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To evaluate whether expression of cloned genes for the Fo proton channel of the Escherichia coli F1F0 ATPase
is sufficient to cause membrane proton permeability, plasmids carrying different combinations of the uncB, E,
and F genes, encoding the a, c, and b subunits of the Fo sector, cloned behind the inducible lac promoter in
pUC9 or pUC18, were constructed. The effects of inducing Fo synthesis in an unc deletion strain were
monitored by measuring cell growth rate, quantitating Fo subunits by immunoblotting, and measuring the
ability of membranes to maintain a respiration-induced proton gradient and to bind F1 and carry out
energy-coupling reactions. The levels of functional reconstitutable Fo in membranes could be increased four-
to sixfold with no change in cellular growth rate or membrane proton permeability (assayed by fluorescence
quenching). These results were obtained in uninduced cultures, so the Fo genes were presumably being
transcribed from some promoter besides lac. Induction of transcription of all three Fo genes produced
increased amounts of Fo subunits in membranes as determined by immunoblot and Fl-binding assays, but,
when reconstituted with Fl, the Fo in membranes isolated from induced cultures was significantly less
functional than the Fo in membranes isolated from uninduced cultures. Such induction did result in growth
inhibition, but there was no correlation between growth inhibition and either increased membrane proton
permeability or the presence of functional, reconstitutable Fo.

The F1Fo proton translocating ATPase of Escherichia coli
consists of an intrinsic membrane-bound Fo sector to which
an extrinsic F1 sector is bound. The Fo sector constitutes the
transmembrane proton channel and is made up of three
subunits: a, b, and c. The F1 sector consists of five subunits:
a, IB, -y, 8, and e. The subunit stoichiometry of the assembled
F1FO ATPase has been determined to be a1b2c1OL3P3'y1811
(8). The genes encoding these subunits are located in the unc
operon, positioned at 84 min on the E. coli chromosome. The
gene arrangement is uncI, B, E, F, H, A, G, D, C, corre-
sponding, respectively, to i, a protein of unknown function,
and subunits a, c, b, 8, ao, -y, 3, and E (28). The different
numbers of subunits in the assembled complex are believed
to be the result of differential translation of the unc genes,
each of which is present in a single copy in a 7-kb polycis-
tronic mRNA (5, 12, 16).
The pathway of protons through Fo is not known. All three

subunits are required for reconstitution of a functional Fo
(22, 23). Various residues in the a and c subunits are believed
to constitute a proton pathway from one side of the mem-
brane to the other (24). There is evidence, however, that the
proton conductivity of Fo is strongly influenced by the
presence or absence of certain F1 subunits. Genetic studies
indicated that F0-dependent growth inhibition requires the
Fo genes plus the genes for several of the F1 subunits (4, 18).
Purified Fo sectors synthesized and assembled in the absence
of F1 subunits were significantly less proton permeable when
reconstituted into liposomes than were Fo sectors synthe-
sized and assembled in the presence of F1 subunits (19).
We proposed a model for Fo assembly in which Fo was

synthesized and assembled in a relatively proton-imperme-
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able form and then converted to its active, proton-conduct-
ing form by specific interactions with F1 subunits (18). As
one test of this hypothesis, we constructed several plasmids
carrying the genes for different Fo subunits cloned behind the
inducible lac promoter and measured the effects of increas-
ing amounts of Fo subunits on cell growth, membrane proton
permeability, and the ability of membranes to bind purified
F1 and carry out energy coupling reactions. The results
support the model described above and also suggest that
overexpression of Fo genes produces unassembled subunits
that inhibit cell growth without necessarily affecting mem-
brane proton permeability.

