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Sulfite Inhibits the F,Fy-ATP Synthase and Activates
the F{Fo-ATPase ofParacoccus denitrificans
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The RF, complex ofParacoccus denitrificanPdR Fp) is the fastest ATP synthase but the slowest
ATPase. Sulfite exerts maximal activation of the FeFATPase (Pacheco-Mags; F., Garg, J. J.,
Rodrguez-Zavala, J. S., and Morenats®&hez, R. (2000kur. J. Biochem267, 993-1000) but its
effect on the Pdf=,-ATP synthase activity remains unknown. Therefore, we studied the effect of
sulfite on ATP synthesis antiPi <~ ATP exchange reactions of inside-out membrane vesicles of
P. denitrificans Sulfite inhibited both reactions under conditions of maxilmpH and normal sensi-
tivity to dicyclohexylcarbodiimide. Sulfite increased by 10- and 5-fold kg for Mg?*-ADP and

Pi during ATP synthesis, respectively, and by 4-fold theylGf MgZt-ADP for inhibition of the

PdR Fo-ATPase activity. Thus, sulfite exerts opposite effects on the forward and reverse functioning
of the PdRF, complex. These effects are not due to membrane ogRdihcoupling. Kinetic and
structural modifications that could account for these results are discussed.
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INTRODUCTION stoichiometry ab,cg_31» (Escherichia colnomenclature).
Foand k are connected through two stalks (Bottcétsil.,

The RFy-ATP synthases of energy-transducing 1998; Karrasch and Walker, 1999; Wilkens and Capaldi,
membranes couple ATP synthesis or hydrolysis to a trans-1998). InE. coli, the central stalk contains subunjt@and
membrane proton transport. Thg portion is a proton ¢ that are connected to g g, ring of Fy. Both the central
channel and the jFpart is the catalytic moiety where stalk and the &5 ring rotate all together in relation to
ATP synthesis and hydrolysis take place. When detacheda stator that anchors the complex to the membrane (For
from Iy, the soluble IFATPase contains five differentpro-  recent reviews, see Capaldi al., 2000; Gar@, 2000;
teins with the stoichiometrgtz83y181€1. It has three cat- Kinositaet al,, 2000; Leslie and Walker, 2000; Nakamoto
alytic and three noncatalytic nucleotide binding sites al- et al, 2000; Oster and Wang, 1999). In the stator of the
ternated in the six interfaces of the hexagon formed by E. coli enzyme, thed/8)s; hexagon of I is linked to
threea /B dimers (/B8)s (Bianchetet al., 1991). The subunit a of [y through a peripherad/b, second stalk
proton channel contains three essential subunits with a(McLachlin, 2000; Rodgers and Capaldi, 1998).

In coupled conditions, the o complex can work
_— » _ . reversibly as a synthase or hydrolase of ATP, consum-
Key to abbrewatlons:' ACMA, 9-am|no-e-chIoro-methoxyagr|d|ne; ing or pumping protons, respectively. It is assumed that
CCCP, carbonyl cyaniden-chlorophenylhydrazone; DCCD, dicylo- : = ! ’ .
hexylcarbodiimide; EDTA, ethylenediamineteraacetic acid; EGTA, this reversibility occurs through a single catalytic path-
ethyleneglycol-big§-aminoethylether); 1€y, half-maximal inhibitory way working “forward” and “backward” (Al-Shawet al.,
concentration; Pdfs PdF, and PditFo, the R, Fy, and R Fo complexes 1997). Crystallographic structures (Abrahashal., 1994;

1822:?;?1::; d::itlgif::vca?;i;a Instituto Nacional de Cardiolay’ Biancheetal, 1998), and molecular modeling (Wang and
“ignacio Crévez.” México, D.F., MExico. Oster, 1998), tggether with 'klnetlc apd thermodynamlc

2To whom correspondence should be addressed; e-mail: jjgmejs@ anal}’ses (Gf_;ua, ZOQO), pr_edlct that th_'s reversible path-
yahoo.com. way is associated with an inverse rotation ofthie /cg_12
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domain. A single catalytic pathway working in both di-

rections implies that inhibitors and activators of one reac-

Pacheco-Moigset al.

Sulfite is considered a nonphysiological activator of
the RFy-ATPase. However, Wodat al. (1997) cloned

tion should exert the same effect on its reversal. However, a sulfite dehydrogenase frdtndenitrificanghat required
there is evidence that shows that a number of inhibitors thiosulfate for growth. Therefore, sulfite is a toxic by-

of the enzyme (Gard'et al, 1995; Matsuno-Yagi and
Hatefi, 1984; Syroeshkiat al, 1995; Baldet al, 1998;
Vinogradov, 1999) show different affinities or effects on
ATP hydrolysis and synthesis carried out by thEqcom-

product of thiosulfate and hydrogen sulfide oxidation
(Wodaraet al., 1997). Consequently, the effect of sulfite
on the ATPase and ATP synthase activities of the,PgF
complex might have a significant physiological relevance

plex. To date, the most dramatic of these differential effects in this bacterium.

is that of sodium azide. It does not inhibit ATP synthesis

at all, although it inhibits by more than 90% the &r
F1Fo ATPases (Syroeshket al., 1995; Baldet al., 1998).
These results reflect that in the coupled--complex,

Therefore, this work centered on the effect of sul-
fite on the kinetics of ATP synthesis, and its relation to
the activation of the PdiFy-ATPase. Previous attempts
to address this question P denitrificansand in bovine

ATP synthesis is not a simple reversal of ATP hydrolysis submitochondrial particles (Bakedsal.,, 1994) were hin-

(Syroeshkinet al,, 1995; Vinogradov, 1999; Baldt al,

dered by side effects of sulfite on succinate oxidation.

