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We studied the effect of the 8 subunit of the Escherichia coli F, ATPase on the proton permeability of the F,
proton channel synthesized and assembled in vivo. Membranes isolated from an unc deletion strain carrying
a plasmid containing the genes for the F, subunits and the 8 subunit were significantly more permeable to
protons than membranes isolated from the same strain carrying a plasmid containing the genes for the F,
subunits alone. This increased proton permeability could be blocked by treatment with either dicyclohexyl-
carbodiimide or purified F,, both of which block proton conduction through the F,. After reconstitution with
purified F, in vitro, both membrane preparations could couple proton pumping to ATP hydrolysis. These
results demonstrate that an interaction between the & subunit and the F, during synthesis and assembly
produces a significant change in the proton permeability of the F, proton channel.

The proton-translocating F,F, ATPase of Escherichia coli
consists of two sectors, F; and F,,. The membrane-integral F,
sector forms a proton channel across the cytoplasmic mem-
brane, and the membrane-peripheral F, sector is an ATPase or
ATP synthase capable of interconverting the energy of the
transmembrane proton gradient with the synthesis or hydrol-
ysis of ATP. The F, consists of three subunits, a, b, and ¢, and
the F, consists of five subunits, a, B, v, 8, and &. The subunits
are encoded by the genes of the unc (or atp) operon, located at
84 min on the E. coli map (20, 25).

Because the F, sector is a transmembrane proton channel
and because the F; sector is an ATPase, the synthesis and
assembly of the F,F, ATPase must be accomplished without
the production of harmful intermediates which might increase
membrane proton permeability or decrease cellular ATP lev-
els. Cox et al. (4, 5) proposed a mechanism of assembly in
which the membrane insertion of the b subunit of the F, is
catalyzed by certain F, subunits. The assembly of the F,
channel would therefore be in concert with F, subunits,
eliminating the possibility of either sector assembling in the
absence of the other.

We have proposed a model for F, assembly in which the F,
is synthesized and assembled in a relatively proton-imperme-
able form (3, 15). Instead of the F, subunits catalyzing
membrane insertion of certain F,, subunits, the F, subunits are
inserted spontaneously and assemble in an immature form. It
is through interactions with F,; subunits that this immature
“closed” channel is opened, and the flow of protons through
the complex is then regulated by the activity of the F, sector. In
this study, we examined the role of the & subunit of the F,
sector during assembly of the F,, sector. The & subunit is coded
for by the uncH gene, which is the first F; gene in the operon,
located immediately following the F, genes. Previous genetic
studies implicated the & subunit as causing the F,-dependent
proton permeability of the F, (1). Studies of the chloroplast
F,F, ATPase have placed the  subunit at the Fy-F, interface
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(6). In these experiments, we characterized the biochemical
differences between membranes of cells carrying plasmids
encoding F, subunits and membranes of cells carrying plasmids
encoding F, subunits and the & subunit.

MATERIALS AND METHODS

Strains and plasmids. These studies used E. coli JM103
A(uncB-uncD), which is strain JM103 (11) with a deletion of
seven of the nine unc genes, including all the F, genes (10).
Plasmids pEAS, pWSB30.0, and pWSB33 were described
previously (13, 22). pRM1, which carries the F, genes plus
uncH (3 subunit) cloned behind the lac promoter, was con-
structed by digesting pWSB30.0 with HindIII and EcoRI and
ligating the resulting fragments with the pUC9 (23) vector,
which had been digested with HindIII and EcoRI. pRM1 was
digested with AfIII, which cuts at the stop codon for uncH,
treated with mung bean nuclease to form blunt ends, and then
ligated with a Sall adapter (5'-TGGTGTCGACACCA-3') to
produce plasmid pRM6. pRM7, which carries the F, genes and
all of uncH fused in frame to a biotinylation sequence, was
constructed by ligating the Sall-EcoRI fragment from the
biotinylation vector YEp352-Bio7 into pRM6, which had been
digested with the same enzymes. YEp352-Bio7 was a generous
gift from A. Tzagoloff. Treatment with mung bean nuclease
and insertion of the Sall adapter removed the stop codon for
uncH and allowed the biotin attachment sequence to be cloned
in frame. This region of the resultant plasmid was sequenced to
verify the construction. pRMS8, which encodes the uncH-biotin
attachment fusion gene alone, was constructed by ligating the
Nrul-EcoRI fragment from pRM7 into pWSB33, which had
been digested with Nrul and EcoRI. pRMS is identical to
pWSB33 but codes for the synthesis of the biotinylated  fusion
protein.

