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Physiological Ligands ADP and; Modulate the Degree of Intrinsic Coupling in the
ATP Synthase of the Photosynthetic BacteriRimodobacter capsulatlis
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ABSTRACT. The proton-pumping and the ATP hydrolysis activities of the ATP syntha$thoftlobacter
capsulatushave been compared as a function of the ADP ara@bRcentrations. The proton pumping was
measured either with the transmembrane pH difference probe, 9-amino-6-chloro-2-methoxyacridine, or
with the transmembrane electric potential difference probe, bis(3-propyl-5-oxoisoxazol-4-yl)pentamethine
oxonol, obtaining consistent results. The comparison indicates that an intrinsic uncoupling of ATP synthase
is induced when the concentration of either ligand is decreased. The half-maximal effect was found in the
submicromolar range for ADP and at about /@ for P,. It is proposed that a switch from a partially
uncoupled state of ATP synthase to the coupled state is induced by the simultaneous binding of ADP and
P.

Membrane-bound JF-ATPasesor ATP synthases cata- emphasized3, 6, 7). On the other hand, plenty of studies
lyze ATP synthesis in bacteria, chloroplasts, and mitochon- have appeared testifying about the occurrence of uncoupling
dria at the expense of an electrochemical potential gradientbetween the ATP hydrolysis reaction and the proton transport
of protons (or N& ions in some species). They can usually device, either induced by mutations or chemical modification
work also in the ATP hydrolysis direction, by buildingup a (8—9 and references thereii0) or by nonphysiological
proton gradient. Their membrane-embedded hydrophapic F ligands such as Ca (11, 12) and sulfite (3).
sector is involved in proton translocation across the mem- To our knowledge, no experimental evidence has been
brane, and their hydrophilic;Sector contains the catalytic  presented so far about uncoupling in the native, wild-type
sites (—4). Since the first crystal structure of the mitochon- enzyme. The H/ATP ratio has generally been considered a
drial F, was reported), high-resolution structural informa-  fixed parameter (but see ré# and references therei5,
tion for the soluble part has continued to appear, although al16). On the other hand, the phenomenon of high proton
high-resolution structure of the holo complex is still lacking. conductance throughoFat low ADP or R concentrations,

In the currently accepted view of the rotational mechanism well-known in chloroplasts 1(7—20) and photosynthetic
of catalysis, they- and e-subunit in f and thec-subunit bacteria 21), has been considered as a case of intrinsic
ring in R constitute the rotor, which in the hydrolysis uncoupling. No evidence has been presented so far indicating

direction, is driven by ATP to rotate against subumih Fo the occurrence of this uncoupling while the enzyme is
and, in the synthesis direction, is driven by the proton flow actually catalyzing ATP synthesis or hydrolysis.
to rotate against thesfBs-subunit barrel in In this paper, we show that an intrinsically uncoupled state

In several studies, the high efficiency of energy transduc- of the unmodified, wild-type ATP synthase can be detected

tion within this remarkable “rotary enzyme” has been during its activity in the ATP hydrolysis direction, provided
that the concentration of either ADP oriB maintained at

a low level.
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Biochemistry and Biophysics, Department of Biology, University of Preparations.A pseudo-wild-type strain oRhodobacter
Bologna, Via Irnerio, 42, 1-40126 Bologna, Italy. Telephone:-39 (Rb.) capsulatusas been used originating from strain B100,

@i@sﬁgg1&55:,%1?333?;)“%?&5? E-mail: wrina@alma.unibo.t.\hich is wild-type strain B10 cured of phages. The strain,

