THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 283, NO. 36, pp. 24594 -24599, September 5, 2008
© 2008 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Molecular Processes of Inhibition and Stimulation of ATP
Synthase Caused by the Phytotoxin Tentoxin™

Received for publication, April 3, 2008, and in revised form, June 6, 2008 Published, JBC Papers in Press, June 25, 2008, DOI 10.1074/jbc.M802574200
Erik Meiss*®, Hiroki Konno*, Georg Groth®, and Toru Hisabori*'

From the *Chemical Resources Laboratory, Tokyo Institute of Technology, Nagatsuta 4259-R1-8, Midori-Ku,
Yokohama 226-8503, Japan and the Sinstitut fiir Biochemie der Pflanzen, Heinrich-Heine-Universitdt Diisseldorf,

Universitdtsstrasse 1, 40225 Diisseldorf, Germany

F,-ATPase is the smallest mechanical motor known. Ten-
toxin, a cyclic peptide produced by phytopathogenic fungi, inac-
tivates the F; motor in sensitive plants at nanomolar to micro-
molar concentrations, whereas higher concentrations surpass
the natural activity of the enzyme. Single molecule studies now
have clarified the molecular steps involved in both processes.
Inactivation delays the dwell time of a single step in the com-
plete 360° turn and results in an asymmetric rotation of the cen-
tral rotor subunit. In contrast, rotation in the stimulated F, par-
ticle is smooth and accompanied by strongly reduced ADP
inhibition. Our study provides for the first time the direct obser-
vation of a noncompetitively inhibited state of the enzyme and
directly visualizes the regulation of the molecular motor by an
external natural compound. In addition, the ADP release step
during catalysis was revealed by analysis of the single molecule
rotation behavior. Hence, tentoxin is a sophisticated molecular
tool to mark and control certain catalytic steps within the reac-
tion pathway of the molecular F, motor.

The catalytic moiety of the ATP synthase (F,)* works like a
molecular motor, and ATPase activity is coupled to rotation of
the central y subunit in the catalytic o35 core (1, 2). Rotation
catalysis of F,-ATP synthase was first suggested by P. D. Boyer
in his “binding-change mechanism” concept (3), and was
strengthened by the x-ray crystal structure of mitochondrial F,
(4). Direct observation of the vy rotation in single F, particles
revealed the orientation of the central y subunit in relation to
the ambient three B subunits, which are taking different indi-
vidual conformations at a given time during catalysis (1). The
rotation was found to proceed in 120° steps, each driven by the
consumption of one ATP molecule (5). The individual steps
could be further divided into 80° and 40° substeps that are
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related to ATP binding/ADP release and phosphate release,
respectively (6).

Tentoxin, a phytotoxin produced by fungi of the Alternaria
species, blocks ATP hydrolysis in certain chloroplast F; (CF,)
(7-10) and causes chlorosis of the sensitive plants. The ten-
toxin-binding site is located at the contact surface between an «
and a 3 subunit close to the N-terminal B-barrel structure on
the a5 hexagon. The crystal structure of spinach chloroplast
F, complexed with tentoxin showed that the catalytic site on
the afB pair with bound toxin is in a closed conformation (11).
Thus, it was deduced that tentoxin inhibits the activity of the
enzyme by blocking the conformational shifts at the catalytic
sites. However, which of the catalytic processes is affected could
not be determined in detail so far. The stimulatory effect of
tentoxin is even less understood on the molecular level,
although it is accepted that binding of a second or maybe third
toxin molecule induces the stimulation (9, 10). Previous single
molecule experiments using genetically engineered F, from
thermophilic Bacillus PS3 (TF,) suggest that the high stimula-
tory concentrations of the toxin correlate with a reduced inhi-
bition of the enzyme by ADP (12). However, the mutant TF,
showed only a partial relief from tentoxin inhibition even at
high toxin concentrations (13).

To clarify both the inhibitory and stimulatory effects of ten-
toxin on the single molecule level, we adopted the F; of the
cyanobacterium Thermosynechococcus elongatus BP-1 (14),
which is inhibited at 5-10 uMm tentoxin and substantially stim-
ulated above 100 uM (see Fig. 1). The magnitude of inhibition
and stimulation agrees well with data obtained for spinach
chloroplast F; (15) but showed a higher K; (0.8 = 0.5 um) as
reported for other cyanobacterial F; complexes (16). The
observed difference in the inhibition constant might be attrib-
uted to a Ser-Ala substitution in the tentoxin-binding site of the
cyanobacterial enzymes, so that the hydrogen bonding with 3
D83 weakens the tentoxin-enzyme interaction (8, 11).