MATERIALS AND METHODS

Strains and plasmids. These studies were done in E. coli
JM103 A(uncB-uncD), which is strain JM103 (13) in which
seven of the nine unc genes (11), including all of the Fo
genes, are deleted. Plasmid pEA4, which carries the three Fo
genes in pACYC184, was described previously (2). Plasmid
pEA5, which carries the three Fo genes cloned behind the
inducible lac promoter, was constructed by cloning the
HindIII-Sall fragment from pEA4 into pUC9 (25). Plasmid
pRM2 was constructed by deleting the HpaI-SmaI fragment
containing uncF from pEA5. Plasmid pRM2 was then di-
gested with BamHI and religated to delete 617 bases from
uncB, producing plasmid pRM3, which codes for the c
subunit only. Plasmid pRM4 was constructed by cloning the
HindIII-SalI fragment from pEA4 into pUC18. The resultant
plasmid carries the same insert as pEA5, but the insert is in
the opposite orientation to the lac promoter. When it is
important for clarity, the subunits contained in each plasmid
are given within parentheses after the plasmid designation.
Growth and lac induction. Cells were grown in LB medium

(14) containing 100 mg of ampicillin per liter, and growth was
measured by monitoring cell turbidity (optical density at 550
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nm [OD550). When cells reached an OD550 of 0.4, transcrip-
tion from the lac promoter was induced by the addition of
isopropyl thio-p-galactopyranoside (IPTG) to a final concen-
tration of 1 mM. As reported by Fillingame et al. (7), induced
cultures rapidly lost plasmids, as measured by the fraction of
the culture that lost resistance to ampicillin. The addition of
ampicillin to a final concentration of 400 mg/liter was re-
ported to overcome this problem. We also found this to be
the case, and so we added more ampicillin at the same time
as IPTG.
Membrane preparation. Cells were chilled, centrifuged,

and suspended in 50 mM morpholinepropanesulfonic acid
(MOPS)-10 mM MgCl2 (pH 7) (MOPS-Mg buffer) to a final
concentration of 0.25 g of wet cells per ml. Cells were lysed
in a French press at 16,000 lb/in2. Unlysed cells were
removed by centrifugation at 5,000 x g for 10 min. The
membrane-containing supernatant fractions were centri-
fuged at 100,000 x g for 1 h. Membranes were suspended in
MOPS-Mg at a final concentration of 20 to 40 mg of mem-
brane protein per ml.

Fluorescence quenching. The use of 9-amino 6-chloro
2-methoxyacridine (ACMA) fluorescence quenching as an
assay of membrane proton permeability was described pre-
viously (17). ACMA was obtained from Molecular Probes
Inc. (Eugene, Oreg.). Samples of 0.5 mg of membrane
protein were assayed in 2 ml of 20 mM Tris-HCl (pH
7.8)-200 mM KCl-5 mM MgSO4 (fluorescence quenching
buffer). Final concentrations of ACMA, NADH, and KCN
were 5 ,uM, 250 ,uM, and 1 mM, respectively, for NADH-
driven quenching. Final concentrations ofACMA, ATP, and
NH4Cl were 2.5 ,uM, 250 ,uM, and 20 mM, respectively, for
ATP-driven quenching. Membrane suspensions were ex-
cited at 410 nm, and emission was measured at 490 nm in an
SLM model 8000 fluorimeter.

F1 binding, ATPase, and ATP synthase assays. A 1-mg
sample of membrane protein was incubated with 1 or 2 U of
purified F1 ATPase (specific activity, 40 to 50 U/mg) and an
equal volume of 2x fluorescence quenching buffer for 15 min
at 30°C. The membranes were then centrifuged at 100,000 x
g for 1 h, washed once with MOPS-Mg buffer, suspended in
200 ,ul of the same buffer, and assayed. For ATP-dependent
fluorescence quenching assays, 0.25 mg of reconstituted
membrane protein was assayed directly without washing. In
vitro ATPase and ATP synthase assays were conducted as
described previously (21).
Immunoblots. Sodium dodecyl sulfate-gel electrophoresis

of crude membranes (15 ,ug of each), transfer to nitrocellu-
lose, and immunoblotting were carried out as described
previously (4). The primary polyclonal antibodies against the
a, b, and c subunits were obtained from Karlheinz Altendorf,
University of Osnabruck, Osnabruck, Germany.

