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An ATPase inhibitor and its stabilizing factor, the 9K protein, are regulatory factors of
F,F0-ATPase. The binding sites for these factors on Fi were examined using the zero length
cross-linkers, JV-ethoxycarbonyl-2-ethoxy-l,2-dihydroquinoline, and l-ethyl-3-[3-di-
methylamino)propyl]carbodiimide. The cross-linked products were analyzed by immuno-
blotting after SDS-polyacrylamide gel electrophoresis. The inhibitor and the 9K protein
cross-linked to the a and 0 subunits of F1( indicating that they interacted with both
subunits. Peptide mapping and amino acid sequence analysis of the cross-linked products
after weak acid hydrolysis showed that the inhibitor cross-linked to the Pro334-Asp363
region of the 0 subunit. Amino acid sequence analysis of the cross-linked peptide showed
that the inhibitor binds to Asp363 of the 0 subunit. As this region contains the amino acid
residues, including Tyr359, that are modified by nucleotide analogs and form the active site,
the inhibitor probably binds to the catalytic site of F,.

Key words: ATPase inhibitor, cross-linking, F,ATPase, regulatory protein, subunit of
F,ATPase.

ATP synthase (F,F0- ATPase) in membranes of mitochon-
dria, chloroplasts, and bacteria catalyzes ATP synthesis
coupled to respiratory chain-linked proton transport across
the membranes. The enzyme is composed of a catalytic
sector, Fi, and an integral membrane sector, Fo, involved in
proton transduction. The subunit stoichiometry of F, is
known to be a3fi3ylSieu and Fi has six nucleotide binding
sites, which are classified as three catalytic and three
noncatalytic sites according to their ability to exchange
bound nucleotides with those in the external medium (for
reviews see Refs. 1 and 2).

The activity of mitochondrial ATP synthase is regulated
by an intrinsic inhibitor protein (3, 4). The purified in-
hibitor binds to F!-ATPase in an equimolar ratio {5-7) in
the presence of Mg2+-ATP (8), and completely inhibits the
enzyme activity. The inhibitor is thought to be released
from its binding site on the enzyme upon energization of the
mitochondrial inner membrane, resulting in activation of
synthesis of ATP by the enzyme (7, 8). When the mem-
brane potential is lost, the inhibitor re-binds to the site and
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completely inhibits the ATP hydrolytic activity of the
enzyme (4).

In yeast mitochondria, two protein factors, 9K and 15K
proteins, have been shown to participate in regulation of
FjFo-ATPase (9, 10). These two proteins function cooper-
atively to facilitate and stabilize the binding of the inhibitor
to the enzyme. The structure of the 9K protein is similar to
that of the inhibitor: both proteins consist of 63 amino acid
residues, and about 50% of their residues are identical {11).
The 9K protein, like the inhibitor, binds to Fi in a molar
ratio of 1:1, but inhibits the enzyme activity only partially
{12).

Klein et al. (5) showed that the bovine heart inhibitor
interacts with the fi subunit of Fi. Jackson and Harris {13)
found that the bovine inhibitor interacts with a peptide
comprising residues Asp394-Met459 of the bovine fi
subunit. Previously, we reported that the inhibitor binds to
Fi at the interface of the a and fi subunits {14, 15). In the
present study, we determined the binding sites on yeast Fi
for the inhibitor and the 9K protein using the zero length
cross-linkers, iV-ethoxycarbonyl-2-ethoxy-l,2-dihydro-
quinoline (EEDQ) and l-ethyl-3-[3-(dimethylamino)pro-
pyl]carbodiimide (EDC). The results showed that the
inhibitor and the 9K protein interact with both the a and fi
subunits of F,, and that the binding site of the inhibitor is
located near the active site of the enzyme.

MATERIALS AND METHODS

Preparations—ATPase inhibitor {16), 9K protein {16),
and Fi-ATPase {17) were purified from baker's yeast by
the reported methods. Protein concentrations were deter -
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mined by the method of Lowry et al. (18) with bovine
serum albumin as a standard. The a, fi, and y subunits of
yeast F! were separated by SDS-PAGE. After staining the
gel with Coomassie Brilliant Blue R, the proteins were
recovered by electro-elution as described (19). Specific
antisera to the purified a, fi, and y subunits, the inhibitor
and the 9K protein were raised in rabbits by the reported
methods (20).

