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The Ca2+-dependent ATPase activity of chloroplast coupling factor l(CFl),
which is activated by heat or by digestion with trypsin, is non-competitiVely
inhibited by an ATPase inhibitor(F,-inhibitor) obtained from beef heart mito-
chondria. This inhibition is retained even after .digestion of F_ -inhibitor
with trypsin. The Mg~ -dependent ATPase activity of CF, is also inhibited
by F -inhibitor. The difference in inhibitory action o% chloroplast ATPase
inhi%itor(CF -inhibitor) and of F,-inhibitor on heat- and trypsin-activated

CF1 is discussed in relation to t%e subunit structure of the CFl molecule.

ATPase inhibitors were isolated from mitochondria(l), chloroplasts(2),

membranes of Escherichia co0li(3) and myofibrils(4). The effects of endo-

genous ATPase inhibitors on the activity of various ATPases are being studied
exfensively to clarify the regulation mechanism of energy transformation.
These inhibitors have similar physico-chemical properties such as molecular
weight, isoelectric point and amino acid composition and similar physiologi~-
cal properties in terms of heat—stability; trypsin-sensitivity and urea-
insensitivit§(1—4).

This paper constitutes the sixth in a series of articles dealing with the
action of ATPase inhibitors on ATPase obtained from different sources with a
system of heterogeneous combination of them. In the previous reports(5-9),
it was demonstrated that troponin component TN-I, which is an inhibitor of
actomyosin ATPase, strongly inhibits the activities of ATPases from mitochon-

dria and from chloroplasts by binding to the ATPase molecule. Mitochondrial
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ATPase inhibitor(Fl—inhibitor) also inhibits actomyosin ATPase activity and
its inhibitory action is a similar to that of Component TN-I.
The experiments described below deal with the inhibition of the ATPase

activity of chloroplast coupling factor 1(CF1) by F,-inhibitor obtained from

1

mitochondria in beef heart.

MATERIALS AND METHODS
Mitochondrial ATPase inhibitor(Fl—inhibitor) was isolated from beef heart
mitochondria by the method of Horstman and Racker(10). Chloroplast ATPase

inhibitor (CF,~inhibitor) was prepared using the procedure of Nelson et al.(2).

1
Chloroplast coupling factor l(CFl), obtained by the method of Lien and Racker

(11), was activated by heat at 60°C for 4 min or by digestion with trypsin at

30°C for 6 min. The heat- and trypsin-activated CF. had an ATPase activity

1
of 20-30 pmoles Pi/mg of protein/min in the presence of Caz+(10 mM) . To test

the inhibitory effect of digested Fl—inhibitor on ATPase activity, Fl—inhibitor

(13.2 pg) was digested with trypsin(50 pg) at 37°C for 10 min. Digestion
was stopped by adding 100 ug of trypsin inhibitor(Miles Lab. Ltd.). Ca2+—
dependent ATPase activity was determined by adding activated CFl(l.ZS Hg) to

0.5 ml of 40 mM Tricine-NaOH buffer(pH 8.0) containing 8 mM ATP, 10 mM CaCl

2
and Fl—inhibitor(0—16.5 ug), and by incubating for 10 min at 37%. Reaction
was stopped by adding 2.0 ml of ice-cold 3% trichloroacetic acid. The amount

of inorganic phosphate liberated from ATP was determined by the Martin-Doty

method (12). Assay of the Mg2+—dependent ATPase activity of activated CF, was

1

performed by following the same procedure except that 3.13 pg activated CFl’

2 mM MgCl, and 60 mM sodium maleate were used in the system. Mitochondrial

2
ATPase activity was measured as described previously(5). Protein concentra-

tion was estimated by the method of Lowry et al.(13), using bovine serum

albumin as the protein standard.

RESULTS AND DISCUSSION

The inhibitory effects of mitochondrial ATPase inhibitor(Fl—inhibitor) on
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Fig. 1. Inhibition of the Ca2+—dependent ATPase activities of the heat- and
trypsin-activated CF, by F -inhibitor. The reaction system is as follows:

0.5 ml of sample solution containing 8 mM ATP, 40 mM Tricine-NaOH (pH 8.0),

10 mM CaCl, and activated CF, in the presence of various amounts of F_ -inhibit-
or, at 37°€. Curves a and by heat-activated CF, (1.25 ug) and trypsifn-~acti-
vated CF1 (1.20 yg), respectively. 1

Fig. 2. Inhibition of the Mg2+—dependent ATPase activity of the heat-activated
CF, by Fl—inhibitor. The reaction system is as follows: 0.5 ml of sample
so}ution containing 8 mM ATP, 2 mM MgCl,, 60 mM sodium maleate, 40 nmM Tricine-
NaOH (pH 8.0) and 3.13 ug heat-activated CF, with various amounts of F_-inhi-
bitor. 1 1

the Caz+— and the Mg2+-dependent ATPase activities of heat-activated CFl are
shown in Figs. 1 and 2, Ca2+—ATPase activity(curve a in Fig. 1) decreases
with increasing amount of Fl—inhibitor and is almost completely inhibited by
4 ug Fl—inhibitor. Fifty percent inhibition of Ca2+—ATPase activity takes
place in the presence of 1.5 ug Fl—inhibitor which corresponds to 100 pmoles/

g of CF This value is 2 times greater than 50 pmoles/ug of CF1 for the

1
inhibition by CFl-inhibitor reported by Nelson et al.(2). The Mg2+—ATPase
activity(Fig. 2) also decreases with increasing amount of the inhibitor and
50% inhibition occurs at a concentration of 10 ug of Fl—inhibitor(300 pmoles/
ug of CFl).