RESULTS

The plasmids constructed for these studies are shown in
Fig. 1. Plasmid pEA5 consists of uncB, E, and F cloned
behind the lac promoter in pUC9. Plasmids pRM2, pRM3,
and pRM4 carry subsets of the Fo genes cloned into pUC
plasmids. We studied the effects of these plasmids on the
growth of their host E. coli and the synthesis and assembly
of Fo sectors.

Figure 2 shows the effects of each of these plasmids on the
growth of E. coli JM103 in which the chromosomal unc
genes are deleted. The addition of IPTG to induce transcrip-
tion of the cloned genes from the lac promoter resulted in
significant inhibition of growth in cells carrying pEA5, which

Fo

gene order
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FIG. 1. Plasmids constructed for these studies. The boxes at the

top indicate the order of the genes of the unc operon. The letter
designations for each gene are within each box, and the Fo and F1
genes are labeled. The subunits coded for by each gene are indicated
below the boxes. The four plasmids are listed on the left, and the Fo
genes cloned in each plasmid are indicated by the boxed letter gene
designations. In each, the Fo genes are cloned into a pUC vector so
that transcription can be initiated at the lac promoter. The location
of that promoter relative to the cloned genes is indicated. Note that
the Fo genes of pRM4 are cloned in the wrong orientation relative to
the promoter so that transcription from the lac promoter produces
antisense unc mRNA. The constructions of each plasmid and the
restriction enzyme recognition sites at each end of the cloned DNA
are described in Materials and Methods. The asterisk indicates the
region containing a putative promoter (see the text). This region is
bounded by a HindIII site in uncI, which is the left-end (as drawn)
limit in pEAS, pRM2, and pRM3, and by the start of uncB.

codes for the a, c, and b subunits of Fo. However, we also
observed growth inhibition when IPTG was added to cells
carrying pRM2, which codes only for the a and c subunits of
Fo. Induction of transcription in a control plasmid, the
vector pUC9, had no effect on growth; nor did induction of
transcription of plasmid pRM3, carrying the gene for the c
subunit, or plasmid pRM4, carrying the Fo genes cloned into
pUC18 in the opposite orientation to pEA5. Induction of
transcription of the uncE and F genes, coding for the c and
b subunits, respectively, or uncF andH genes, coding for the
b and 8 subunits, respectively, also had no effect on growth
(data not shown).
We isolated membranes from these various cells and

tested them for the presence of Fo subunits in immunoblots
(Fig. 3) and Fl-binding ability (Fig. 4), and for the ability of
reconstituted membranes to carry out energy coupling reac-
tions (Fig. 5, Table 1). Figure 3 shows immunoblots of
membranes isolated from induced and uninduced cultures of
the unc deletion strain carrying pEA5 (acb), pRM2 (ac), or
pRM4 (acb, opposite orientation to pEA5). The levels of Fo
subunits in the 60-min sample isolated from uninduced cells
carrying pEA5 were comparable to those in normal Unc+
cells (data not shown). Both the induced and uninduced
cultures of pEA5 produced significantly more of all of the Fo
subunits than did the initial uninduced culture. In reconsti-
tuted membranes from both induced and uninduced cultures
treated with a given amount of purified F1, the specific
ATPase activity was 4 to 6 times higher than the specific
ATPase activity of reconstituted membranes isolated from
the culture before induction (to membranes) Membranes
isolated from the induced culture (induced membranes)
consistently bound F1 to a higher specific activity than did
membranes isolated from the uninduced culture (uninduced
membranes). Immunoblot and F1 binding studies, therefore,
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FIG. 2. Growth curves of induced (0) and uninduced (A) cultures. E. coli JM103A(uncB-uncD) carrying each of the indicated plasmids

