126 Biochemistry 1994, 33, 126-133

Inhibition and Inactivation of the F; Adenosinetriphosphatase from Bacillus PS3
by Dequalinium and Activation of the Enzyme by Lauryl Dimethylamine Oxide’
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ABSTRACT: The F|-ATPase from Bacillus PS3 (TF,) hydrolyzes 50 uM ATP in three kinetic phases. An
initial burst rapidly decelerates to a partially inhibited, intermediate phase, which, in turn, gradually accelerates
to an uninhibited, final steady-state rate. Lauryl dimethylamine oxide (LDAO) stimulates the final rate
over 4-fold. Thestimulatory effect saturatesatabout0.1% LDAO. Under these conditions, the intermediate
phaseis nearly absent. Dequalinium inhibits TF, reversibly in the dark in the presence or absence of LDAO.
The apparent affinity of TF, for dequalinium increases in the presence of LDAO. Dixon plots of the initial
rates of the intermediate phase and the final rates against dequalinium concentration at a series of fixed
ATP concentrations in the presence and absence of 0.03% LDAO indicate noncompetitive inhibition in each
case. Replots of the slopes of the Dixon plots for the initial rate of the intermediate phase and the final
rate against 1/[ATP] reveal apparent K, values of 770 uM and 144 uM, respectively, when obtained in
the absence of LDAO. Theapparent K, values determined from the data obtained in the presence of LDAO
for the same phases are 303 uM and 163 uM, respectively. These results suggest that LDAO stimulates
ATPase activity either by increasing the affinity of noncatalytic sites for ATP, which promotes release of
inhibitory MgADP from a catalytic site, or by directly promoting release of MgADP from the affected
catalyticsite. Dequalinium retards this process without affecting the affinity of noncatalytic sites for ATP.
When irradiated in the presence of dequalinium, TF, is rapidly inactivated with an apparent Ky of 12.5
uM in the presence or absence of LDAO. Under both conditions, 90% photoinactivation occurs with
incorporation of about 2-2.5 mol of ['*C]dequalinium/mol of TF,. Fractionation of cyanogen bromide—
tryptic digests of enzyme photoinactivated with [“C]dequalinium with or without LDAO led to isolation
of a labeled peptide containing residues 406—431 of the 8 subunit in which Phe-420 is derivatized. The
results obtained indicate that photoinactivation of TF; with dequalinium is accompanied by derivatization
of Phe-420 in a single copy of the 8 subunit and that the residual radioactivity incorporated is the consequence

of nonspecific labeling.

The proton-translocating F,F; ATP synthases of energy-
transducing membranes couple proton electrochemical gra-
dients produced by electron transport to the condensation of
ADP with P;. The F, moiety, which is an integral membrane
protein complex, mediates transmembrane proton conduction.
F, is a peripheral membrane complex which can be removed
from F, in soluble form. Isolated F, is an ATPase which is
composed of five different types of subunits in the stoichiometry
a3fB3yde [for reviews see Penefsky and Cross (1991) and Senior
(1988)]. Based onthe amino acid sequences of its constituent
subunits, the F;-ATPase from the thermophilic bacterium
Bacillus PS3 (TF;)! has a molecular weight of 385 000 (Ohta
et al., 1988).

The F;-ATPases contain six nucleotide binding sites. Three
of these are potential catalytic sites which appear to be present
entirely in 8 subunits. Three other nucleotide binding sites
are present which span « and 8 subunits (Penefsky & Cross,
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1991; Allison et al., 1992). Although it is clear that the
hydrolytic activities of CF, and MF,; are modulated by the
binding of nucleotides to the latter sites (Milgrom et al., 1990,
1991; Jault & Allison, 1993), the precise physiological function
of these sites has not been elucidated, and hence, they are
called noncatalytic nucleotide binding sites.

The TF;-ATPase responds differently to amphiphathic
cations which have been shown to be strong inhibitors of MF}.
For instance, rhodamine 6G causes mixed inhibition of MF,
with a Kj of about 2 uM (Bullough et al., 1989a). In contrast,
low concentrations of rhodamine 6G stimulate the ATPase
activity of TF; (Paik et al., 1993). Maximal stimulation is
observed at about 10 uM rhodamine 6G. As the dye
concentration is increased above 10 uM, activity decreases
with 50% inhibition occurring at about 200 uM rhodamine
6G. In the presence of the neutral detergent LDAQ, which
by itself activates TF; 4-fold, the ATPase activity no longer
responds biphasically to rhodamine 6G and only inhibition is
observed withan Iy sof about 75 uM. Identification of residues
modified when MF; is inactivated with quinacrine mustard
(Bullough et al, 1989b) or photoinactivated with dequalinium
[1,1’-(1,10-decanediyl)bis[4-aminoquinolinium]] (Zhuoetal.,
1993) indicates that the binding site for inhibitory amphipathic
cations in the mitrochondrial enzyme is at an interfacial region
near the C-termini of & and @ subunits. Inactivation of MF,
with quinacrine mustard is accompanied by labeling one or
any one of the carboxylic acid side chains in the DELSEED
segment of the 8 subunit (Bulloughetal., 1989b). Incontrast,
photoinactivation of MF; with dequalinium is accompanied
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by cross-linking Phe-403 or Phe-406 of the a subunit, which
are derivatized in mutually exclusive reactions, to a side chain
or side chains within residues 440—459 of the 8 subunit (Zhuo
et al., 1993).

