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changes, including SecG inversion.

intermediates.

\_

(Bacl(ground: Preproteins are translocated across membranes by SecA ATPase through SecYEG with dynamic structure
Results: A SecA mutant, together with wild-type SecA, caused SecG inversion with accumulation of translocation

Conclusion: Multiple SecA molecules drive protein translocation across a translocon with SecG inversion.
Significance: A revised model is proposed in which a single SecA cycle causes translocation of 10-13 kDa.
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SecA is a translocation ATPase that drives protein translo-
cation. D209N SecA, a dominant-negative mutant, binds ATP
but is unable to hydrolyze it. This mutant was inactive to
proOmpA translocation. However, it generated a transloca-
tion intermediate of 18 kDa. Further addition of wild-type
SecA caused its translocation into either mature OmpA or
another intermediate of 28 kDa that can be translocated into
mature by a proton motive force. The addition of excess
D209N SecA during translocation caused a topology inver-
sion of SecG. Moreover, an intermediate of SecG inversion
was identified when wild-type and D209N SecA were used in
the same amounts. These results indicate that multiple SecA
molecules drive translocation across a single translocon with
SecG inversion. Here, we propose a revised model of
proOmpA translocation in which a single catalytic cycle of
SecA causes translocation of 10-13 kDa with ATP binding
and hydrolysis, and SecG inversion is required when the next
SecA cycle begins with additional ATP hydrolysis.

Translocation of presecretory proteins across the cytoplas-
mic (inner) membrane of Escherichia coli is catalyzed mainly by
SecA, a translocation ATPase, and SecYEG, a protein-conduct-
ing channel in membranes. Most presecretory proteins are syn-
thesized as precursors with an N-terminally attached signal
sequence and are translocated at least partly posttranslationally
in E. coli. Both the SecA and SecYEG structures have been
revealed by several crystal structures, facilitating the under-
standing of protein translocation (for reviews, see Refs. 1-4).

SecA is a translocation ATPase that is activated by presecre-
tory proteins and IMV,? and that provides a direct driving force
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for translocation through ATP binding and hydrolysis. SecA
possesses several domains (see Fig. 14), including two nucleo-
tide binding domains (NBDs) and a precursor binding domain.
SecA also has many ligands, not only ATP/ADP, precursors,
SecB, and SecYEG, but also membrane lipids and SecDF, indi-
cating that SecA undergoes numerous structure changes dur-
ing the catalytic cycle of translocation (for reviews, see Ref. 3).
SecA is localized both in the cytosol and on the cytoplasmic
membrane (5). SecA interacts with SecYEG with high affinity,
although it interacts with membrane lipids with low affinity (6).
Acidic phospholipids are essential for the SecA function (6, 7).
Membrane-bound SecA consists of peripherally bound and
deeply integrated forms (5, 8, 9). Cytoplasmic SecA mainly
forms a homodimer (10). However, several kinds of SecA dimer
have been reported (3), indicative of the dynamic structure
changes of SecA.

Sec@ is a subunit of the SecYEG translocon (11, 12) and pos-
sesses two transmembrane stretches. The membrane topology
of SecG has been determined to be one with the N and C ter-
mini being exposed to the periplasmic space in the absence of
translocation (Refs. 13 and 14 and Fig. 2A4). On the other hand,
its topology obviously changes during the translocation reac-
tion in SecA- and preprotein-dependent manners (13). We
have demonstrated that SecG undergoes a topology inversion
cycle coupled with the SecA cycle (15-17), although a report
has also been found in which the topology inversion model was
challenged (18).

A detailed analysis of protein translocation mechanisms has
been performed, especially ones using proOmpA (the precur-
sor of outer membrane protein A) as a substrate. Identification
of the translocation intermediates provided important hints for
understanding the molecular mechanisms underlying translo-
cation. Of these, ones of 16 kDa and 26 kDa (referred to as I,
and L, respectively) are likely to reflect the catalytic cycle of
SecA because they are stably generated at low ATP concentra-
tions (19, 20). The findings that these intermediates are further
translocated by approximately 2 kDa on the addition of a non-
hydrolyzable analog of ATP (19, 20) or sodium azide (21) and

PMF, proton motive force; AMP-PNP, adenylylimidodiphosphate; m,
mature OmpA.
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that such an analog itself causes processing of the signal
sequence (20) reveal that ATP binding to SecA results in trans-
location of proOmpA by 2-3 kDa. Membrane insertion of
radiolabeled SecA was found to be proOmpA translocation-de-
pendent (22, 23), supporting the idea of stepwise translocation
coupled with an “insertion-deinsertion cycle of SecA.” On the
other hand, the crystal structure of the SecYEG-SecA complex
suggested that SecA is localized rather far from the membrane
surface (24). Furthermore, the size of the SecYEG pore deter-
mined with an archaea translocon seems too small for the
membrane insertion of both SecA and proOmpA (25). These
findings are unfavorable for the SecA insertion model. More-
over, no translocation intermediates other than I, I,,, and
derivatives of them have been identified so far. Nonetheless, an
inverted topology of SecG is fixed through inhibition of ATP
hydrolysis during proOmpA translocation, and the original
topology is then recovered on ATP hydrolysis or removal of
membrane-associated SecA (13). However, to detect SecG
inversion, soluble SecA is essential (17). Therefore, a single
SecA cycle cannot be explained by a simple SecA insertion-
deinsertion model.