was grown with shaking at 37°C in two 250-ml cultures of LB medium containing 100 ,ug of ampicillin per ml to an OD550 of approximately
0.4. Half of each culture was treated with 1 mM IPTG (arrow) to induce transcription from the lac promoter, and 300 ,ug of ampicillin per ml
was added to both halves of the culture to prevent plasmid loss. The OD550 was monitored for an additional 6 h.
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FIG. 3. Immunoblots of sodium dodecyl sulfate gels of mem-
branes isolated from induced and uninduced plasmid-containing
cultures. The three panels represent cultures carrying the plasmids
indicated below each panel. Lanes: A, membranes from an unc
deletion strain; to, membranes isolated from each culture at an
OD550 of 0.4, prior to induction of transcription; I60 and 1120,
membranes isolated 60 and 120 min, respectively, after the addition
of IPTG to the induced culture; U60 and U120, membranes isolated at
the same times from the uninduced culture. Equal amounts of
membrane protein (15 ,ug) were loaded in each lane. The immuno-
blots were visualized with antibodies to the Fo subunits as described
in Materials and Methods. The locations of the a, b, and c subunits
are indicated.

demonstrated that both induced and uninduced membranes
contained amounts of Fo subunits that were comparable to
what is found in membranes isolated from normal Unc+ cells
and 4 to 6 times more Fo subunits than the amount in to
membranes.
Assays of energy coupling by the reconstituted F1Fo

complexes, however, revealed significant differences be-
tween the Fo sectors synthesized by the induced and unin-
duced cultures carrying pEA5. In ATP-driven fluorescence
quenching studies, a decrease in ACMA fluorescence indi-
cates the formation of a proton gradient due to proton
pumping by the reconstituted F1Fo. Although the induced
membranes bound F1 to a higher specific activity than did
the uninduced membranes, reconstituted induced mem-
branes displayed very poor ATP-driven fluorescence
quenching when compared with that of the uninduced mem-
branes, which displayed 50 to 75% of the ATP-driven
fluoresence quenching of wild-type membranes (Fig. 5). In
NADH-driven ATP synthesis assays (Table 1), the reconsti-
tuted membranes from the uninduced culture synthesized
ATP significantly better than did membranes isolated from
the induced culture. Therefore, even though the membranes
isolated from the uninduced culture contained less Fo and
bound F1 to a lower specific activity than did membranes
isolated from the induced culture (60-min samples; Fig. 3 and
4), the F1Fo in those reconstituted uninduced membranes
carried out energy coupling reactions significantly better
than did the F1Fo in the reconstituted induced membranes.
Induction of transcription produced more membrane-bound
Fo subunits but less functional Fo.
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FIG. 4. Binding of purified F1 ATPase to membranes isolated

from induced and uninduced cultures. Membranes (1 mg) isolated
from preinduced to (A), induced (-), or uninduced (*) cultures were
incubated with 0, 1, or 2 U of purified F1 ATPase, washed, and
assayed for bound ATPase activity. The final specific activities
(units per milligram of membrane protein) are plotted on the
ordinate as a function of added F1 (abscissa). Each panel represents
assays of membranes from a culture containing the indicated plas-
mid. Each point represents the average of duplicate samples. The
error was typically less than 10%.

To address the possibility that the induced cells were
incorporating Fo into inclusion bodies that might bind F1 but
might be incapable of energy coupling, we isolated mem-
branes on a sucrose gradient; in immunoblots and in ATP-
driven fluorescence quenching assays, the purified mem-
branes behaved like crude membranes prepared as described
in Materials and Methods (data not shown). The Fo produced
by the induced culture of pEAS was therefore not seques-
tered in inclusion bodies.

Respiration-dependent fluorescence quenching studies
(Fig. 6) to measure the proton permeability of these mem-
branes did not reveal the cause of the growth inhibition or
the differences between the Fo sectors synthesized in in-
duced or uninduced cultures of the unc deletion strain
carrying pEA5 (acb). Uninduced membranes showed little
change in proton permeability compared with that of to
membranes, although the F1 binding and reconstituted ATP
synthase activities both increased four- to sixfold. Induced
membranes were leakier than the membranes isolated from
uninduced cultures, but the differences varied from experi-
ment to experiment, and significant differences in reconsti-
tuted energy coupling were seen even in samples of induced
and uninduced membranes, which displayed little difference
in NADH-driven fluorescence quenching.
The membranes isolated from either induced or uninduced

cultures of pRM2 (ac) displayed no change in proton perme-
ability despite the fact that induction resulted in both growth
inhibition and an increased membrane content of the a and c
subunits. (Fig. 2, 3, and 6). Combined with the results
obtained from induced and uninduced cultures containing