Given the different responses of MF; and TF, torhodamine
6G (Paik et al., 1993) and chlorpromazine (Bullough et al.,
1985), it was of interest to explore the response of the ATPase
activity of TF; to dequalinium in the presence and absence
of LDAO under reversible conditions. When it was discovered
that TF; and MF, respond differently to dequalinium in the
absence of light, TF; was photoinactivated with [14C]-
dequalinium todetermineif the two ATPases contain common
or different binding sites for the inhibitory amphipathic cation.

MATERIALS AND METHODS

Materials. TF,waskindly supplied as a lyophilized powder
by Dr. Masasuke Yoshida, which was prepared after exhaustive
dialysis of the enzyme against distilled water (Yoshida et al.,
1975). The specific activity of the TF; used in this study was
9 units/mg when assayed as described below. [14C]Dequal-
inijum with a specific radioactivity of 3 cpm/pmol was
synthesized as described previously (Zhuo et al., 1993).
Enzymes and biochemicals used in assays and dequalinium
dichloride were purchased from Sigma. Cyanogen bromide
was obtained from Eastman Kodak. Trypsin treated with
TPCK was purchased from Worthington. LDAO (30%
aqueous solution) was purchased from Calbiochem. HPLC
solvents were obtained from Fisher. Reagents for gel
electrophoresis were purchased from Bio-Rad.

Analytical Methods. Protein concentration was determined
with bicinchoninic acid (Pierce) as described by Smith et al.
(1985). Liquid scintillation counting was performed with
Ecoscint from National Diagnostics and a Tm Analytic 6895
counter to detect 14C. Automatic Edman degradations were
performed with an Applied Biosystems 470 sequenator.
Peptide separations by HPLC were conducted with an Altex
Model 332 gradient liquid chromatograph equipped with an
LKB 2151 variable-wavelength detector and a Hewlett-
Packard integrating chart recorder. The HPLC columns used
were C, and phenyl reversed phase (Brownlee, 22 cm X 0.46
cm, 7 um particle size), SCX cation exchange (Rainin, 10 cm
X 0.78 cm, 5-12 um particle size), and TSK G2000sw gel
permeation (60 cm X 0.70 cm). Separation of cyanogen
bromide fragments by discontinuous polyacrylamide gel
electrophoresis in the presence of sodium dodecyl sulfate was
performed according to Schigger and Von Jagow (1987).

ATPaseactivity was determined spectrophotometrically by
coupling NADH oxidation with lactate dehydrogenase to
pyruvate released from the phosphoenolpyruvate/pyruvate
kinase system used to regenerate ATP (Pullman et al., 1960).
For assays at saturated ATP, reaction mixtures contained 2
mM ATP, 3 mM MgCl,, 30 mM KCl, 4 mM phospho-
enolpyruvate, 10 units/mL lactate dehydrogenase, and 20
units/mL pyruvate kinase in 50 mM Tris-H,SOy, pH 8.0. For
steady-state kinetic analyses at variable ATP concentrations,
MgCl; was 1 mM in excess of the ATP concentrations. To
observe an initial burst during hydrolysis of 50 uM ATP,
rates were recorded within 3-5 s of mixing with the aid of a
hand-held Bio-Vortexer mixer, Model 1083-MC (Biospec
Products). After 1020 uL of enzyme was loaded onto a
notch cut at the distal end of a 5- X 0.2-cm polypropylene
stirring rod mounted in the mixer, stirring was initiated as the
rod was immersed into the spectrophotometer cuvette. Stirring
was continued for about 2 s, at which time the cell compartment
of the spectrophotometer (Zeiss M4-QII) was closed and
recording was initiated.
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Scheme 1: Outline of the Procedure Used To Purify
Cyanogen Bromide-Tryptic Peptides Derived from TF,
Inactivated -with [!4C]Dequalinium in the Presence of LDAO.

Cyanogen Bromide Digest

TSK G2000sw

CB1 (51%) CB2
C4 column C4 column

Free [14C]Dequalinium

CB1-RP1 (27%) CB1-RP2 (18%)
Trypsin Trypsin
C4 column C4 column

CB1-RP1-T (52%) No Definitive Peak

CX-300 column

CB1.RP1.T-X (69%)
Phenyl column

CB1-RP1.T-X-Ph (80 %)
Phenyl column

CB1-RP1-T-X-Ph? (47%)