To clarify the catalytic cycle of SecA and the relationship
between the SecA and SecG cycles, we employed dominant-
negative mutants of SecA in which ATP hydrolysis was
impaired. D209N SecA possesses a mutation in Walker motif B
in NBD 1 and R509K SecA one in Walker motif A in NBD 2 (26).
D209N SecA binds ATP but is unable to hydrolyze it (23).
We found that D209N SecA generated a translocation interme-
diate of proOmpA that can be translocated into mature by wild-
type SecA and proton motive force (PMF), indicating that mul-
tiple SecA molecules function on a single translocon. D209N
SecA, together with wild-type SecA, not only caused topology
inversion of SecG but also allowed the identification of an inter-
mediate of SecG inversion. We also propose a revised model of
the SecA cycle with SecG inversion.

EXPERIMENTAL PROCEDURES

Materials—IMV were prepared from K003 (HfrH pnp-13 tyr
met RNasel™ Lpp~ AuncB-C:Tnl0 (27) or its secG deficient
strain, KN553 (28), as described (29). WT SecA (30) and SecB
(16) were purified from SecA and SecB overproducers, respec-
tively, as described. Anti-SecG antibodies were raised in a rab-
bit using a synthetic peptide corresponding to the C-terminal
16 amino acids of SecG (11). SecA was labeled with Na'?°I (629
GBq/mg I, MP Biochemicals) by means of lodogen (Pierce) as
described previously (15). The specific activity was ~4 X 10°
cpm/pg SecA. ProOmpA was prepared from an OmpA-over-
producing strain as described previously (31). *°S-Labeled
proOmpA was synthesized in vitro in the presence of a
Tran®*S-label, a mixture of [**S]Met and [*°S]Cys (MP Bio-
chemicals), using plasmid pSI053 as a template (29). ATP,
AMP-PNP, creatine kinase, and creatine phosphate were pur-
chased from Roche. Contamination by ATP in AMP-PNP was
<0.1%. NADH, succinate, pyruvate kinase, and lactate dehy-
drogenase were from Sigma. Proteinase K was from Merck.

Purification of Mutant SecAs—D209N SecA and R509K SecA
were purified from BL21.19 (BL21 (ADE3) secA 13(am) supF(ts)
trp(am) zch:Tnl0 recA:cat clpA::kan) harboring plasmids
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pD209N and pR509K, respectively (26). After these cells had
been cultivated in Luria-Bertani (LB) medium at 30 °C to ~5 X
108 cells/ml, an equal volume of LB medium, which had been
preheated at 52 °C, was mixed to stop the expression of wild-
type secA, followed by the induction of the mutant SecAs by the
addition of 0.1 mm isopropyl 1-thio-B-p-galactopyranoside.
After allowing the expression of the mutant SecAs at 41 °C for
1 h, cells were harvested. Because both mutant SecAs were
recovered mostly in the IMV fraction, IMV (10 mg/ml) were
extracted with 5 M urea and 50 mm potassium phosphate (pH
7.5) for 1 h on ice, followed by centrifugation at 150,000 X g for
2 hat4 °C. The resultant supernatants were dialyzed against 50
mM potassium phosphate (pH 7.5) and 1 mm dithiothreitol to
remove urea and to allow refolding of the SecAs as described
(32). The mutant SecAs were then purified as described for WT
SecA (30). The N termini of the purified preparations were
confirmed by means of an Applied Biosciences Protein
Sequencer 477A.

Translocation of proOmpA—The translocation reaction
mixture was composed of IMV (200 pg/ml as IMV protein),
SecB (50 pug/ml), ATP (1 mm), and an ATP regenerating system
(5 mm creatine phosphate and 10 pg/ml creatine kinase) in 50
mM potassium phosphate (pH 7.5), 1 mm MgSO,, and 2 mMm
DTT. SecA and proOmpA were added as specified. The reac-
tion was initiated by adding proOmpA (~5000 cpm/ul) at
37 °C. The cold proOmpA (25 ug/ml) was premixed as speci-
fied. At each indicated time, an aliquot (25 ul) was withdrawn
and treated with proteinase K (1 mg/ml) on ice for 30 min. The
translocated materials should be protected by membranes from
the proteinase K digestion. They were then analyzed by SDS-
PAGE and autoradiography, followed by determination using
an ATTO densitograph.

SecG Inversion assay—The translocation reaction was car-
ried out as described above except that only cold proOmpA (25
png/ml) was used. After the reaction had been allowed to pro-
ceed at 37 °C for 5 min, 20 mm AMP-PNP and 20 mm MgSO,,
were added. AMP-PNP was prepared immediately prior to the
reaction. The mutant SecA was added instead of AMP-PNP as
specified. After further incubation at 37 °C for 5 min, the reac-
tion mixture was chilled on ice, followed by proteinase K diges-
tion. SecG and its C-terminal 9 kDa fragment were detected on
immunoblotting as described (13).

SecA Insertion/Deinsertion Assay—The translocation reac-
tion was carried out using IMV washed with 4 M urea (28) and
cold proOmpA (25 pg/ml). **°I-Labeled SecA (0.4 pg/ml) was
added to start the reaction at 37 °C. Where specified, non-la-
beled SecA was added. At each indicated time, an aliquot (100
pl) was withdrawn and digested with 1 mg/ml proteinase K.
The membrane-protected 30-kDa fragment was analyzed by
SDS-PAGE and then by autoradiography, followed by quantifi-
cation by means of an ATTO densitograph.