The next series of experiments determines whether Fl—inhibitor digested

with trypsin is still capable of inhibiting the activity of ATPases from
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Table I. Effect of F,-inhibitor digested with trypsin on the ATPase activities
of mitochondria and chloroplasts. Incubation system for inhibition of
chloroplast ATPase is 0.5 ml of sample solution containing 8 mM ATP, 40 mM
Tricine~NaOH(pH 8.0), 10 mM CaCly and 1.25 Ug heat-activated CFj in the
absence and in the presence of Fl—inhibitor(2.65 Ug) or digested Fl—inhibitor
(2.65 ug).

ATPase Activity

Mitochondria*#* Chloroplast#*
(umoles Pi/10 min) (umoles Pi/mg/min)
Complete system 0.40(100%) 15.6(100%)
+ Fl—inhibitor 0.05(12%) 4.2(27%)
* Digested 0.53(134%) 3.9(25%)

Fl—inhibitor

* Caz+—dependent ATPase activity.
%% Data taken from previous report(9).

different sources or not(Table I). Mitochondrial ATPase activity is inhibited

by Fl—inhibitor but not by digested Fl—inhibitor. Inhibition of the

chloroplast ATPase activity by F,~inhibitor is, however, retained even after

1

digestion of the inhibitor. This suggests the presence of a site with a

specific sequence in the Fl—inhibitor which interacts with CFl. A similar

phenomenon was observed for the inhibition of actomyosin ATPase by digested

troponin component TN-I(14) and F,-inhibitor(9). Syska et al.(14) showed

1
that a peptide containing basic amino acid residues in troponin component
TN-I interacts with actomyosin ATPase. It was suggested(9) that a site with
basic amino acid residues in Fl—inhibitor may be responsible for its inhibitory
action on actomyosin ATPase activity also.

The activation mechanism of the CF, molecule by heat or by trypsin digestion

1

had been demonstrated by Nelson et al.(15). CF1 molecule has five subunits

(0, B, Y, 6 and €). Heating dissociates € subunit, which is also called CFl—
inhibitor, whereas trypsin digestion releases Y, § and £ subunits from the

rest of the molecule to generate the ATPase activity.
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Table II. Inhibitory action of CF{- and Fj-inhibitors, on the Caz+—dependent
ATPase activities of CFj activated by heat and by trypsin digestion.
Incubation system is the same as that described in Table I with the exception
of CFj-inhibitor(l.4 ug) and Fp-inhibitor(2.5 ug).

Ca?t-ATPase Activities(umoles Pi/mg/min)

Heat-activated CFp Trypsin-activated CFy
(a,8,78) (0,8,)
Complete system 29.0(100%) 29.3(100%)
+CFl—inhibitor 8.7(30%) 29.7(101%)
+ Fl—inhibitor 9.2(32%) 6.9(24%)

Table II shows the inhibitory action of CFl— and of Fl—inhibitor on the

2+
Ca~ -dependent ATPase activities of chloroplast ATPase activated by heat and

by digestion with trypsin. CFl—inhibitor inhibits the activity of heat-

activated CFl but not that of trypsin-activated CFl’ as reported by Deters et

g},(l6). On the other hand, Fl—inhibitor inhibits the ATPase activities of

both the heat~ and trypsin-activated CF The degree of inhibition increases

1

with increasing concentration of F_ -inhibitor (Fig. 1) in both cases. Fifty

1
percent inhibition takes place at 1.5 pg and 1.4 ug Fl—inhibitor concentration
for the heat-activated and trypsin-activated CFl’ respectively. Presumably,
the Fl-inhibitor has an affinity for the o and/or B subunit(s) in the chloro-
plast ATPase molecule activated by trypsin (asz) resulting to the inhibition
of its ATPase activity. In the case of the heat-activated CFl, a similar

mechanism for inhibition probably occurs. WNelson (15) demonstrated that the

interaction between CF,-inhibitor and vy subunit in the heat-activated CF

1 1

(azszy6) inhibits ATPase activity. Quercetin (3,3',4',5,7-pentahydroxyflavone)
(16) and troponin component TN-I(7) also inhibit both activities of CFl acti-
vated by heat and by digestion with trypsin.

2+
Fig. 3 shows the kinetic studies on the inhibition of the Ca” -ATPase
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Fig. 3. Double reciprocal plots of the Ca2+—dependent ATPase activities of
activated CF. against concentration of ATP, Left panel (a): heat-activated
CF, in the absence of F_-inhibitor (curve A) and in the presence of 0.83 ug
(curve B) and 1.66 pg F.-inhibitor (curve C).Right panel (b): trypsin-
activated CF, in the abSence of F._-inhibitor (curve A) and in the presence of
0.83 pg (curve B) and 1.66 ug Fl—lnhibitor (curve C).

activity of heat-activated (upper panel) and trypsin-activated (lower panel)
CFl by Fl—inhibitor. Double reciprocal plots of the ATPase activity of acti-

vated CF1 against ATP concentration in the presence and in the absence of Fl—

inhibitor give straight lines and each line intercepts at the same point on

the horizontal axis. The value of Ki for the inhibition of the ATPase activity

-7
of heat- and trypsin-activated CF1 by Fl—inhibitor is 4.3 x 10 M. This is

smaller than the Ki value (2 x 10_6M) for the inhibition of the ATPase activity
of mitochondrial ATPase by troponin component TN-I (6). These results indicate

that the ATPase activity of activated CFl is non-competitively inhibited by Fl—

1

molecule which differs from the binding site of ATP.

inhibitor and that F_-inhibitor may have an affinity for a site in the CFl
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