Photoinactivation of TF; with [!4ClDequalinium and
Generation of Labeled CNBr-Tryptic Fragments from In-
activated Enzyme. Photoinactivations were performed at 23
°C in a Rayonet RMR-400 photochemical reactor with a
lamp emitting maximally at 350 nm. The reaction mixtures
contained 1 mg/mL TF, in 50 mM sodium pyrophosphate,
pH 8.0, containing 3 mM MgSO,, 5 mM B-mercaptoethanol,
and 13 uM [“C]dequalinium. TF), 25 mg in the presence
and 15 mg in the absence of 0.03% LDAOQO, was irradiated
with ['“Cldequalinium ‘for 4 h to give 81% and 76%
inactivation, respectively. Solidammonium sulfate was added
to 75% saturation and the samples were then incubated at 4
°C for 30 min before the protein precipitates were collected
by centrifugation. The protein precipitates were dissolved in
2 mL of 6 M guanidinium chloride, pH 7.0, and incubated
at room temperature for 16 h. These solutions were dialyzed
against 1 L of deionized water at 23 °C for 1 h with one
change. This precipitated the protein, which was collected by
centrifugation. The denatured protein was dissolved in 2 mL
of 70% formic acid, and 30 mg of cyanogen bromide was
added/mg of protein present. The resulting solutions were
stirred continuously for 16 hat 23 °C. Each reaction mixture
was submitted to high-performance gel-permeation chroma-
tographyin 0.5-mL aliquots on a TSK G2000sw column which
was equilibrated and eluted with 30% formic acid at a flow
rate of 0.5 mL/min. This column separated peptide bound
radioactivity from free [!“C]dequalinium. The fractions
containing radioactive peptides resolved from all aliquots of
the reaction mixture were combined, concentrated under
vacuum in a SpeedVac, and submitted to the fractionation
procedure outlined in Scheme 1.

RESULTS

Effects of 0.03% LDAO on Reversible Inhibition of TF-
ATPase by Dequalinium. Figure 1 illustrates that TF,
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FIGURE 1: TF,; hydrolyzes ATP in three kinetic phases. The assay
mixtures contained 4 mM phosphoenolpyruvate, 30 mM KCJ, 0.4
mM NADH, 110 ug/mL lactate dehydrogenase, 210 ug/mL pyruvate
kinase, 50 uM ATP, and 1.05 mM MgCl, in 50 mM HEPES /KOH,
pH 8.0. The reactions were initiated with 10 or 20 uL of 1 mg/mL
TF, which was added with the aid of a hand-held mixer as described
under Materials and Methods.

hydrolyzes 50 uM ATP in three distinct kinetic phases. An
initial burst rapidly decelerates to a slow intermediate phase
which, in turn, gradually accelerates to the final rate. The
time required for the transition from the intermediate phase
to the final rate decreases as the substrate concentration
increases (data not shown). Since the initial burst lasts less
than 30 s and special mixing must be employed to observe this
phase, the remainder of the rate measurements described were
initiated 30 s after mixing and include only the intermediate
and final steady-state phases of ATP hydrolysis.

The neutral detergent LDAO stimulates the final steady-
state rate of hydrolysis of 2 mM ATP catalyzed by TF; (Paik
etal., 1993). Thiseffectsaturatesatabout0.1% LDAO where
4-fold stimulation is observed. This is illustrated in the inset
of Figure 2. The intermediate phase is nearly absent when
maximal stimulation by LDAO is observed (see Figure 4,
traces a and b). Dequalinium is a reversible inhibitor of TF,
in the dark. Figure 2 shows that 0.03% LDAO increases the
apparent affinity of TF, toreversible inhibition by dequalinium
when the final steady-state rate is monitored during hydrolysis
of 2 mM ATP. The Iys value for inhibition by dequalinium
is about 50 uM in the absence of the detergent, whereas it is
about 24 uM in the presence of the detergent. Toavoid possible
complications caused by detergent micelles, 0.03% LDAO
was used in the experiments described unless stated otherwise.
The critical micelle concentration of LDAO is about 0.05%
or 2.2 mM (Helenius et al., 1979).

Figure 3 illustrates that the lag associated with the
intermediate phase is extended considerably and the final
steady-state rate is inhibited when TF; hydrolyzes 200 uM
ATP in the presence of increasing concentrations of dequal-
inium. The effect of increasing concentrations of LDAO on
the hydrolysis of 50 uM ATP in the presence of a fixed
concentration of 18 uM dequalinium is illustrated in Figure
4, traces c-h. Under these conditions, LDAO shortens the
intermediate phase and accelerates the final steady-state rate.
However, the final steady-state rate, with respect to controls
not containing inhibitor, is inhibited to a greater extent by
dequalinium in the presence of LDAO. In the absence of
LDAO, the ratio of the final rate in trace ¢ of Figure 4 for
inhibited enzyme over that in trace a for uninhibited enzyme
is 0.90, whereas the ratio of the final rate in trace e for inhibited
enzyme over that in trace b for uninhibited enzyme, which
were obtained in the presence of 0.03% LDAO, is 0.32, This
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FIGURE 2: Reversible inhibition of TF, by increasing concentrations
of dequalinium in the presence and absence of 0.03% LDAO. The
final steady-state rates were determined as described under Materials
and Methods. The final steady-state rates at the dequalinium
concentrations indicated (¥) are plotted relative to the final steady-
state rates determined in the absence of dequalinium (V). Each
assay mixture contained 5 ug of TF,. The symbols represent (®)
minus LDAO and (A) plus LDAO. Inset: The effect of LDAO
concentration on stimulation of TF, in the absence of dequalinium
is illustrated.
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Ficure 3: Effect of increasing dequalinium concentration on the
transition of the intermediate to the final steady-state phase during
hydrolysis of 200 uM ATP by TF,. The assay medium was the same
as described under Materials and Methods except that 200 uM ATP
and 1.2 mM MgCl, were employed. The concentrations of dequal-
injum tested were as follows: trace a, none; trace b, 5.8 uM; trace
¢, 11.6 uM; trace d, 23.2 uM; trace e, 34.8 uM; trace f, 46.4 uM;
and trace g, 58 uM.

