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Membrane vesicles from an Escherichia coli mutant with a deletion of the uncBC operon required ATP to
translocate proteins, thus ruling out an essential role of F1F0-H+-ATPase in ATP-dependent protein
translocation. Moreover, proteins could be translocated in the absence of proton motive force. At suboptimal
ATP concentrations, D-lactate stimulated protein translocation, indicating that proton motive force, although
insufficient to support translocation, could facilitate the process.

The source of energy for protein translocation across
bacterial membranes has been the focus of intensive studies.
In intact bacteria, a requirement for an energized membrane
was suggested by the observation that dissipation of the
proton motive force (PMF) by a proton uncoupler or by
valinomycin blocks processing and either insertion or secre-
tion of several membrane and exported proteins (1, 4, 5, 10,
11, 14). Moreover, PMF was found to be involved in protein
translocation in vitro in a coupled translation-translocation
system (13). However, it is not certain whether the effect of
PMF on protein translocation is direct or secondary.
With the finding that in vitro translocation can be accom-

plished posttranslationally (2, 8), it became possible to
examine the energy requirements for protein translocation
after removal by gel filtration of energy sources used for
protein synthesis. (The translocated products were defined
as materials [precursor and mature proteins] resistant to
pronase digestion and to sedimenting with membrane vesi-
cles.) We have found that translocation of both alkaline
phosphatase and OmpA protein into Escherichia coli mem-
brane vesicles requires ATP or an ATP-regenerating system
rather than PMF alone (3). The efficiencies of translocation
in this system were 10 to 25 and 25 to 35% for alkaline
phosphatase and OmpA protein, respectively (2, 3). More-
over, ATP can still support protein translocation, though
less efficiently, in the presence of proton uncouplers or with
membranes prepared from mutants severely defective in the
F1 fraction of the H+-ATPase (3), suggesting that neither
PMF nor a functional H+-ATPase is essential for ATP-
dependent protein translocation. Nevertheless, PMF con-
tributes to the optimal activity since proton uncouplers
inhibit the activity by 50 to 70% (3).

In the earlier experiments involving Fl-defective mem-
branes, we used an S30 fraction prepared from E. coli D10
with normal H+-ATPase, which might have contained trace
amounts of the functional F1 portion of the H+-ATPase in
solubilized form capable of complementing the Fo portion of
the Fl-defective membranes to provide ATP-dependent pro-
tein translocation. To eliminate this possibility and to deter-
mine whether the Fo portion of H+-ATPase might be in-
volved in translocation (e.g., by providing a channel or
pore), experiments were carried out with mutant CK1801
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(F- AlacU169 araD139 thiA rpsL relA AuncBC), a derivative
of MC4100 (obtained from C. Kumamoto of Stanford Uni-
versity) whose genes for both F1 and Fo of H+-ATPase are
entirely deleted. As expected, this mutant could not grow or
revert to growth with succinate as the carbon source.
Membrane vesicles from this strain CK1801 were prepared
and used for translocating alkaline phosphatase and OmpA
protein in the translocation assay described previously,
except that membranes were suspended in 10 mM Tris
hydrochloride (pH 7.6)-50 mM KCl without Mg2+ (3). Mem-
brane potential was measured indirectly as the absorbance
changes of the potential-sensitive dye oxonol VI (12) at a
dual wavelength of 594 to 630 nm in a double-beam dual-
wavelength spectrophometer (model 557; The Perkin-Elmer
Corp.). Membrane vesicles containing 80 ,ug of protein were
used. CK1801 membranes could not generate a membrane
potential with ATP-Mg2+, while H + -ATPase containing
membranes of strain D10 generated 3.0 units (absorbance
times 100) of membrane potential. However, with D-lactate
the CK1801 membranes generated a membrane potential of
6.6 which was much higher than the 0.8 membrane potential
generated by the D10 membranes.

Strain CK1801 membrane vesicles, devoid of F1Fo-H+-
ATPase, could use ATP for protein translocation in the
presence of 5 mM Mg2' almost as efficiently as, and in some
cases more efficiently than, D10 membranes with functional
H+-ATPase (Table 1; Fig. 1, lanes b and f) but could not of
course use D-lactate for translocation (Table 1). (CK1801
membranes used in the experiment were somewhat more
active than D10 membranes in translocation, presumably
because of variation in preparations or strain differences.)
These data thus ruled out any essential involvement of F1Fo-
H+-ATPase in ATP-dependent translocation. The apparent
indispensable requirement described earlier (9) for the F1
portion of H+-ATPase for protein translocation in a coupled
transcription-translation system probably reflected a differ-
ence in the system used or a secondary effect of H+-ATPase,
presumably through the generation ofPMF at least in part to
replenish ATP in that system (3, 13) and also to reduce the
amount of ATP required for translocation (see below).
Another observation supporting the notion that a func-

tional H+-ATPase requiring Mg-ATP for activity is not
directly involved in ATP-dependent translocation was that
both H+-ATPase-containing membranes from strain D10 and
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TABLE 1. Effects of H+-ATPase, FCCP, and Mg2" on ATP-dependent translocationa