1 Abbreviations: k, transmembrane sector of the ATP synthage; F~ described in reR2, carries a Kanamycin resistance cassette
hydrophilic, extrinsic sector of the ATP synthase; Bchl, bacteriochlo- in place of the chromosomal copy of thatpl operon
rophyll; ACMA, 9-amino-6-chloro-2-methoxyacridine; tricindl-[2- (containing the Fgenes) and harbors a plasmid carrying a

hydroxy-1,1-bis(hydroxymethyl)ethyl]glycine; oxonol VI, bis(3-propyl- - . . ;
5-oxoisoxazol-4-yl)pentamethine oxondlp, bulk-to-bulk transmembrane copy of this operon together with a tetracycline resistance

electrical potential difference; PK, pyruvate kinase; Phenol Red, 4,4 Cassette. The cells were grown photoheterotrophically on a
(3H-2,1-benzoxathiol-3-ylidene)bispher&-dioxide; LDH, lactate  synthetic medium containing malate as a carbon so@e (

dehydrogenase; PNP, purine nucleoside phosphorylase; MESG, 2-aminokanamycin and tetracycline were added at 25 apg/mL
6-mercapto-7-methylpurine ribosidafin+, transmembrane difference '

of electrochemical potential of protonspH, transmembrane difference ~ féspectively. Cultures were illuminated by two opposite
of pH. panels each carrying nine 100 W incandescent light bulbs;
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excessive warming was prevented by water cooling. Cells of the proton concentration were transformed to changes of
were harvested at Qfy = 1.2—-1.4. Intracytoplasmic  the ATP concentration as describ&tb), At pH 8.0, a ratio
membranes (chromatophores) were prepared by the methoaf chemically released Hper hydrolyzed ATP of 0.94 was
given in ref23, resuspended in 50 mM glycyl-glycine/NaOH calculated. When ATP hydrolysis was measured in control
and 5 mM MgC} at pH 7.5, rapidly frozen as small droplets samples with the malachite green ass2§)(the same rates
in liquid nitrogen, and stored at80 °C. The bacteriochlo-  were obtained.
rophyll (Bchl) concentration was measured in an acetone  For measurements in the presence of PK, the reaction
methanol extract24). temperature and ATP hydrolysis mixtures were again the
9-Amino-6-chloro-2-methoxyacridinACMA) Assay.  same as used in the ACMA or oxonol assays, including the
ACMA fluorescence quenching assays were carried out in alow buffer concentration, except that lactate dehydrogenase
Jasco FP 500 spectrofluorometer (wavelength 412 and 482( DH) (40 units/mL), NADH (0.11 mM), and 2 mM KCN

nm for excitation and emission, respectively) at 32. were present and no ACMA or oxonol VI was added. The
Chromatophores were suspended tquM Bchl in the ADP trap was thus further coupled to NADH oxidation.
following buffer: 1 mM N-[2-hydroxy-1,1-bis(hydroxy- In some measurements (see Figure 5A), the EnzCheck

methyl)ethyl]glycine (tricine), 20 mM succinic acid, 50 MM pposphate Assay Kit (Molecular Probes) was used as a
KCl, 2.5 mM MgCh, NaOH at pH 8.0, and 0.kM detection method and efficient ®ap. This assay2() is a
valinomycin to minimizeAg; the inhibitors of the electron  compination of purine nucleoside phosphorylase (PNP),
transport chain antimycin (5M) and myxothiazol (1Q:M); added at 1 unit/mL, and of the chromogenic nucleoside
and ACMA was added to 0.4M. This chromatophores  2_amino-6-mercapto-7-methylpurine riboside (MESG), added
suspension is indicated as the “ACMA mixture”. Antimycin 3t 0.2 mM. To measure the ATP hydrolysis activity, the
and myxothiazol prevented the actinic effect of the excitation gnversion of MESG to its products upon phosphorylation
light, because no ACMA quenching could be detected during py PNP was followed at 360 nm as a function of time (see
the exposure for 5 min to the excitation beam, but they did Figure 5C). The hydrolysis assays differed from the

not affect ATP hydrolysis rates. The buffer capacity was kept measurements only in that they lacked oxonol VI, and PNP
low to measure ATP hydrolysis with 4;43H-2,1-benz- and MESG were present.