By using the cyanobacterial F; subcomplex, we studied the
inhibition and stimulation modes of F; by tentoxin at the single
molecule level and successfully clarified the molecular steps
involved in both processes. Inhibiting concentrations of ten-
toxin affect the ADP release step at the catalytic sites, whereas
rotation of the y subunit was smooth in stimulated F, particles
because of a reduced ADP inhibition state, but nevertheless
showed a slightly decreased rotating speed compared with the
noninhibited enzyme. Thus the phytotoxin tentoxin is certainly
avaluable tool to study catalytic steps within the reaction path-
way of the molecular F, motor.
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FIGURE 1. Steady state ATP hydrolysis activity of the biotinylated
3B3Vcys125/222 COMplexin the presence of tentoxin. ATP hydrolysis activ-
ity was measured with an ATP-regenerating system coupled to the oxidation
of NADH. The samples were preincubated with the indicated toxin concen-
trations at 22 °C for at least 30 min, and tentoxin was also included in the
reaction buffer. The reaction was measured at 25 °C for 5 min in the presence
of 2 mm ATP and calculated relatively to the conditions without tentoxin
(2.6 = 0.2 umol of P, released per mg of protein/min), which was set as 100%.
Black circles indicate the toxin concentrations used in our single molecule
experiments. The curve shown in the figure was obtained by the least square
analysis of the data using an equation proposed by Santolini et al. for the
analysis of tentoxin binding (Equations 6 -8 in Ref. 10). From this analysis, an
apparent dissociation constant of 1.08 um was obtained for tentoxin inhibi-
tion and of 565 um for tentoxin stimulation.
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EXPERIMENTAL PROCEDURES

Materials—Biotin-PEAC,-maleimide was purchased from
Dojindo (Kumamoto, Japan). Tentoxin, ATP, phosphoenol-
pyruvate, and bovine serum albumin were obtained from
Sigma. Pyruvate kinase, lactate dehydrogenase, and NADH
were purchased from Roche Diagnostics. Other chemicals were
of the highest grade commercially available.

Expression Plasmid—Expression plasmid for the o; 85y com-
plex of T. elongates BP-1 was constructed as described (14). For
selective labeling of the vy subunit, suitable for single molecule
experiments, all natural cysteine residues were substituted by
serine using the Mega-primer method (17). Two additional cys-
teines were introduced in position 125 and 222. Substitution of
A125C was done using the following mutation primer, 5'-GGG-
ATAGTCACGGCGCTGGAAATATTGGCATGCCTTGCG-
ACCC-3', and Val-222 was changed to Cys by applying muta-
tion primer 5'-CATTTGGAAGTCAACCGCGAGAAAACC-
TCGACGCTGCCCGCTCTGC-3'. The plasmid was named
pTR19FWR and was used for the expression of a3 83Ycys125/220-

Protein Preparation—Expression, purification, and labeling
of @3B5Ycys125/200 With biotin-PEAC;-maleimide were done as
described before (14) and confirmed by PAGE in the presence
of 0.1% (w/v) SDS (SDS-PAGE) and following immunoblot
analysis (supplemental Fig. S5).

ATPase Activity Measurement—ATPase activity was moni-
tored in the presence of an ATP-regenerating system (18) in 50
mm HEPES-KOH, pH 8.0, 100 mm KCl, 2 mm MgCl,, 2 mMm
ATP, 50 ug/ml pyruvate kinase, 50 ug/ml lactate dehydrogen-
ase, 2 mMm phosphoenolpyruvate, and 0.2 mm NADH. The assay
was carried out at 25 °C. The rate of ATP hydrolysis was deter-
mined by monitoring the decrease in NADH absorption at 340
nm after addition of purified a;B;Ycys125/20> Using a spectro-
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photometer V-550 (Jasco, Tokyo, Japan). When the substrate
ATP+S (5 mMm) was used or in measurements in the presence of
ADP (5 mwm), the activity was monitored as the liberation of
phosphate determined by a colorimetric method (19). Preincu-
bation of the enzyme with tentoxin was performed for 30 min in
50 mm HEPES-KOH, pH 8.0, 100 mm KCl, 2 mm MgCl, with the
indicated toxin concentrations.