Other Methods—T o analyze OmpA and SecA, an SDS gel was
used as described (33), whereas the analysis of SecG was per-
formed as described previously (34). Inmunoblotting was car-
ried out as described (35). Translocation ATPase activity was
determined by means of an enzyme-coupled method as
described (36). Protein was determined as described (37) using
BSA as a standard.
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RESULTS

Effect of Dominant Negative SecA Mutants on proOmpA
Translocation—It is thought that dominant negative SecA
mutants form a dead-end complex with the translocon causing
cell death (23, 26). Consistent with this idea, the majority of
overproduced D209N SecA (>90%, Fig. 1B) and R509K SecA
(>80%, data not shown) was recovered with membranes. To
confirm the dominant negative effect of D209N and R509K
SecA on proOmpA translocation, purified D209N SecA and
R509K SecA mutants were added to monitor proOmpA trans-
location into IMV prepared from K003 cells (sec™ Aunc). PMF
was not imposed to examine the SecA function precisely. In the
absence of externally added SecA, where translocation is driven
by membrane-bound SecA, only low proOmpA translocation
activity was observed (Fig. 1, C and D, no addition). The addi-
tion of wild-type SecA (WT SecA) caused significant stimula-
tion of proOmpA translocation (+wt SecA), as reported previ-
ously (17, 38). When D209N SecA or R509K SecA was added
instead of WT SecA, proOmpA translocation was completely
abolished (+D209N SecA and +R509K SecA, respectively),
indicating that these SecA mutants were dominant over mem-
brane-bound WT SecA. The dominant negative feature of
these mutants was also confirmed by analyzing translocation
ATPase activity, which is induced by IMV and proOmpA (Fig.
1E). Translocation ATPase activity obtained with a fixed
amount of WT SecA (10 wg/ml) decreased as the amounts of
the mutants increased. The inhibitory effect of D209N SecA
was significantly higher than that of R509K SecA. The ATPase
activity was not completely abolished even when the mutants
were added in excess over WT SecA, however.

D209N SecA Induces Topology Changes of SecG Together with
WT SecA—An inverted topology of SecG can be fixed under
certain conditions (13, 39). Because SecG inversion is con-
trolled by the ATPase activity of SecA, we examined the effects
of the SecA mutants on SecG inversion. SecG possesses two
transmembrane stretches with the N- and C termini being
exposed to periplasm (Refs. 13 and 14 and Fig. 24, left panel).
When IMV were digested with proteinase K, a 9-kDa fragment
could be detected on immunoblots using anti-SecG antibodies
that recognize the C terminus (Ref. 13 and Fig. 2B, -ATP).
When the topology of SecG was inverted, the antigenic region is
digested by proteinase K, giving neither intact SecG nor a 9-kDa
fragment (Ref. 13 and Fig. 24, center panel). When a non-hy-
drolyzable analog of ATP, adenylylimidodiphosphate (AMP-
PNP), was added during proOmpA translocation, externally
added proteinase K digested the C-terminal region of SecG
without giving rise to the 9-kDa fragment, indicating that the
inverted topology of SecG was fixed (Fig. 2B, complete — AMP-
PNP). A high concentration of AMP-PNP (20 mm) was neces-
sary, because affinity of AMP-PNP to SecA is much lower than
that of ATP or ADP (40). When D209N SecA was added during
proOmpA translocation in an excess amount (20 ug/ml) over
WT SecA (2 pg/ml), SecG was efficiently inverted even in the
absence of AMP-PNP (Fig. 2B, complete — +D209N SecA).
When ATP (-ATP — +AMP-PNP) or SecA (-SecA — +AMP-
PNP) was omitted, SecG inversion was not observed as in the
complete translocation reaction (complete), indicating that fix-

JANUARY 2,2012+VOLUME 287+NUMBER 1

SecA-SecG Cycle in Preprotein Translocation

ation of inverted SecG by AMP-PNP is translocation-depen-
dent. The AMP-PNP-like effects of D209N SecA are consistent
with the mutant characteristics that D209N SecA binds to ATP
but is unable to hydrolyze ATP (23). On the other hand, SecG
inversion was not observed on the addition of R509K SecA
(data not shown). Hereafter, we focused on the effects of
D209N SecA.

The effects of D209N SecA on SecG inversion were further
characterized. When proOmpA translocation was carried out
with WT SecA (120 pg/ml), the 9-kDa fragment was generated
upon proteinase K digestion, albeit at a reduced level (Fig. 2C,
wt SecA). SecG inversion was again observed on the addition of
AMP-PNP during translocation (w¢ SecA — AMP-PNP). When
only D209N SecA (120 ug/ml) was used, essentially no SecG
inversion was observed, giving rise to the 9-kDa fragment
(D209N SecA). On the other hand, when both WT SecA and
D209N SecA were added in the same amounts (60 ng/ml each),
the 9-kDa fragment was not generated at all (D209N SecA + wt
SecA). Although the amount of intact SecG clearly decreased,
which was indicative of SecG inversion, nearly half of SecG was
resistant to proteinase K digestion (lanes at 100 and 1000
pg/ml). This SecG topology does not fit with either the original
(Fig. 24, left panel) or the inverted (center panel) one. Instead,
this seems to be a novel intermediate state depicted on the
right, which externally added proteinase K could not access.
The generation of this intermediate of SecG was also observed
when proOmpA translocation was initiated using WT SecA,
followed by the addition of the same amount of D209N SecA
(wt SecA — D209N SecA). Even when the order of addition of
WT SecA and D209N SecA was reversed, a similar result was
obtained (D209N SecA — wt SecA). In this case, a small amount
of the 9-kDa fragment was also detected. These results indicate
that D209N SecA affects the SecG topology together with WT
SecA, giving inverted and intermediate topologies of SecG.
These results were not caused by adding SecA twice during
reactions because the 9-kDa fragment was observed when the
same kind of SecA was added during reactions (w¢ SecA — +wt¢
SecA and D209N SecA — +D209N SecA).