FIG. 5. ATP-dependent ACMA fluorescence quenching of re-
constituted F0-containing membranes. Control membranes and
membranes isolated from induced (I) or uninduced (U) cultures of
cells carrying pEA5 (acb) were treated with Fl-stripping buffer (1
mM Tris-Cl [pH 7.5], 0.5 mM EDTA, 2.5 mM 2-mercaptoethanol,
10% glycerol), reconstituted with F1 as described in the legend to
Fig. 4, and assayed for ATP-driven ACMA fluorescence quenching
as described in Materials and Methods. Relative fluorescence is
plotted versus time. Controls are membranes isolated from an unc
deletion strain, JM103 A(uncB-uncD), and from an Unc+ strain,
JM103.

pEA5 (acb), these studies indicate that there was little or no
correlation between growth inhibition and either an increase
in Fo content or changes in membrane proton permeability as
measured by NADH-driven fluoresence quenching. Interest-
ingly, membranes isolated from cells carrying either pRM2
(ac) or pRM3 (c) were capable of binding purified F1 (Fig. 4).
Neither of these reconstituted complexes was capable of
ATP synthesis or ATP-driven proton pumping.
The immunoblots and assays of Fo function revealed that,

even in the uninduced cultures, the Fo genes were being
transcribed and translated. A certain amount of this tran-
scription may have been due to leakiness of the lac pro-
moter, even in a laClq background. However, from a genetic

TABLE 1. NADH-driven in vitro ATP synthesis activity of
reconstitution membranesa

Fl-reconstituted membranes ATP synthase activity(nmol/min/mg)

JM103 A(uncB-uncD) 0
JM103 A(uncB-uncD) + pEA5

to 3 ± 1
I 5±1
U 15 ± 1

JM103 Unc+ 90 ± 10
a Membranes isolated from the unc deletion strain carrying pEA5 were

reconstituted with purified F1 as described in the legend to Fig. 4 and assayed
for in vitro ATP synthesis as described in Materials and Methods. to, I
(induced), and U (uninduced) membranes were as described in the legend to
Fig. 6. Membranes isolated from JM103 Unc+ and JM103A(uncB-uncD) were
the positive and negative controls, respectively.

.2..

nil
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FIG. 6. NADH-dependent ACMA fluorescence quenching of Fo-containing membranes. Membranes isolated from the unc deletion strain

carrying either pEAS (acb) or pRM2 (ac) were treated with NADH in the presence of ACMA, and the resultant fluorescence quenching was
measured versus time. Control membranes were isolated from the deletion strain containing pUC9 (uninduced; OD550 of =1). to membranes
were isolated from cells at an OD550 of 0.4 before induction of transcription. Induced (I) and uninduced (U) membranes were isolated from
induced and uninduced cells 60 min after the addition of IPTG to the induced culture. For both the pEAS and pRM2 cultures, induction
resulted in significant growth inhibition (Fig. 2).

complementation analysis of Fo plasmids containing various
deletions, Kanazawa et al. (9) concluded that a functional
promoter exists immediately preceding uncB. This promoter
is located in the region under the asterisk in Fig. 1. Plasmid
pRM4 consists of the Fo genes cloned backwards into
pUC18, so that the transcription from the lac promoter
produces antisense unc mRNA. If this region does carry a
functional unc promoter, uninduced cells carrying pRM4
should synthesize amounts of Fo comparable to those syn-
thesized by the uninduced pEA5 culture. Figures 3 and 4
demonstrate that to be the case. Induction of transcription
from the lac promoter resulted in a significant decrease in
expression of Fo genes from this plasmid. It is therefore
likely that, as concluded by Kanazawa et al. (9), there is an
active promoter other than the previously demonstrated unc
promoter (10, 20, 29) immediately upstream of uncB but
either within or immediately after uncL.