1998; Weber and Senior, 2000). Therefore, there seemsThese side effects were circumvented here by measuring

to be an intrinsic asymmetry in the forward and back-
ward catalytic pathway that may confer different sensitiv-
ity of ATP synthesis and hydrolysis to some inhibitors or
activators.

This asymmetry is more evident in thefg-ATPase
of P. denitrificanssince it has the highest ratio of ATP

the ATP driver??Pi <> ATP exchange and NADH driven
ATP synthesis oP. denitrificansmembranes. Sulfite in-
hibited both reactions, i.e., it induced opposing effects on
ATP synthesis and hydrolysis. The correlation of these
activities with the PdH=-ATPase showed that the un-
derlying mechanism of these opposing effects of sulfite

synthase/ATPase activities found so far. This is the result involved decreases on the affinities for ADP and Pi, i.e.,
of expressing the fastest ATP synthase rates reported, i.e.products of ATP hydrolysis and substrates for ATP synthe-
about 1-2umol/(min mg) (Rrez and Ferguson, 1990a,b), sis. These kinetic effects are likely associated with a struc-
and the slowest ATPase activity that is generally be- tural shift from an ATP synthase state to another ATPase
low 0.1 umol/(min mg) (Pacheco-Moés et al, 2000; form with low affinity for ADP and Pi.

Pérez and Ferguson, 1990a). Therefore, the ATP syn-

thase/ATPase ratio of the denitrificansF;Fy complex

is usually above 1, and it can be 20 or higher. In com-

parison, this ration for the enzymesBf coli and bovine
heart mitochondria is about 1 or lower in situ, when their
intrinsic inhibitors are present, i.e. the subuniand the
inhibitor protein (IR), respectively. The ATPase activ-
ity of the FFo complex fromP. denitrificansis only evi-
dent after activation by physiological and nonphysiolog-

EXPERIMENTAL PROCEDURES

ATP, ADP, venturicidin, nigericin, carbonyl
cyanide m-chlorophenylhydrazone (CCCP),N,N-
dicyclohexylcarbodiimide (DCCD), succinate, glucose
dehydrogenase, and hexokinase were purchased from
Sigma. Pyruvate kinase and lactate dehydrogenase

ical factors such as temperature, membrane energizationwere supplied from Boehringer Mannheim; 9-amino-6-
and oxyanions. Among the latter, sulfite is the best activa- chloro-methoxyacridine (ACMA) was from Molecular

tor for F Fy-ATPase and FATPases from various species
(Bakelsetal,, 1994, 1996; Capellirét al, 1997; Pacheco-
Moiséset al., 2000). Itinduces the highest activation of the
P. denitrificand=1 Fy-ATPase (PdHy-ATPase) (Pacheco-
Moiséset al., 2000). However, the effect of sulfite on the
high ATP synthase rates of thefp complex ofP. den-
itrificans remains unknown. In other ATP synthases like
that of cyanobacterial (Bakekt al, 1996), andR. cap-
sulatusinside-out vesicles (Capellirét al., 1997), sul-
fite inhibits the kFy-ATP synthase activity. Recently, it

Probes. All other chemicals of analytical grade were
from standard suppliers?Pi was obtained from New
England Nuclear and purified as described elsewhere
(de Meis, 1984). Growth conditions and preparation of
P. denitrificansmembranes were described previously
(Pacheco-Moig$ et al, 2000). The E-ATPase was
extracted from inside-out membrane vesicles with
chloroform, as described by Norlireg al. (1998).

has been shown that bicarbonate inhibits ATP synthesis in ATP Synthesis Measurements

bovine heart submitochondrial particles (Lodewtoal,,

2001). Thus, our present study investigates whether ATP

synthesis is inhibited by another oxyanion like sulfite.

