivatives and EF-Tu labeled
with AMS were analyzed by SDS-PAGE and immunoblotting with
anti-SecG and anti-EF-Tu antibodies, respectively. Note that the
AMS labeling of EF-Tu was complete in the detergent and near 50%
with sonicated spheroplasts. Spheroplasts containing 4 and 1 jig
protein were analyzed for SecG and EF-Tu, respectively. Asterisks
indicate the AMS-labeled-proteins.

of these derivatives are located in the periplasmic region
(Fig. 1) and more intensely labeledin spheroplasts (FigT2).
The addition of ATP significantly increased the AMS label-
ing of 88C and 111C. This ATP-dependent increase in AMS
labeling was also appreciable, but less, for 82C. In contrast
to the results with spheroplasts (Fig. 2), AMS labeling of
75C remained low in both the presence and absence of ATP.
Taken together, these results indicate that the ATP-depen-
dent increase in the labeling of a periplasmic Cys becomes
greater as the position of the Cys becomes closer to the C-
terminus. Furthermore, since ATP had no effect on the
AMS-labeling of 75C, neither non-specific leaMness of the
membranes nor permeation through the translocation
channel can be the reason for the ATP-dependent labeling
of the periplasmic Cys. We previously showed that 3.5C,
8C, and 60C were labeled with AMS only after solubiliza-
tion of the IMVs with detergents (14). These derivatives,
which have Cys in the membrane-spanning region (8C and
60C) or near the membrane surface (3.5C), were not
labeled with AMS irrespective of the presence or absence of
ATP. The Cys residue of 39C located in the cytoplasmic loop
(Fig. 1) was labeled with AMS in both the presence and

3.5C

75C

ATP - - + +
AMS - + - +

8C

82C

39C

88C

60C

me

ATP, - + , , - +
3.5C 8C

, - + „ - + , , - + i, - + , , - + , , - + ,
39C 60C 75C 82C 88C 111C

Fig. 3. AMS labeling of a periplasmic Cys from the cytoplasmic
side of membranes. (A) IMVs containing the specified SecG deriv-
atives were subjected to proOmpA translocation at 37'C in the pres-
ence and absence of ATP as described under "MATERIALS AND
METHODS." AMS (1 mM ) was added at 6 min after the start of
proOmpA translocation, followed by 5 min incubation at 37'C. AMS
labeling was stopped by the addition of Laemmli sample buffer. Ali-
quots of the mixture containing 0.7 \vg IMVs were then analyzed by
SDS-PAGE and immunoblotting with anti-SecG antibodies. AMS-la-
beled derivatives migrated more slowly than unlabeled ones on SDS-
PAGE. (B) The amounts of AMS-labeled and unlabeled derivatives
in the presence and absence of ATP were determined as described
under "MATERIALS AND METHODS." The averages of three exper-
iments are shown, with error bars, as percentages of the total
amounts*of derivatives.
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absence of ATP. The extent of AMS labeling of 39C
appeared to decrease when ATP was present. This suggests
that protein translocation may make the Cys of 39C less
accessible to external AMS.

Labeling of a Periplasmic Cys Requires proOmpA and
SecA—The ATP-dependent labeling of a periplasmic Cys
with AMS was further examined with 88C (Fig. 4). Omis-
sion of proOmpA prevented the ATP-dependent labeling
(Fig. 4A). When native IMVs possessing endogenous SecA
were used, omission of external SecA only marginally de-
creased the extent of ATP-dependent labeling (Fig. 4A). In
marked contrast, when endogenous SecA was removed
from IMVs by washing with 6 M urea, the external addi-
tion of SecA was essential for ATP-dependent labeling,
although the level of AMS labeling decreased with urea-
washing for an unknown reason (Fig. 4B). Taken together,
these results indicate that the labeling of a periplasmic Cys
with AMS added on the cytoplasmic side of the membrane
absolutely requires proOmpA and SecA as well as ATP.