Cross-Linking of Proteins—Cross-linking of proteins
was carried out essentially according to Klein et al. (5).
Briefly, 60 //g of purified F! was incubated at 25"C with or
without 5.7 fxg of inhibitor protein (about 6 mol inhibitor/
mol F,) in a medium comprising of 0.25 M sucrose, 2 mM
MgATP, and 10 mM MOPS, pH 6.5, as described previous-
ly (7). After 10 min, EEDQ at a final concentration of 1 mM
was added and the incubation was continued for 7 min at
25"C. The reaction was stopped by the addition of ammo-
nium acetate to a final concentration of 100 mM. Cross-
linking of the 9K protein to Fi was carried out similarly, by
incubation for 20 min with 5 mM EDC instead of EEDQ.

Weak Acid Hydrolysis of Peptides—The subunits of F,
and cross-Linked products were separated by SDS-PAGE,
and protein bands were eluted from the gel electropho-
retically. After dialysis and lyophilization, the samples
were treated with 70% formic acid at 30°C for 8 h. The
reaction was stopped by the addition of 10 volumes of
distilled water and the mixture was frozen in liquid
nitrogen. Samples were lyophilized and dissolved in the
sample buffer used for SDS-PAGE (21).

Gel Electrophoresis and Immunoblotting—SDS-poly-
acrylamide gel electrophoresis was performed by the
method of Laemmli (21). The proteins in the gel were
transferred to a nitrocellulose filter with a semi-dry blotter
(LKB-Produkter AB, Bromma, Sweden), and bands react-
ing with the antisera were located with a biotinylated
secondary antibody and the streptavidin-peroxidase com-
plex as described previously (4). For amino acid sequence
analysis, a large amount of Fi (5 mg) was used for cross-

Unking with the inhibitor, and complexes were separated
by preparative slab gel electrophoresis on a 1 cm thick gel
(Ajinoki PES NA-P, Handa, Japan) according to the
method of Oshima et al (22).

Amino Acid Sequence Analysis—Proteins and peptides
were sequenced with an Applied Biosystems model 492
gas-phase sequencer. About 100 pmol of protein was
transferred electrophoretically to a polyvinylidene difluo-
ride membrane from the gel after SDS-PAGE (23), and
protein bands were stained with Coomassie blue and
subjected to sequence analysis.

Materials—EEDQ was purchased from Wako Pure
Chemicals, Osaka, and EDC from Dojin Laboratories,
Kumamoto.

RESULTS

Cross-Linking of the Inhibitor-Fi Complex with EEDQ—
F] and the inhibitor-F! complex were cross-linked with
EEDQ, which gives rise to an amide bond between adjacent
carboxyl and amino groups, and the cross-linked products
were analyzed by SDS-PAGE (Fig. 1). The pattern of the
inhibitor-Fi complex revealed two additional protein bands
that reacted with the antibody against the inhibitor protein
(Fig. 2). Their apparent molecular sizes, 66 and 62 kDa,
were comparable to the calculated molecular masses of the
inhibitor-a (62.8 kDa) and inhibitor-y9 (60.3 kDa) com-
plexes, respectively. Moreover, the 66-kDa protein reacted
with the anti-a- antibody and the 62-kDa protein with the
anti-/? antibody. Thus the 66- and 62-kDa proteins are
cross-linked products of the inhibitor-a and inhibitor-/?
subunits, respectively. No cross-Linked product was ob-
served when MgATP was omitted from the reaction
medium, showing that the cross-Unking was specific to the
inactivated inhibitor-Fi complex.

1 2 3 4 5 6 7 8 8 10 11 12 13 H 15
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Fig. 1. Cross-linking of the inhibitor-F, complex with EEDQ.
The Fi and the inhibitor-F, complex were cross-linked as described
under 'MATERIALS AND METHODS." Samples (containing 2.2 ix%
of Fi) were electrophoresed in a 12% polyacrylamide gel and then
stained with Coomassie Brilliant Blue R. Lane 1, F, (control); lane 2,
cross-linking of Fi; lane 3, cross-linking of the inhibitor-F, complex.
Al, ATPase inhibitor protein.