ATP synthesis was assayed with an hexokinase trap
at37C. The reaction mixture (0.5 mL) contained 125 mM
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KCI, 25 mM sucrose, 40 mM Hepes (pH 7.5), 5 mM tone. The lower phase, which containgd{P]ATP, was

MgCl, 0.1 mM EGTA, 1 mM NADH, 20 mM glu-  dried on filter paper and the radioactivity was counted by

cose, 46 units hexokinase, and variable concentrations ofliquid scintillation. Control experiments showed that the

Mg?*-ADP and of inorganic phosphate (Pi) indicated in radioactivity that remains in the agqueous phase was 99%

Results. This mixture was preincubated atGfor 2min  [},32P]ATP. Blanks extracted with sulfite at the concentra-

in Erlenmeyer flasks under constant shaking, followed by tions used showed no effect of sulfite on the efficiency of

the addition of membranes (0.12-0.8 mg of protein). The extraction of the nonincorporatet?P]Pi.

reaction was arrested with 50L of stop mix (25 mM

EDTA, 2uM CCCP, and 23.g venturicidin). Afterwards,

the reaction mixture was boiled for 10 min and centrifuged Membrane Energization Determined

at 5000 x g for 5 min. NADP (0.5 mM) and glucose-6- by ACMA Quenching

phosphate dehydrogenase (30 units) were added to the

supernatant. The absorbance of the samples was recorded  The pH gradient driven by ATP hydrolysis or NADH

at 340 nm. In some cases, ATP formed was quantified oxidation in the inside-out vesicles were determined by

radioactively, as described féfPi <> ATP exchange re-  the fluorescence quenching ofdM ACMA, as reported

action (see below), except that 20 mM glucose and 46 units previously (Pacheco-Maiset al, 2000). Briefly, mem-

hexokinase were included to quantify tféR)glucose-6-  branes (1 mg/mL) were incubated at°87in a medium

phosphate formed frof?Pi (1-3)x 10° cpm/mL) added  containing 125 mM KCI, 20 mM MOPS (pH 7.5), 5 mM

at the indicated concentrations. MgCl,, 0.1 mM EGTA, 1uM ACMA, and the indi-
cated concentrations of ADP and Pi. After stabilization
of the signal, membrane was energized with 3 mM ATP

ATPase Activities or with 1 mM NADH. Calibration of quenching with ar-
tificial ApH generated in liposomes was made according

ATP hydrolysis was determined by the release of Pi, to Rottenberg and MorenoaBthez (1993).

according to Summer (1964). In the case of th&&ction,

it was measured spectrophotometrically &t@G,using an

ATP regenerating system. The assay mixture containedOther Procedures

125 mM KClI, 25 mM sucrose, 3 mM ATP, 40 mM Hepes—

KOH (pH 7.5), 5 mM MgC}, 0.1 mM EGTA, 1 mM For covalent modification by DCCD offe-subunits,
phosphenopyruvate, pyruvate kinase (4 units), lactate the membranes (2 mg/mL)were incubated with 1180
dehydrogenase (4 units), and 0.2 mM NADH. DCCD for 1 h, with moderate shaking at room tempera-

ture. Protein was determined by the Lowry procedure in
the presence of 0.66% sodium deoxycholate, using serum
32pj « ATP Exchange Measurements albumin as standard (Lowsmst al,, 1951).

The 32Pi <> ATP exchange reaction of inside-out
vesicles was carried out at37. To avoid membrane ener- RESULTS
gization by consumption of endogenous substrates, mem-
branes (20 mg/mL) were incubated with 2 mM NaCN for Sulfite Increases the ATPase Activity of Inside-Out
5 min on ice before the determination of the exchange re- P. denitrificansMembranes and the 1G5
action. The standard reaction medium contained 125 mM for Mg ?*-ADP
KCI, 25 mM sucrose, 40 mM Hepes—KOH (pH 7.5),5 mM

MgCl,, 0.1 mM EGTA, 3 mM ATP, and the indicated con- In confirmation of previous data (Pacheco-Mass’
centrations of ADP and Pi in a final volume of 1 mL. The etal, 2000), sulfite increased the ATPase activitiPaten-
reaction mixture also included (1-8) 10° cpm/mL of pu- itrificans membranes with &5 of 8 mM (Fig. 1). In

rified [3?P]Pito follow [y 3?P]ATP formation. The reaction  other systems, this activation has been associated with
was initiated with 0.8 mg of protein, and quenched with a decrease in affinity for inhibitory Mg-ADP (Du and

200 L of 30% (w/v) cold trichloroacetic acid. There- Boyer, 1990; Muelleret al, 1994). Thus, we assessed
after, the sample was centrifuged &80 x g for 10 min, whether sulfite modifies the kg of Mg?*-ADP for inhi-

and 1 mL of ammonium molybdate (3.3% in 3.75 N HCI) bition of the ATPase activity. Indeed, we found that the
was added to an aliquot of the supernatant. Inorganic phos-ICsg for Mg?™-ADP was increased about threefold in the
phate was extracted six times wittbutyl acetate and ace-  presence of 40-60 mM sulfite (Fig. 1, inset).
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Fig. 1. Activation of the PdgF;-ATPase by sulfite. ATP hydrolysis
was measured at 3C by the release of Pi, as described under Exper-
imental Procedures. The solid line represents the best fit of the exper-
imental points to the Michaelis—Menten equation by using the Origin
computer program 5.0 (Microcal Software, Inc.). Inset: Increase of the
half-maximal inhibitory concentration of Mg-ADP for inhibition of

the ATPase activity. The experimental data were connected with an ex-
ponential line.