IMVs containing 111C were subjected to proOmpA
translocation and then treated with AMS at various times.
The amount of AMS-labeled 111C in the absence of ATP
did not vary with the time of AMS addition (Fig. 5A). An
ATP-dependent increase in AMS labeling was only ob-
served when AMS was added at 6 min after the start of
proOmpA translocation. ATP did not enhance labeling
when AMS was added at 0 or 30 min. We examined
proOmpA translocation with IMVs containing wild-type
SecG, and found that AMS is a potent inhibitor of protein
translocation (Fig. 5B). No proOmpA translocation occurred
after the addition of AMS. Moreover, proOmpA transloca-
tion leveled off at about 15 min even when AMS was not
added, indicating that essentially no protein translocation
was in progress when AMS was added at 30 min. Taken
together, these results indicate that protein translocation
must be in progress for the ATP-dependent labeling of a
periplasmic Cys. Immediate inhibition of proOmpA translo-
cation by AMS may, therefore, further inhibit labeling of
the periplasmic Cys.

It was reported that SH reagents modify Cys residues in
the C-terminal region of proOmpA and thereby cause the
accumulation of translocation intermediates (22). However,
AMS did not cause the accumulation of translocation inter-
mediates (data not shown). Moreover, AMS also inhibited
the translocation of a Cys-less precursor, suggesting that
the modification of proOmpA with AMS is not the reason

Fig. 4. ATP-dependent increase in the AMS labeling of a peri-
plaamic Cys requires proOmpA and SecA. IMVs containing 88C
were subjected to AMS labeling in the presence of proOmpA translo-
cation as described in the legend to Fig. 3. AMS labeling was exam-
ined under the specified conditions with native IMVs (A) or urea-
washed IMVs (B).

for the immediate inhibition of proOmpA translocation.
Taken together, the above results indicate that the mem-

brane topology inversion of SecG enables the AMS-labeling
of SecG-Cys derivatives from the trans-side of membranes.

Crosslinking between Membrane-Inserted SecA and 7b-
pology-Inverted SecG—To examine a possible alteration in
the SecA-SecG interaction during protein translocation,
IMVs containing wild-type SecG were incubated with
proOmpA and ^S-labeled SecA in the presence of ATP.
AMP-PNP was then added to stabilize membrane-inserted
SecA (9) and topology-inverted SecG (13). As a control, the
translocation was examined in the absence of a nucleotide.
IMVs were then isolated by centrifugation and treated with
a hydrophobic (DSS) or hydrophilic (BS3) crosslinker. PS]-
SecA recovered with the IMVs was directly analyzed by
SDS-PAGE (Fig. 6A, upper panel) or immunoprecipitated
with anti-SecG antibodies prior to SDS-PAGE analysis
(Fig. 6A, lower panel). Smeared bands were detected above

O)

Q) 25
.a
_C0 20

10

ATP
AMS

\

111

Fig. 5. Ongoing protein translocation is required for the AMS
labeling of a periplflsmic Cya (A) IMVs containing 111C were
subjected to proOmpA translocation in the presence and absence of
ATP as described in the legend to Fig. 3. AMS was added at 0, 6, and
30 min. After 5 min incubation at 37'C, AMS labeling was stopped
by the addition of Laemmli sample buffer. Aliquots of the mixture
containing 0.7 fig IMVs were then analyzed by SDS-PAGE and im-
munoblotting with anti-SecG antibodies, followed by densitometric
quantdtation as described under "MATERIALS AND METHOD&"
The amounts of AMS-labeled 111C in the presence and absence of
ATP are expressed as percentages of the total amount of 111C (B)
The translocation of proOmpA into IMVs containing the wild-type
SecG was examined as described under "MATERIALS AND METH-
ODS." AMS was added at 0 (open circles) or 6 (squares) min. Closed
circles represent the translocation in the absence of AMS.

