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BBA Report

Inactivation of the F,-ATPase from the thermophilic bacterium PS3
by 5’-p-fluorosulfonylbenzoylinosine at 65 ° C is accompanied
by modification of B-tyrosine-364
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A major radioactive peptide, T,, was resolved by high-performance liquid chromatography from a tryptic
digest prepared from the F,- ATPase from the thermophilic bacterium PS3 which had been inactivated with
p-flucrosulfonylbenzoyl|*HJinosine. Two radioactive peptides, T, P, and T, P,, were isolated from a peptic
digest of T, by high-performance liquid chromatography. The sequences of T, P, and T, P, were shown to
be E-E-H-X-Q-V-A-R and E-E-H-X-Q, respectively, where X corresponds to derivatized Tyr-364 of the 8

subunit.

The F,F,-ATP synthases utilize electrochemical
gradients generated across energy-transducing
membranes by electron-transport processes to
drive the condensation of ADP with P,. These
enzymes can be resolved into two components, F,,
an integral membrane protein complex which
mediates proton translocation, and F,, a periph-
eral membrane protein complex which contains
the catalytic sites for ATP synthesis. When re-
solved from the membrane, the F, component
catalyzes net ATP hydrolysis.

The structural characteristics of TF,, the F,-
ATPase from the plasma membranes of the ther-

Abbreviations: FSBA, p-fluorosulfonylbenzoyladenosine;
FSBI, p-fluorosulfonylbenzoylinosine, FSBG, p-fluoro-
sulfonylbenzoylguanosine; FSBeA, p-fluorosulfonylbenzoyl-
1, N%-ethanoadenosine; Pth, phenylthiohydantoin; Mops, 4-
morpholinepropanesulfonic acid; P;, inorganic phosphate.
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mophilic bacterium PS3 are very similar to those
of the F;-ATPases from other energy-transducing
membranes [1-3]. TF, has a molecular weight of
about 380000 and is composed of five different
polypeptide chains, designated a-e¢ in order of
decreasing mass, which are present in the
stoichiometry a,8,y8¢ [4]. As is found in other
F,-ATPases, TF, contains six binding sites for
adenine nucleotides [5].

Chemical modification studies have provided
evidence that the catalytic sites are present on the
B subunits [6-8). From the observation that the a
and B subunit isolated from TF, and from the
F,-ATPase of Escherichia coli can each bind about
1 mol of adenine nucleotide, it was thought that
the catalytic sites are present exclusively on 8
subunits and the non-catalytic sites are present
exclusively on a subunits [9,10]. Recent findings
with other F;-ATPases suggest that this is not the
case. Khananshvili and Gromet-Elhanan [11,12)
have shown that the 8 subunit isolated from chro-
matophores of Rhodospirillum rubrum has the
capacity to bind two mols of adenine nucleotide
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per mol. Using heterobifunctional photoaffinity
analogs of adenine nucleotides, Schifer and his
colleagues [13] have provided evidence for the
presence of nucleotide binding sites at interfaces
of a and B subunits. Consistent with these find-
ings, it has been shown that inactivation the F;-
ATPase from bovine heart mitochondria with
[*H]FSBA is accompanied by labeling either Tyr-
368 or His-427 in all three copies of the 8 subunit
[14]. In contrast, inactivation of the bovine heart
mitochondrial F,-ATPase with [*H]JFSBI is
accompanied by labeling of Tyr-345 in a single
copy of the 8 subunit [15]. From these results, we
proposed that FSBA reacts with each of the non-
catalytic sites and FSBI reacts with a single cata-
lytic site. In addition, it has been shown that after
prior modification of bovine-heart mitochondrial
F,-ATPase with FSBI, each of the 8 subunits are
labeled with FSBA at either Tyr-368 or His-427,
demonstrating directly that each 8 subunit con-
tains at least part of two nucleotide binding sites
(Bullough, D.A. et al., unpublished results). These
observations are supported by recent reports from
Boyer and his colleagues [17-20]. By loading
nucleotide binding sites in the F,-ATPases from
bovine heart mitochondria [17], spinach chloro-
plasts [18,19] and E. coli plasma membranes [20]
with 2-azidoadenine nucleotides under different
conditions and then photolyzing, they showed that
B-Tyr-345 of mitochondrial F,-ATPase, or its
equivalent in the other ATPases, were labeled
when catalytic sites were loaded, whereas Tyr-368
of mitochondrial F,-ATPase, or its equivalent in
the other ATPases, were labeled when non-cata-
lytic sites were loaded.