Effect of Sulfite on the3?Pi «— ATP Exchange
of P. denitrificansinside-Out Vesicles

As shown before (Pacheco-Megsét al, 2000), the
activation of the PdH,-ATPase was accompanied by an
increase in proton pumping activity evidenced by ACMA
quenching (Fig. 2(B)). This allowed the study of the ef-
fect of sulfite on the?Pi <> ATP exchange in conditions

of maximal membrane energization. The exchange reac-

tion carried out byP. denitrificandnside-out vesicles was

measured with and without added ADP. The exchange

rates measured were due to membrane-integraiBg F
ATP synthase, since venturicidin, g lhibitor, induced
an almost complete abolition of exchange activity (not
shown). Sulfite exerted either activation or inhibition of
the®?Pi <> ATP exchange reaction, depending on the con-

centrations of ADP and Pi in the media. In the absence of

added ADP, sulfite increased the raté4#i incorporation
into ATP (Fig. 2(A)). This increase correlated with higher
ATPase activities (Fig. 1) and proton gradients (Fig. 2(B))

as induced by sulfite. However, in contrast to the at least

15-fold activation of ATPase activity (Fig. 1), the exchange
rate was increased only about 2.5-fold (Fig. 2(A)). As
expected from previous studies (Tuena da&z-Puyou

et al,, 1983), the control exchange rate was higher in the
presence of 2 mM ADP (2.6 nmol/min mg) than in its ab-
sence (0.1 nmol/min mg) (Fig. 2(A)). However, with2 mM
ADP, sulfite failed to increase the rate #Pi <> ATP
exchange (Fig. 2(A)). This correlated with the inabil-
ity of sulfite to increase the ATP driven proton gradient
(Fig. 2(B)) in the presence of saturating (inhibitory) ADP.

Pacheco-Moigset al.

To explore whether there is a competition between
sulfite and ADP or Pi, the exchange reactions were mea-
sured at subsaturating concentrations of ADP (30)
and Pi (0.5 or 0.1 mM). These concentrations are below
their respectives in the presence of sulfite during net
ATP synthesis (see below, Table I). We also confirmed that
in these conditions of minimal inhibition of ATPase ac-
tivity by ADP, proton pumping was maximal (Fig. 2(B)).
However, although membrane energization was as high
as in the absence of ADP, sulfite inhibited the exchange
reaction. Furthermore, the lower the concentration of Pi
(and ADP), the higher the ability of sulfite to inhibit the
exchange reaction (Fig. 2(A)). This indicated competition
between sulfite and Pi and/or ADP. It is worth to note that
the increase in proton gradient was accompanied by an
increase in exchange only when ADP was not added, and
Piwas present at 10 mM. The increase in exchange might
occur if inhibition of the ATP synthase activity by sulfite
were limited by the presence of saturating Pi. In these con-
ditions, the endogenous or the exogenous ADP would be
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Fig. 2. Effect of sulfite on the’2Pi <> ATP exchange and ATP driven

pH gradients. (Af?Pi <> ATP exchange was measured atG7as de-
scribed under Experimental Procedures, in the presence of the following
conditions: §) 10 mM Pi (0.1); () 10 mM Pi, 2 mM ADP (2.6); )

0.1 mM Pi, 50uM ADP (0.1); (@) 0.5 mM Pi, 50uM ADP (0.3). The
control 100% activities are indicated here in parentheses in nmol/min mg.
(B) ATP drivenApH determined by ACMA quenching (see Experimen-
tal Procedures) carried out under the same conditions as in (A) indicated
with the same symbols.
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Table I. Effect of Sulfite on the Affinities for M&"-ADP and Pi During

>
-t
NADH Driven ATP Synthesis of Inside-O@ denitrificansMembranes 250 18 2
- 3
_ _ = 2 200 N\, g
Control 5 mM sulfite 10 mM sulfite - £ 18 a
(h=4)  (=3) (h=3) g g 150 >
£ £ -4 i
. B 14
Mg?*-ADP varied > 2 1004 | = 1 . °
Vimax 280+18 94421 46+ 6 g = ' 1, &
Kos for Mg2+-ADP 33+5  243+135 327+ 75 < 50+ 1
n (Hill value) 1 13+05 23+08 0 — A NE P
Pivaried 0 10 20 30 40 -
Vinax 414423  251+11 190426 [Sulfite] (mM)
Kos for Pi 340+ 69 14404+ 140 1410+ 489
n (Hill value) 1 16402 16+05 Fig. 3. Effect of sulfite on the rate of ATP synthesis and the ATP syn-

thase/ATPase ratio. ATP synthesis was measured°&,3% described
Note.ApparentKos, Vmax, and Hill values ) were determined with @ ynder Experimental Procedures, with 10 mM Pi and 2 mMMg\DP.
nonlinear square fit of the Hill equation to the experimental data, using The ATP synthase/ATPase ratio was calculated by dividing the values
the Microcal Origin 5.0 software (Fig. 1). ATP synthesis was measured as of ATP synthase activity by those of ATPase activity of Fig. 1. The
inFig. 4, with an hexokinase trap at37 (see Experimental Procedures),  experimental data were connected by exponential lines.