Fig. 2. Immnnocharacterlzation of cross-linked products. The
cross-linked products were separated on a linear gradient 10-20%
polyacrylamide gel containing SDS. Proteins were stained with
Coomassie Brilliant Blue R (lanes 1-3), or transferred to a nitrocel-
lulose filter and stained with either the anti-inhibitor (lanes 4-6),
anti-<r (lanes 7-9), anti-/? (lanes 10-12), or anti-y (lanes 13-15)
antibody, followed by the secondary antibody and the peroxidase
complex. Lanes 1, 4, 7, 10, and 13, F, (control); lanes 2, 5, 8, 11, and
14, cross-linking of F,; lanes 3, 6, 9, 12, and 15, cross-Unking of the
inhibitor-Fi complex.
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Cross-Linking of the 9K Protein-Fj Complex with
EDC—The complex between the 9K protein and Fi could
be cross-linked with EEDQ, but many bands were generat-
ed on SDS-PAGE under the conditions used. Therefore, we
used EDC to cross-link the 9K protein-F] complex. Cross-
linking of the 9K protein-Fi complex gave products of 62
and 59 kDa which reacted with the antibody against the 9K
protein (Fig. 3). From their molecular sizes and reactivities
with specific antibodies, these 62- and 59-kDa peptides
were identified as cross-linked products of the 9K protein-
s' (63.7 kDa) and 9K protein-/? (60.2 kDa) subunits, re-
spectively. Thus the 9K protein also interacts with both the
a and fi subunits of Fi.

Peptide Mapping of the fi Subunit by Partial Hydrolysis
with Acid—The primary structures of the fi subunit (24)
and the inhibitor protein (4, 25) of yeast have been
reported. The fi subunit of yeast Fi has three aspartyl
prolyl bonds; Aspl34-Prol35, Asp333-Pro334, and
Asp363-Pro364, while the inhibitor does not. As these
aspartyl prolyl peptide bonds are selectively hydrolyzed by
weak acid {26), we performed peptide mapping of the fi
subunit after treatment with 70% formic acid for 8 h at
30*C. As shown in Fig. 4, acid hydrolysis yielded four
bands, 14.5, 17.6, 35.4, and 38.7 kDa (Fig. 4, lane 1).
Amino acid sequence analyses revealed that the amino
terminal residue of Fifi used in this study was Ser20 of the
reported sequence, and that the 38.7 kDa band contained
two peptides ofF, fi, one beginning with the amino terminus
and the other with Prol35. The 14.5 kDa band also contain-
ed two peptides, one beginning with the amino terminal and
the other with Pro364. The 35.4 and 17.6 kDa band
materials were found to start at the ammo terminal and
Pro334, respectively. These results showed that four
protein bands containing six different peptide fragments

1 2 3 4 5 6 7 8 9 10 II 12 13 14 15

were generated on cleavage at one of the three aspartyl
prolyl bonds in the fi subunit (Fig. 5, a and b).

Peptide Mapping of the fi Subunit Cross-Linked to the
Inhibitor—On hydrolysis of the inhibitor-/? cross-linked
complex, the bands of 17.6 and 38.7 kDa were replaced by
ones of two new peptides of 25.7 and 45.7 kDa, while the
35.4 kDa peptide remained unchanged (Fig. 4, lane 2).
These new peptides were found to react with the anti-
inhibitor antibody (Fig. 4, lane 4). From their apparent
molecular sizes, 25.7 and 45.7 kDa, they could be cross-
linked products between the inhibitor and the 17.6 kDa-
and 38.7 kDa-peptides, respectively, of the fi fragment
(Fig. 5c).

Amino acid sequence analysis showed that the 45.7 kDa
peptide was a cross-linked product of the inhibitor with the
38.7 kDa peptide of F ^ composed of Prol35-Asn492, but
not with that composed of Ser20-Asp363. The 25.7 kDa
peptide was a cross-linked product between the inhibitor
and the 17.6 kDa peptide fragment of F ^ , Pro334-Asn492
(Fig. 5c). No cross-linked product between the inhibitor and

•the 14.5 kDa fragment of Fj/? was obtained. Moreover, the
38.7 kDa peptide of the fi subunit, composed of Ser20-
Asp363, also gave no cross-linked product. These results
strongly indicated that the weak acid did not attack aspartyl
prolyl bond, Asp363-Pro364, of the fi subunit cross-linked
to the inhibitor, but cleaved one of the other two bonds,
Aspl34-Prol35 or Asp333-Pro334, generating four pep-
tide fragments (Fig. 4, lane 2, and Fig. 5c).