Rotation Assay—Rotation assays were done as described (14)
with minor adjustments. Biotinylated complexes (10 ul) in 50
mM HEPES-KOH, pH 8.0, 100 mm KCI, and 1% (w/v) bovine
serum albumin were infused into a flow chamber and were
incubated for 2 min at room temperature. The flow chamber
was then washed with 50 ul of 50 mm HEPES-KOH, pH 8.0, 100
mM KCl to remove unattached complexes. Streptavidin-coated
beads (100, 210, or 340 nm diameter) in 50 mMm HEPES-KOH,
pH 8.0, 100 mm KCl, and 1% (w/v) bovine serum albumin were
infused into the flow chamber and were incubated for 15 min.
Rotation was initiated by addition of 80 ul of assay buffer (50
mm HEPES-KOH, pH 8.0, 100 mm KCI, 0.8 mm MgCl,, 0.25 or
20 uMm ATP, 100 ug/ml pyruvate kinase, and 2 mm phos-
phoenolpyruvate) after washing the flow chamber with 50 ul of
50 mm HEPES-KOH, pH 8.0, and 100 mMm KCl. In experiments
with tentoxin, the indicated concentration of the toxin was
included in the assay buffer. Rotation of the duplex beads
attached on the y subunit was monitored with a conventional
optical microscope type IX 71 (Olympus, Tokyo, Japan) with a
100X objective lens. Images were recorded with a digital video
recorder. For fast recording we used a dark-field microscope
(IX 71, Olympus) equipped with a mercury lamp and a high
speed camera (Hi-Dcamll, NAC Image Technology, Tokyo) at
2,000 frames/s. Recorded images were analyzed by custom soft-
ware as described (20).

RESULTS AND DISCUSSION

Low Concentrations of Tentoxin Inhibit the ADP Release
Step—For our single molecule experiments, we attached
streptavidin-coated polystyrene beads (diameter ~210 nm) via
the biotinylated vy subunit to the a;3;y complex and observed
the ATP-driven rotation of the y subunit at 250 nm ATP using
a phase contrast microscope. Rotation was stepwise, and three
stop positions could be clearly distinguished (Fig. 24 and sup-
plemental movies 1 and 3). These positions were separated by
120° and correspond to the positions where the enzyme waits
for the substrate ATP (20 —22). The influence of tentoxin on the
rotation pattern was studied in buffer exchange experiments. A
rotating particle was then observed twice for an interval of 5
min before and after tentoxin addition to examine the influence
of the toxin. Exchange of the buffer solution on its own did not
alter the rotation pattern (supplemental Fig. S1). In contrast,
rotation of y became asymmetric, and one dwell time in a com-
plete 360° turn became substantially delayed (Fig. 2A and sup-
plemental movies 2 and 4) when inhibitory concentrations of
tentoxin (10 um) were supplied. This is in contrast to rotation
experiments performed with the engineered TF,, which related
tentoxin inhibition to a complete stop of the vy rotation (12).
Rotation of the cyanobacterial enzyme continued after infusion
of inhibitory concentrations of tentoxin, but the rotation speed
significantly decreased (31.8 = 7.9% compared with the enzyme

JOURNAL OF BIOLOGICAL CHEMISTRY 24595


http://www.jbc.org/cgi/content/full/M802574200/DC1
http://www.jbc.org/cgi/content/full/M802574200/DC1
http://www.jbc.org/cgi/content/full/M802574200/DC1
http://www.jbc.org/cgi/content/full/M802574200/DC1
http://www.jbc.org/cgi/content/full/M802574200/DC1
http://www.jbc.org/cgi/content/full/M802574200/DC1

Inhibition and Stimulation of CF, by Tentoxin

—Tentox[@ [

+Tentoxin

Revolutions

Inhibition

0 T . . . : :
0 10 0 20 40 60
Time (s)

120

120

120

50

Events

s
(=]
=]

0 120
Angle (°)