comparison alsoillustrates that LDAQ increases theapparent
affinity of TF, for dequalinium.

Dixon plots constructed from the initial rates of the
intermediate phase or the final steady-state rate at varying
dequalinium concentrations at a series of fixed ATP concen-
trations in the presence or absence of 0.03% LDAO showed
noncompetitive inhibition in each case. Theapparent K;values
obtained in the absence of LDAO were 6.5 uM and 45 uM,
respectively, for the initial rate of the intermediate phase and
the final steady-state rate. In the presence of 0.03% LDAO,
the apparent K; values were 3.7 uM and 14 uM, respectively,
for the initial rate of the intermediate phase and the final
steady-state rate. Replots of the slopes of the Dixon plots
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FIGURE 4: Effects of various LDAO concentrations on inhibition of
TF, (50 uM ATP) by 18 uM dequalinium. The assay medium was
the same as described under Materials and Methods except that 50
uM ATP and 1.05 mM MgCl, were employed. Each assay mixture
contained 18 uM dequalinium except for tracesa and b. The LDAO
concentrations were as follows: trace a, none; trace b, 0.2%; trace
¢, none; trace d, 0.01%; trace e, 0.03%; trace f, 0.05%; trace g, 0.1%;
and trace h, 0.2%.
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FIGURE 5: Replots of the slopes of Dixon plots of the initial rates
of the intermediate and final steady-state phases obtained at increasing
concentrations of dequalinium in the presence and absence of LDAO.
ATPase activities were determined in the presence of increasing
concentration of dequalinium at the fixed ATP concentrations of 50,
100, 200, and 500 uM in the presence and absence of 0.03% LDAO
asdescribed under Materialsand Methods. The MgCl, concentration
was 1 mM in excess of the ATP concentration. Dixon plots were
constructed from the initial rates of the intermediate phase and the
final steady-state rates in the absence of LDAO. The initial rates
of the intermediate phase were determined from 30 to 50 s after
initiating the assays. The final steady-state rates were measured
from 4 to 5 min after initiating the assays. The slopes of the lines
in the Dixon plots were replotted against the ATP concentration at
which they were obtained. Slope replots from initial rates of the
intermediate phase are represented by (W) in the presence and by
(A) in the absence of 0.03% LDAO. Slope replots from the final
steady-state rates are represented by (%) in the presence and by (a)
in the absence of 0.03% LDAO.

against the reciprocals of the ATP concentrations at which
they were determined areillustrated in Figure 5. Theapparent
K values obtained, which correspond to the initial rate of the
intermediate phase and the final steady-state rate in the
absence of LDAQ, are 770 uM and 144 uM, respectively. The
K, values determined from replots of data obtained for the
initial rate of the intermediate phase and the final steady-
state rate in the presence of LDAO are 308 uM and 163 uM,
respectively. From Lineweaver—Burk plots (data not shown)
constructed from rate measurements in the absence of LDAO
and dequalinium the following kinetic parameters were
obtained: Kmy = 124 uM, Ve = 22571 and Kyp = 657 uM,
Vmax2 = 62 s71. The values obtained for rate measurements
obtained in the presence of 0.2% LDAO but in the absence
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of dequalinium were Ky = 121 pM, Viaxy = 37 5715 and K,
= 255 uM, Viyara = 261 571,

Photoinactivation of TF; with Dequalinium. TF; is
photoinactivated by dequaliniumin a concentration-dependent
manner in the presence or absence of 0.03% LDAO. Double-
reciprical plots of the pseudo-first-order rate constants for
photoinactivation of enzyme against dequalinium concentra-
tion revealed an apparent K4 of 12.5 uM in the presence or
absence of 0.03% LDAO. Figure 6 illustrates the covalent
incorporation of 4C into TF, during photoinactivation with
{t4#C]dequalinium in the presence and absence of 0.03%
LDAO. In the absence of LDAO, incorporation of 14C was
linear at least to 80% inactivation, whereas in the presence of
LDAO, deviation from linearity is apparent at 60% inacti-
vation, indicating that the detergent exposes nonspecific
reaction sites for dequalinium as inactivation progresses. About
1.9 mol and 2.6 mol of [!4C]dequalinium are incorporated/
mol on 90% inactivation of TF; with [!“C]dequalinium in the
presence and absence of 0.03% LDAO, respectively.