DISCUSSION

These results demonstrate that the amount of functional,
reconstitutable Fo in E. coli membranes can be increased
four- to sixfold, from very low levels to levels approximately
equal to those in normal Unc+ membranes, with no change
in cellular growth rate or membrane proton permeability,
supporting the hypothesis that, in the absence of F1 sub-
units, Fo is synthesized and assembled in a form that is
relatively impermeable to protons. Past results from our

laboratory have shown that the presence of certain F1
subunits, specifically 8 and a, significantly increase the
proton-conducting ability of Fo (2, 4, 18). Studies involving
purified Fo sectors have shown that Fo synthesized and
assembled in the absence of F1 is three to five times less
permeable to protons when reconstituted into liposomes
than Fo made in the presence of F1 (19).
The reconstituted F1Fo complexes of the induced and

uninduced pEA5 (acb) membranes differed in their abilities
to carry out the two energy coupling reactions. Uninduced
membranes, when reconstituted with F1, contained 50 to
75% of the specific ATPase activity of Unc+ membranes and
were capable of ATP-dependent proton pumping at levels 50
to 75% of those displayed by Unc+ membranes, indicating
that these Fo sectors are structurally and functionally iden-
tical or very similar to normal Fo. The same reconstituted
membranes, however, could synthesize ATP in vitro only 10
to 20% as well as Unc+ membranes. It is not clear why
reconstitution of ATP synthesis was not as efficient as
reconstitution of ATP-driven proton pumping.

Induction of transcription from the lac promoter appeared
to adversely affect the function of the resultant Fo. Mem-
branes isolated from the induced culture of pEA5 contained
increased amounts of Fo subunits, as assayed by immuno-
blotting and F1 binding, relative to those in membranes of
the uninduced culture. When reconstituted with F1, the
membranes from the induced culture did not carry out either
energy coupling reaction very well, either because the Fo

J. BACTERIOL.
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sectors were less active in energy coupling or because the
membranes were more proton permeable. However, in
experiments where the differences in apparent proton per-
meability of induced and uninduced membranes were very
small, the reconstituted membranes still displayed the same
differences in ATP synthase and ATP-driven proton pump-
ing activities. For induced membranes which showed a
significant difference in proton permeability, as assayed by
NADH-driven fluorescence quenching, we adjusted the flu-
orescence quenching of the uninduced membranes to that of
the induced membranes by adding KCN. Even then, the
differences in energy coupling persisted (data not shown).
The data suggest that the Fo subunits in the membranes
isolated from induced cultures were either degraded or less
well assembled than the Fo sectors present in the membranes
of the uninduced culture. The immunoblots, however, did
not reveal significant proteolysis of the Fo subunits in the
induced membranes.
These differences in Fo sectors produced by induced and

uninduced cultures might be explained if assembly of the Fo
required an additional factor or factors, such as has been
shown to be necessary for assembly of the Saccharomyces
cerevisiae mitochondrial Fo (1). In the induced cultures,
increasing expression from the lac promoter might titrate out
that assembly factor, resulting in incorrect folding or assem-
bly of additional Fo subunits synthesized, whereas unin-
duced cultures might produce subunits slowly enough not to
overwhelm the assembly machinery. Our experiments did
not address this question, since we analyzed the differences
in Fo content of membranes 1 and 2 h after induction, rather
than immediately after induction. If such an assembly factor
exists, it might not be absolutely required, since measurable
functional Fo might be produced even in its absence. The
presence of such an assembly factor might, however, either
minimize incorrect subunit-subunit interactions or optimize
the folding, membrane insertion, or assembly of one or more
Fo subunits. One model for Fo assembly proposed that the a
and I subunits of F1 act as such assembly factors (6), and the
recent demonstration that the entire operon can be overex-
pressed to produce an abundance of functional F1F0 may
support that proposal (15). However, in these studies, we
demonstrated wild-type levels of functional reconstitutable
Fo made in the absence of any F1 subunits.