oxathiol-3-ylidene)bisphen@ S-dioxide (Phenol Red) under Measurement of PK Adiity. The activity of PK under
the same buffer conditions. Prior to each measurement, thethe experimental conditions of the present paper was

sample pH was adjgsted o 8.0 with _NaOH. measured both in the ACMA mixture at 3€ and in the
Oxonol Assay. Bis(3-propyl-5-oxoisoxazol-4-yl)penta- ool mixture at 23C. The mixtures lacked chromato-
methine oxonol (oxonol VI) absorption changes were phores and were supplemented with 1 my1ZmM PEP,
recorded as a function of time in a Jasco V-550 spectropho-5 .m ADP. 0.2 mM NADH. 40 units/mL LDH. The reaction
tometer in dual-wavelength mode (62587 nm) at 23°C. was started in the spectrophotometer by addition of PK

Chromatophores were suspended to 5 opNBBchl in the (approximately 0.03 units), and the coupled NADH oxidation
following buffer: 5 mM tricine, 1 mM succinic acid, 50 mM was recorded at 340 nm.

K-acetate, 2.5 mM Mg-acetate, NaOH at pH 8.0
nigericine to minimize the transmembrane pH difference ResSULTS
(ApH), 10 nM valinomycin, 5uM antimycin, and 1M
myxothiazol; oxonol VI was added to;8V.. This chromato- Vesicles ofRb. capsulatusre a well-behaved chemi-
phores suspension is indicated as the “oxonol mixture”. In osmotic system, which has been widely used to investigate
the absence of added ATP, no change of the oxonol VI signal functional properties of the involved protein complexes. In
was detected by exposure to the measuring beam, indicatingparticular, the generation of a transmembrane difference of
that its low intensity and the presence of the inhibitors electrochemical potential of protonag+) by the photo-
antimycin and myxothiazol prevented the buildup of any synthetic electron transport chain and by the ATP synthase
significantAg. Even in these assays, the buffer capacity was has been revealed and investigated by means of several
kept low to measure ATP hydrolysis with Phenol Red under techniques, among which fluorescent acridines as probes of
the same buffer conditions. Prior to each measurement, theApH (28), carotenoid shift Z1, 29, 30), and oxonols as
sample pH was adjusted to 8.0 with NaOH. probes ofAg (transmembrane electrical potential difference)
ATP Hydrolysis.ATP hydrolysis was measured under (30). To estimate the proton-translocating activity of the ATP
experimental conditions as close as possible to those usedynthase under various conditions, we have used in parallel
in the ACMA and oxonol assays. In the absence of the both theApH probe ACMA and theAg probe oxonol VI.
pyruvate kinase (PK) or;Rrap, the ATP hydrolysis was Figure 1A presents ACMA fluorescence traces obtained
measured by detecting the stoichiometric protons releasedupon addition of 10QuM ATP to chromatophores in the
upon ATP hydrolysis with the colorimetric pH indicator presence of PEP and of different amounts of PK. PEP and
Phenol Red. The reaction temperature and assay mixtured?K were chosen as a way to modulate the ADP concentration
were the same as those used in the ACMA or oxonol assaysijn the assay. Valinomycin and 50 mMtKvere present to
except that 10&M Phenol Red was present and no ACMA  keep the electrical component Afiy+ to a negligible level.
or oxonol VI was added. The pH changes of the suspensionin the absence of PK (trace a), addition of ATP induced a
were followed as a function of time by the absorbance progressive fluorescence quenching (up to 60% in this case),
changes at 625587 nm and were calibrated after about 300 which is related to a progressive increaseApH. After a
s of reaction by the 3-fold addition of 18M HCI. The few minutes, a stationary state is reached in which the rate
overall pH change of the suspension at the end of the of proton translocation from the external to the internal phase
measurements was never higher than 0.2 units. The changess balanced by the rate of passive proton efflux through the
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Ficure 1: ApH formation and ATP hydrolysis in the presence of
increasing PK. The ACMA mixture (see the Materials and Methods)
was supplemented with 1 mM.RA) ApH formation. The proton
pumping reaction was started in the spectrofluorometer by addition
of 100uM ATP. Traces b-e were obtained in the presence of 1
mM PEP and of increasing amounts of PK: 1.0 (b), 2.9 (c), 4.8
(d), and 14.4 units/mL (e). The 100% fluorescence level was
recovered by adding 0.2M nigericine. The traces have been
translated along the time axis. (B) ATP hydrolysis. ACMA was
omitted, and Phenol Red was added to the ACMA mixture. The
ATP hydrolysis reaction was started in the spectrophotometer by
addition of 100uM ATP. The number at the slope is the rate of
ATP hydrolysis in units of mM ATP M Bchi! s71. (C) ATP
hydrolysis. The ACMA mixture contained PEP, KCN, LDH,
NADH, and no ACMA. The reaction was started in the spectro-
photometer by addition of 100M ATP. Traces b-e contained
increasing amounts of PK as detailed in A. The numbers at the
slopes are the rate of ATP hydrolysis in units of mM ATP M Be¢hl