Having two temperature optima, one at 23°C
and the other at 65°C, TF, is unique among the
F,-ATPases characterized. Whereas TF, is slowly
inactivated by FSBA at 23°C and pH 7.0, it is
rapidly inactivated by the reagent at 65°C and
pH 6.4. Using [*H]FSBA, it was shown that the
inactivation was accompanied by selective modifi-
cation of B-Tyr-364 [21] which is homologous with
B-Tyr-368 of mitochondrial F,-ATPase [22]. Since
inactivation of bovine heart mitochondrial F,-
ATPase by FSBI is accompanied by labeling of
B-Tyr-345 and not B-Tyr-368, it was of interest to
characterize the modification of TF, by [*H]FSBI
at 65°C.

TF,, is inactivated slowly by 1 mM FSBI at
23°C and pH 7.0. Under these conditions, only
about 30% of the original ATPase activity was lost
in 60 min. Labeling of the enzyme with [*H]FSBI
under these conditions was not sufficiently specific
to provide useful information on the site or sites
of modification associated with the inactivation
observed. This is based on the profile of radioac-
tivity observed when a tryptic digest of TF,, in-
activated with [*H]FSBI at 23°C and pH 7.0 and
separated from excess reagents, was subjected to
reversed-phase HPLC on a C,; column. Although
several radioactive peaks were detected, none was
present in a sufficient amount to warrant further
analysis. At pH 6.4 and 65°C, the enzyme was
inactivated rapidly by 1 mM FSBI, with 76% of
the original activity lost in 30 min. To identify the
side-chain modification leading to the inactiva-
tion, 5 mg of TF, at 1 mg/ml was treated with 0.5
mM [*HJFSBI in 50 mM triethanolamine HCI
(pH 6.4) at 65° C for 20 min, followed by a second
addition of the same amount of reagent. After a
total of 40 min, when 68% inactivation had oc-
curred, excess reagent was removed by passing the
reaction mixture through a column of Sephadex
G-50, equilibrated with S0 mm triethanolamine-
HCI1 (pH 7.0). After recipitating the labeled en-
zyme by the addition of solid ammonium sulfate
to 55% saturation, the protein pellet, recovered by
centrifugation, was dissolved in 6 M guanidini-
umchloride adjusted to pH 7.0 with 1 M Tris and
subjected to high-performance gel permeation
chromatography on a column of TSK G-2000,
equilibrated with the same buffer, to remove resid-
ual reagent.

The mixture of a, B, and y subunits was di-
alyzed against 1 mM HCI for 4 h at 4° C, adjusted
to pH 7.0 by the addition of 1 M Mops-NaOH to
a final concentration of 50 mM, and digested with
trypsin (1:20, w/w) for 8 h at 37°C. The tryptic
digest was subjected to reversed-phase HPLC with
a Brownlee C,; column equilibrated with 0.1%
HCI using the gradient of increasing acetonitrile
concentration illustrated in Fig. 1. The major peak
of radioactivity, T,, that eluted at 92 min, repre-
senting about 30% of the total label eluted from
the column, was collected and subjected to centni-
fugation under vacuum to remove acetonitrile.
The pH was adjusted to 2.5, by addition of 1 M
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Fig. 1. Fractionation by reversed-phase HPLC of *H-labeled peptides in a tryptic digest of TF, inactivated with [*H]FSBI and in a
peptic digest of *H-labeled tryptic peptide, T;. The tryptic digest was prepared from TF, inactivated with [*H]FSBI at 65° C and
subjected to reversed-phase HPLC on a C,g column as described in the text. Samples, 50 ul each, of the 1 mi collected fractions of