Growth and induction of cloned genes. Cells were grown in
LB medium (12) containing 100 mg of ampicillin per liter, and
growth was measured by monitoring cell turbidity (optical
density at 550 nm [ODss,]). At an ODss of 0.4, transcription
from the lac promoter was induced by the addition of isopro-
pyl-B-D-thiogalactopyranoside (IPTG) to a final concentration
of 1 mM. To maintain plasmids, the ampicillin concentration
was increased to 400 mg/liter. Cells were grown at 37°C with
vigorous shaking.
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Membrane preparation. Cells were harvested as they en-
tered stationary phase (ODss, =~ 1.0), chilled, pelleted by
centrifugation at 10,000 X g for 10 min, and suspended in 50
mM morpholinepropanesulfonic acid (MOPS)-10 mM MgCl,
(pH 7.0) (MOPS-Mg buffer) to a final concentration of 0.25 g
of wet cells per ml. Cells were lysed at 16,000 Ib/in? in a French
pressure cell. Unlysed cells were removed by centrifugation at
5,000 X g for 10 min. The membrane-containing supernatant
fractions were centrifuged at 100,000 X g for 1 h, washed once
with MOPS-Mg buffer, and then resuspended in the same
buffer to a final concentration of 20 to 40 mg of membrane
protein per ml.

Fluorescence quenching. The use of 9-amino 6-chloro 2-me-
thoxyacridine (ACMA) fluorescence quenching as an assay of
membrane proton permeability was previously described (14).
ACMA was obtained from Molecular Probes Inc. (Eugene,
Oreg.). For NADH-driven quenching experiments, 0.5 mg of
membrane protein was assayed with 2 ml of 20 mM Tris-HCl
(pH 7.8)-200 mM KCI-5 mM MgSO, (fluorescence quenching
buffer). ACMA was added to a final concentration of 5 uM,
and fluorescence was monitored until a stable baseline was
maintained. NADH was then added to a final concentration of
500 uM to induce respiration. Respiration-driven quenching
was halted by the addition of 1 mM KCN. For ATP-driven
quenching experiments, the final concentrations of ACMA,
ATP, and NH,Cl were 2.5 pM, 250 pM, and 20 mM, respec-
tively. Membrane suspensions were excited at 410 nm, and
emission was measured at 490 nm with an SLM model 8000
fluorimeter.

Assays of F, and DCCD binding, ATPase, and ATP syn-
thase. One milligram of membrane protein was incubated with
1, 2, or 4 U of purified F; ATPase (specific activity, 30 U/mg)
and an equal volume of 2 X fluorescence quenching buffer for
15 min at 30°C. The membranes were then pelleted by
centrifugation at 100,000 X g for 1 h, washed once with 5 ml of
MOPS-Mg buffer, suspended in 200 pl of the same buffer, and
assayed. To test the sensitivity of the membranes or reconsti-
tuted membranes to dicyclohexylcarbodiimide (DCCD), 40
wM DCCD in 100% ethanol was added directly to the mem-
branes, incubated for 15 min at 30°C, and then assayed. The
same volume of ethanol alone had no effect on any of the
assayed activities. For ATP-dependent fluorescence quench-
ing, 0.25 mg of reconstituted membranes was assayed directly
without washing. In vitro ATPase and ATP synthase assays
were conducted as described previously (17).