Derivatization of Phe-38420 Accompanies Photoinactivation
of TF; with [14C)Dequalinium. Large-scale photoinactiva-
tions of TF; with [14C]dequalinium were performed in the
presence (25 mg) and absence (15 mg) of 0.03% LDAO.
Labeling and fractionation procedures for enzyme photoin-
activated in the presence or absence of LDAO were similar
and led to essentially the same results. Therefore, only the
scheme for isolating labeled peptide fragments following
inactivation of the enzyme with ['“Cldequalinium in the
presence of 0.03% LDAO will be outlined. Following 81%
photoinactivation of 25 mg of TF, with 13 uM [!4C]-
dequalinium and removal of most of the free [14C]dequalinium,
labeled protein was digested with cyanogen bromide as
described under Materials and Methods. The resulting digest
was submitted to gel-permeation chromatography on a TSK
G2000sw column, which removed residual, free [“C]dequal-
inium from labeled peptides. After removal of free [14C]-
dequalinium, it was estimated that 1.9 mol of reagent was
incorporated when the enzyme was photoinactivated by 81%.
The pooled fractions containing radioactive cyanogen bromide
peptides, designated CB; in Scheme I, were submitted to
reversed-phase HPLC on a C4 column which resolved a major
radioactive peak, CB;-RP;, containing 27% of the radioactivity
applied to the column and a minor fraction, CB;-RP3,
containing 18% of the applied radioactivity. After concen-
tration, the materials in the radioactive peaks were digested
with trypsin and resubmitted to reversed-phase HPLC on the
Cycolumn. Whereas 52% of the radioactivity was recovered
in a single peak (CB,-RP)-T) when the tryptic digest of CB;-
RP; was chromatographed, a definitive radioactive peak was
not found in the effluent when CB;-RP; was chromatographed.
When CB;-RP;-T obtained from the second C, step was
chromatographed on a SCX-300 cation-exchange column, a
single radioactive peak eluted that accounted for 69% of the
radioactivity applied, designated CB;-RP;-T-X in Scheme I.
This material was concentrated and submitted to two con-
secutive HPLC steps on a phenyl column. A steep linear
gradient of acetonitrile was used to elute the first column,
whereas a series of isocratic steps with small increasing
increments of acetonitrile was used to elute the second phenyl
column. Comparison of profiles of radioactivity and optical
density at 220 nm of the effluents of the second phenyl column
indicated that the single radioactive peak, designated CB;-
RP,;-T-X-Ph; in Scheme I, was of sufficient purity for amino
acid sequence analysis. Based on peptide-bound radioactivity
after the TSK G2000 gel-permeation step, the radioactivity
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FIGURE 6: Incorporation of “C during photoinactivation of TF, by ['*C]dequalinium in the presence (A) and absence (B) of 0.03% LDAO.
Photoinactivation was carried out in a Rayonet photochemical reactor at 350 nm with 2.6 uM TF, and 13 uM ['“C]dequalinium in 50 mM
sodium pyrophosphate, pH 8.0, containing 3 mM MgSO, and 5 mM @-mercaptoethanol added as a radical trap. At intervals after initiating
irradiation, 10-uL samples were assayed and 100-uL samples were withdrawn and passed through two consecutive centrifuge columns of
Sephadex G-50 (Penefsky, 1977) that were equilibrated with the same buffer. Aliquots of the second eluates were submitted to liquid
scintillation counting and protein determination with bicinchoninic acid (Smith et al., 1985). The panels represent (A) photoinactivation in
the absence of LDAO and (B) photoinactivation in the presence of LDAO.

Table 1: Edman Degradations of Radioactive CNBr-Tryptic
Peptides Isolated after Inactivating TF! with [!4C]Dequalinium +
LDAO#

plus LDAO
sequence 1 sequence 2 LDAO absent
cycle residue pmol residue pmol  residue  pmol
1 R 8 I 25 I 26
2 I 25 Q 20 Q 18
3 Q 23 F 19 F 7.4
4 F (38)? F (38)% F 12
5 F 21 L 21 L 35
6 L 20 S 14 S 1.2
7 S 13 Q 13 Q 1.8
8 Q 13 N 10 N 1.8
9 N 11 F 8.0 F 1.2
10 F 9.4 H 6.5 H 1.0
11 H 8.0 v 4.7 \ 0.9
12 v 6.3 A 53 A 0.6
13 A 6.8 E 4.6 E 0.6
14 E 6.0 Q 3.5 Q 0.5
15 Q 4.5 - -
16 - - T 0.9
17 T 1.0 G 2.5
18 G 2.5 Q 1.8
19 Q 1.8 P 1.1
20 P 1.2 G 1.9
21 G 22 S 1.0
22 S 11 Y 0.4
23 Y 0.4 A 0.5

@ Sequence according to Ohta et al. (1988) is R-I-Q-F-F-L-S-Q-N-
F-H-V-A-E-Q-F*-T-G-Q-P-G-S-Y. ? This valuerepresents the total Pth-
phenylalanine determined in this cycle.

recovered with peptide CB;-RP;-T-X-Ph; represented 3.6%
of the total incorporated during photoinactivation.