J. Biochem.

 at Islam
ic A

zad U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


SecASecG Interaction during Protein Translocation 633

1 2 3 4 5 6 7 8 9 10 11121314 15161718192021222324

See*"-

croulnlw (pM) 0 1.5 16 0 15 15 0 15 150 0 15 150
I 0 5 6 6On 0.5 5 5O| i 5 50 6O0» 5 50 500i
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Fig. 6. SecA-SecG interaction increases upon protein transloca-
tion. (A) In vitro proOmpA translocation was performed with IMVs
prepared from K003 cells in the presence and absence of ATP as de-
scribed under "MATERIALS AND METHODS" except that non-ra-
dioactive proOmpA and ^S-labeled SecA (-200 kBq/ml) were used.
AMP-PNP and MgSO.,, each at 20 mM, were added to the reaction
mixture containing ATP at 5 min after the start of the reaction, fol-
lowed by 5 min incubation. As a control, the reaction mixture with-
out ATP was incubated for 10 min. The reaction mixtures (800 jil)
were each overlaid on an equal volume of 50 mM potassium phos-
phate (pH 7.5) containing 0.2 M sucrose and then centrifuged at
170,000 xg for 30 min. IMVs in the pellet fraction were resuspended
in 500 \il of 50 mM potassium phosphate (pH 7.5). Aliquots (40 \i\) of
the suspension were treated with 2 JJLI of DSS or BS3 dissolved in
dimethyl sulfoxide or 50 mM potassium phosphate (pH 7.5), respec-
tively, to give the indicated final concentrations. The crosslinking re-
action was performed at 37'C for 10 min and terminated by the ad-
dition of Tris-HCl (pH 7.5) at 100 mM. After 5-min incubation, ali-
quots (5 |il) of the mixture were treated with Laemmli sample buffer
and analyzed by SDS-PAGE (upper panel). The rest of the mixture
was treated with an equal volume of 50 mM Tris-HCl (pH 7.5) con-
taining 1 mM EDTA and 1% SDS, followed by immunoprecipitation
with anti-SecG antibodies and analysis by SDS-PAGE (lower panel).
Asterisks indicate the SecA-SecG adducts. (B) The amounts of the
-120 kDa band materials in A were determined and expressed as
percentages taking that of the densest band (lane 12) as 100%. AMP-
PNP was added (closed symbols) or not added (open symbols) to the
translocation mixture, and the crosslinking reaction was performed
with DSS (circles) or BS3 (triangles). (C) The translocation reaction
was performed as in A except that proOmpA, ATP, or AMP-PNP was
omitted, as specified. Where indicated, proOmpA translocation was
performed on ice (lanes 4-6). The crosslinking reaction was per-
formed as in A with DSS at the indicated concentrations. SDS-PAGE
analysis before (upper panel) or after immunoprecipitation (lower
panel) was performed as in A. The relative amounts of the cross-
linked products at 50 |iM DSS are expressed as in B and shown be-
low the gel.

the position of 102 kDa SecA with the highest crosshnker
concentration. After immunoprecipitation, SecA^SecG ad-
ducts with molecular masses of -120 kDa were detected.
These bands were most prominent for samples treated with
AMP-PNP and crosslinked with hydrophobic DSS. On the
other hand, crosslinking with hydrophilic BS3 was only
marginal and not affected by treatment with AMP-PNP.
Some non-crosslinked SecA molecules were non-specifically
precipitated in this particular experiment (Fig. 6A, lower
panel), whereas they were hardly precipitated in another
experiment (Fig. 6C, lower panel). The amounts of the -120
kDa band materials were determined with various cross-
linker concentrations (Fig. 6B). The results indicate that
the interaction between SecA and SecG in a hydrophobic
environment significantly increases when membrane-inser-
tion of SecA and topology inversion of SecG take place.

Crosslinking between SecA and SecG was examined with
DSS under various conditions (Fig. 6C). When proOmpA
translocation was assayed on ice, subsequent crosslinking
generated a marginal amount of the -120 kDa band mate-
rials (lanes 4—6), despite the similar recovery of SecA with
IMVs (upper panel). Omission of ATP (lanes 10—12) or
proOmpA (lanes 13—15), or both (lanes 7-9), significantly
reduced the amounts of the -120 kDa band materials. In
contrast, the addition of AMP-PNP was not essential but
produced a -2-fold increase in the amount of cross-linked
product (compare lanes 1-3 and 16-18). Taken together,
these results indicate that SecG interacts closely with SecA
in the membrane when its topology is inverted.