SDS gels and immunoblots. Sodium dodecyl sulfate (SDS)
gel analysis of whole cells and crude membranes, electro-
phoretic transfer to nitrocellulose, and immunoblot analysis
were carried out as described previously (2) with the following
modifications: 2 pg of membrane protein per lane was loaded
onto a Bio-Rad minigel system and, after electrophoresis,
transferred to nitrocellulose paper for 15 min at 100 V and 4°C.
The nitrocellulose paper was blocked with 1% bovine serum
albumin (BSA) for 15 min and then treated with primary
anti-F,F, antibody for 1 h. The blot was then washed three
times with 0.2% Tween 20-0.9% NaCl-10 mM Tris (pH 7.4),
incubated with secondary biotinylated goat anti-rabbit antibod-
ies (GIBCO BRL) for 30 min, and incubated with streptavidin-
alkaline phosphatase (GIBCO BRL) for 30 min. The blot was
then probed for alkaline phosphatase activity following
GIBCO BRL instructions. For detection of biotinylated fusion
proteins, after the nitrocellulose paper was blocked with BSA,
the blot was treated with streptavidin-alkaline phosphatase and
developed as described above.

Polyclonal antibodies to F,F, ATPase. The F, ATPase was
purified as described by Schneider and Altendorf (18). This
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FIG. 1. Plasmids constructed for this study. The boxes at the top
indicate the genes in the unc operon; the genes for the F, and F,
sectors are indicated above the boxes, and the subunits coded for by
the genes are shown below the boxes. The plasmids are listed on the
left, and the F, or F, genes cloned in each plasmid are indicated by the
boxed gene designations. The location of the lac promoter in these
plasmids, determined by use of pUC vectors, is indicated by the letter
“p”. The asterisk indicates the location of a putative secondary unc
promoter. H-bio is the designation for the gene containing uncH fused
in frame to a biotinylation sequence. Gene I, the partial gene I (I'), and
the product of gene I (the i polypeptide) have no known function.

preparation, which contained primarily F, subunits but was
contaminated with F, subunits, was injected into rabbits for the
purpose of raising polyclonal antibodies against F,, subunits.
Initial antibody preparations were found to be primarily
against the o, B, v, and b subunits. We then boosted the rabbits
with a preparation which was more specific for the other
subunits. The F,F, ATPase was purified as described by Foster
and Fillingame (9). The complex was subjected to the dissoci-
ation conditions described by Schneider and Altendorf for the
dissociation of purified F, (19), and the products were sepa-
rated by exclusion chromatography. One of the peaks from the
column contained primarily the a, ¢, and & subunits, with a
small amount of b subunit and no other detectable ATPase
subunits. This fraction was used to boost the antibody response
in a rabbit which was already producing antibodies against the
a, B, v, and b subunits. The resulting antibody preparation
reacted with all the ATPase subunits in immunoblots of
purified F, and purified F,F,. In immunoblots of wild-type
membranes compared with membranes isolated from an unc
deletion strain, we could identify all the ATPase subunits
except for ¢ in the wild-type membranes. Reactivity to the a
subunit was relatively weak compared with reactivity to the
other subunits. Also, despite preabsorption of antiserum with
membranes isolated from the unc deletion strain, many cross-
reacting proteins were detected in membranes isolated from
the unc deletion strain.

RESULTS

Synthesis of F, subunits in an unc deletion strain. The
plasmids used in this study are shown in Fig. 1. With the
exception of the F,+38 plasmids, these plasmids were described
previously (13). pRM1 contains all the genes (uncBEF) for the
F, sector in addition to the gene for the 8 subunit of F, (uncH).
It is identical to plasmid pBP101 studied by Fillingame et al.
(8). We previously described plasmid pEAS, which is the
equivalent of pRM1 lacking uncH (13). By comparing the
effects of pEAS and pRM1 on cell growth, membrane proton
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FIG. 2. Growth curves for induced and uninduced cultures. E. coli
JM103 A(uncB-uncD) carrying each of the indicated plasmids was
grown with shaking at 37°C in 250-ml cultures of LB medium
containing 100 pg of ampicillin per ml to an ODss, of approximately
0.4. At the arrow, each culture was treated with 1 mM IPTG to induce
transcription from the lac promoter and 300 pg of ampicillin per ml
was added to prevent plasmid loss. The ODss, was monitored for an
additional 6 h. Symbols: @, induced; A, uninduced.

permeability, and F, function, we attempted to assess the role
of the & subunit in F, function.