Because both the SecA and SecG cycles are driven by ATP,
we next examined the effect of alow concentration of ATP (Fig.
2D). When ATP was omitted from the translocation reaction
(-ATP) or when translocation was carried out in the presence of
1 mMm ATP (+1 mmATP), the 9-kDa band was clearly generated,
whereas SecG was completely inverted when AMP-PNP was
added during translocation (I mum ATP — AMP-PNP). On the
other hand, when the ATP concentration was reduced to 10
uM, the amount of the 9-kDa fragment was reduced by half with
loss of the SecG band (+10 pm ATP), indicating that half of
SecG was inverted under the conditions, without the interme-
diate topology generated by D209N SecA. It is known that some
translocation intermediates of proOmpA can be formed under
these conditions (20).

D209N SecA Causes the Accumulation of Translocation
Intermediates of proOmpA—To determine whether or not
D209N SecA also affects the generation of intermediates of
proOmpA translocation, we next chased each translocation
process in detail using radiolabeled proOmpA to follow a sin-
gle-round reaction. Several kinds of translocation intermedi-
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FIGURE 1. Purification of the SecA mutants and their effects on proOmpA
translocation. A, schematic representation of SecA and the mutation points.
Domains interacting with specific ligands are indicated. B, purification of
D209N SecA. Molecular markers (lane M), sizes in kDa at left, a total cell lysate
(lane 1), cytosol (lane 2), IMV (lane 3), a urea extract (lane 4), and the purified
preparation (lane 5) were analyzed by SDS-PAGE and Coomassie Brilliant Blue
staining. 20 ug of each fraction or 2 ug of purified preparation was applied on
gel. G, the translocation reaction was carried out in the presence or absence
(no addition) of the indicated SecA (60 wg/ml), using IMV prepared from K003
and proOmpA (25 ng/ml) as a substrate. The translocated proOmpA (p) and
OmpA (m) are indicated. D, the translocated materials shown in C were quan-
titated and plotted against time. The numbers of Met and Cys of 8 and 7 in p
and m, respectively, were used for calculations. E, the effects of the mutant
SecAs on the translocation ATPase activity. The translocation reaction was
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ates of proOmpA have been reported (19, 20, 31), i.e. I, I;5, L,
L, and I,,, named after their molecular weights. Of these, I,
and I, are generated as a result of the SecA cycle because they
can be stably detected when proOmpA translocation is carried
out in the presence of alow ATP concentration (20). I;g and I 4
are derivatives of I, and L,4, generated through a single SecA
insertion upon ATP binding because AMP-PNP addition trans-
forms I, and I, into I;4 and L,g, respectively (19, 20). On the
other hand, I,, is an intermediate whose translocation is
stopped by the artificial formation of an intramolecular disul-
fide bridge (31). When WT SecA was used for proOmpA trans-
location, not only fully translocated and processed mature
OmpA (m) of 34 kDa but also some intermediates, including I,
and I,,, were observed (Fig. 34, wt SecA). 1, appeared tran-
siently only at the initial stage of the reaction, confirming that
this intermediate is formed prior to the completion of translo-
cation (19). On the other hand, I, marginally appeared because
of the non-oxidizing conditions, as reported (31). In marked
contrast, when D209N SecA was used for proOmpA transloca-
tion, I,; was specifically detected, indicating that even the
mutant SecA translocated up to this form of proOmpA (D209N
SecA). Further addition of WT SecA to the reaction caused the
generation of I,; and m in addition to a small amount of I,
(—wt SecA). 1, and m increased with similar kinetics,
whereasl,, and I, ; decreased. Therefore, I, seems to be a dead-
end product that cannot be translocated into m. When WT
SecA and D209N SecA were added at the same time, essentially
a similar result was obtained (wt SecA + D209N SecA). These
results strongly suggest that WT SecA translocated I, 4 into I,
and then into either I,; or m. They also indicate that W'T SecA
functions on IMV carrying D209N SecA in a saturated amount.
Determination of the translocated amounts at 10 min, when the
reaction had reached plateau level, revealed that the sum of I,
I,g, and m is almost the same under WT SecA and D209N
SecA/WT SecA conditions, whereas it was less in D209N SecA
(Fig. 3B). Also, it was found that the amounts of I,; and m were
the same when both WT SecA and D209N SecA were present,
supporting the idea that I, is converted into either I,; or m.
The results in Figs. 2 and 3A indicate that D209N SecA can
affect the translocon together with WT SecA. On the other
hand, it has been reported that D209N SecA is unable to dein-
sert to form a dead-end complex (23). The formation of 1,4 or
completion of translocation (Fig. 3A4) after I, formation sug-
gests that WT SecA can act on the D209N SecA-translocon
complex. Therefore, we next examined whether or not radiola-
beled SecA was inserted into D209N SecA-loaded IMV in
which I, had been accumulated (Fig. 3C). '*°I D209N SecA
insertion into D209N SecA/proOmpA-loaded IMV was not
observed, indicating that all the translocon had been occupied
by D209N SecA/proOmpA under these conditions. On the
other hand, '**I WT SecA insertion into such IMV could be
observed as a proteinase K-protected band corresponding to 30
kDa. Although the level of the inserted SecA was low, it was