240
Dwell time (s)

FIGURE 2. Rotation under inhibitory concentrations of tentoxin. A, particles (diameter 210 nm) were
observed at 250 nm ATP for 5 min. After solution exchange with buffer containing 10 um tentoxin, the same
particles were observed for a further 5 min. Insets show the trace of the bead centroid before (black dots) and
after tentoxin infusion (red dots). Under inhibitory conditions, revolution was asymmetric with one long pause
(black arrows) and two short pauses (blue arrowheads) per 360° turn. B, angle distribution of one rotating
particle at 250 nm ATP before (black bars) and after (red bars) tentoxin infusion was analyzed. Change or shift of
positions was as follows: —1.6 = 10.7° at 0° (set arbitrarily for the most inhibited position), —0.6 = 12.8°at 120°,
and 0.5 = 11.3°at 240°. C, dwell times at 0, 120, and 240° before (black bars) and after (red bars) tentoxin infusion
are plotted and analyzed. Total number of pauses were 736 for 0°, 629 for 120°, and 603 for 240° before solution
exchange and 342 for 0°, 219 for 120°, and 215 for 240° after solution exchange (data from nine particles were
aligned at the most inhibited position, which was set as 0°). All dwell time distributions could be fitted with a
single exponential decay, besides the 0° position after tentoxin infusion, which shows a double exponential
decay with R = 0.81 (dashed line represent a single exponential decay with R = 0.78).

constant for binding was 52 s,
whereas the time constant for disso-
ciation was 714 s. The resulting
kinetic constants were k,, = 1.9 X
10° M ' s and k= 1.4 X 1073
s ! The k,,, was 1 order of magni-
tude slower compared with those of
the spinach CF,, whereas kg was
faster than that for CF, (10). Never-
theless, binding was fast enough to
proceed during rotation experi-
ments, and dissociation was too
slow to explain the suppressed rota-
tion. Moreover, 9 of 14 particles
stopped at the same mostly inhib-
ited site, and four changed their
position once during the observa-
tion interval (300 s). One particle
showed two equal inhibited posi-
tions and was not included for fur-
ther analysis. The three resting posi-
tions observed during tentoxin
inhibition matched well with the
ATP waiting positions assigned
before buffer exchange (Fig. 2, A,
insets, and B). For calculation of
angle differences, data of 13 inde-
pendent particle observations were
merged and aligned at the most
inhibited position. No significant
change or shift was detected for all
three positions as follows: —1.6 =
10.7° at 0° (set arbitrarily for the
most inhibited position), —0.6 *=
12.8°at 120°, and 0.5 = 11.3° at 240°
(Fig. 2B). In the most recent model
of F, rotation (6), ATP binding and
ADP release are the events that take
place at these positions. Our precise
determination of the resting posi-
tions eliminated the possibility that
other catalytic processes such as
ATP hydrolysis or phosphate
release are affected by tentoxin.
Bulk phase activity measurements
of F, using the slowly hydrolyzable
ATP analogue, ATP~S, were per-
formed to confirm this conclusion.
Under these conditions ATPvyS
hydrolysis was the rate-limiting
step, and no inhibitory (108.3 =*

without tentoxin). Bulk ATPase activity measurements showed
almost the same decrease in activity (32.6 = 2.6%) at this ten-
toxin concentration. To answer the question whether a fast
dissociation and rebinding of the inhibitor could be in charge of
the partial inactivation, we determined the kinetic properties
for the first tentoxin-binding site in bulk ATPase activity meas-
urements (supplemental Fig. S2). At 10 uM tentoxin, the time
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23.3% activity) or stimulatory (111.1 = 15.0%) effect of tentoxin
could be detected when 10 uM tentoxin for inhibition or 1 mm
for stimulation were supplied. Furthermore, detailed analysis of
the rotation speed of y between dwell periods at 20 um ATP
showed that torque generation is not affected by tentoxin (sup-
plemental Fig. S3). To further specify which catalytic process is
affected by the toxin, we determined the K, value for ATP in
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FIGURE 3. Rotation under stimulatory concentrations of tentoxin. A, close-up views of rotation observed at
20 um ATP before (left part) and after buffer exchange with 1 mm tentoxin (right part) are indicated. Insets show
the trace of the beads centroid before (black dots) and after tentoxin infusion (green dots). B, angle distribution
of one rotating particle at 20 um ATP before (black bars) and after (green bars) tentoxin infusion are indicated.
G, dwell times before (black bars) and after (green bars) tentoxin infusion are plotted and analyzed. Total
number of pauses was 1,070 before and 667 after solution exchange (data from three merged particles). Dwell
time distribution before tentoxin infusion could be fitted with a single exponential decay. Stimulated particles
show a double exponential decay. D, long term observation of F, rotation with and without stimulatory ten-
toxin concentrations (1 mm) are indicated. Rotating particles were observed twice at 20 um ATP for 5 min.
Before tentoxin infusion, rotation of the beads often showed long pauses above 5 s at 80°. Stimulated particles
show slower rotation speed but virtually no long pauses (>5 s), which lead to an increased net activity calcu-