As was the case for cells carrying pEAS (13), IPTG-induced
synthesis of the F, and & subunits from plasmid pRM1 resulted
in significant growth inhibition after approximately 30 min
(Fig. 2). However, as described previously for the induced
synthesis of F, subunits from plasmid pEAS5 (13), this growth
inhibition was probably not the result of unblocked F,, channels
but rather was nonspecific growth inhibition caused by over-
expression of a gene(s) for membrane-bound proteins. Mem-
branes isolated from such induced cultures contain abundant
F, subunits, but when treated with purified F,, they exhibit very
poor energy-coupling activity. The F, subunits synthesized
from the inducible lac promoter are therefore not properly
assembled. Uninduced cultures of the same cells produce F,
subunits, presumably from a secondary unc promoter (13), in
amounts comparable to those found in membranes isolated
from wild-type cells. These F, subunits can be reconstituted
with purified F, to produce functional F,F, complexes. There-
fore, our analyses of membrane proton permeability and F,
function were conducted on membranes isolated from unin-
duced cultures of the unc deletion strain carrying pRM1
(Fo+3); we compared these membranes with membranes
isolated from uninduced cultures of the unc deletion strain
carrying pEAS (F,). We found that the uninduced cultures of
the deletion strain carrying pRM1 grew more poorly than
those of the same strain carrying pEAS, but we were able to
grow both cultures to an ODss, of 1 for these analyses.

Immunoblot analysis of F,F, subunit synthesis. To demon-
strate that F, subunits coded for by these various plasmids
were being synthesized and inserted into membranes, we
analyzed whole cells and purified membranes for the presence
of F,F, subunits by immunoblotting. Figure 3 shows an
immunoblot of whole cells and membranes isolated from
cultures of the unc deletion strain carrying pUC9 (control),
pEAS (F,), and pRM1 (F,+38). Significant amounts of subunits
b and c were present in cells containing pEAS, and subunits b,
¢, and 8 were present in cells carrying pRM1. Densitometric
analysis of these lanes showed that the plasmids produced 70
to 80% of the wild-type levels of the F, and 8 subunits. This
immunoblot does not show subunit a because of the presence
of a cross-reacting band in the deletion strain. However, other
blots including purified anti-subunit a antibody (a gift from
Karlheinz Altendorf) showed that these membranes contained
nearly wild-type levels of subunit a (data not shown).
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FIG. 3. Immunoblots of SDS gels of whole cells and membranes
isolated from plasmid-containing cultures. (A) Whole-cell lysates from
the unc deletion strain (A) or the deletion strain carrying pEAS (F,) or
pRM1 (Fy3) harvested at an ODss, of ~1. (B) Membranes isolated
from the wild-type strain (wt), the deletion strain (A), or the deletion
strain carrying pEAS (F,) or pRM1 (F8). Two micrograms of
membrane protein was loaded into each lane. The immunoblots were
visualized with antibodies to the F; and F, subunits as described in
Materials and Methods. The locations of the subunits are indicated.

F, binding assays. Membranes isolated from cells carrying
pUCY, pEAS, or pRM1 were incubated with purified F;, and
membrane-bound ATPase activity was measured after the
membranes were washed to remove unbound F;. As a control,
membranes isolated from wild-type JM103 were stripped to
remove F, and then reconstituted with different amounts of
purified F,. Figure 4 shows that membranes isolated from cells
carrying either pEAS or pRM1 bound F, equally well and at
the same levels as stripped wild-type membranes. Membranes
from the plasmid-bearing cells, therefore, contain F, subunits
and are capable of binding F, at levels comparable to those
found in wild-type cells.