s™L The traces have been translated along the absorbance axis. (D) v(ATP hydrolysis)= v(PK) =

Relative steady-state fluorescence quench®fg, from A, were
plotted as a function of the ADP concentration in the steady-state
condition, estimated from eq ®§ or from the Preleased after 3
min (O). The curve is the best fit to the data of the hyperbolic
function P1+ P2J/(P3 + X), with best-fit parameters P% 13,
P2 =48, and P3= 0.5uM.

Turina et al.

out using different commercial PK preparations, either as
glycerol solutions or as ion-free liophylized powder; in each
case, results similar to those presented in Figure 1A were
obtained for similar PK activities. No effect was observed
in the absence of either PEP or PK.

The rates of ATP hydrolysis corresponding to the different
conditions of Figure 1A were then measured in parallel
assays, in which great care was taken in reproducing as far
as possible the experimental conditions of the ACMA
fluorescence assays. In the absence of PK, the release of
stoichiometric protons because of ATP hydrolysis was
measured as a function of time by Phenol Red absorption
changes (Figure 1B). The only differences with the ACMA
assay were the absence of ACMA itself and the presence of
Phenol Red. In the presence of PK, ATP hydrolysis rates
were measured by coupling the PK reaction to the LDH
reaction and following the NADH absorption changes as a
function of time (Figure 1C). In this case, omission of
ACMA and addition of LDH, NADH, and KCN were the
only differences to the assay compositions of Figure 1A. At
the concentration used (2 mM), KCN inhibited any oxidation
of NADH through the branched respiratory chain Rib.
capsulatug31) and no NADH oxidation could be detected
in the absence of ATP. The resulting rates of ATP hydrolysis
were in all cases very similar, regardless of the PK
concentration. Thus, while the ATP hydrolysis rates were
slightly increased or unaffected by increasing PK (parts B
and C of Figure 1), theApH extent was progressively
decreased (Figure 1A), indicating a progressive intrinsic
uncoupling of the ATP synthase by increasing PK concentra-
tions. The initial rapid decrease of the NADH concentration,
evident in the traces of Figure 1B, was due to the amount of
ADP present in the added ATP, because it also occurred in
the absence of chromatophores. The ADP percentage in our
ATP solutions, as measured separately with the coupled
NADH assay, was 0.7%.

For similar rates of ADP production by the ATP synthase,
a higher concentration of PK in the reaction assay will cause
a lower ADP concentration in the steady-state condition. At
steady-state conditions, the rate of ATP hydrolysis will
balance the rate of the PK reaction, i.e.

ADP
max  [ADP]gg
[ADP] + K,,"°°

(1)

where Vma PP and Ky”PP are referred to the PK reaction.

mat'°7 was measured directly (see the Materials and
Methods),Ky”PP = 0.3 mM was taken from the literature
(32), andu(ATP hydrolysis) was taken from Figure 1C. The