carried out in the presence of a fixed amount of WT SecA (10 ng/ml) and the
indicated amounts of a mutant SecA. The increase in ATPase activity on the
addition of proOmpA (25 wg/ml) was measured and plotted against the con-
centration of mutant SecA.
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FIGURE 2. Topology changes of SecG induced by D209N SecA. A, topology
arrangement of SecG. SecG possesses two transmembrane stretches with its
N and C termini being exposed to the periplasmic space (left). When inverted,
both termini are exposed to the cytoplasmic side (center). At the right, the
intermediate topology is shown. The black bar represents the antigenic
region of the anti-SecG antiserum. The arrows at the left and center indicate
the positions where proteinase K added outside of IMV cleaves SecG. B, addi-
tion of an excess amount of D209N SecA during proOmpA translocation
caused SecG inversion. ProOmpA translocation into IMV prepared from K003
was carried out in the presence of 2 ug/ml WT SecA, as described under
“Experimental Procedures” (complete). Where specified, ATP and SecA were
omitted (-ATP and -SecA, respectively). At 5 min after initiation of the translo-
cation reaction, either 20 mm AMP-PNP/MgSO, (+AMP-PNP) or 20 ug/ml
D209N SecA (+D209N SecA) was added as specified. After the reaction mix-
tures had been incubated for further 5 min, they were chilled on ice, followed
by proteinase K digestion at the indicated concentrations. Samples were then
analyzed by SDS-PAGE and immunoblotting using anti-SecG antiserum. The
bands of SecG and the C-terminal 9 kDa are indicated by arrows. C, D209N
SecA together with WT SecA causes the intermediate topology of SecG. The
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specific for WT SecA. These results indicate that WT SecA can
act even on the D209N SecA-translocon complex.

Next, we examined whether or not 1,5, which seemed to be a
dead-end product formed by D209N SecA, can be converted
into m by PMF (Fig. 4). After 1,4 had been formed by D209N
SecA, WT SecA was added. As shown in Fig. 34, I, transiently,
and then I,; and m, were observed with a decrease in I;5. When
PMF was imposed at 20 min, m increased with a decrease in L,g,
indicating that PMF translocated 1,5 into m. We also treated
samples at 15 and 20 min with urea prior to proteinase K diges-
tion. Such urea treatment removes the membrane-bound SecA
and thereby causes the recovery of the original topology of SecG
(13). With this treatment, approximately half of mature OmpA
and all the I, disappeared, a new band corresponding to ~24
kDa (asterisk) being generated (Fig. 44, 15* and 20¥). These
results indicate that a part of the translocated materials was
backward-translocated into the 24-kDa material. Moreover, it
is likely that I, and half of the mature OmpA were still bound
to SecA. Because I, is backward-translocated even into I, on
urea treatment (20), I, should be a one-step- later intermediate
than L4 in the SecA cycle.

SecG Stabilizes Membrane-associated SecA—To clarify the
relationship between SecA insertion and the SecG function in
more detail, SecA insertion into ASecG IMV was examined
(Fig. 5 and supplemental Fig. 1). When '**I WT SecA was used
to monitor SecA insertion, efficient SecA insertion into SecG ™
IMV was observed, whereas that into ASecG IMV was reduced.
In both cases, the inserted SecA was replaced and deinserted on
the addition of an excess amount of cold SecA (Fig. 54), as
reported previously (15, 22). When '>°1 D209N SecA was used,
similar levels of SecA insertion into both types of IMV were
observed, confirming the normal insertion ability of the mutant
SecA. The SecA inserted into SecG™ IMV was not deinserted
and replaced on the addition of cold SecA because deinsertion/
replacement requires ATP hydrolysis (22). On the other hand,
when cold SecA was added to ASecG IMV to which '**1 D209N
SecA had been inserted, a decrease in the inserted SecA was
observed (Fig. 5B), indicating that the deinsertion-deficient
mutant SecA can be deinserted if SecG is missing. This effect
was examined more precisely using various amounts of cold
SecA (Fig. 5C). When SecG™ IMV were used, D209N SecA
deinsertion was not observed at any concentration. In contrast,
the level of the SecA inserted into ASecG IMV decreased as the
concentration of cold SecA increased, confirming that the
mutant SecA can be deinserted and replaced on ASecG IMV.

translocation reaction was initiated in the presence of WT SecA (wt SecA, wt
SecA — AMP-PNP, wt SecA — D209N SecA, wt SecA — wt SecA), D209N SecA
(D209N SecA, D209N SecA — wt SecA, D209N SecA — D209N SecA), or both
(D209N SecA + wt SecA). The samples indicated by arrows received the indi-
cated materials (20 mm AMP-PNP/MgSO,, WT SecA, or D209N SecA) 5 min
after initiation of the reactions. The SecA concentration with one kind of SecA
was 120 ug/ml, whereas that with two kinds was 60 ug/ml each. After all
samples had been incubated at 37 °C for 10 min in total, they were chilled on
ice, followed by proteinase K digestion and SDS-PAGE/immunoblotting as in
B. D, a low concentration of ATP causes a change in the SecG topology. The
proOmpA translocation reaction mixtures contained 60 ug/ml WT SecA and
different concentrations of ATP (0 mm-ATP, T mm + 1 mm ATP and complete —
+AMP-PNP, and 10 um + 10 um ATP). The reaction was allowed at 37 °C for 10
min. For the “complete — + AMP-PNP” sample, 20 mm AMP-PNP/MgSO,, was
added at 5 min. Samples were processed as described in Band C.
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These results indicate that SecG stabilized the membrane-as-
sociated SecA.

DISCUSSION

In this study, we examined the mechanism underlying
proOmpA translocation using a mutant SecA in which ATP
hydrolysis was impaired. D209N SecA was originally thought to
bind ATP at a high affinity binding site (26) but to be unable to
hydrolyze it, forming a dead-end complex with the translocon
(23). We found that WT SecA can act even on the dead-end
complex (Fig. 3C), causing the appearance of translocation
intermediates of proOmpA (Fig. 34) and structure changes of
SecG (Fig. 2C). From these observations, we conclude that mul-
tiple SecA molecules drive protein translocation across a single
translocon with SecG inversion.