Measurement of reconstituted membrane-bound ATPase
activity. To assess the functionality of the F, sectors synthe-
sized from these plasmids, the membranes described above
were reconstituted with purified F,; and assayed for F,F,-
dependent energy-coupling abilities. ATP-driven fluorescence
quenching measures the extent to which the membranes can
hydrolyze ATP and couple this energy to the movement of
protons. The resulting proton gradient is reflected in a de-
crease in the relative fluorescence of the dye ACMA after the
addition of ATP. Figure 5 shows that membranes isolated from
unc deletion cells carrying pRM1 (F,;+8) and reconstituted
with F; generated almost 70% of the wild-type levels of
ATP-driven fluorescence quenching. Membranes isolated
from the same cells carrying pEAS were capable of similar
levels of reconstituted ATP-dependent proton pumping (13).
The deletion strain which contained no F,F, acquired no
proton-pumping activity when treated with purified F,.

We also assayed the ability of the reconstituted membranes
to catalyze respiration-dependent ATP synthesis. Table 1
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FIG. 4. Binding of purified F, ATPase to membranes isolated from
uninduced cultures. Membranes (1 mg of protein) isolated from
uninduced cultures of JM103 A(uncB-uncD) carrying plasmid pRM1
(A), pEAS (@), or pUC9 (®) were incubated with 0, 1, or 2 U of
purified F, ATPase, washed, and assayed for bound ATPase activity.
The positive control consisted of the same F; binding experiment
conducted on stripped membranes (M): membranes were isolated
from unc* JM103, stripped of F, by three incubations in stripping
buffer (1 mM Tris [pH 8], 0.5 mM EDTA, 10% glycerol), and
centrifuged at 100,000 X g for 1 h. The final specific activities of the
F,-reconstituted membranes (units per milligram of membrane pro-
tein) are plotted on the ordinate as a function of added F, (abscissa).
Each point represents the average for duplicate samples. The error was
typically less than 5%. In this assay, untreated and unstripped wild-type
(unc*) membranes typically contain 0.8 to 1.0 U/mg.

presents the in vitro ATP synthase activities of the same
reconstituted membranes as those shown in Fig. 4. When
reconstituted with purified F,, membranes isolated from cells
carrying either pEAS or pRM1 were capable of 15 to 20% of
wild-type ATP synthase activity. As described previously (13),
in our assays, reconstituted membranes carry out energy
coupling in the direction of ATP synthesis less effectively than
energy coupling in the direction of ATP-driven proton pump-
ing. Table 1 shows that even membranes isolated from wild-
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FIG. 5. ATP-dependent fluorescence quenching of F;-reconsti-
tuted membranes. Membranes isolated from JM103 unc* (wt; positive
control), JM103 A(uncB-uncD) (A; negative control), and JM103
A(uncB-uncD) carrying pRM1 (Fy3) were reconstituted with 2 U of
purified F; and assayed for ATP-dependent fluorescence quenching as
described in Materials and Methods. Fyd membranes were isolated
from uninduced cultures at an ODs;, of approximately 1. Relative
fluorescence is plotted versus time.
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TABLE 1. ATP synthase activities®
ATP synthase activity

F,-reconstituted membranes

(nmol/min/mg)

JM103 A(uncB-uncD) plus:

pUC9 0

pRM1 202

pEAS 15+1

pRMI1I 5+1
IJM103 unc* 90 + 10

Stripped (without F,) 0

Stripped (with F,) 13+1

“ Membranes isolated from the unc deletion strain carrying the indicated
plasmids were reconstituted with purified F, and assayed for in vitro ATP
synthase activity. Membranes were isolated from uninduced cultures of the
deletion strain carrying either pRM1 or pEAS at an ODs;, of approximately 1.
PRM1I membranes were isolated from the deletion strain carrying pRM1 60 min
after induction (at an ODs5 of 0.4) with IPTG. Controls consisted of membranes
isolated from unc deletion strain JM103 A(uncB-uncD), IM103 unc*, and JIM103
unc* stripped of membranes and then reconstituted with 0 or 4 U of purified F,
as described in the legend to Fig. 4.

type cells and stripped of F, have only about 15% of wild-type
ATP synthase activity when reconstituted with purified F,.

The immunoblots demonstrated that membranes from plas-
mid-bearing cells contained approximately 80% of wild-type
levels of F, subunits. The activity assays demonstrated that
when these membranes were reconstituted with purified F,,
they had substantial coupled ATPase activities and their ATP
synthase activities were indistinguishable from that of wild-
type membranes stripped of F; and then reconstituted. We
therefore conclude that structurally intact, functional, recon-
stitutable F,, can be synthesized and assembled in unc deletion
cells carrying either pEAS (F,) or pRM1 (F+39).