Determination of the Cross-Linking Amino Acid Residue
of the fi Subunit—As peptide mapping of the fi subunit
cross-linked to the inhibitor suggested that the Pro334-
Asp363 region of F,/?, possibly binds the inhibitor, we
performed more than 30 cycles of amino acid sequencing of
the cross-linked product, the 25.7 kDa peptide, between
the inhibitor and the 17.6 kDa fragment of Fifi, using larger
amounts of the peptide. As shown in Table I, sequencing up

2 3 4

62 kDa •
59 kDa •

38.7 »-
35.4 -I!

•B-AI

'45.7

•25.7

mtf+m
17.6 *• I

14.5 »-

Fig. 3. Cross-linking of the 9K protein-F, complex with EDC.
F, and the 9K protein-F, complex were cross-linked as described
under "MATERIALS AND METHODS." The cross-linked products
were separated m a linear gradient 10-20% polyacrylamide gel
containing SDS and then stained with Coomassie Brilliant Blue R
(lanes 1-3), or transferred to a nitrocellulose filter and subjected to
lmmunostaining with either the anti-9K protein (lanes 4-6), anti-ff
(lanes 7-9), anti-yS (lanes 10-12), or anti-y (lanes 13-15) antibody.
Lanes 1, 4, 7, 10, and 13, F, (control), lanes 2, 5, 8, 11, and 14,
cross-linking of Fi; lanes 3, 6, 9, 12, and 15, cross-linking of the 9K
protein-F, complex.

kDa WDa

Fig. 4. Cleavage of the inhibitor-/? complex by formic acid.
The subunit and the inhibitor-^ complex were purified by preparative
gel electrophoresis and then treated with 70% formic and as described
under 'MATERIALS AND METHODS " The samples (each 0 3 //g
protein) were electrophoresed m a 12% polyacrylamide gel and then
subjected to staining with silver (lanes 1 and 2), or immunostaining
with the anti-inhibitor antibody (lanes 3 and 4). Lanes 1 and 3, p,
lanes 2 and 4, inhibitor-/? complex

Vol. 119, No. 1, 1996

 at Islam
ic A

zad U
niversity on O

ctober 2, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


196

a
20

AsplM Pro!35

STPITGK...

Asp333Pro3M Aip363 Pro364

PPSFAEQST... PAPA;

ip363f
4 9 2

.PLDSKS.

STPITGK...:::-^://iS::/yy/;/:^S-^/i/~^^/S. 38 kD

PPSFAEQST. . .̂ X
. N. \ \ . \ S. s. \ ~ S. \ N. V \ V. X

STPITGK...: 35 kD

S\N\\\\\

• 38 kDs\
\. \ \ . N. ^ \ . *. \ .X

STPITGK.. 1 4 . 5 kD

:PAPATTFA. .-^]
///////////////

PLDSKS..

7 . 5 k

. 1 4 . 5 kD

N. Ichikawa et al.

Fig. 5 Acid-cleaved peptides
of F,/? and the F,/9-inhibitor
complex, a, cleavage sites of F,/?
with formate; b, molecular sizes
and ammo terminal sequences of
F,/? generated on formate treat-
ment; c, peptides, and their amino
terminal sequences, of the F,/?-in-
hibitor complex.
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Fig. 6 Amino acid residues in
the 0 subunit that are modified
with nucleotide analogs. The
amino acid sequence of yeast F,
(region Ile310-Arg370) is shown.
The Pro334-Asp363 region, that is
considered to constitute part of the
inhibitor binding site, is underlined

u - Q < . ^ - ~ ^ .. ~ - Asp344, Glu355, and Asp363, which
can be cross-linked to the inhibitor protein, are indicated by *. Residues modified with the indicated reagents (2) are indicated with #
Abbreviations- FSBI, 5'-p-nuorosulfonylbenzoylinosine; BzATP, 3'-o-(4-benzoyl)benzoyl-ATP.

