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Antibody raised against the N,N'-dicyclohexylcarbodiimide (DCCD)-binding polypeptide of Escherichia coli 
bound to the cytoplasmic surface of the cell membrane. A weak reaction was seen with everted vesicles of the 
thermophile PS3. Rat-liver mitochondrial membranes did not react with the antibody. Reaction of the 
isolated DCCD-binding polypeptide with the antibody was prevented by oxidation of methionine residues or 
cleavage of the polypeptide with cyanogen bromide. Modification of the arginine residues of the DCCD-bind- 
ing polypeptide did not affect interaction with the antibody. Purified F1-ATPase of E. coli bound to the 
isolated DCCD-binding polypeptide as shown by solid-phase radioimmune assay. Binding involved the a 
a n d / o r  ]~ subunits of F t and the arginine residues of the polar central region of the DCCD-binding 
polypeptide. Our results are consistent with a looped arrangement of the DCCD-binding polypeptide in the 
membrane in which the carboxyl- and amino-terminal regions of the molecule are at the periplasmic surface 
and the polar central region, interacting with F I, is at the cytoplasmic surface of the cell membrane. 

Introduction 

The ATPase complexes of mitochondria, chlo- 
roplasts and the bacterial cell membrane are in- 
volved in the formation of ATP by oxidative and 
photophosphorylation [1,2]. The complex is com- 
posed of an intrinsic membrane portion, F 0, 
through which protons move to the active site of 
the enzyme on the extrinsic membrane portion, F~. 
In E. coli, F 0 is composed of three kinds of poly- 
peptides [3]. There is good evidence that one of 
these polypeptides, the dicyclohexylcarbodiimide 
(DCCD)-binding polypeptide, is involved in the 
proton pathway through F 0. Thus, proton move- 
ment through F 0 is prevented by reaction of this 

Abbreviations: DCCD, N, Nl-dicyclohexylcarbodiimide; Fi, 
Fi-ATPase protein of the ATPase complex; F o, F o protein of 
the ATPase complex. 

polypeptide with DCCD and also by mutation in 
which certain of its aminoacyl residues are mod- 
ified [4-6]. 

An understanding of the arrangement of these 
polypeptides in the membrane is obviously an 
important prerequisite to determining the mecha- 
nism of proton translocation through F~. The 
amino acid sequence of the DCCD-binding poly- 
peptide is suggestive of structure. Four regions of 
the molecule can be recognized (Fig. 1) [7,8]. Seven 
amino-terminal, predominantly polar amino acids 
are followed by a nonpolar region (residues 8 33). 
Amino acids 34-52 are predominantly polar. The 
fourth region (residues 53-79) is nonpolar. It has 
been suggested [7] that the two nonpolar regions 
of the molecule are transmembranous, forming a 
looped structure in which the middle polar regioq 
is exposed at the cytoplasmic surface of the mem- 
brane. The looped arrangement is supported by 
the findings that: (i) alteration of aminoacyl re- 
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Fig. 1. Amino acid sequence of bCCD-binding polypeptide [8]. 
The two nonpolar regions of the molecule are shown by the 
bars. DCCD is bound by the circled aspartic acid residue. 

sidue 28 in the first nonpolar segment influenced 
the reaction of DCCD with aspartyl-61 in the 
other nonpolar segment [5]; (ii) tyrosine residues 
10 and 73 were accessible on the periplasmic (outer) 
surface of the cell membrane [9]; (iii) antiserum 
against the DCCD-binding polypeptide blocked 
the leakage of protons through F 0 in F.-stripped 
everted membrane vesicles [10]. 

The accessibility of the DCCD-binding poly- 
peptide at the cytoplasmic surface suggests that it 
could react with F~. However, there is presently no 
direct evidence for the identity of the Fj-binding 
polypeptide(s). 

In the present paper, we confirm that the 
DCCD-binding polypeptide is exposed on the cy- 
toplasmic surface of the inner membrane. Modifi- 
cation of methionine residues, but not of arginine 
residues, interferes with reaction of the antibody 
with the isolated DCCD-binding polypeptide. We 
also show that Fj can bind to the isolated DCCD- 
binding polypeptide. Binding involves c~ and fl 
subunits of the F~ and arginine residues of the 
DCCD-binding polypeptide. Thus, our results are 
consistent with the proposed ' loop' model for the 
arrangement of the DCCD-binding polypeptide in 
the cell membrane of E. coli. 