Proton permeability of F, made in the presence or the
absence of the 3 subunit. In past genetic studies, we had
observed that the presence of the uncH gene in combination
with uninduced F, genes and other F, genes resulted in
significant growth inhibition which could be overcome by the
addition of the F, proton channel blocker DCCD (1). We
measured respiration-dependent fluorescence quenching to
determine the relative proton permeabilities of F, sectors
made in vivo in the presence or the absence of the 8 subunit
(Fig. 6). Membranes isolated from the unc deletion strain
carrying pUC9, pEAS (F,), or pWSB33 (8) were all capable of
generating essentially the same large proton motive force, as
measured by a substantial decrease in ACMA fluorescence
when the membranes were incubated with NADH. The same
assay of membranes isolated from the deletion strain carrying
pRM1 (F,+3), however, revealed a much lower response to
NADH, indicating that the F, sectors synthesized and assem-
bled in the presence of the & subunit were significantly more
proton permeable than F sectors assembled alone.

As a further demonstration that this increased proton per-
meability was caused by an assembled and leaky proton
channel, we incubated F,+8 membranes with either DCCD or
purified F,, both of which block the F,, proton channel. Figure
7 shows that both of these treatments significantly increased
respiration-driven fluorescence quenching, indicating that they
both blocked proton conduction. Also, when DCCD was added
to F,+3 membranes reconstituted with purified F;, the bound
F, ATPase activity was inhibited to an extent comparable to
that seen in wild-type cells (results not shown).

Is the & subunit bound to the F,? These results clearly
demonstrate a 8-dependent effect upon the proton permeabil-
ity of the F,,. We therefore attempted to demonstrate that the
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FIG. 6. NADH-dependent ACMA fluorescence quenching of
membranes containing the indicated F,F, subunits. Membranes iso-
lated from the unc deletion strain carrying the control vector pUC9
(A), pWSB33 (3), pEAS (F,), or pRM1 (F3) were prepared from
uninduced cultures grown to an ODss, of ~1. Membranes were
incubated with NADH in the presence of ACMA, and the resulting
fluorescence quenching was measured. After 1 min or after stable
fluorescence was measured, KCN was added to inhibit further respi-
ration. Relative fluorescence is plotted versus time.

d subunit was actually bound to membranes in an Fj-depen-
dent fashion. An immunoblot of whole-cell lysates clearly
showed that the & subunit was synthesized in cells carrying
pRM1 (Fig. 3A), but the membrane preparation from cells
containing pRM1 did not contain the & subunit (Fig. 3B). We
also prepared membranes in buffers of higher ionic strength—
MOPS-Mg buffer and 100 mM MOPS-20 mM MgCl,—and
these conditions did produce marginally better F,-dependent
membrane association of the 8 subunit, but the results were not
striking, and increasing the ionic strength of the preparation
buffers did not result in amounts of bound 8 comparable to
those seen in wild-type membranes.

To further test whether in cells containing the genes for F,
and & the & subunit associates with the F,,, we constructed a
biotinylated & fusion protein. As described in Materials and
Methods, we fused the DNA sequence encoding the biotin
attachment site to the 3’ end of uncH to create plasmid pRM?7.
This plasmid is identical to pRM1, except that uncH has been
modified to produce a 8 subunit with an additional 75 amino
acids attached at the carboxyl terminus. Membranes isolated
from cells carrying this plasmid contain the biotinylated &
fusion protein, even in the lower-ionic-strength buffer (Fig. 8B,
lane 3). However, membranes isolated from cells carrying
pRMS8, which makes the biotinylated & protein alone, also
contain the biotinylated 8 fusion protein, even in the absence
of the F, (Fig. 8B, lane 4). In both cases, the amount of
biotinylated 8 fusion protein on the membranes represents a
small fraction of the amount seen in immunoblots of whole
cells, since at least two of the background proteins are enriched
in the membranes, while the amount of the fusion protein is
decreased.
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FIG. 7. NADH-dependent ACMA fluorescence quenching of
membranes treated with DCCD or with purified F,. Membranes
isolated from uninduced cultures of the deletion strain carrying pRM1
(Fd) or the vector pUC9 (A) were treated with 40 uM DCCD (A) or
2 U of purified F; (B) and assayed for NADH-dependent fluorescence
quenching as indicated in Materials and Methods. NADH and KCN
were added at the indicated times. Relative fluorescence is plotted
versus time.