with 2 mM Mg?*-ADP when Pi was varied, and with 10 mM Pi when

Mg?t-ADP was varied. The values are mearstandard deviation of

three to four different membrane preparations. Titration ofM&DP progressively with increasing concentrations of sulfite
was made with equimolar amounts of Mg@ind ADP. from a value of 8 down to 0.14.

prone to a faster exchange driven by increased proton gra-Effect of Sulfite on the Ko s for ADP

dients. In contrast, when ADP and Pi are subsaturating, and Pi During ATP Synthesis

sulfite becomes an effective inhibitor of exchange since

both competitors are at low concentrations although ATP Under the conditions described above, the affinities
hydrolysis and proton gradients are maximal. for both substrates (ADP and Pi) were determined during
NADH driven ATP synthesis with and without sulfite. As
observed before @€z and Ferguson, 1990a,b), the en-
zyme showed a Michaelis—Menten type kinetics for ADP
and Pi. The apparer{ys for Mg?*-ADP and Pi were
33+ 5 and 340+ 69 uM, respectively (Table 1), which
are in the range of those reported earlier lre2” and
Ferguson (1990a,b). As shown in Fig. 4(A) and Table I,
sulfite reduced dramatically the affinity for Mig-ADP,
i.e., 10 mM sulfite increased 10-fold the appar€gt for
Mg?*-ADP. Likewise, sulfite increased about fivefold the

Effect of Sulfite on the NADH Driven ATP
Synthesis Carried Out byP. denitrificans
Inside-Out Membranes

Although sulfite impairs succinate oxidation, it does
not inhibit significantly the NADH-sustained respira-
tion or proton pumping inP. denitrificansmembranes
(Pacheco-Moisset al, 2000). Hence, we measured the

intensity of the NADH-inducedApH by calibration of L .
t Kos for Pi (Fig. 4(B), Table I). Computer-assisted curve

ACMA fluorescence quenching under conditions of net 0 _ k ) )
ATP synthesis (see Experimental Procedures). The datafltting to a Hill equation showed that with sulfite, Mg

showed that 1 mM NADH generated/pH of 1.6 inP. ADP saturation acquired sigmoidal kinetics; the Hill coef-
denitrificansvesicles, similar to that formed with Mg- ficientincreased from 1 in the controls to 2—3 with 5 mM

ATP (Fig. 2(B)). Upon addition of 20 mM sulfite, thepH and 10 mM sglfitg. In additionz sulfite also decre_a‘d%gx
decreased by about 04pH units. However, at the sul-  (Table 1), indicating that sulfite works as a mixed-type
fite concentrations required for inhibition of ATP synthesis  Inhibitor of ATP synthesis with ADP and Pi.
(5-10 mM), the decrease afpH was only 0.2ApH units,
i.e., 12% of the total\pH (data not shown). DCCD Inhibition of the PdF ;Fo-ATPase

Without sulfite, the basal ATP synthase activity was in the Presence of Sulfite
much higher than the ATPase one (Fig. 3), producing an
ATPsynthase/ATPase ratio of 8. In the presence of sulfite, Inhibition of ATP synthesis and activation of hy-
the rate of ATP synthesis diminished with a half-maximal drolysis, as induced by sulfite, are classical features of
inhibition (ICso) of 3.5 mM. The maximal inhibitory ef-  an uncoupler. The previous results show that membrane
fect (70%) was attained with 10 mM sulfite (Fig. 3). In  uncoupling does not contribute significantly to the inhi-
consequence, the ratio of ATP synthase/ATPase declinedbition of ATP synthesis by sulfite. However, uncoupling
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Fig. 5. Effect of preincubation of inside-out vesicles with DCCD on the
F1Fo-ATPase and FATPase activities.«€) Membranes were preincu-
bated at room temperature with DCCD at the indicated concentrations,
and the ATPase activity of inside-out vesicles was assayed in the pres-

T T T T T T T T ence of 100 mM sulfite, as described under Experimental Procedures.
0 2500 5000 7500 10000 The 100% activity was 750 nmol/(min mgj) The Pdi-ATPase was

extracted with chloroform, as described under Experimental Procedures,

[phOSPhate] (uM) after modification of membranes with DCCD as indicated above. The
100% R -ATPase activity corresponded to 400 nmol/(min mg).

Fig. 4. Effect of sulfite on the affinity for M&"-ADP and Pi. ATP syn-
thesis was measured at’&with an hexokinase trap, either spectropho-

tometrically (A) or radioactively (B), as described under Experimental ! .

Procedureﬁ.(())COntrols withou): gu?fite;‘) 5 mM sulfite; @) 1% mM made. In the first one, the soluble Rafas released with

sulfite. The solid lines are the best fit of the experimental points to the Chloroform (see Experimental Procedures) after DCCD

Hill equation. In (A), MgCh was added in equimolar amounts to ADP  modification of the vesicles (Fig. 5). In the second, DCCD

in addition to the 5 mM MgG of the reaction mixture. was added, in the same concentration range used in vesi-
cles, to the previously released Ré&TPase. In none of
these conditions, the soluble PRdRTPase activity was

may not only be membranal, but also intramolecular when affected by preincubation with DCCD.