Material and Methods  

Growth of cells and preparation of membrane 
vesicles. The following strains of E. coli were used 
in this work: ML308-225, WS1 (thi, his, pro), NI4 4 
(ATPase-negative mutant  of WS1), DL-54 
(ATPase-negative mutant of ML308-225), and 
AN382 (thi, arg, uncB401) [23]. The cells were 
grown to the exponential phase on a minimal salts 
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medium with 0.8% (w/v)  glucose, 0.1% (w/v)  
casein amino acids (Difco), 12 #M ferric citrate, 
and supplemented with 1 mg/ l  of thiamine and 50 
mg/1 of arginine, histidine and proline where re- 
quired. Everted membrane vesicles were prepared 
by disruption of cells in a French press at 1400 
kg//cm 2 as described previously [11] and sus- 
pended in 50 mM Hepes-KOH buffer (pH 7.5)/10 
mM MgC12/10% (v/v)  glycerol. Everted mem- 
brane vesicles were stripped of the F~-ATPase by 
treatment with 2 M urea [12]. PS3, a kind gift of 
Dr. Y. Kagawa, was grown and everted membrane 
vesicles prepared as described by Yoshida et al. 
[13]. The vesicles were stripped with 2 M urea as 
above. 

Preparation of E. co# F1-A TPase and DCCD- 
binding polypeptide. F l was released from everted 
membrane vesicles of strain ML308-225 and puri- 
fied as before [14] except that MgC12 was replaced 
by 20 mM CaC12 in the precipitation step with 
20% (v/v)  methanol, and separation of the enzyme 
on a sucrose gradient was omitted. The DCCD-bi- 
nding polypeptide was extracted from cells of strain 
ML308-225 and purified as described previously 
[12]. Antisera to F~ and the DCCD-binding poly- 
peptide were prepared as described before [10]. 

Preparation of subunits of E. eoli F 1. F~ lacking 
the 8 and e subunits was made by controlled 
treatment of the ATPase with TPCK-trypsin [14]. 
F] was dissociated into its subunits as described by 
Dunn and Futai [15] and the a and fl subunits 
separated as described previously [16]. 

Solid phase radioimmune assays. The procedures 
of MacKenzie and Molday [17] were used. In the 
'competitive inhibition assay' flex vinyl microtitre 
plate wells were pretreated with 25-/~1 portions of 
0.1% (w/v)  polylysine at 22°C for 4-6  h. The 
wells were subsequently washed with water to 
remove unbound polylysine. DCCD-binding poly- 
peptide (25/~1) at a concentration of 0.13 mg/ml  
in 100 mM sodium borate buffer (pH 8.8)/2% 
(w/v)  Triton X-100 was incubated in the wells for 
8-10 h at 22°C. Unbound polypeptide was re- 
moved by extensive washing with phosphate- 
buffered saline (0.137 M NAC1/2.68 mM K CI /  
1.47 mM K H 2 P O J 8 . 0 9  mM Na2HPO4 (pH 7.5)) 
containing l0 mM MgC12. Nonspecific binding 
sites were then quenched by incubation overnight 
at 4°C with radioimmune assay buffer consisting 
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of 2% (w/v)  bovine serum albumin, 2% (v/v)  fetal 
calf serum and 0.1% (w/v)  NaN 3 in phosphate- 
buffered sal ine/10 mM MgCI 2. The assay wells 
were then incubated with 25 /,1 portions taken 
from a mixture of varying concentrations of the 
free antigen (vesicles, modified DCCD-binding 
polypeptide, etc.) which had been preincubated 
with appropriately diluted antiserum (1:500 in 
buffer) for 60 min. After 1.5 h at 22°C, the wells 
were washed with phosphate-buffered sal ine/10 
mM MgCI> and then incubated with 25 /,1 of 
affinity-purified 125i_labelled goat anti-rabbit im- 
munoglobulin (15-40 > g / m l  radioimmune assay 
buffer; (1 2). 106 dpm/>g)  for 60 rain. The wells 
were rinsed extensively with phosphate-buffered 
sal ine/10 mM MgC12 and cut out, and the bound 
radioactivity was determined in a Beckman 
G a m m a  8000 counter. Two basic versions of the 
'binding assay' were used which differed in the 
nature of the free antigen. This was either E. coli 
F~ or the DCCD-binding polypeptide. Binding of 
the free antigen to the fixed antigen was then 
detected by using an antiserum to the free antigen. 
For example, polylysine-treated microtiter wells 
were incubated with 25 >1 portions of the antigen 
to be fixed (F~, 0.75 mg pro te in /ml ;  DCCD-bind-  
ing polypeptide, 0.13 mg/ml) .  Following quench- 
ing of nonspecific binding sites as in the competi- 
tive inhibition assay, the wells were incubated with 
F~ (0.75 m g / m l  in 50 mM Hepes-KOH buffer (pH 
7 .5) /10 mM MgC12/10% (v /v)  glycerol/3% 
(w/v)  bovine serum albumin) or DCCD-binding 
polypeptide (0.13 m g / m l  in 100 mM sodium borate 
buffer (pH 8.8)/10 mM MgC12/3% (w/v)  bovine 
serum albumin/2% (w/v)  Triton X-100) depend- 
ing on the nature of the fixed antigen. The wells 
were washed with phosphate-buffered sal ine/10 
mM MgC12 and then reacted with 25 /*1 of serial 
dilutions in radioimmune assay buffer of the anti- 
serum to the free antigen. The extent of binding of 
the rabbit antiserum was measured with ~:51- 
labelled goat anti-rabbit immunoglobulin as de- 
scribed above. Controls for the nonspecific bind- 
ing of Fj or DCCD-binding polypeptide to the 
wells were run by omitting the fixed antigen in the 
procedure. Controls for potential cross-reactivity 
between F~ and the antiserum to the DCCD- 
binding polypeptide, or between the DCCD-bind-  
ing polypeptide and the antiserum to F~, were run 