Table 1 shows the results of partial amino acid sequence
analyses of the radioactive material in CB;-RP;-T-X-Ph; and
the corresponding material obtained after fractionating
cyanogen bromide—tryptic digests of TF; photoinactivated with
[14C)dequalinium in the absence of LDAO. Automatic
sequence analysis of the material in CB;-RP;-T-X-Ph, gave
a mixed sequence reflecting incomplete tryptic cleavage
between Arg-405 and Ile-406 of the 8 subunit owing to the

consecutive arginine residues at positions 405 and 406. Inthe
cycle corresponding to Phe-420 of the § subunit of TF, for
both sequences, no Pth-Phe was found, indicating that this is
the derivatized residue. Theradioactive CNBr-tryptic peptide
isolated from TF photoinactivated with [!“C]dequalinium in
the absence of LDAO was recovered in 8.4% yield. When
this was submitted to 14 cycles of automatic Edman degra-
dation, a single sequence was revealed corresponding to
residues 406—419 of the 8 subunit.

The specificity of labeling was monitored by examining
large radioactive fragments in a cyanogen bromide digest of
MF, photoinactivated with [!4C]dequalinium. To this end,
50 ug (1000 cpm of 14C) of a cyanogen bromide digest of TF,
which was photoinactivated with [4C]dequalinium in the
absence of LDAO was submitted to SDS—-PAGE according
to the procedure of Schidgger and von Jagow (1987). After
electrophoresis, the lane in which the labeled peptide mixture
migrated was cut into slices. Figure 7 shows the profile of
radioactivity obtained when the slices were digested and
submitted to liquid scintillation counting. The major band of
radioactivity, which accounted for 28% of the radioactivity
applied to the gel, migrated with an M, of 8.9. The molecular
mass calculated for residues 390-469 of the 8 subunit of TF,
the cyanogen bromide peptide containing Phe-8420, is 9.0
kDa.

The cyanogen bromide digest submitted to SDS-PAGE
was prepared from enzyme which had been inactivated by
73% with [!4C]dequalinium. Following removal of excess
reagent using two centrifuge columns of Sephadex G-50,
precipitation with ammonium sulfate, denaturation with
guanidium chloride, and dialysis against distilled water, it
was estimated that inactivation was accompanied by incor-
poration of 2.8 mol of [14C]dequalinium/mol of enzyme.
However, when cyanogen bromide digests prepared from TF,
which was treated similarly prior to digestion were fractionated
by gel-permeation HPLC, considerable free [14C]dequalinium
was found in the digests as shown in Scheme 1. Therefore,
part of the !“C in the cyanogen bromide digest that was
submitted to SDS-PAGE probably was present as free [14C]-
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FiGurRe 7: Radioactive peptides resolved from a CNBr digest of TF,
after inactivation with ['*C]dequalinium by SDS-PAGE. After
inactivation of 3 mg of TF, by 73% with 13 uM ["*C]dequalinium
in the absence of LDAO under the conditions described for a large-
scale preparation in Materials and Methods, excess [*C]dequalinium
was removed by passing the reaction mixture through two consecutive
5-mL centrifuge columns of Sephadex G-50. Solidammoniumsulfate
was added to the second eluate to 75% saturation. The resulting
protein precipitate was removed by centrifugation and was dissolved
in 1 mL of 6 M guanidinium chloride, pH 4.0. The resulting solution
was dialyzed against 1 L of distilled water and the resulting protein
precipitate was removed by centrifugation. After the precipitate
was dissolved in 70% formic acid, 150 mg of CNBr was added. The
reaction mixture was stirred for 16 h at room temperature, at which
time excess reagents were removed by lyophilization. The freeze-
dried digest was dissolved in 250 uL of 50 mM Tris-HCI containing
12% glycerol (w/v), 4% SDS, and 2% p-mercaptoethanol. A
photograph of the gel stained with Coomassic blue is also shown. The
masses on the top abscissa represent the positions of migration of
markers of known M, (myoglobin and myoglobin fragments; Sigma
MW-SDS-17S) run in a parallel lane.

dequalinium. It is clear from Figure 7 that other large
cyanogen bromide peptides are also tagged to a minor extent,
probably by nonspecific reaction with the photoactive reagent.
In any event, the amount of '*C recovered in the major band
of radioactivity illustrated in Figure 7 indicates that on 73%
photoinactivation of the enzyme, 0.71 mol of ['*C]dequalinium
is incorporated onto a specific peptide. Considering these
results with the sequences of the isolated, labeled tryptic—
cyanogen bromide fragments shown in Table 1 suggests that
photoinactivation of the enzyme is associated with derivati-
zation of Phe-420 in a single copy of the 8 subunit.