Translocation intermediates of proOmpA have been charac-
terized in several ways, including artificial cross-linking tech-
niques (41-44) and suboptimal conditions for the reactions
(20, 21, 45). Of these intermediates, [, and L, have been iden-
tified, especially when the ATP concentration is reduced in the
reaction (20), strongly suggesting that they are intermediates
reflecting the SecA cycle. When AMP-PNP was added to IMV
carrying I, ¢ and L, they are further translocated by as much as
~2 kDa, giving I, and I, indicating that I, and I,4 are deriv-
atives of I, and I, respectively (19, 20). The intermediates
specific for D209N SecA were the same as I;3 and I,g in size.
Because they were formed as a result of a defect in the SecA
cycle, we assumed that they can be discussed on the same basis
as the previously characterized intermediates. As to the cata-
Iytic cycle of SecA, a simple insertion-deinsertion model has
been proposed to explain the stepwise mode of translocation
(15,22, 23, 46). AMP-PNP-dependent processing of proOmpA
(20), and conversion of I, and L, into I;5 and 1,4, respectively
(19, 20), are consistent with the model. However, no other
intermediates have been identified so far except for I,,, which is
not an intermediate of the SecA cycle (31). If translocation pro-

FIGURE 3. Translocation intermediates of proOmpA translocation.
A, **SlproOmpA translocation into IMV prepared from K003 was carried out
at 37 °Ciin the presence of 60 wg/ml WT SecA (upper left), D209N SecA (lower
left), or both (60 wg/ml each, upper right). 15 min after the D209N SecA reac-
tion had been initiated, WT SecA (60 wg/ml) was added and the reaction was
continued at 37 °C for the periods indicated in parentheses (lower right). At
each indicated time, an aliquot (25 ul) was withdrawn and chilled on ice to
stop the reaction, followed by proteinase K treatment (1 mg/ml). The samples
were analyzed by SDS-PAGE and autoradiography. The indicated amounts of
proOmpA that had not been digested were also determined. The positions of
proOmpA and mature OmpA are indicated by arrows denoted by p and m,
respectively. The positions of the translocation intermediates are also indi-
cated by arrows denoted by |, |5g, |16, and 1,5, respectively. B, the transloca-
tion activity of each sample in A at 10 min was quantitated. Black, gray, and
white bars correspond tom, l,g, and |, 5, respectively. The numbers of Met and
CysinOmpA, |5 and |, wereregarded as 7,4, and 4, respectively, on the basis
of their molecular weights and amino acid sequences. C, '2°| WT SecA can
insertinto D209N SecA-saturated IMV. The translocation reaction for IMV pre-
pared from KOO3 was carried out in the presence of 6 wg/ml D209N SecA and
25 ug/ml proOmpA at 37 °C for 10 min, and then either '2°| WT SecA (left) or
251 D209N SecA (right) was added at 0.4 ug/ml, followed by further incuba-
tion at 37 °C. At each indicated time after the labeled SecA was added, an
aliquot (100 wl) was withdrawn and chilled on ice, followed by proteinase K
digestion at 1 mg/ml. Samples were then analyzed by SDS-PAGE and autora-
diography. The sample from each reaction that had not been digested was
also analyzed (-PK). The positions of SecA and the membrane-protected frag-
ment of 30 kDa are indicated by arrows.
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FIGURE 4. PMF drives translocation of l,; into mature OmpA.
A, [3>SIproOmpaA translocation was carried out in the presence of D209N SecA
(60 wg/ml) as described in Fig. 3A, D209N SecA, for 15 min at 37 °C, followed by
the addition of WT SecA (60 p.g/ml). The time after WT SecA addition is indi-
cated. At 20 min, PMF was imposed by adding 5 mm succinate. At each indi-
cated time, an aliquot (25 wl) was withdrawn and chilled on ice to stop the
reaction, followed by proteinase K (1 mg/ml) digestion. For the 15- and
20-min samples, the same amount (25 ul) was mixed with the same amount
of a urea (8 m) solution, followed by incubation on ice for 5 min before pro-
teinase K digestion (75" and 20", respectively). The positions of proOmpA (p)
and mature OmpA (m), together with those of intermediates (l,g, I, and |,4)
are indicated by arrows. The specific band after urea treatment (asterisk) and
that at the gel front are also indicated. B, the translocated bands detected in A
were quantitated and plotted against time after WT SecA addition. The num-
bers of Met and Cys were considered to be as in Fig. 38.

ceeds by every 2—3 kDa, then various intermediates, as a ladder,
should be identified. Alternatively, the SecA cycle might be
composed of two steps, one causing a 2—3 kDa translocation
with ATP binding and the other causing an 8 —13 kDa translo-
cation with ATP hydrolysis, giving only I, ;/I, 5 and I,¢/I,4. Proc-
essing of proOmpA through ATP binding, causing an ~3 kDa
translocation, should be the first step of the SecA cycle, fol-
lowed by translocation with ATP hydrolysis, giving I, .. Consid-
ering that 1,4 is immediately derived from I, through ATP
binding, the generation of 1,3 by D209N SecA itself suggests
that this mutant undergoes a single round of the SecA cycle
giving I, and the reaction stops after next ATP binding giving
L. The fact that urea treatment of IMV carrying I, causes its
backward translocation into I (20) supports this idea.