DISCUSSION

Our results indicate that F, made in the presence of the &
subunit is functional and is significantly more permeable to
protons than F; made in the absence of F, subunits. Previous
studies had indicated that the presence of the & subunit in
combination with F; and other F, subunits produced growth
inhibition (1). The present studies demonstrate a direct effect
of the & subunit on the F, which produces increased proton
permeability. The & subunit has not such effect on membranes
in the absence of the F,.

We used a combination of anti-d subunit antibodies and a
biotinylated 3 derivative to attempt to localize the & subunit to
membranes, but we found that although the & subunit was
bound to membranes which contained the F,, the 8 subunit
alone or its biotinylated derivative also bound equally well,
albeit at low levels, to membranes in the absence of the F,.
Therefore, despite the obvious effects of & on the biochemistry
of the F,, it appears as though either the association between
F, and 3 alone is relatively weak and cannot withstand the
membrane preparation treatment in the absence of other F,
subunits or, in the absence of other F, subunits, & is very
susceptible to proteolysis and is therefore degraded shortly
after binding to and opening of the F, proton channel. We
were unable to identify the & subunit in the supernatant
fraction after centrifugation of membranes isolated from cells
carrying pRM1, suggesting that it may have been proteolyzed.

Studies on the chloroplast 3 subunit have concluded that the
d subunit functions at the interface between ATP synthesis and
proton conduction (6). Our studies demonstrate that the &
subunit has a direct effect on the F,. Exactly which F, subunit
or subunits 3 binds to is not known. It has been speculated that
d binds to the elongated b subunit, on the basis of computer
modeling studies (24), because § is required to bind F, to F;, in
vitro (21), and because the removal of the extended hydro-
philic region of the b subunit eliminates F, binding to stripped
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FIG. 8. Analysis of association of 3 subunit and F,. Whole-cell lysates and membranes were prepared from wild-type cells (lanes 1), unc deletion

cells (lanes 2), unc deletion cells carrying pRM7 (F-biotinylated 8) (lanes 3), and unc deletion cells carrying pRMS8 (biotinylated 3 alone) (lanes
" 4). (A) Immunoblot of whole-cell lysates developed with streptavidin-alkaline phosphatase. (B) Immunoblot of purified membranes (2 pg per lane)
developed with streptavidin-alkaline phosphatase. (C) Immunoblot of purified membranes (2 pg per lane) probed with primary anti-F,F, antibody
and secondary biotinylated antibodies and then developed with streptavidin-alkaline phosphatase. The locations of the biotinylated 3 fusion protein

(8-bio) and the F,F, subunits are indicated.

membranes (16). However, a direct interaction between & and
any of the F, subunits has not been demonstrated. These
results, which show an influence of 8 on proton conductance,
do not rule out a 3-b interaction, since b is necessary for F,
assembly (18), but also raise the possibility that 8 interacts with
either the a or the ¢ subunit or both, since both are believed to
participate in transmembrane proton conductance (7).

As was the case with a plasmid carrying only the F, genes
cloned behind the lac promoter, inducing the transcription of
F, and & subunit genes inhibited cell growth. However, we
demonstrated previously that this growth inhibtion was not
related to increased proton permeability and was probably
caused by overexpression of the membrane-bound a subunit
(13). Uninduced cultures of pRM1 (F;+8) grew more slowly
than uninduced cultures of pEAS, even though the amounts of
the F, subunits in the membranes were comparable. This effect
on growth probably was related to the increased membrane
proton permeability seen in fluorescence quenching experi-
ments and, as our experiments demonstrate, can be attributed
to the effects of the & subunit on proton conductance by the F,,.
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