DISCUSSION

The kinetic properties of TF, resemble those of nucleotide-
depleted MF, in that it hydrolyzes low concentrations of ATP
in three kinetic phases and that it displays apparent negative
cooperativity when hydrolyzing 30 uM-2 mM ATP. It has
been shown that apparent negative cooperativity exhibited
when nucleotide-depleted MF, hydrolyzes ATP is associated
withslow binding of ATP to noncatalyticsites which promotes
dissociation of inhibitory MgADP from a catalytic site (Jault
& Allison, 1993). This effect is responsible for an apparent
Ky of 440 uM which represents binding of promoter ATP to
noncatalytic sites of MF, and for the lag associated with the
intermediate phase observed during hydrolysis of low con-
centrations of ATP. The two apparent K, values obtained
in this study for TF, from Dixon plots of the initial rate of
the intermediate phase (770 uM) and the final steady-state
rate (144 uM) in the absence of LDAO are similar to the two
K values of 124 uM and 657 uM which were obtained from
Lineweaver—Burk plots constructed from rate measurements
performed in the absence of LDAQO. The latter kinetic
parameters are similar to the two Ky, values of 150 uM and
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about 1 mM reported earlier for TF; by Aloise et al. (1991),
which also were obtained from Lineweaver-Burk plots of
kinetic data generated in the absence of activators or inhibitors.
That the higher apparent K, value of about 700 xM observed
when TF, hydrolyzes ATPin the absence of LDAO represents
binding of ATP to noncatalytic sites is consistent with the
kinetic properties of the a333y complex containing the Dyg N
mutant of the « subunit, which has diminished capacity to
bind MgADP (Yohda et al., 1988). Whereas a Lineweaver—
Burk plot for ATP hydrolysis catalyzed by the a383;y complex
containing wild-type « subunit displayed two K, values of
about 20 uM and 1 mM, the complex containing mutant
subunit displayed only a single K, of about 40 uM.

The observation that LDAO severely diminishes the length
of the intermediate phase of ATP hydrolysis by TF, and lowers
the apparent K, associated with this phase obtained from
Dixon plots suggests that the detergent either increases the
affinity of noncatalytic sites for ATP or decreases the affinity
of the affected catalytic site for inhibitory MgADP. De-
qualinium extends the intermediate phase without affecting
the apparent Ky, of about 700 M associated with binding of
promoter ATP to noncatalytic sites. This suggests that it
might decrease the rate of dissociation of inhibitory MgADP
from a catalytic site, either by slowing the response of the
affected catalytic site to the binding of ATP to noncatalytic
sites or by directly increasing the affinity of the catalytic site
forMgADP. Although LDAOand dequalinium have opposite
effects on ATPase activity, LDAO increases the affinity of
TF, for dequalinium. This is reminiscent of the previously
reported observation that low concentrations of rhodamine
6G stimulate TF, in the absence of LDAO, whereas they
inhibit in the presence of the detergent (Paik et al, 1993).

The interactions of TF; and MF, with dequalinium differ
considerably. Photoinactivation of MF, with dequalinium
cross-links either Phe-403 or Phe-406 of the a subunit, which
are derivatized mutually exclusively to a site within residues
440-459 of the 8 subunit (Zhuo et al., 1993). In contrast,
photoinactivation of TF; by dequalinium is accompanied by
derivatization of Phe-420 of the 8 subunit. Since the segment
containing residues 440-459 of the @ subunit of MF,
correspond to that containing residues 436—455 of the 3 subunit
of TF}, Phe-8420 of TF, is considerably removed, at least in
the primary structure, from the site in the 8 subunit of MF,
that is derivatized with dequalinium. The position corre-
sponding to Phe-pB420 of TF, is occupied by phenylalanine in
all 8 subunits which have been sequenced to date. Table 2
illustrates that the region surrounding Phe-3420 of TF, is
highly conserved. The positions of several amino acid
substitutions in the corresponding region of the 8 subunit of
Escherichia coli Fy which affect the activity of the enzyme
are indicated in Table 2. It is of particular interest that His-
427 of MF; is four residues removed from the conserved
phenylalanine corresponding to Phe-8420 of TF,. Inactivation
of MF,; by FSBA or 8-N3;-FSBA is accompanied by mutually
exclusive modification of His-3427 or Tyr-3368, suggesting
that both side chains are in the vicinity of the adenine moiety
of nucleotides bound to noncatalyticsites (Bullough & Allison,
1986a; Zhuo et al., 1992). Derivatization of His-3427 of
MF, with 8-N3-FSBA followed by irradiation cross-links the
sulfonylated imidazole side chain of His-427 to Tyr-3345
within the same @ subunit. Since Tyr-#345 interacts with the
adenine moiety of nucleotides bound to catalytic sites (Garin
et al., 1986; Bullough & Allison, 1986b; Cross et al., 1987;
Weber et al., 1992), the cross-linking observed suggests that
the adenine moieties of nucleotides bound at a catalytic site
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Table 2: Sequence Homologies around Phe-8420 of TF;

TFy..... 406 IQFFL SQNFHVAEQI§= TGQPGSYVPV 43 o
EcFi....... IQITIFIY SQPFEVAEVE TGSPGKYVSL
MFy........ IQRFL SQPFQVAEVF TGEILGKLVPL
CFy..vvnnn. IERFL SQPFFVAEVF TGSPGKYVGL