DISCUSSION

Integral membrane proteins are believed to exist in a fixed
topology, which principally follows the positive-inside rule
(23). In contrast, we previously revealed by means of pro-
teinase K digestion that the membrane topology of SecG
undergoes inversion when protein translocation is initiated
and then blocked by AMP-PNP (13). The membrane topol-
ogy inversion of SecG is therefore remarkable and worth
examining by another method. Here we established a sec-
ond method for detecting the topology inversion of SecG.

Labeling of Cys residues introduced into SecG with
membrane-impermeable AMS from the trans-side of mem-
branes requires ATP, proOmpA, SecA, and a physiological
temperature. Moreover, protein translocation must be in
progress for this labeling. Since the position of the Cys is
critical for the ATP-dependent labeling of a periplasmic
Cys, and since AMS added on the periplasmic side did not
label cytoplasmic EF-Tu, it is clear that the labeling of Cys
from the trans-side of membranes reflects the topology
inversion of SecG, i.e., it is not caused by leakiness of the
membranes. The proportion of SecG derivatives labeled
with AMS from the trans-side of membranes was at most
about 20%. The following are possible reasons why limited
portions of SecG derivatives are labeled from the trans-side
of membranes, (i) AMS does not instantaneously label Cys
even when AMS and Cys are present on the same side of
membranes (14). Therefore, some SecG molecules may
recover the original topology before AMS labels the invert-
ed, (ii) Only a certain portion of SecG may exist in an
inverted topology at the moment of AMS addition even
when protein translocation is in progress, (iii) Since AMS
inhibits protein translocation, the translocation-dependent
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labeling occurs only for a short period. Despite the less effi-
cient labeling, the method reported here allows more
detailed analysis of topology inversion.

In order to detect topology inversion by the previous
method, the addition of external SecA was required
(unpublished observation). Essentially all SecG molecules
were assumed to be fixed in the inverted topology under
these conditions since proteinase K generated no 9 kDa
SecG fragment in IMVs. On the other hand, Cys-specific
labeling does not require the external addition of SecA for
the detection of topology inversion, indicating that Cys
labeling is more sensitive than the previous methods AMS
was found to label most of the C-terminal periplasmic
region of SecG when protein translocation into IMVs was
initiated. This is consistent with our previous observation
that antibodies raised against the C-terminal 16 residues of
SecG inhibit protein translocation into IMVs (13, 15). How-
ever, the Cys-specific labeling revealed that the periplasmic
region immediately following the second transmembrane
segment of inverted SecG is inaccessible from an aqueous
environment. Furthermore, we also found that when pro-
tein translocation was blocked by AMP-PNP, the ATP-
dependent labeling of a periplasmic Cys was prevented
(data not shown), suggesting that the C-terminal region of
inverted SecG is entirely concealed after stabilization of
membrane-inserted SecA. Since these results suggest a
close interaction between inverted SecG and inserted SecA,
we carried out crosslinking experiments and found an inti-
mate interaction between SecG and SecA (Fig. 6). This
interaction is dependent on protein translocation and can
be revealed by a hydrophobic, but not a hydrophilic, cross-
linker. Moreover, stabilization of membrane-inserted SecA
and topology-inverted SecG by AMP-PNP significantly in-
creased the amount of the crosslinked product. Although
protein translocation is likely to increase the interaction
between SecA and SecYEG, the results shown here suggest
that the interaction between SecG and SecA depends on
the, topology inversion of SecG. It is known that membrane-
insertion of SecA is induced by AMP-PNP even in the
absence of a precursor protein (9). This is, therefore, an
idling insertion (11). On the other hand, AMP-PNP alone
increases neither the SecA-SecG interaction (Fig. 6) nor the
topology inversion of SecG (13). These results suggest that
the topology inversion of SecG is coupled not only to SecA
insertion but also to proOmpA insertion. It has been pro-
posed that SecG cooperates with SecA to facilitate efficient
precursor insertion into membranes (11).

We wish to thank Rika Ishihara for technical assistance and secre-
tarial support.
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