by omitting the free antigen in the procedure. 
For experiments in which the fixed antigen (F~, 

chemically modified or normal DCCD-binding 
polypeptide, subunits of F~) was titrated with the 
free antigen (DCCD-binding polypeptide or F~), 
the experiments were carried out as described 
above except that the concentration of free antigen 
was varied with a constant amount of fixed anti- 
gen. (The amounts are given in the legends to Figs. 
6 and 7.) The antisera against F 1 and the DCCD- 
binding polypeptide were diluted 1 : 300 in radio- 
immune assay buffer. 25 btl were used in each well. 
Net binding of free to fixed antigen was always 
corrected for any nonspecific binding of the free 
antigen or for cross-reactivity with heterologous 
antiserum. 

Preparation of rat-liver mitochondrial mem- 
branes. P h o s p h a t e - w a s h e d  pur i f ied  inner  
mitochondrial membranes were prepared from 
rat-liver mitochondria as described by Soper and 
Pedersen [18]. The purified membranes at 5 mg 
pro te in /ml  of phosphate-buffered sal ine/10 mM 
MgCI 2 were sonicated at a power of 50 W in a 
Branson W185D sonifier for 15 s periods for a 
total of 2.5 rain. The temperature was kept at 0°C. 
Large fragments were removed by centrifugation 
at 12000 X g for 10 rain. The supernatant was 
either centrifuged at 250000 x g for 2 h to sedi- 
ment 'sonicated washed mitochondrial mem- 
branes'  or incubated with 4 M urea for 30 rain at 
22°C prior to centrifugation as above. The 'urea-  
treated, washed mitochondrial membranes" were 
washed by recentrifugation of a suspension in 
phosphate-buffered sal ine/ lO mM MgCI:.  All 
membranes were resuspended in phosphate- 
buffered sal ine/10 mM MgC12. 

Chemical modification of DCCD-binding poly- 
peptide. The DCCD-binding polypeptide at a con- 
centration of 0.1-0.2% (w/v)  was incubated at 
0°C with performic acid for 20 h in the dark [19]. 
The performic acid was removed by evaporation at 
35 40°C under reduced pressure. The oxidized 
protein was dissolved in 90% formic acid or in 100 
mM sodium borate buffer (pH 8.8)/2% (w/v)  
Triton X-100. The extent of oxidation was de- 
termined by amino acid analysis. 

Cleavage of the DCCD-binding polypeptide 
with cyanogen bromide followed the method of 
Sebald et al. [20]. The cleaved products were taken 



up in 80% formic acid or in the bora te /Tr i ton  
X-100 buffer for use. 