F1 and Fy are separated physically or kinetically. Thus, in-
tramolecular coupling between Bnd k was studied in
the presence of sulfite. Previous evidence that the sulfite-

. . s - .~ DISCUSSION
stimulated ATP hydrolysis was inhibited by venturicidin

andlohzgomycm (Ca:jpelhn_et al, }?97.; ZaChSCO'MOﬁI. The novel information provided by this work is that

|e_|t al, 2000), argue agalpst su |te-|p uced uncoupling. 1ha maost effective activator of the Pdh-ATPase is also
owever, a more cor_u_:lgswe test for mtramol_e(_:ulale: . aninhibitor of its reversal, the Pgl-ATP synthase. To-

coupling is the sens_|t|V|ty of the ATPas_e ?C_“V'ty _to mi- gether with the unidirectional inhibition of the I, com-

cromollar concgntratmns of the covale|au5h|b|tord|cy_— plex by azide (Syroeshkiet al, 1995; Baldet al, 1998;

gg@é'ﬁarﬁgd"m'de .(.D CCD). At the;e concentrathns, Vinogradov, 1999), these data raised the question of how

odimes speuﬂcal!y an_essent|al' carboxyl resu_due a molecule exerts different effects on the forward and re-

of the ¢ subu_mt of - M0d|f|cat|or_1 ofa smgle c-subunit verse functioning of the f/y molecular motor. As dis-

of the ®-12 NG by D.CC.D. §uﬁ|ces to |_nduce almost cussed below, this work shows that the mechanism of sul-

total and irreversible _|nh|b|t|oq _of the tightly coupled fite to induce opposing effects on thefg complex could

fore,conitfcansnside.outvesiceewers preicubated MVOIVE changes i affy for ADP and i, probably re-

with 1-100 M DCCD, and the ATPase activity was flecting structural shifts of the enzyme.

assayed afterwards. DCCD inhibited progressively the

sulfite-activated ATPase activity of the vesicles, until al- Mechanism of PdR Fo-ATPase Activation by Sulfite

most complete inhibition was attained (Fig. 5). To discard

that DCCD could inhibit the ATPase activity through mod- According to similar findings in the chloroplast (Du

ification of the i 8 subunit, two different controls were  and Boyer, 1990) and yeasi-ATPases (Muelleet al,
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1994), activation of the P@F;-ATPase by sulfite was
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Pi. The contribution of sulfite-induced membrane or in-

associated with a decrease in the affinity for inhibitory tramolecular uncoupling to these effects can be ruled out

Mg?*t-ADP (Fig. 1). The data of Capellirét al. (1997)
working with R. capsulatusand our own previous studies
with P. denitrificans(Pacheco-Moieset al., 2000) have
shown that sulfite and Pi compete with each other during
ATP hydrolysis. These overall results indicate that activa-
tion of the PditFy-ATPase is the result of a decrease in
affinity for inhibitory ADP, and a faster release of products
(ADP and Pi). Recently, Mg -ADP inhibition has been
associated with binding of nucleotides into noncatalytic
sites (Matsuiet al,, 1997). This makes possible that the
increase in Ki for Mg+-ADP exerted by sulfite could be
associated with its binding to noncatalytic sites, as sug-
gested by Recktenwald and Hess (1977).

Effect of Sulfite on3?Pi «» ATP Exchange Reaction
Carried Out by the PdF;Fy Complex

The effects of sulfite on thé&?Pi <> ATP exchange
paralleled its effects on membrane energization when
added ADP was absent or present at saturating concen
trations (2 mM) (Fig. 2). The increase ¥fPi <> ATP ex-

change observed in the absence of added ADP (Fig. 2)

resembled a similar increase induced by bicarbonate in
the same reaction carried out by bovine heart submito-
chondrial particles (Lodeyret al,, 2001). Our data there-
fore indicate that the increase #Pi <> ATP exchange
observed by Lodeyret al. (2001) could also result from
the higher ATPase activities and proton gradients possi-
bly induced by bicarbonate. On the other hand, when ADP
(50 uM) and Pi (0.1 or 0.5 mM) were present at subsat-
urating concentrations, the effect of sulfite on exchange

and membrane energization were opposite; i.e., sulfite in-

hibited the3?Pi <~ ATP exchange although it induced a

maximal membrane energization (Fig. 2). In other words,
we found conditions where the effects of sulfite on the
32pj <~ ATP exchange reaction were independent of the
extent of membrane energization (Fig. 2). This indicates

that sulfite exerts a direct effect on the ATP synthase that
can be separated fromits effects on the respiratory chain of

P. denitrificangBakelset al., 1994). Furthermore, the data
also indicated a competition between sulfite and ADP or Pi
as confirmed by the measurements of net ATP synthesis.