#

#
#

to the 29th cycle showed the identity of the sequence of F,/?,
Pro334-Val362, the repetitive yield being more than 90%,
although the sequence of the fi subunit fragment was
slightly different from the reported sequence (24). At the
30th cycle no PTH-amino acid was observed, and beyond
this cycle, the sequence yield decreased abruptly. These
results suggested that the amino acid at the 30th cycle,
Asp363, could be cross-linked to the inhibitor. The yields of
the inhibitor sequence were low, but its sequence was
clearly seen up to the 10th cycle.

DISCUSSION

Previously, we found that the bovine ATPase inhibitor
interacted with both the a and /3 subunits of F, (14, 15). In
the present study, we observed that both the yeast inhibitor
and the 9K protein, another regulatory factor for FiF0-
ATPase, also bound to the a and p subunits. No interaction
between these proteins and the smaller F, subunits, y, 6,
and e, was observed. Since both the inhibitor and the 9K
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TABLE I. Amino acid sequence
Cycle

A
D
E
F
G
H
I
K
L
P
Q
R
S
T
V
Y
F,/J

Reported
Fi/J

ATPase
inhibitor

Cycle

A
D
E
F
G
H
I
K
L
P
Q
R
S
T
V
Y
F,/J
Reported

F,/?

1 2

(pmol)
0.0
0 0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

57.3
0.0
0.0
0.5
0.0
0.0
0.0
Pro

•"Pro-
(Ser)-

18

24.1
0 0
7.1
0.0
0.0
0.0
0.0
0.0
0.0
5.9
0.0
0 0
0.0
0.0
0.0
0.0
Ala

• Ser-
Glu-

19

(pmol)
0.0
1 7
0.0
0.7
4.8
0.4
6.5
0 3
0.0
1.3
2.6

12.1
1.1
0.1
4 9
1.7

»'Arg
Arg-

0 0
3 8
0.0
1.5
6.3
0.3
7.2
3 9
0.5
1.8
1.3
5.1
1.4
0.0
4 0
2.0
Gly

Gly-

analysis of the cross-linked 26.7-kDa
3

0.0
0 0
0.0
0.0
6.5
0.0
0.0
0.0
0.0

36.0
0 0
0 0
2.0
0.0
0.0
0.0
Pro

Pro-
Gly-

20

0 0
1 8
0.0
0.7
6.4
0.7

12.2
1 0
0.0
1.0
1.2
3.1
0.0
0.0
4.2
1.8
Re

De-

4

26.0
1 2
0.0
6.7
0.0
0 0
0.0
0.0
0.0
0.0
0 0
0 0
0.2
0.0
0.0
0.0
Ala

Ser-
ver)-

21

0.5
2 7
0.2
1.6
4.3
0.7
7.0
1 5
0.2
1.7
2.7
3.1
2.0
0.1
5.2
1.9
Ser

Ser-

5

0.0
0 0
0.0
0.0
0 0
0 0
0.0
0.0
0.0
0.0
0 0
0 0
0.0
8.2
0.0
0.0
Thr

Thr-
Thr-

22

2 0
2 8
3.9
1.6
2.5
0 4
5.0
0 8
0.2
1.9
1.7
2.6
0.0
0.0
6.8
1.8
Glu

Glu-

6

0.0
0 0
0.0
0.0
3 2
0 0
0.0
0.0
0.0
0.0
0 0
0 0
0.0
6.0
0.0
0 0

Thr

Ser-
Gly-

23

1 5
2 5
2.4
1.2
3.2
0 3
3.4
0 0
6.7
1.6
2 6
2.8
0.9
0 0
5 0
1.7

Leu
Leu-

7

0.0
0 0
0.0

29.8
0.0
0 0
0.0
0.0
0.0
0.0
6 7
0 0
0.8
1.0
0.0
0.0
Phe

Phe-
(Thr).