DCCD-binding polypeptide (0.3 mg) in 1 ml 
100 mM sodium borate buffer (pH 8.8)/2% (w/v)  
Triton X-100 was incubated at 22°C in the dark 
for 3 h with either 1 ml 150 mM phenylglyoxal or 
1 ml 200 mM 2,3-butanedione in bora te /Tr i ton  
buffer. The reaction was stopped by the addition 
of 1 ml 300 mM L-arginine in borate buffer. After 
30 rain, the reaction mixture was lyophilized. The 
lyophilized material was taken up at a concentra- 
tion of 0.15 mg/ml  in bora te /Tr i ton  buffer. 

For all experiments using modified DCCD- 
binding polypeptide control experiments were car- 
ried out using unmodified DCCD-binding poly- 
peptide which had been taken through the proce- 
dures in the absence of the modifying agents. 

Enzymatic modification of DCCD-binding poly- 
peptide. The DCCD-binding polypeptide (0.2 mg) 
in 0.2 ml 0.1 M glycine/38 mM Tris buffer (pH 
8.8)/2% (w/v)  Triton X-100 was incubated for 24 
h with TPCK-trypsin. Soybean trypsin inhibitor (8 
/~g) in 0.2 ml of the same buffer was added and 
incubation continued for a further 30 min. The 
mixture was lyophilized and dissolved for use at a 
concentration of 1 mg polypept ide/ml in the same 
buffer but without Triton X-100. The digested 
polypeptide was readily soluble. The DCCD-bind- 
ing polypeptide (0.2 mg) was also treated with 
Staphylococcus aureus V8 protease (10 ~g) under 
conditions similar to the above except that incuba- 
tion at 37°C was carried out for 6 h and the 
reaction was terminated by heating the reaction 
mixture at 100°C for 3 rain. The reaction mixture 
was lyophilized and the digested polypeptide dis- 
solved for use in buffer as above. 

Protein assays. The DCCD-binding polypeptide 
was assayed as described by Fillingame [21]. The 
protein content of preparations of F t and its a and 
fl subunits was measured by the procedure of 
Bradford [22]. 

Results 

Reaction of antibody with membrane vesicles 
The ability of antibody to the DCCD-binding 

polypeptide to react with this polypeptide in 
everted membrane vesicles was demonstrated by 
the competitive inhibition assay [17]. (F l was re- 
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moved from everted vesicles by treatment with 2 
M urea.) In this assay, the DCCD-binding poly- 
peptide of the membrane vesicles competes for the 
antibody with DCCD-binding polypeptide im- 
mobilized in microtiter wells. As shown in Fig. 2, 
under the conditions of our experiments approx. 
50% inhibition of binding was obtained with a 
concentration of 10 #g everted vesicle protein/ml.  
A similar concentration of protein was required 
when F~-stripped everted vesicles from the E. coli 
unc mutants DL-54, N~44 and AN382 were used. 
The last two mutants have defects in F o not involv- 
ing the DCCD-binding polypeptide [1,23], 

The ATPase complex of the thermophilic 
bacterium PS 3 has been well characterized [24]. In 
spite of considerable homology between the 
DCCD-binding polypeptides of E. coli and PS3 
[8], the antibody reacted only weakly with F~- 
stripped everted membrane vesicles of PS 3 (Fig. 
2). Everted inner mitochondrial membrane vesicles 
(submitochondrial particles) from rat liver, or 
purified mitochondrial membranes from which F l 
had been stripped, did not react with the antibody 
to the E. coli DCCD-binding polypeptide, at least 
at the concentration of antigen used (Fig. 2). 

\ 

x 

E 
Q. o \ 

log Protein 

Fig. 2. Inhibition of antibody binding to immobilized DCCD- 
binding polypeptide (3.3 /Lg protein) by various amounts  of 
membrane vesicles of E. coil, PS3 and rat liver mitochondria. O, 
F :s t r ipped  everted vesicles of E. coli; ©,  F:s t r ipped everted 
vesicles of PS3; II, phosphate-washed mitochondrial inner 
membranes;  [3, sonicated phosphate-washed mitochondrial in- 
ner membranes;  A, urea-treated phosphate-washed mitochon- 
drial inner membranes.  Protein concentration is expressed as 
# g /ml .  
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Reaction site for the antibody on the DCCD-binding 
polypeptide 