Inhibition of PdF oF1-ATP Synthase Activity
by Sulfite

The kinetic mechanism of sulfite to inhibit ATP syn-
thesis inP. denitrificangnvolves a noncompetitive effect
on Vmax and a decrease in affinity for ADP as well as for

with the following evidence:

I. The sulfite activated ATPase was inhibited by
DCCD (Fig. 5), oligomycin, and venturicidin
(Capellini et al,, 1997; Pacheco-Mogs'et al,
2000).

II. The ATP driven membrane energization, which
requires membrane coupling, was maximized by
sulfite.

lll. The 3?Pi <~ ATP exchange reaction was inhib-
ited by sulfite at low concentrations of ADP and
Pi although membrane energization was maxi-
mal (Fig. 2).

IV. The NADH energized\pH of inside-out vesicles
was marginally decreased (12%), whereas ATP
synthesis was inhibited by 70% with 5-10 mM
sulfite.

Taken together, these data show that sulfite interacts di-

rectly with the RFy complex to inhibit ATP synthesis.
Similar conclusions have been derived from studies of in-

hibition of ATP synthesis by bicarbonate (Lodewtal,
2001).

In previous studies witR. denitrificanamembranes,
lower ApH values (Mc Carthy and Ferguson, 1983a,b) but
higher rates of ATP synthesis aftPi <> ATP exchange
(Pérez and Ferguson, 1990a,b) were reported. These dis-
crepancies could be due to differences in conditions for
growth (aerobic vs. anaerobic) aipH measurements, or
the different strains used (see Experimental Procedures).
However, other results obtained here are similar to those
observed before @éz and Ferguson, 1990a,b). For ex-
ample, the rate of?Pi <> ATP exchange carried out by
P. denitrificansmembrane vesicles is slower than expected
from the rates of ATP hydrolysis and synthesis observed.
This indicates that the PdF,-ATP synthase has a limited
capacity for®?Pi <~ ATP exchange compared, for exam-
ple, to that of the mitochondrial enzyme (Tuena deri&z-
Puyouet al, 1983). Regardless of the differences in net
rates, the affinities of the enzyme for substrates and for
sulfite show the same trends reported before, therefore,
supporting the conclusions derived from these data.

Sulfite Works as a Mixed Type Inhibitor With ADP
and Pi During ATP Synthesis Carried Out
by the PdF Fo Complex