Inducing expression of Fo genes cloned behind the lac
promoter did affect cell growth, but the effects of this
induction on Fo synthesis and assembly and the reasons for
the resultant growth inhibition are not clear. In respiration-
driven fluorescence quenching experiments, the membranes
isolated from the induced culture of cells carrying pEAS
were occasionally leakier (quenched less well) than mem-
branes from uninduced cultures, but the quenching was
reduced by at most 50%. In most experiments the difference
between respiration-driven fluorescence quenching in mem-
branes from induced and that in membranes from uninduced
samples was small, despite the difference in growth of the
cultures. Also, induced cultures of cells carrying pRM2,
which codes only for the a and c subunits of Fo, also stopped
growing. Membranes isolated from those cells were no more
permeable to protons than were membranes isolated from
the uninduced culture. These membranes bound F1 but were
not capable of ATPase-dependent energy coupling, so they
did not contain functional Fo. Combined with the results
from the uninduced culture of pEAS, these results indicate
that the growth inhibition seen in induced cells carrying Fo
plasmids is not necessarily the result of leaky Fo sectors.
Kanazawa et al. (9) demonstrated that the harmful effects of

cloned Fo genes were caused primarily by production of the
a subunit; our results are consistent with that explanation,
since it is clear that functional Fo produced in the uninduced
cultures does not affect cell growth or proton permeability.
The growth inhibition observed upon induction of transcrip-
tion of pRM2 (ac) was not seen when transcription was
induced from pRM3, which codes only of for the c subunit.
An excess of unassembled or misassembled a subunit might
therefore be responsible for the observed growth inhibition.
von Meyenberg et al. (26) demonstrated that overproduction
of the a subunit inhibited growth by increasing the proton
permeability of membranes. In these studies, however, we
were unable to attribute growth inhibition to increased
proton permeability.
The results and conclusions from this study are compati-

ble with other studies on the synthesis and assembly of Fo
genes from multicopy plasmids. Aris et al. (3) concluded that
the synthesis and assembly of Fo from multicopy plasmids
did not affect cell growth. Fillingame et al. (7) demonstrated
that overproduction of the genes for Fo plus & resulted in
harmful proton permeability in Unc+ E. coli, but the effect
was not as great in an unc deletion strain. When the genes
were expressed in the deletion strain, as in this study, that
study reported some growth inhibition and increased F1
binding and proton permeability but little or no reconstituted
ATP-dependent proton pumping in the reconstituted mem-
branes. This inability to carry out energy coupling was
attributed to possible proteolysis of the Fo subunits synthe-
sized in the absence of F1. We observed similar results with
membranes from our induced cultures, but we believe those
cells carried misassembled or unassembled Fo subunits,
since we saw no significant proteolysis of Fo subunits in the
immunoblots, and the uninduced cultures, which contained
fewer Fo subunits, reconstituted energy coupling better. Our
previous studies have shown that 8 is opening the Fo proton
channel (2). When we constructed a plasmid carrying the Fo
genes and uncH (8 subunit) cloned behind the lac promoter,
the presence of the 8 subunit significantly affected the results
of these various assays, making the membrane appear to be
even more permeable to protons in both- the induced and
uninduced cultures (data not shown).
The uninduced cultures appeared to be expressing the Fo

genes from a promoter on the cloned region of the unc
operon. Analyzing membranes isolated from cells carrying
plasmid pRM4, in which the Fo genes are cloned into pUC18
in the opposite orientation to the lac promoter, we still
observed significant synthesis of Fo genes in the uninduced
culture, synthesis which was reduced by inducing transcrip-
tion from the lac promoter. If the Fo genes were being
transcribed from a true unc promoter, such expression from
that promoter may be growth dependent, since at optical
density of 0.4, much less Fo was being synthesized than at
later times in the uninduced cultures. As referred to in
Results, Kanazawa et al. (9) also concluded that an active
promoter exists in a region identical to what we studied in
these experiments.
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