lated as total revolutions per total observation time (summarized in E).

the presence of different toxin concentrations. In accordance
with reports on spinach F, (23), the inhibitor acts noncompeti-
tively with respect to ATP, and the K, value for ATP did not
change in response to the tentoxin concentrations (K, values
for our enzyme were 115.2 * 35.1 um ATP without tentoxin;
97.3 = 14.6 um ATP at 2 um and 92.3 = 4.3 um ATP at 10 um
toxin; see supplemental Fig. S4). This suggests that not ATP
binding but another event such as ADP release is affected by the
toxin. This interpretation is supported by the results of Hu et al.
(24), who found that tentoxin inhibits the release of ADP after
binding of a nonhydrolyzable ATP analogue.

Thereafter, the dwell times at all three positions obtained
with and without tentoxin were determined (Fig. 2C). The dis-
tribution of pause length always followed a single exponential
decay with time constants similar to the ATP binding rate of
TF, (25). The dwell time distribution at the mostly inhibited
position (0°), however, gave a more accurate fit with a double
exponential equation. The first time constant (0.27 s) was sim-
ilar to that of the other resting positions or those of the nonin-
hibited enzyme, whereas the second constant (1.36 s) was sig-
nificantly slower and clearly attributed to tentoxin. This
strengthened our idea that tentoxin affects an independent
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rotation experiments were carried
out at 20 uM ATP because the time
required for the binding of the sec-
ond or maybe the third toxin mole-
cule depends on the catalytic state
of the enzyme (10), and stimulation
was not observed at concentrations
below 5 um ATP (not shown). At 20
uM ATPase activity was stimulated
to 140-190%. According to the k_,
~1 X 10" v~ ' s7' determined by
the dwell time analysis in Fig. 2C before tentoxin infusion, the
substrate binding at this ATP concentration takes about 5 ms.
To visualize the stepwise ATP-driven rotation, we used a com-
bination of smaller beads (100 nm diameter) and a high speed
camera (time resolution 2,000 frames/s). The rotation speed at
1 mM tentoxin increased compared with those of the inhibited
enzyme, but achieved only 60 —70% of the speed obtained with
the noninhibited enzyme (without toxin) (Fig. 3A). Most
remarkably the rotation of stimulated F, was smooth, and no
clear long pauses could be detected. The three resting positions
observed with the high speed camera did not shift (3.2 = 12.7°)
after tentoxin infusion (Fig. 3B). During long observation peri-
ods, we sometimes found a transition to a slower speed with a
single distinct resting position (not shown). For the spinach
enzyme, binding and dissociation of stimulatory tentoxin mol-
ecule(s) to the binding site(s) take only a few seconds in the
presence of ATP (10). We therefore assume that the observed
transition was because of release and rebinding of stimulatory
tentoxin molecules.

Because the stimulated F; showed smooth rotation, we could
not distinguish differences among the three resting positions
(Fig. 3B). Hence, all observed dwell times were merged and

JOURNAL OF BIOLOGICAL CHEMISTRY 24597


http://www.jbc.org/cgi/content/full/M802574200/DC1

Inhibition and Stimulation of CF, by Tentoxin

A

’ rd
Tentoxin Inhibition

i 150/
£ 40 = |
8 2 Z = 100}
g % ~ Release from =
& 20 . ADP }r?hib'rti.nn H ,‘}’ sol
<< i e {

0 L‘—I L A e i 7 “, ol .

’ - 0 10 Stimulation

-Tentoxin Inhibition

Tentoxin (M)