As described, membranal or intramolecular uncou-
pling cannot explain the inhibition of ATP synthesis ex-
erted by sulfite inP. denitrificans Therefore, a direct
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competition between sulfite, ADP, and Pi for the catalytic exposition of its intrinsic inhibitory subunit(s). Evidence
sites has been proposed. In fact, competition between sul-for two different conformations have been recently ob-
fiteand ADP or Pihas been observed during ATPase assaydained by engineered crosslinkings in the coli F;1Fo-
in the chloroplast ATPase (Larson and Jagendorf, 1989; ATP synthase (Tsunoda al, 2001). In these studies, the
Malyan and Vitseva, 2001), iR. capsulatugCapellini C-terminal domain of the inhibitory subunit shifted in
et al, 1997), and inP. denitrificansvesicles (Pacheco- two different positions, one facing the ring gf &-subunits
Moises et al,, 2000). It has also been suggested that and another oriented toward the C-terminal portion of
sulfite vs. Pi competition accounts for the inhibition of the« andpg subunits of k. In the former, ATP synthe-
ATP synthesis in membrane vesicles of the cyanobacte-sis occurred unaffected, and hydrolysis was activated. In
ria Synechococcug716 (Bakelset al, 1996). However,  contrast, with the latter conformation of the C-terminus
the present data show that the inhibition of ATP synthe- of ¢ facing k, only the ATPase activity was inhibited
sis exerted by sulfite is not purely competitive with ADP  (Tsunodeet al,, 2001).
and Pi (Table 1), but it is a mixed type inhibition. Further- Sulfite could therefore impair the binding of ADP and
more, the increase iKgs induced by sulfite was higher  Pidirectly by occupation of the catalytic sites, or indirectly
for ADP than for Pi during net ATP synthesis (Table I). through noncatalytic sites, or by shifting the conformation
Similar results have been recently obtained with bicar- of the RFy, complex to an ATPase form. In any case, the
bonate which inhibited ATP synthesis competitively with net effect of sulfite is to decrease the affinity for ADP
ADP but noncompetitively with Pi (Lodeyret al., 2001). and Pi. Together with the proton slip induced by sulfite
The higher increase iK, for Pi with sulfite than with in R. capsulatugCapelliniet al, 1997), this mechanism
bicarbonate could be related to the closer structural sim- would explain how a molecule may exert opposite effects
ilarity of Pi with sulfite (both tetrahedral) than with bi- on ATP synthesis and hydrolysis carried out by the fF/gF
carbonate (triangular). A direct interaction of sulfite with complex. In the presence of sulfite, products of hydrolysis
the catalytic sites of fFpredicts a competitive inhibition  would be released faster, whereas the binding of these
of the ATPase activity. However, sulfite is an activator of substrates for ATP synthesis would be impaired.
F1 and RFo-ATPases that does not modify significantly
the Ko s for ATP (Capelliniet al., 1997; Murataliev and
Boyer, 1992; Pacheco-Maisét al, 2000). This evidence  The Effects of Sulfite and Sodium Azide on ATP
shows that sulfite could bind not only to catalytic sites Synthesis and Hydrolysis Are Interrelated
but also to other sites to inhibit ATP synthesis and simul-
taneously activate ATP hydrolysis. As mentioned before, Itis worth noting that together with azide (Batlal.,
noncatalytic sites are good candidates to bind sulfite and 1998; Syroeshkimt al, 1995; Vinogradov, 1999), sulfite
to exert ATPase activation (Recktenwald and Hess, 1977) becomes another molecule that exerts different effects on
and ATP synthase inhibition (Lodeysd al, 2001). Sim- ATP synthesis and hydrolysis carried out by thEjcom-
ilar conclusions have been derived from the inhibition of plex. Interestingly, there is a close relationship between
ATP synthesis by bicarbonate (Lodeytal., 2001). This sulfite, azide, and ADP binding during activation or in-
explanation would fit with the rotational catalysis as well hibition of the R-ATPase. For instance, the inhibition of
as with evidence incompatible with the rotational model F;-ATPase by azide is reverted by sulfite (Vasilyetal.,
(reviewed in Berden and Hartog, 2000). 1982). In addition, theThr 197— Ser mutation acti-
vates theSaccharomyces cerevisigg-ATPase, increases
the K; for ADP, decreases azide inhibition, and abolishes
Possible Structural Effects of Sulfite activation by sulfite (Mueller, 1989; Muellet al, 1994).
on the PdFRFy Complex During ATP synthesis, azide is therefore unable to entrap
the R-Mg?*-ADP inhibited form (Hyndmaret al., 1994;
Our previous experiments of limited proteolysis Muratalievet al, 1991; Vasilyeveet al, 1982) or to af-
(Pacheco-Moies$ et al, 2000) suggest that the kinetic fect the positive cooperativity between the catalytic sites
effects of sulfite could be associated with structural of F; (Garda et al, 1997; Harris, 1989; Noumét al.,
modifications. This oxyanion increases the activation of 1987; Weber and Senior, 1998) as it does during ATP hy-
the PdRFo-ATPase exerted by limited proteolysis with ~ drolysis. Therefore, the ability to entrap RMgADP is an
trypsin (Pacheco-Moes et al,, 2000). Therefore, it can  important common factor in the unidirectional inhibition
be proposed that sulfite induces a conformation of lower by azide, and in the opposite effects of sulfite on the for-
affinity for Mg?*-ADP, and thus a low ATP synthase activ- ward and reverse functioning of i,. Nucleotide binding
ity and higher ATPase turnover, associated with a higher fuels the rotation of the /¢ /¢, domain and the positive
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cooperativity of if during ATP hydrolysis (Gane, 2000;

Garaga and Capaldi, 1998; Wang and Oster, 1998; Yasuda

et al,2001). However, during ATP synthesis, rotation is
fueled not only by nucleotide binding, but also by pro-
ton conduction through theyFnotor (Garea, 2000; Oster
and Wang, 1999). Therefore, during ATP synthesis, the
presence of azide may be circumvented ppfoton con-
duction that induces positive cooperativity in fhrough
rotation of they /¢ /c12 domain. In this way, accumulation
of an R Fo-Mg?*-ADP inhibited form may be prevented.
In the case of sulfite, the possible binding of this oxyanion
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234-251.

Bianchet, M., Ysern, X., Hullihen, J., Pedersen, P. L., and Amzel, L. M.
(1991).J. Biol. Chem266, 21197-21201.

Bianchet, M. A., Hullihen, J., Pedersen, P. L., and Amzel M. L. (1998).
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J. Exp. Biol.203, 29-33.

to noncatalytic sites (Recktenwald and Hess, 1977), or the capelini, p., Turina, P., Fregni, V., and Melandri, B. A. (1992)r.

structural modifications that sulfite induce in the P
complexes, might prevent accumulation of the HeF
Mg?*-ADP inhibited form.

In summary, this work shows that during ATP hy-
drolysis or ATP synthesis, sulfite decreases the affinity for
ADP and Pi, leading to its opposing effects on ATPase

and ATP synthase activities. Therefore, in the presence

of sulfite, the PdiH~g complex is completely shifted from
its physiological ATP synthase activity to the opposite
highly active ATPase. This effect of sulfite may therefore
contribute significantly to the toxic effect of this oxyan-
ion in P. denitrificans(Wodaraet al,, 1997). The kinetic
effects of sulfite on the PdF, complex are likely the re-
sult of structural shifts from a basal ATP synthase state
into another ATPase form that possesses a low affinity for
ADP and Pi. Together with azide, sulfite provides evidence
for the asymmetry between ATP synthesis and hydrolysis
carried out by IFy. Control factors such as the affinity
for nucleotides and Pi, together with the proton gradient,
may contribute to the different effects of these molecules
on the forward and reverse functioning of thg=F~ATP
synthase.
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