24

0 7
1 5
1.4
1 9
7.2
0 2
3.1
0 7
5.2
2.0
2 0
2.0
0.6
0 1
3 3
1.7
Gly

Gly-

8

21.1
0 0
0.0
0.0
0 0
0 0
0.0
0.0
0.0
1.8
0 5
0 0
2.1
0.0
0.0
0.0
Ala

Ala-
Pro-

25

2 3
0 7
1.4
2 5
4.1
0 3
6.5
0 5
2.9
1.3
2 0
1.0
0.8
0 1
4 1
1.3
lie

Ile-

peptide.
9

0.0
0 0
0.0
0.0
0 0

11.2
0.2
0.0
0.0
0.8
0 0
2 4
0.8
2.1
0.1
0.0
His

His-
ATK-

26

1 7
0 1
1.1
2 5
3.9
0 4
4.4
0 3
1.2
2.9
1 9
0.8
0.3
0 1
2 7
5.4

Tyr
Tvr-

10

0.0
0 0
0.0
0.0
0 3
0 8
0.5
0.0

16.2
0.0
0 0
1 2
0.2
0.0
0.0
0.0

Leu

Leu-
(Gly)-

27

1 6
0 1
0.8
1 8
2.9
0 2
2.8
0 5
1.8
5.8
1 7
0.4
0.4
0 0
3 3
4.7
Pro

Pro-

11

0.0
17.7

0.0
0.0
0 0
0 0
0.7
0.5
0.0
0.0
0 2
0 4
0.0
0.0
0.4
0.0

Asp

Asp-
(Ser).

28

6.6
0 0
0.5
1 4
1.7
0 1
2.1
0 0
0.6
3.4
1 4
0.0
0.0
00
2 4
3.3
Ala

Ala-

12

17.0
3 0
0.4
0.0
2 6
0 0
2.9
0.0
0.0
0.0
1 4
0 8
1.1
0.0
0.5
0 0
Ala

Ala-
Gly-

29

3 2
0 0
0.0
0 8
0.0
0 1
1.0
0 0
0.0
1.7
0 0
0.6
0.0
0 0
1 9
1 6
Val

Val-

13

0.7
2 1
0.0
0.0
2 2
0 1
9.3
0.0
0.0
0.0
1 9
2 7
1.1
3.5
1.7
0.1
Thr

Ser-
(Ser)-

30

1 7
0.0
0.0
0 4
0.8
0 1
0.9
0 0
0.0
0.7
0 1
0.6
0.0
0 0
4 1
0.6

X
Asp-

14

0.0
1 4
0.0
0.0
0 0
0 2
3.8
0.3
0.0
0.0
1 5
1 3
0.3
2.8
3.1
0.3

Thr

Ser-
(Glu)-

31

1 l
0 0
0.0
0.1
1.8
0 0
0.6
0 0
0.0
1.6
1 l
0.0
0.0
0.0
2 1
0.2

3"Pro
Pro-

15

0.0
1 4
1.2
0.0
1 9
0 0
4.3
0.0
0.0
0.0
0 8
2 1
0.0
0.0

17.8
1.5
Val

Val-
Asp-

32

1 2
0 0
0.1
0.1
0.8
0 0
0.2
0 4
0.9
2.1
0 6
0.0
0.1
0.2
0 0
0.0
Leu

Leu-

16

0.0
2 2
0.1
0.0
3 2
0 1
5.0
0.0

11.9
0.6
2 6
2 0
0.6
0.4
5.0
1.5

Leu

Leu-
Ser-

33

0 9
0.0
0.4
0.2
0.4
0 0
1.0
0 5
1.0
1.2
0 1
0.0
0.0
02
0 0
0.0

X
Asp-

17

0.0
2 3
0.6
0.5
5 2
0 2
4.7
0.0
1.8
1.1
2 8
2 0
3.2
0.4
4.9
1.7
Ser

Ser
Phe

34

0 1
0 0
0.0
0.0
0.0
0 0
0.0
0 0
0.0
0.0
0 0
0.0
0.0
0.8
0 0
0.0

X
Ser

protein bind to F, in a molar ratio of 1:1 (5-7), it is likely
that these proteins bind to the interfaces of the a and /3
subunits of the enzyme. As the primary structures of the
inhibitor and the 9K protein are highly homologous (11),
and their binding is competitive (12), they may bind to the
same site on F,.