The DCCD-binding polypeptide was modified 
by treatment with several group-specific reagents 
[25]. The modified polypeptide was then used in 
the competitive inhibition assay against immobi- 
lized unmodified DCCD-binding polypeptide. 
Cleavage of the polypeptide at methionine residues 
with cyanogen bromide, or oxidation of methionine 
residues with performic acid to greater than 95%, 
resulted in a reduction in the affinity of the 
DCCD-binding polypeptide for the antibody by 
almost two orders of magnitude (Fig. 3). The 
affinity for the antibody was reduced 3-fold by 
cleavage of the polypeptide with TPCK-trypsin or 
S. aureus V8 protease. Modification of arginine 
residues of the DCCD-binding polypeptide with 
phenylglyoxal or 2,3-butanedione had no effect on 
its reaction with the antibody. 

Binding of F 1 by isolated DCCD-binding polypeptide 
Purified F~ from E. coli was bound by the 

isolated DCCD-binding polypeptide from this 
organism. This was shown in two ways. In the first 
method, DCCD-binding polypeptide immobilized 
in microtitre plate wells ('fixed antigen') was re- 

acted with F t ( 'free antigen'). Bound F~ was titrated 
with various dilutions of anti-F~ serum. The extent 
of binding of the antibody was then measured 
with ~2SI-labelled goat anti-rabbit immunoglobu- 
lin. Nonspecific binding of antiserum to the fixed 
antigen (and to the wells) and nonspecific binding 
of F~ to the wells were corrected for by omitting 
the F~ and the DCCD-binding polypeptide, re- 
spectively. As shown in Fig. 4 (upper panel), non- 
specific binding of anti-F 1 serum was negligible. 
Significant nonspecific binding of F~ could be 
detected but this was much less than the binding 
of F1 found in the presence of the DCCD-binding 
polypeptide. The extent of nonspecific binding 
could be decreased by lowering the concentration 
of F~ used in the experiment. In the second method 
(Fig. 4, lower panel), the fixed antigen was puri- 
fied F~ and the binding of DCCD-binding poly- 
peptide to this was measured using antiserum to 
the polypeptide,  Again, significantly more 
DCCD-binding polypeptide was bound to F I than 
in the control. 

Prior reaction of immobilized DCCD-binding 
polypeptide with F] did not affect its subsequent 
reaction with antibody (Fig. 5). (A similar result 
was obtained for the reaction of immobilized F~ 

6 
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Fig. 3. Inhibition of antibody binding to immobilized DCCD-binding polypeptide by various amounts of protease-treated or 
chemically modified DCCD-binding polypeptide. Left panel: x, untreated DCCD-binding polypeptide; EL 2,3-butanedione-treated 
polypeptide; O, phenylglyoxal-treated polypeptide; II, performic acid-treated polypeptide; zx, antibody replaced in control experi- 
ments by preimmune serum. Right panel: O, untreated DCCD-binding polypeptide; O, TPCK-trypsin treated polypeptide; =, 
protease V8-treated polypeptide; II, cyanogen bromide-treated polypeptide. The amount of immobilized DCCD-binding polypeptide 
was 3.3 #g. Protein concentration is expressed as/~g/ml. 
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Fig. 4. Binding of F= to DCCD-binding polypeptide. Upper 
panel: Immobilized DCCD-binding polypeptide (3.3/~g) in the 
presence ( I )  or absence (zx) of Fj (19/Lg protein) was titrated 
with various dilutions of anti-F I serum. ©, F I added but the 
immobilized DCCD-binding polypeptide omitted. Lower panel: 
Immobilized Fj (19 Fg protein) in the presence ( I )  or absence 
(©)  of DCCD-binding polypeptide (3.3 /Lg polypeptide) was 
titrated with various levels of ant i-DCCD-binding polypeptide 
serum. ,',, DCCD-binding polypeptide present but immobilized 
F~ omitted. The binding of antibody to F I (upper panel) or to 
the DCCD-binding polypeptide (lower panel) was measured 
indirectly with I251-1abelled goat anti-rabbit immunoglobulin 
as described in Materials and Methods. 

with its antibody.) There are two possible explana- 
tions for this. Either the reaction of the DCCD- 
binding polypeptide with its antibody is suffi- 
ciently strong to displace prebound F~ or the F t- 
binding site on the polypeptide is separate from 
the binding site for the antibody. As described 
below, our results favour the latter explanation. 