FIGURE 4. Molecular processes of inhibition and stimulation caused by
tentoxin. A, model of tentoxin inhibition is indicated. The 120° step with the
prolonged pause at 0°is shown. The three catalytic sites are colored in gray for
closed and white for open conformations. The orientation of the central y
subunit is symbolized by an arrow, and the tentoxin molecule by a hook.
Tentoxin inhibits the reaction sequence after substrate binding to an open
catalytic site by keeping the catalytic site with the bound inhibitor in a closed
conformation. B, bulk ATPase activities of the F, complex at different tentoxin
concentrations were measured at 2 mm ATP. The ratio of activity in the pres-
ence of 95 um azide divided by that in the absence of azide was calculated.
The resulted ratio followed a sigmoid binding curve with a dissociation con-
stant of 36.3 um, which was calculated using the equation published previ-
ously (Equation 8 in Ref. 10). G, inhibitory and stimulatory tentoxin effects on
ATP hydrolysis are combined. Inhibition by tentoxin is because of a strongly
reduced rotation speed (gray bars), which is partially relieved in case of the
stimulated enzyme. The activity at high tentoxin concentration is moreover
boosted by a strongly reduced ADP inhibition (green hatched bar). Both pro-
cesses generate an enzymatic complex with a highly enhanced activity,
explaining the curious regulation pattern shown in Fig. 1.

fitted with an exponential equation (Fig. 3C). The dwell time
distribution without tentoxin followed a single exponential
decay with a time constant of 12.9 ms. Because we could detect
three distinct resting positions separated by 120° and catalytic
dwell periods (the process of ATP hydrolysis at the catalytic
site) are still faster than the ATP-binding event, we assign these
pauses as ATP waiting dwell periods. As in tentoxin inhibition,
the dwell time distribution changed after toxin infusion and
followed a double exponential decay. The first time constant
(11.9 ms) was similar to the constant before buffer exchange
(12.9 ms), whereas the second (19.8 ms) was slightly slower (Fig.
3C). Taken together, high concentrations of tentoxin seem to
partially relieve the inhibition event after substrate binding.
However, it is still unclear how the binding of a second or third
tentoxin molecule may alter the conformation or relief of the
inhibition as a high resolution structure of a stimulatory F, -ten-
toxin complex was not resolved so far.

In contrast to the reduced rotation speed of stimulated F,;
complexes, the bulk ATPase activity is significantly higher than
that without tentoxin (Fig. 1). Rotation experiments with a ten-
toxin-sensitive TF; mutant (12) demonstrated that high toxin
concentrations reduce the probability of long rotation pauses
(>20s), which were attributed to ADP inhibition. ADP inhibi-
tion is a common feature of F,;-ATPases (27-29) and occurs
when the hydrolysis product ADP remains in one catalytic
nucleotide-binding site and arrests the vy subunit 80° distinct
from the ATP waiting position (30). During the long observa-
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tion experiments in the absence of tentoxin, we could confirm
this inhibition for the cyanobacterial enzyme (Fig. 3D, left
panel, and see Fig. 7B of Ref. 14). On average, the complex
stayed in such pauses for 52% of the observation time. The
situation dramatically changed upon infusion of high tentoxin
concentrations. After buffer exchange rotation speed was
reduced (Fig. 3A), but the enzyme rotated continuously and
stayed in the ADP inhibition pauses less than 1% (Fig. 3D, right
panel, and E). This effect counteracted the reduced rotation
speed of tentoxin-stimulated complexes and resulted in a
higher net activity calculated as total revolutions per observa-
tion time (Fig. 3E). Also the magnitude of the stimulation on the
single molecule level was very similar (~160%) compared with
bulk ATPase activity measurements. We verified the correla-
tion of tentoxin stimulation and reduced ADP inhibition in
ATPase activity measurements. It is known that the magnitude
of ADP inhibition is enhanced by external ADP (30) and azide
(31, 32), whereas phosphate (33) and the nonionic detergent
lauryldimethylamine oxide (27) diminish the inhibition. There-
fore, the stimulatory effect of high tentoxin concentrations
should be pronounced at high ADP inhibition, whereas the
stimulation should be suppressed when ADP inhibition is
diminished. Measurements of the ATPase activity with or with-
out 1 mm tentoxin confirmed this assumption. Under these
conditions, ATPase activity was stimulated to 174 * 7%,
whereas addition of ADP (5 mm) and azide (95 uM) increased
the stimulatory effect of tentoxin to 289 = 16 and 249 = 7%,
respectively. On the other hand, no stimulation was observed
when 50 mMm phosphate was added (97 = 7%).