§ Modified by [!“C]dequalinium in TF;. ¥ The RagsH mutant of EcF,
is less sensitive to aurovertin (Lee et al., 1989). ¥ A second-site revertant
with the L4goQ substitution increases the growth yield of an E. coli strain
with the S,74F mutation (Miki et al., 1990). * The double mutant of
EcFy; P4g3S, GasD; has impaired activity (Kironde et al., 1989).
t Modification of noncatalytic sites in MF, by FSBA or 8-N3-FSBA is
accompanied by mutually exclusive modification of Hyz7 and Yies
(Bullough & Allison, 1986a; Zhuo et al., 1993).

and a noncatalytic site within an interacting a/8 pair are
within 7-9 A of each other (Zhuo et al., 1992). If this is
indeed the case, Phe-8420 of TF; would be near this interaction
site, thus supporting the postulate raised earlier from the kinetic
analysis that dequalinium inhibits TF; by interfering with
noncatalytic—catalytic site interactions. The kinetic charac-
teristics of reversible inhibition of the two ATPases by
dequalinium aisodiffer. Dequaliniuminhibits the final steady-
state rate during hydrolysis of 50 uM ATP by MF,; without
producing a disproportionate extension of the intermediate
phase (data not shown).

Differences in the subunit compositions of TF; and MF,
may underlie the different responses of the two ATPases to
dequalinium and other amphipathic cations. The ¢ and ¢
subunits of TF, are similar in sequence to the corresponding
subunits in E. coli F; (Ohta et al., 1988). The ¢ subunit of
E. coli F, is structurally equivalent to the & subunit of MF,
(Walker et al., 1982), whereas the & subunit of E. coli F; is
equivalent to the oligomycin sensitivity conferring protein
(OSCP), which is a component of mitochondrial F, (Ovchin-
nikov et al., 1984). The ¢ subunit of MF,; is unique to
mitochondrial Fi-ATPases (Walker et al., 1985). A three-
dimensional structure of MF, based on X-ray crystallographic
analysis of 6.5-A resolution has recently been reported by
Abrahamsetal. (1993). Featuresofthe deduced asymmetric
structure which are particularly pertinent to this discussion
are the following. A 40-A stem made up of two « helices in
a coiled coil extends into a globular sphere which is 110 A in
diameter. A pit, 35 A deep, is present in the globular portion
of the complex next to the stem. Abrahams et al. (1993)
postulate that the stem is composed of helical segments of the
v and & subunits of MF; and that the pit might be occupied
by either OSCP or the b subunit of F, in the intact, membrane-
bound ATP synthase. If the pit in the structure deduced for
MF, does, indeed, represent the binding site for OSCP and
TF, is structurally homologous with MF, the stem in TF,
would be composed of the v and e subunits and the site in TF,
corresponding to the pit would be filled with the é subunit. If
this were the case, the different interactions of dequalinium
with TF; and MF; could be reconciled by proposing that the
binding site for dequalinium in MF; is in the pit, whereas the
binding site for this inhibitor is elsewhere in TF;.

Comparison of the effects of LDAO on TF, and E. coli F,
deserves comment. Ladtscher et al. (1984) originally observed
that LDAO stimulates the ATPase activity of E. coli F,. From

2 Personal communication from N. Tanaka, S. Matsui,and M. Yoshida,
Tokyo Institute of Technology.
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the observation that cross-linking of the e subunit to the 8
subunit by a water-soluble carbodiimide did not occur in the
presence of LDAO, Lotscher et al. (1984) suggested that
activation was caused by release of inhibitory ¢ subunit.
Subsequently, Bragg and Hou (1984) showed that e can be
cross-linked to 8 in the presence of LDAOQ provided that ATP
and Mg?* are present. More recently, Dunn et al. (1990)
reported that E. coli F; depleted of the e subunit is stimulated
by 140% in the presence of LDAO and concluded that factors
in addition to decreasing the affinity of the ¢ subunit are
associated with activation of the enzyme by the detergent.
Members of the laboratory of Dr. Masasuke Yoshida? have
recently found that the e subunit suppresses the ATPase activity
of a3Byy complex assembled from the subunits of TF; by
40%. The effects of LDAO on the activity of the a383y
complex have yet to be examined.

The results presented here show that LDAO lowers the
apparent Ky, value of about 700 uM which is associated with
the binding of ATP to noncatalytic sites. In contrast, Dunn
et al. (1990) reported that very little difference in Ky, values
were detected on Eadie-Hofstee plots when the steady-state
kinetics of E. coli Fy were compared in the presence and absence
of 0.1% LDAO. However, in making these comparisons, it
must be kept in mind that isolated E. coli F; usually contains
4-5 mol of endogenous adenine nucleotide/mol (Issartel et
al., 1986; Hanada et al., 1989), whereas isolated TF, contains
none. Therefore,inorder to makean appropriate comparison,
the effects of LDAO on the steady-state kinetics of E. coli F,
depleted of endogenous nucleotides should be examined.
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