SecG inversion could be observed on the addition of D209N
SecA during proOmpA translocation. Because D209N SecA
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FIGURE 5. SecG prevents dislocation of inserted SecA. A and B, proOmpA
translocation into 4 m urea-washed IMV prepared from K003 (SecG™ IMV) or
KN553 (ASecG IMV) was carried out at 37 °C using either ">l WT SecA (A) or '*°|
D209N SecA (B) as described under “Experimental Procedures.” At 20 min,
cold WT SecA (60 ug/ml) was added to the reactions. An aliquot (100 wl) was
withdrawn at each indicated time and chilled on ice, followed by proteinase K
digestion (1 mg/ml). The membrane-protected fragment of '**I-labeled SecA
of 30 kDa was quantitated and plotted against reaction time. C, ProOmpA
translocation was initiated as described in B using '*° D209N SecA (0.4
rg/ml). At 20 min, cold WT SecA was added at the indicated concentrations,
and the reaction was continued for a further 20 min. Samples were then
chilled and digested with proteinase K (1 mg/ml). The membrane-protected
fragment of '*I-labeled SecA of 30 kDa was quantitated. It was expressed as
a percentage of that in the respective IMV at 0.1 ug/ml and plotted against
SecA concentration.

itself did not cause SecG inversion in which I, 3 could be formed,
both WT SecA and D209N SecA are involved in the fixation of
the inverted SecG, consistent with our earlier observation that
cytosolic SecA is essential for SecG inversion (17). As discussed
above, D209N SecA is not a simple inhibitor of translocation.
Therefore, an intermediate of SecG inversion could be identi-
fied in the presence of the same levels of the mutant and wild-
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FIGURE 6. Working model for proOmpA translocation. A, WT SecA, SecG
with its topology, and (pro)OmpA (waved line) are shown. T and D represent
ATP and ADP, respectively. At step 0, cleavage of the signal sequence is
shown. The extent of translocation (steps 1-5 and 1') is reflected by interme-
diate species (l;4, |15 ls, and l,g). B, model for the reaction involving D209N
SecA.The mutant and wild-type SecA are indicated as 209 and WT. For details,
see “Discussion.”

type SecA. We cannot completely exclude the possibility that
SecA associated with SecYEG protected SecG from the protein-
ase K digestion because both types of SecA should associate
with the translocon under the conditions. However, either the
central or C-terminal region of SecG was clearly digested under
the other conditions. From these observations, it is likely that
SecG inversion occurs when one SecA cycle is finished and the
next cycle begins. This idea is consistent with the observation
that the addition of AMP-PNP at the beginning of the translo-
cation did not cause SecG inversion (13). As demonstrated pre-
viously (15, 45, 46), the SecA cycle is tightly coupled with the
Sec@G function. Thus, D209N SecA was deinserted and replaced
with newly added SecA if SecG was missing.

On the basis of our results and the observations so far
reported together, the molecular mechanism underlying
proOmpA translocation is illustrated in Fig. 6, focusing on the
relationship between SecA and SecG. The signal peptide is
cleaved on the periplasmic face of a membrane upon ATP bind-
ing to SecA, causing translocation by ~3 kDa (20) (Fig. 64, step
0). With ATP hydrolysis, translocation proceeds, giving I, ; (20)
(Fig. 6A, step 1). Because AMP-PNP addition to I, yields I, 5, a
new SecA can function similar to initiation of translocation (20)
(Fig. 64, steps 2 and 3). Because D209N SecA itself can generate
I, (Fig. 3A), and AMP-PNP cannot generate I,4/1;4 (20), it is
likely that ATP hydrolysis is necessary for the generation of I .
To move onto the next step, SecA that has been used to gener-
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ate I, must be dislocated from translocon (steps 3 to 5). D209N
SecA is unable to move onto these steps (Fig. 34) and the
mutant can fix the inverted topology of SecG (Fig. 2B). There-
fore, ATP hydrolysis and SecG inversion should be necessary
for such dislocation of SecA. In these steps, structure changes in
SecA should be induced so that SecA is released from translo-
cating proOmpA and thereby from translocon to be dislocated
(step 4). It has been demonstrated that membrane- inserted
SecA is transformed into a deinsertion-competent structure by
ATP hydrolysis or PMF (39). After these steps with SecA dislo-
cation, ADP should be exchanged with ATP (step 5) to allow the
next steps, giving a subsequent intermediate (19, 20) (step 1').
After I, is formed, it will be fully translocated via I,4 into
mature OmpA (34 kDa) (Fig. 34), following steps similar to
steps 2~5 and step 1'. Step 5 is similar to step 0 except that
SecG is inverted in step 5. When an excess amount of AMP-
PNP was added during translocation, it is likely that ATP is
replaced with AMP-PNP in this step, resulting in the fixation of
the inverted SecG. To recover the original topology of SecG,
translocation of the C-terminal region of ~4 kDa is necessary,
which also requires ATP hydrolysis (13). Next to I is L, the
difference being ~8 kDa, which is shorter than the transloca-
tion comprising processing to 1,5 (~13 kDa). Therefore, we
speculate that when L, is formed, recovery of the SecG topol-
ogy occurs simultaneously, giving a similar level of transloca-
tion. When the ATP concentration is low in the reaction, the
ADP-ATP exchange should be rate-limiting. In our model, the
cytosolic SecA and SecA in step 4 are candidates corresponding
to steps 1 and 4, respectively. These facts explain why half of
SecG was inverted when the ATP concentration was low (Fig.
2D). On the other hand, when D209N SecA was used, the reac-
tion proceeded until step 3, giving I, 4 (Fig. 3A). The addition of
WT SecA at this step caused the generation of I,; and mature
OmpA with the transient appearance of I, (Fig. 3A) (Fig. 6B,
steps a—e). Because WT SecA can be inserted into D209N
SecA/proOmpA-loaded IMV (Fig. 3C), a part of membrane-
associated D209N SecA should be dislocated and replaced by
WT SecA (steps a and b). After this replacement, it is feasible
that WT SecA translocates proOmpA, giving L, (Fig. 3A4) (step
¢). This translocation is similar to one from step 5 to step 1'.
However, membrane-associated mutant SecA cannot be
replaced, as revealed by a protease protection assay involving
radiolabeled SecA (Fig. 5). Because the conversion of I, into I,
is achieved through ATP binding (19, 20), cytosolic SecA with
ATP, irrespective of whether it is WT SecA or mutant SecA,
should drive this translocation (step d). When D209N SecA is
used in this case, the reaction should finish at this step with the
accumulation of an intermediate topology of SecG (Fig. 2C). On
the other hand, if WT SecA is used here, a structure change
similar to that in step 4 can be caused, giving completely
inverted SecG (Fig. 2C) (step e), followed by further transloca-
tion into mature OmpA (Fig. 34). These facts explain why the
same amounts of I,; and mature OmpA were observed when
the same amounts of WT SecA and D209N SecA were present
(Fig. 3B). It might be possible that a new translocation begins
after WT SecA completed translocation because the amount of
1,5 formed by D209N SecA only was smaller than that of the
sum of mature OmpA and intermediates in the presence of
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both types of SecA (Fig. 3B). Nonetheless, after the I, forma-
tion, the D209N SecA-translocon complex becomes a dead-end
one with which the next translocation cycle should not be
allowed, explaining why D209N SecA shows a dominant-nega-
tive effect.