membrane in the opposite direction, which is proportional [ADP]ssevaluated in this way should clearly be considered
to the ApH itself. With increasing concentrations of PK only approximated, because competition of ATP over ADP
(traces b-e), the initial rate of fluorescence quenching was and other kinetic alterations of the PK activity have not been
increased but the steady-state level of fluorescence quenchingonsidered. In Figure 1D, the values of the ACMA fluores-
was progressively decreased, indicating a progressively lowercence quenching are plotted as a function of [ARQP]
level of ApH. In each case, the initial fluorescence was evaluated on the basis of eq@)( while the highest [ADP]
recovered by addition of nigericin, which collapsed tyeH value ©) was evaluated from the kinetics ofielease. The
or, in similar sets of measurements, by the ATP-synthase-half-maximal effect was obtained at [ADR] 0.5 uM.
specific inhibitor oligomycin (not shown). Similar effects As mentioned, the proton-translocating activity of the ATP
were also seen in the absence of valinomycin, although assynthase was monitored also with the-sensitive probe
expected, with a slower ACMA response, because of the oxonol VI (Figure 2A). In this case, théapH component of
rapid onset ofAg. Similar measurements were also carried Azin+ was kept low by the presence of 50 mM"Kand
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Ficure 2: Ag formation and ATP hydrolysis in the presence of
increasing PK. The oxonol mixture (see the Materials and Methods)
was 5uM Bchl and was supplemented with 1 mM. RA) Ag
formation. The proton pumping reaction was started in the
spectrophotometer by addition of 1 mM ATP, and after 3@0

s, 2uM valinomycin was added to collapse thep. Traces b-e
were obtained in the presence of 1 mM PEP and of increasing
amounts of PK: 10 (b), 15 (c), 20 (d), and 40 units/mL (e). (B)
ATP hydrolysis. Oxonol VI was omitted, and Phenol Red was added
to the Oxonol mixture. ATP hydrolysis was started by addition of
1 mM ATP. The curve is the best fit to the data of an arbitrary
sigmoid function. A constant slope is observed after an initial lag.
The number at the slope is the rate of ATP hydrolysis in units of
mM ATP M Bchl~1 s71, (C) ATP hydrolysis. The oxonol mixture
contained PEP, KCN, LDH, NADH, and no oxonol VI. The reaction
was started in the spectrophotometer by addition of 1 mM ATP.
Traces b-e contained increasing amount of PK as detailed in A.
The numbers at the slopes are the rate of ATP hydrolysis in units
of mM ATP M Bchl~* s™1. (D) Absorption increase after 1 min
from A were plotted as a function of the ADP concentration in the
steady-state condition, estimated from eq®) or from the P
released after 1 mirtY). The curve is the best fit to the data of the
hyperbolic function PH P2/(P3 + Xx), with best-fit parameters
P1= 15, P2= 33, and P3= 0.5uM.

nigericin. Very low amounts of valinomycin (10 nM) were

Biochemistry, Vol. 43, No. 34, 200411129

valinomycin traces, similar results were obtained, although
the initial rates of absorbance change were higher and steady-
state values of the signal were slightly less differentiated, a
behavior consistent with the well-documented resistence of
steady-staté\g to proton-pumping inhibition.

The corresponding ATP hydrolysis rates were measured
in parallel as described for parts B and C of Figure 1, under
experimental conditions practically identical to those of the
oxonol assay. In the absence of PK, the ATP hydrolysis
activity was measured with Phenol Red (Figure 2B), and, in
the presence of PK, its reaction was coupled to the LDH
reaction (Figure 2C). Oxonol VI was omitted in all cases.
As expected, the results were very similar to those reported
in parts B and C of Figure 1, i.e., the ATP hydrolysis rate
did not change significantly at increasing PK concentrations.
Again, the ATP hydrolysis results compared to the proton-
pumping results indicated a progressive intrinsic uncoupling
of the ATP synthase by increasing PK concentrations.

In parallel to Figure 1D, Figure 2D plots the oxonol VI
response as a function of the calculated [ARBE] different
PK concentrations (see eq 1). Also in this case, the half-
maximal effect is observed in the submicromolar range.

From the ATP hydrolysis traces of Figure 2B, it can be
seen that the kinetics show a slight biphasicity, both in the
absence and in the presence of PK. A biphasicity in the rate
of ATP hydrolysis has been observed previouslyRh.
capsulatug33), as well as in other systems, and has been
attributed to the release of inhibitory ADP, in coupled
vesicles also partly induced by the onset/Ayiy+ (for a
general review, see ré). A lower extent of generatetlii+
and a lower concentration of ADP in the suspension are
possibly the reasons why the traces reported in Figure 1B
were not biphasic.