% Translocation activity in strain:

Addition CK1801 (AATPase) D10 (ATPase+)

APase pOmpA OmpA APase pOmpA OmpA

ATP 100 (156)b 100 (208)b 100 (181)b 100 100 100
ATP+ FCCP 90 73 95 90 86 92
ATP + Mg2+ 98 115 100 97 100 118
ATP + Mg2+ + FCCP 21 42 40
D-Lactate 0 0 0 0 0 0
D-Lactate + Mg2+ 0 0 0 10 25 30

a Translocation was carried out as described previously (3), with 3 mM ATP-Tris, 5 ,uM FCCP, 5 mM magnesium acetate, and 10mM D-lactate where indicated.
The fluorograms of the translocational products were scanned, and the data were expressed as percent translocation activity, ATP without added Mg2+ being
100l, that of alkaline phosphatase (APase), precursor of OmpA protein (pOmpA), and OmpA protein.

b Number in parentheses is the percent activity compared with that in D10 membrane vesicles.

H+-ATPase-depleted membranes from strain CK1801 used
ATP to translocate proteins whether 5 mM Mg2+ was
present or not (Fig. 1, lanes b, c, f, and g). (It should be
noted, however, that residual Mg2+ bound to various com-
pounds might have been present in the system.) Without
added Mg2+, 5 ,uM carboxylcyanide-p-trifluoromethoxy-
phenylhydrazone (FCCP), which collapses PMF and com-
pletely inhibits D-lactate-dependent translocation (3), had
little or no effect on ATP-dependent translocation in both
kinds of membranes (Table 1; Fig. 1, lanes d and h), but in
the presence of added Mg2+, FCCP inhibited translocation
with H+-ATPase-containing membranes by 60 to 80% (3;
Table 1). Similarly, valinomycin (plus K+) or the H+-
ATPase inhibitor N,N'-dicyclohexylcarbodiimide had little
effect on ATP-dependent translocation in the absence of
added Mg2+. These results provided additional evidence that
in the absence of functional H+-ATPase PMF has no signif-
icant role in ATP-dependent translocation. The results are
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FIG. 1. Effects of H+-ATPase, FCCP, and Mg2" on ATP-
dependent translocation. Translocation into membrane vesicles was
carried out, and the translocated products were detected by poly-
acrylamide gel electrophoresis essentially as described previously
(3), except as noted below. Lanes: a to d, strain CK1801 mem-
branes; e to h, strain D10 membranes; a and e, no ATP; b and f, 3
mM ATP plus 5 mM magnesium acetate; c and g, 3 mM ATP; d and
h, 3 mM ATP and 5 ,uM FCCP. Precursor markers (translational
products) in lane p are as follows: pAP, precursor of alkaline
phosphatase; pOmpA, precursor of outer membrane protein OmpA.
The upper and lower parts of the fluorograms were obtained after 5

and 16 h of exposure, respectively, to Kodak X-5 film.

consistent with the observation that E. coli cells can grow on
a medium containing a proton uncoupler, such as FCCP (7),
implying that PMF is not obligatory for cell growth and
related essential processes, such as protein translocation.
On the other hand, under certain conditions, e.g., with
functional H+-ATPase, PMF contributed to optimal protein
translocation.
The role of PMF in ATP-dependent protein translocation

was further studied at various concentrations of ATP in the
absence of added Mg2". Translocation with wild-type strain
D10 membranes was dependent on ATP, reaching maximal
activity at 3 mM (Table 2). (The optimal concentration of
ATP for translocation varied from 3 to 5 mM with different
membrane preparations.) The addition of D-lactate, which
generates PMF through oxidative respiration, had no signif-
icant effect on the kinetics and the amount of translocation at
3 or 5 mM ATP (Table 2). Similar results were obtained with

TABLE 2. Effects Of D-lactate and NADH on ATP-dependent
translocationa

% Translocation activityb of:
Added concentration (mM)