Using a proOmpA derivative carrying a mutation in signal
peptide, translocation intermediates of 5 kDa, 10 kDa, and 21
kDa, in addition to I, and L,,, have been identified under the
low ATP conditions (21). Because the levels of the 10-kDa and
21-kDa ones were lower than others, these might be another
series of translocation because of the mutation in signal pep-
tide. In the case of the intermediate of 5 kDa, which we could
not analyze under our gel conditions, it might be arisen by the
result of the insertion of cytosolic SecA immediately after proc-
essing. Therefore, it is possible that I, was generated from the
5-kDa intermediate. Although it is not clear whether or not the
additional intermediates were caused by the signal mutation,
their appearance is compatible with our model because the
interval between the 10-kDa and 21-kDa ones is ~10 kDa.

Our results indicate that SecA undergoes at least two differ-
ent kinds of ATP hydrolysis. One is directly utilized in prepro-
tein translocation and the other is used to cause SecA to move
into the next SecA cycle. SecA possesses two NBDs (3). D209N
SecA and R509K SecA are mutants to NBDs 1 and 2, and in
these mutants high and low binding affinity with ADP is
impaired, respectively, suggesting that SecA binds two ATP
molecules (26). On the other hand, it has also been suggested
that one ATP molecule is sandwiched by both NBDs (1, 3).
Considering the appearance of translocation intermediates and
the ability to fix the inverted topology of SecG, the roles of
NBDs 1 and 2 are completely different, as demonstrated previ-
ously (23). Indeed, the inhibitory effects of two mutants on the
translocation ATPase activity were quite different (Fig. 1E).
Because the “insertion-deinsertion cycle” of R509K SecA seems
normal (23), the inhibition by this mutant might be an indirect
effect.

Several lines of evidence have demonstrated that SecA is
inserted deep into a membrane (8, 9, 22). SecA can be digested
or labeled from the periplasmic side, suggesting that SecA pen-
etrates membranes (8). Not only the 30-kDa fragment (C ter-
minus) but also the 65-kDa one (N terminus) of SecA, which is
protected by membranes from proteinase K digestion, are
detected coupled with proOmpA translocation (47). These
findings strongly support SecA insertion, although the 30-kDa
fragment can be partially detected in the presence of detergent-
solubilized SecYEG (48). A fraction of membrane-associated
SecA is also resistant to alkaline extraction of IMV (5), indicat-
ing that these fractions are membrane-integrated. On the other
hand, crystals of SecYEG (25, 49) and the SecA-SecYEG com-
plex (24) revealed that the SecA insertion model is not favorable
because the pores of the translocon seem too small for SecA
insertion, and the position of SecA on SecYEG is far away from
the membrane surface. However, both SecA and SecYEG
undergo several kinds of structural changes. Therefore, the
structures during translocation, such as that of SecYEG with
inverted SecG or translocating preproteins, have not yet been
clarified. Moreover, although SecYEG overproduction signifi-
cantly enhances the translocation activity, the specific activity
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per SecYEG is quite low compared with in IMV prepared from
the wild-type strain (45, 50, 51). Furthermore, SecG inversion
could not be detected under the SecYEG-overproducing con-
ditions (17, 18), strongly suggesting the presence of unknown
factor(s) involved in translocation. Even if SecA might not be
inserted deep into membranes, our results demonstrate that
multiple SecA molecules function on a single translocon.

PMEF is utilized for translocation as another energy source,
although PMF may not be essential (29, 52). At the late stage of
translocation (19, 20) or for preproteins with partially folded
structures (31, 44), only PMF can drive translocation without
ATP hydrolysis. According to our results, even L,g, which was
accumulated by mutant SecA, was translocated into mature
OmpA by PMF (Fig. 4). It is reported that even D209N SecA
inserted into membrane was deinserted by PMF (39), which
should allow the translocation of I,;. Alternatively, SecDF
might be involved in such translocation, as reported recently
(53). In any case, the proton movement is important for the
PMF-dependent translocation (39, 52), unlike the electropho-
retic movement caused by the membrane potential observed on
membrane insertion of a subset of Sec-independent membrane
proteins (54). These findings strongly suggest that the translo-
con undergoes a dynamic structure change caused by PMF. The
observation that precursors artificially attached to a large
domain can be translocated in the presence of PMF (41, 42, 55)
is also consistent with this idea. As a high concentration of
soluble SecA complements the lack of PMF (38), it is likely that
cytosolic SecA induces a similar structure change in the
translocon.
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