Effect of chemical modification of the DCCD-bind- 
ing polypeptide on its reaction with F I 

By contrast with its inhibitory effect on the 
binding of antibody, performic oxidation of 
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Fig. 5. Effect of F I on binding of anti-DCCD-binding poly- 
peptide serum to the DCCD-binding polypeptide. Immobilized 
DCCD-binding polypeptide (3.3 ~g protein) was titrated with 
various dilutions of its antiserum in the absence ( i )  and 
presence ([3) of F I (19 #g protein). A. immobilized DCCD- 
binding polypeptide and F I omitted. The binding of antibody 
to the DCCD binding polypeptide was measured indirectly 
with 1251-labelled goat anti-rabbit immunoglobulin as de- 
scribed in Material and Methods. 

methionine residues of the DCCD-binding poly- 
peptide had little effect on the binding of F~ (Fig. 
6A). However, modification of its arginine re- 
sidues with phenylglyoxal and 2,3-butanedione re- 
duced the affinity of the DCCD-binding poly- 
peptide for F~ with a relatively small effect on the 
total F~-binding capacity of the polypeptide (Fig. 
6C). Double-reciprocal plots of binding versus 
concentration gave half-saturation values (under 
the conditions of this experiment) of 0.13, 0.36 
and 0.66 /~g for untreated, phenylglyoxal-, and 
2,3-butanedione-treated DCCD-binding poly- 
peptide, respectively. This suggests that F t binds to 
the polypeptide in the region of its arginine re- 
sidues. These are located in the central polar re- 
gion (residues 41-50) (Fig. 1) of the DCCD-bind- 
ing polypeptide molecule. This region should re- 
main intact when the polypeptide is cleaved by 
cyanogen bromide at methionine residues 17 and 
57. As shown in Fig. 6B, the DCCD-binding poly- 
peptide had increased affinity for F] following 
cleavage by cyanogen bromide. Half-saturation of 
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Fig. 6. Effect of chemical modification of the DCCD-binding 
polypeptide on the binding of F 1. (A) Titration of immobilized 
untreated (Q) or performic-acid treated ((2)) DCCD-binding 
polypeptide (3.3 pg protein) with F t. (B) Titration of immobi- 

the binding sites on the untreated and cleaved 
polypeptide under the conditions of our experi- 
ment were given by 0.55 and 0.2 /~g F~, respec- 
tively. The Fl-binding capacities of the poly- 
peptides were similar. 

Reaction sites on F~ for DCCD-binding polypeptide 
The subunits of F I responsible for binding to 

the DCCD-binding polypeptide were explored. 
Treatment of F~ with TPCK-trypsin followed by 
reisolation of the enzyme on a sucrose gradient 
resulted in complete removal of the 6 and e sub- 
units and cleavage of the amino-terminal 15 re- 
sidues of the a subunits [26,27]. The 7 subunit was 
not significantly cleaved in our preparations. The 
trypsin-treated F I was bound by the DCCD-bind-  
ing polypeptide almost as effectively as the native 
enzyme (Fig. 7; left panel). Pronase treatment of 

lized untreated (e) or cyanogen bromide-treated (A) DCCD-bi- 
nding polypeptide (3.3 p.g protein) with F~. (C) Titration of 
immobilized F t (19 ,ag protein) with untreated (o). phenyl- 
glyoxal-treated (©), and 2,3-butanedione-treated (z~) DCCD- 
binding polypeptide (3.3 ,ug protein). The binding of antibody 
to F~ (A, B) or to the DCCD-binding polypeptide ((') was 
measured indirectly with 1251-labelled goat anti-rabbit im- 
munoglobulin as described in Material and Methods. 
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~g Polypept ide  

Fig. 7. Binding of F I subunits to DCCD-binding polypeptide. Left panel: Titration of immobilized F I ( I )  (19 tlg protein) and 
TPCK-trypsin-treated F a (D) (14 /~g protein) by DCCD-binding polypeptide. Right panel: Titration of immobilized F I ( I )  (19 btg 
protein), a subunit  (m) (6 /~g protein), and/~ subunit  ((2)) (9 p,g protein) by DCCD-binding polypeptide. The binding of antibody to 
the DCCD-binding polypeptide was measured indirectly with 125I-labelled goat anti-rabbit immunoglobulin as described in Material 

and Methods. 