the effluent of the tryptic digest (®

the radioactivity of the effluent of the peptic digest (O

glycine-HCI to a final concentration of 50 mM,
and the peptide mixture was digested with pepsin
(50 pg) for 1 h at 30°C. The peptic digest was
submitted to reversed-phase HPLC on the C;
column using the same acetonitrile gradient to
fractionate the tryptic digest. The chromatogram
of the radioactive peptides franctionated from the
peptic digest by HPLC is also shown in Fig. 1.
The fractions containing radioactive peptides T; P,
and TP, were pooled separately and con-
centrated by centrifugation under vacuum. T, P,
contained 20% and T,P, contained 80% of the
radioactivity eluted from the column. The con-
centrated samples were subjected to automatic
Edman degradation on a gas-phase sequencer [23],
the results of which are summarized in Table 1.
From the Pth-amino acids released during the
automatic Edman degradations, the sequence of
T\ P, is: E-E-H-X-Q-V-A-R and that of T, P, is:
E-E-H-X-Q, which is obviously a fragment of
T,P,. In each of these sequences, X designates
that a Pth-amino acid derivative was not identi-
fied in cycle 4. From the primary structure of the
B subunit of TF, determined by Kagawa et al. [22]
this position is occupied by Tyr-364, which corre-
sponds to B-Tyr-368 of bovine heart mitochondrial
F,-ATPase. Therefore, unlike the mitochondrial
F,-ATPase, in which FSBI and FSBA react with
different tyrosine residues in the B subunit, the

@) were subjected to liquid scintillation counting. The same procedure was used to monitor

0).

inactivation of TF, by both FSBA and FSBI at
65° C proceeds with modification of 8-Tyr-364.
From the results presented and earlier studies
which showed that the site of reaction of DCCD
in the B8 subunit of TF, [24] is different from the
one common to the F,-ATPases of bovine heart
mitochondria [25] and plasma membranes of E.
coli [26], it would appear different sites of modifi-
cation observed during the inactivation of TF, at
65° C and mitochondrial F;-ATPase at 23° C might
be dictated primarily by differences in enzyme
structure. However, the work of Jacobson and
Colman [16] suggests that the differences in the

TABLE 1

AUTOMATIC EDMAN DEGRADATIONS OF THE *H-
LABELED PEPTIC PEPTIDES, T,P, AND T\ P,

Cycle TP, T,P,

number Pth-amino acid pmol Pth-amino acid pmol
1 Glu 573 Glu 135
2 Glu 527 Glu 123
3 His 82 His 9
4 n.d. n.d. n.d. n.d.
N Gln 359 Gin 37
6 Val 353 - -
7 Ala 444 - -

8 Arg 42 - -
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folded conformations of the two affinity labels
might also play a significant role in dictating the
specificity of the site modified by the fluoro-
sulfonylbenzoylnucleoside analogs. From NMR
analysis of FSBA, FSBG, and NMR and fluores-
cence analysis of FSBeA, they showed that the
benzene and purine rings in each affinity label in
aqueous solution at room temperature are stacked.
Thus, the affinity labels might bind to enzymes in
folded conformations, the absolute structures of
which differ, depending on the substituents on the
purine rings. To explain the different specificities
shown when FSBA and FSBI inactive mitochon-
drial F,-ATPase at 23°C, it could be argued that
FSBA and FSBI are folded in different conforma-
tions at this temperature, which are accomodated
by non-catalytic and catalytic sites, respectively.
Based on the NMR analysis of Jacobson and
Colman [16] the unfolded conformations of FSBA
and FSBG predominate at 65°C. Therefore, the
identical specificity exhibited during inactivation
of TF, with FSBA and FSBI at 65° C could reflect
that the non-catalytic sites of TF, accomodate the
unfolded conformations of the two affinity labels
in a similar manner at this temperature or that the
conformations of the catalytic and non-catalytic
sites of TF, at 65°C differ from those of bovine
heart mitochondrial F,-ATPase at 23°C.