Molecular Processes of Inhibition and Stimulation Caused
by Tentoxin—Although it is well accepted that a single ten-
toxin molecule can completely inhibit the CF,-ATPase activity,
there is still a debate on the number of the tentoxin molecules
involved in the reactivation process.

In this study, we visualized the effects of different tentoxin
concentrations on the activity of the F,-ATPase and confirmed
that binding of a single tentoxin molecule is sufficient for com-
plete inhibition of the enzyme (Fig. 2). Based on our single mol-
ecule studies, we propose a model of inhibition and stimulation
of F, complexes by tentoxin (Fig. 4). We showed that tentoxin
inhibition induced an asymmetric rotation by extending only
one dwell time in the complete 360° turn (Fig. 2A). The corre-
sponding event takes place directly after ATP binding and stops
the reaction pathway before the 80° substep proceeds, which
was observed as long pauses in Fig. 24 (7 = 1.36 s). Thus we
could clarify the ADP release step at 0° during rotation of the vy
subunit. This means that a single tentoxin molecule bound to
one binding site acts like a clamp as shown in Fig. 44 and inhib-
its the transition of the related 8 subunit from a closed to an
open conformation as suggested by the crystal structure of the
spinach chloroplast F, complexed with tentoxin (11). This par-
ticular feature could be useful to mark a native enzyme at one
position within a complete 360° turn. A similar feature was
recently reported using a TF, complex carrying a mutation at
the catalytic sites (34). However, tentoxin would enable us to
gain more easily further insights into the catalytic properties of
each catalytic site separately using a native enzyme. In addition,
the inhibitory effect is partially relieved by binding of stimula-
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tory tentoxin molecules breaking the asymmetry of rotation
and restoring the rotation speed to some extent.

The molecular structure of the reactivated enzyme and the
conformational shifts related to the stimulation process need to
be clarified by further structural studies on a tentoxin-stimu-
lated chloroplast F;. Yet our single molecular analysis has
resolved that the activity of the stimulated enzyme is boosted
because of the strong reduction of ADP inhibition. To quantify
the liberation of ADP inhibition, we monitored the bulk
ATPase activity with and without azide at different tentoxin
concentrations (Fig. 4B). The difference in the apparent K,
value for tentoxin stimulation obtained from Fig. 1 (565 um)
and that from Fig. 4B (36.3 um) is because of the difference in
the experimental conditions; the assay reported in Fig. 1 is the
observation of the direct stimulatory effect of tentoxin, whereas
the plots in Fig. 4B are calculated indirectly from the ratio of the
activity in the presence and in the absence of azide to evaluate
the contribution of ADP inhibition for the stimulation process.
Without tentoxin, the enzyme activity was severely reduced to
less than 20% in the presence of azide. With increasing concen-
trations of tentoxin, the activity was less affected and dropped
only to 45% at 1 mm. Noteworthy, the azide effect at 10 um
tentoxin (inhibition condition) was similar to the enzyme with-
out toxin. This implies that the reduced ADP inhibition is an
exquisite feature of the stimulated enzyme caused by the bind-
ing of a second or third toxin molecule (Fig. 4C). In addition,
this tentoxin effect, which is directed against the ADP inhibi-
tion, can easily explain the observed differences in the stimula-
tion level of the tentoxin-sensitive ATPases (i.e. CF,, the
mutant TF,, and the F, complex from 7. elongatus) at high
concentrations of the toxin. The purified CF; from spinach
chloroplasts contains one to two tightly bound ADP molecules
(35-37), and its activity is normally very low because of the
ADP inhibition at steady state conditions. The activity of the
enzyme can be stimulated more than 10-fold by the addition of
high concentrations of the toxin (7-10). In contrast, purified
TF, does not contain any bound nucleotides (38, 39), and the
incubation with Mg-ADP easily induces the strong ADP inhi-
bition state (40). This specific property of the TF,-ATPase
explains why the tentoxin-sensitive mutant prepared from TF;
did not show the overactivation even at high tentoxin concen-
trations (13).
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