F~ reduced the extent of binding dramatically due 
to extensive cleavage of all subunits of the enzyme. 
The role of the major subunits of F l in binding 
was investigated following purification of the e~ 
and ,8 subunits from the salt-dissociated enzyme 
by the procedure of Dunn and Futai [15]. These 
subunits were immobilized in polylysine-treated 
microtitre plate wells and the extent of binding of 
the DCCD-binding polypeptide measured using its 
antibody. Both subunits bound the polypeptide 
effectively (Fig. 7, right panel). 

Discussion 

Although the antibody was raised against the 
isolated DCCD-binding polypeptide, it could still 
recognize and bind to this polypeptide when it was 
assembled as an oligomer in the membrane [10]. 
Competitive inhibition assays have verified that 
the antibodies can react with the cytoplasmic 
surface of the cell membrane of E. co#. Oxidation 
of methionine residues in the isolated DCCD- 
binding polypeptide almost completely abolished 
its ability to react with the antibody. Cleavage of 
the polypeptide at methionine residues with 
cyanogen bromide had a similar effect. These re- 
sults are consistent with antibody-binding site(s) 
being close to one or more methionine residues. If 
the binding site on the isolated polypeptide is the 
same as that of the membrane-bound polypeptide, 
then the most likely methionine residue is that at 
position 57 (Fig. 1). This assignment depends on 
the validity of the evidence [9] that tyrosine re- 
sidues 10 and 73 are on the periplasmic surface of 
the membrane. Then the DCCD-binding poly- 
peptide molecule must have a looped arrangement 
in the membrane and the other methionine re- 
sidues at positions 6, 11, 16, 17, 65 and 75 could 
not be close to the cytoplasmic surface of the 
membrane (Fig. 1). Modification of arginine re- 
sidues with phenylglyoxal and 2,3-butanedione had 
little effect on the binding of the antibody. Thus, it 
is unlikely that the antibody reacts with residues 
41-50 of the polar segment, of the polypeptide 
molecule. 

F~ binds to the isolated DCCD-binding poly- 
peptide. Modification of the arginine residues af- 
fected binding, but oxidation of methionine re- 
sidues did not alter the reaction of F~ with the 
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polypeptide. This places the F~-binding site near 
residues 41-50 in the polar segment of the poly- 
peptide. This site is consistent with the ' looped 
model' in which this region is proposed to be at 
the cytoplasmic surface of the cell membrane [7]. 
The independence of the F~-binding and 
antibody-binding sites was confirmed directly. 
Binding of F~ to the DCCD-binding polypeptide 
did not prevent binding of the antibody. The 
reverse was also true. 

The significance of the binding of F~ by the 
DCCD-binding polypeptide is unclear. Arginine 
residues are involved in this interaction, and they 
also appear to be involved in the interaction of F I 
with F 0 in everted vesicles. We have found (unpub- 
lished results) that treatment of F~-stripped everted 
vesicles with phenylglyoxal, an arginine-modifying 
reagent, completely abolished rebinding of F t . This 
suggests that the binding of F~ to the isolated 
DCCD-binding polypeptide may be physiologi- 
cally significant. Binding to the polypeptide in- 
volves the a and /o r /9  subunits of F 1, since both of 
these subunits can bind independently. This is not 
surprising in view of their extensive sequence ho- 
mology [27]. However, 3 and e subunits of F~ have 
been implicated in the binding of the F~ to the 
membrane in E. coli [28]. These subunits are not 
required for interaction with the isolated DCCD- 
binding polypeptide. Mutants (unc D) have been 
isolated in which ,8 subunits are retained by the 
membrane in the absence of the other subunits 
[29]. The polypeptide with which the /9 subunits 
interact has not been identified, but clearly F~ is 
able to form linkages with F 0 not involving the 3 
and e subunits. Recently, Andreo et al. [30] have 
concluded also that the 3 subunit of chloroplast FI 
is not absolutely required for binding to the 
membrane but is required to block leakage of 
protons through F 0. Drozdovskaya et al. [31] have 
found that a significant portion of the a, ,8 and y 
subunits of beef-heart mitochondrial F T interact 
with membrane proteins. 

In summary, our results are consistent with the 
looped arrangement of the DCCD-binding poly- 
peptide in the membrane proposed by Altendorf et 
al. [7] in which the polar central region of this 
molecule is at the cytoplasmic surface of the cell 
membrane. This region may interact with the a 
a n d / o r  ,8 subunits of F l. 
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