Klein et al (5) postulated that the inhibitor interacts
directly with the /? subunit of bovine F,, but does not
interact with the a one. The amino acid sequences of the
inhibitors from yeast and bovine heart are very similar
(25), and the yeast inhibitor can inhibit bovine Fi -ATPase,
and vice versa (27). These facts suggest that the bovine and
yeast inhibitors bind to homologous sites on the F,-
ATPases. Since the inhibitor protein possibly binds to the
catalytic sites of Fi, which have been shown to be located on
the interfaces of the a and ft subunits (28-30), it is highly
likely that it interacts with not only the yS subunit but also

the a one.
Although Fi-ATPase contains trimeric or/3 pairs, the

inhibitor or 9K protein binds to Fi in a molar ratio of 1:1
(5-7, 12). This observation can be explained by assuming
an asymmetric structure of F,. Nucleotide binding has been
shown to result in a conformational change of F[ and has
been suggested to cause the prominent asymmetry of the
enzyme (31, 32). As Mg2+-ATP is required for the binding
of the inhibitor and the 9K protein to Fi (7, 12), a single
binding site for the inhibitor and the 9K protein can be
formed when Fi assumes an asymmetric structure on the
binding of Mg2+-ATP.

Peptide mapping showed that the inhibitor binds to the
Pro334-Asp363 region of the F,/9 subunit. Jackson and
Harris (13) isolated a CNBr fragment of the cross-linked
product of the bovine inhibitor-F, complex by SDS-PAGE,
and concluded that the inhibitor binds to a peptide compris-
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ing residues Asp394-Met459 (corresponding to Asp408-
Met473 of the yeast enzyme) of the p subunit. If homol-
ogous sequences bind to the inhibitor, our results indicate
that the Pro320-Asp349 peptide of the bovine p subunit
should bind to the inhibitor. We have no explanation for
this discrepancy at present. However, in the present study
no cross-linking of the inhibitor with two 14.5 kDa frag-
ments including the peptide, Pro364-Asn492, was ob-
served. Furthermore, amino acid sequence analysis of the
45.7 kDa fragment of the cross-linked product showed that
the inhibitor bound to the F ^ fragment of Prol35-Asn492,
but not to Ser20-Asp363. These results suggested that
Asp363 was cross-linked, resulting in prevention of cleav-
age at Asp363-Pro364 on acid-treatment. The 25.7 kDa
peptide of the cross-linked product was identified as the
peptide fragment of F,/9, Pro334-Asn492, on amino acid
sequence analysis. As shown in Table I, the observed
sequence, PAPATTFAHLDATTVL..., was slightly differ-
ent from the reported sequence, PSPSTTFAHLDASS-
VL.... (24). This discrepancy cannot be explained, but the
present sequence completely agrees with that of Fiyff from
other sources such as ox (33). No PTH-amino acid was
observed at the 30th cycle of Edman degradation, suggest-
ing modification of the amino acid residue by cross-linking.
The yield of the inhibitor sequence should be the same as
that of Fi/?, since the inhibitor bound to F, in the ratio of 1:
1, but it was very low. In ox, Jackson and Harris reported
that the N-terminus of the inhibitor is blocked and only one
peptide sequence, Fi/J, is present in the inhibitor-F, com-
plex. Unlike the bovine inhibitor, however, the N-terminus
of the yeast inhibitor is neither blocked nor multiple, as
described for the bovine inhibitor (34). The present results
showed two peptide sequences, those of the inhibitor and
the F]/? fragment, in the inhibitor-F! cross-linking peptide,
although the yield of the inhibitor sequence was low. The
reason for the low yield of the inhibitor sequence is unclear,
but it may be due to its intramolecular cross-linking or
multiple cross-linking sites, including the N-terminus.

The Pro334-Asp363 region contains Tyr359 correspond-
ing to bovine Tyr345 and Escherichia coli Tyr331. These
tyrosine residues can be modified with nucleotide analogs
(for a review see Ref. 2), such as 2-azido-ATP (35-37),
2-azido-ADP (38), 5'-p-fluorosulfonylbenzoylinosine (39),
and 3'-0-(4-benzoyl)benzoyl-ATP (40) (Fig. 6), and have
been considered to be a part of the active site of Fi. Amino
acid residues which can be modified with 8-azido-ATP (41)
are also located near the region. Thus, the binding site of
the inhibitor is considered to be situated near or at the
active site of Fi.

We wish to thank Mr. Y. Sakamoto for his help in determination of
the peptide sequences.
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