This work was supported by United States Pub-
lic Health Service Grant GM 16, 974.

References

1 Yoshida, M., Sone, N., Hirata, H. and Kagawa, Y. (1975) J.
Biol. Chem. 250, 7910-7916.

2 Kagawa, Y. (1978) Biochim. Biophys. Acta 505, 45-93.

3 Futai, M. and Kanazawa, H. (1983) Microbiol. Rev. 47,
285-312.

4 Yoshida, M., Sone, N., Hirata, H., Kagawa, Y. and Ui, N.
(1979) J. Biol. Chem. 254, 9525-9533.

A%,

~

Qo

O

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Yoshida, M. and Allison, W.S. (1986) J. Biol. Chem. 261,
5714-5721.

Senior, A.E. and Wise, J.G. (1983) J. Membr. Biol. 73,
105-124.

Vignais, P.V, and Satre, M. (1984) Mol. Cell. Biochem. 60,
33-70.

Allison, W.S., Bullough, D.A. and Andrews, W.S. (1986)
Methods Enzymol. 126, 741.

Ohta, S., Tsuboi, M., Yoshida, M. and Kagawa, Y. (1980) J.
Biochem. (Tokyo) 87, 1609-1671.

Dunn, S.D. and Futai, M. (1980) J. Biol. Chem. 255,
113-118.

Khananshivili, D. and Gromet-Elhanan, Z. (1984) FEBS
Lett. 178, 10-14.

Gromet-Elhahan, Z. and Khananshvili, D. (1984) Biochem-
istry 23, 1022-1028.

Schafer, H.-J., Schewich,, P, Rathgeber, G., Dose, K.,
Mayer, A. and Klingenberg, M. (1980) Biochem. Biophys.
Res. Commun. 95, 562-568.

Bullough, D.A. and Allison, W.S. (1986) J. Biol. Chem. 261,
5722-5730.

Bullough, D.A. and Allison, W.S. (1986) J. Biol. Chem. 261,
14171-14177.

Jacobson, M.A. and Colman, R.F. (1984) J. Biol. Chem.
259, 1454-1460.

Cross, R.L., Cunningham, D., Miller, C.G., Xue, Z., Zhou,
Z.-M. and Boyer, P.D. (1987) Proc. Natl. Acad. Sci. USA
84, 5715-5719.

Xue, Z., Zhou, J.-M., Melese, T., Cross, R.L. and Boyer,
P.D. (1987) Biochemistry 26, 3749-3753.

Xue, Z., Miller, C.G., Zhou, J.-M. and Boyer, P.D. (1987)
FEBS Lett. 223, 391-394.

Wise, J.G., Hicke, B.J. and Boyer, P.D. (1987) FEBS Leut.
223, 395-401.

Bullough, D.A., Yoshida, M. and Allison, W.S. (1986)
Arch. Biochem. Biophys. 244, 865-871.

Kagawa, Y., Ishizuka, M., Saishu, T. and Nakao, S. (1986)
J. Biochem. (Tokyo) 100, 923-934.

Hunkapiller, M.W., Hewick, R.M., Dreyer, W.J. and Hood,
L.E. (1983) Methods Enzymol. 91, 399-412.

Yoshida, M., Poser, JW., Allison, W.S. and Esch, FS.
(1981) J. Biol. Chem. 256, 148-153.

Esch, F.S., Bohlen, P, Otsuka, A.S.,, Yoshida, M. and
Allison, W.S. (1981) J. Biol. Chem. 256, 9084-9089.
Yoshida, M., Allison, W.S., Esch, F.S. and Futai, M. (1982)
J. Biol. Chem. 257, 10033-10032.