APase pOmpA OmpA

ATP (mM)
0.5 6 25 15
1 34 57 69
3 100 100 100
5 94 90 92

D-Lactate + ATP
0.5 15 48 46
1 75 83 83
3 75 97 92
5 70 90 80

NADH + ATP
3 77 85 78
5 93 85 94

FCCP + D-lactate + ATP
0.5 9 (60) 22 (46) 23 (50)
1 19 (25) 54 (65) 38 (45)
3 53 (71) 68 (70) 65 (70)
5 50 (71) 55 (61) 51 (63)
a Translocation was carried out with strain D10 membranes in the absence

of added Mg2W and with ATP at the concentrations indicated, and the data
were analyzed as described in the footnote to Table 1. D-Lactate, NADH, and
FCCP concentrations were 10 mM, 3 mM, and 5 F.M, respectively. Transloca-
tion activity for each APase, pOmpA, and OmpA at 3 mM ATP was taken as
loo1 .

b Numbers in parentheses are percents activity without FCCP.
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TABLE 3. Effects of D-lactate on ATP-dependent translocation
with strain CK1801 membranes devoid of H+-ATPasea

% Translocation activityb
Added concentration (mM)

APase pOmpA OmpA

ATP
1 26 33 59
3 100 100 100
5 76 87 95

D-Lactate + ATP
1 132 120 112
3 246 142 124
5 145 123 113

NADH + ATP
3 121 115 130
5 115 104 121

D-Lactate + FCCP + ATP
1 13 (10) 24 (20) 32 (29)
3 62 (25) 61 (43) 80 (64)
5 57 (39) 53 (43) 63 (56)
a Translocation was carried out with strain CK1801 membranes deleted

of H+-ATPase, and activity was expressed as described in the footnote to
Table 2.

b Numbers in parentheses are percents activity without FCCP.

NADH, another compound that generates PMF through
respiration (Table 2). However, FCCP decreased transloca-
tion in the presence of D-lactate (therefore PMF) plus 3 or 5
mM ATP to a level lower than that observed at 3 or 5 mM
ATP alone, even though D-lactate did not stimulate the
translocation (Table 2). At lower ATP copcentrations (0.5
and 1 mM), which supported suboptimal activity, D-lactate
increased translocation to a near optimal level in an FCCP-
sensitive manner (Table 2). Under these conditions, when
PMF was provided through D-lactate, the minimal concen-
tration of ATP required for optimal translocation activity
was between 0.5 and 1 mM.

Similar experiments were carried out with H+-ATPase-
devoid strain CK1801 membrane, which, in addition to the
lack of H+-ATPase, probably had a different membrane
protein composition, e.g., enzymes of the respiratory chain,
than strain D1O wild-type membranes (6). The optimal ATP
concentration for translocation was 3 mM, and D-lactate or
NADH increased translocation to various degrees at all
concentrations tested (Table 3). It should be noted that with
CK1801, but not with D10 membranes, the addition of
D-lactate or NADH consistently' stimulated translocation
even at optimal ATP, perhaps due to a difference in mem-
brane topology and composition or because of a higher level
of membrane potential through respiration with the H+-
ATPase-deleted membranes. As with the D1O membrane,
FCCP reduced the stimulation of translocation by D-lactate
(Table 3). These results further substantiated our earlier
suggestion (3) that, although PMF is neither essential nor
sufficient for protein translocation, it contributes to optimal
activity, and as shown here, this contribution was more
pronounced at suboptimal concentrations of ATP. More-
over, it appeared that, although proteins could be
translocated efficiently with ATP and no PMF, FCCP greatly
inhibited protein translocation in the presence of PMF, even
with excess ATP (Tables 2 and 3). These observations may
explain the in vivo findings (1, 4, 5, 11, 14) that protein
export is defective in cells treated with proton uncouplers,
even with normal ATP levels (1); i.e., pr'otein translocation

is impaired with the collapse of proton gradient, resulting in
the slowdown and jam-up of the translocation pathway
which eventually leads to subsequent accumulation of the
precursor.
The exact functions of ATP and its hydrolysis in protein

translocation (3) are not known. It appears that some, but
not all, of the functions can be fulfilled by PMF, since
maximal translocation activity was observed either with
optimal ATP concentrations or with suboptimal ATP con-
centrations plus compounds that generated PMF. We sug-
gest that the function of ATP includes at least two yet
unknown components; one of them is essential for protein
translocation, and the other merely facilitates the process
and can be replaced by PMF. The two components differ in
their dependence on ATP concentration, the essential com-
ponent being saturated at low ATP (0.5 to 1.0 mM) and the
facilitating component requiring higher ATP concentrations
(3 to 5 mM). One possible basis for the facilitating activity is
the maintenance of the overall membrane 'topology and
proper protein conformation involved in protein transloca-
tion, such as interaction of the precursor and signal
peptidase. This step may be achieved either by FCCP-
insensitive ATP hydrolysis not related to HI-ATPase or
perhaps more effectively by FCCP-sensitive PMF, including
but not restricted to the component generated by H+-
ATPase.
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