The rates in the presence of PK were about 1.4-fold higher
than in its absence, at variance with the ACMA measure-
ments (see Figure 1B compared to Figure 1C). The reasons
for this difference were not further investigated but are
consistent with the higher concentrations of inhibitory ADP
(see below) initially present and then produced in the oxonol
assay lacking PK, given the higher ATP (1 mM versus 100

uM) and Bchl (5uM versus 1uM) concentrations employed.

The inhibitory effect of ADP on the ATP hydrolysis
activity of the ATP synthase is well-known. We have
measured the initial rate of ATP hydrolysis with Phenol Red
without added PK as a function of the ADP concentration
added in the ATP solution under conditions of both ACMA
and oxonol assays (not shown); in both cases, the inhibition
could be fitted with a hyperbolic function, with half-maximal

also added to these assays to increase the membraneffects at 3Q«M (ACMA) and 83uM (Oxonol) ADP, with

permeability and thereby increase the sensitivity of the static
head values al\g to changes in proton-pumping efficiency.
Full collapse ofAg was induced by increasing the valino-
mycin concentration to 2M. For all traces, an increase in
the absorbance at 62587 nm upon addition of ATP was
observed, which is related to a progressive increastqof
from the proton-translocating activity of the ATP synthase.

the difference being consistent with the different ATP
concentrations in the two assays (0.1 and 1 mM, respec-
tively). The corresponding rates of ACMA quenching and
oxonol VI signal change could also be fitted with hyperbolic
functions, yielding half-maximal effects at 481 (ACMA)

and 23uM (Oxonol) ADP, which were different from those
obtained from ATP hydrolysis as expected from the non-

An analogue effect to the one observed in the ACMA assay linearity of the probes (see the Discussion). We conclude
was also evident in this case: in the absence of PK (tracethat the ADP-binding site responsible for the uncoupling

a), a maximum level ofAp was reached, whereas by effects reported here is different from the ADP-binding site

increasing concentrations of PK the extent Af was responsible for ATP hydrolysis inhibition, because its affinity

progressively decreased (tracesd). In the absence of for ADP appears to be-12 orders of magnitude higher.
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Ficure 3: ApH formation in the absence and presence of added 70
P.. The ACMA mixture was supplemented with 1 mM(Race a), °
(b) no added Pand (c) 1 mM Pand 2uM ADP. The proton X 60y
pumping was started by addition of 1081 ATP (traces a and b) O 5]
or 30 uM ATP (trace c), and the 100% fluorescence level was 2 4 A
recovered by addition of 0/&M nigericine. The corresponding rates (-% 01
of ATP hydrolysis have been measured with Phenol Red (not <. 304
shown) and were 72, 61, and 33 mM ATP M Bchis™, e 20
respectively. Q ]
N 10 B
In the measurements presented so far, the ADP concentra- ol , i '
tion had been modulated in the presence of 1 mMrPthe 0 1000~ 2000 3000
following measurements, the Boncentration was varied. [Pi] (uM)

The ADP concentration resulted from the ADP amount Ficure 4: ApH formation as a function of the; Boncentration.
present in the ATP solution (0.7%) and from the ADP (A) Proton-pumping reaction in the ACMA mixture was started in

; ; i _the spectrofluorometer by addition of 1081 ATP. (a) no added
{)r(;fjucecg durlngl\/lhydrolyss_,dlso that |nte\(/jery case a concen P, (b) 104M P, (c) 504M P, (d) 200uM P, (€) 6001M P, and
ra |-on above M was rapidly generated. . (f) 3 mM P.. The traces have been translated along the time axis.
Figure 3 shows ACMA fluorescence traces obtained at 1 The corresponding rates of ATP hydrolysis have been measured

mM P, (curve a) and in the absence of addeddarve b). with Phenol Red (not shown) and varied between 61 (no added P
The rates of ATP hydrolysis, measured in parallel in the and 74 (3 mM B mM ATP M Bchl™* s™. (B) Relative steady-

state fluorescence quenchiri@fo, from A and other measurements,
presence of Phenol Red, were 72 and 61 mM ATP M Behl was plotted as a function of added Phe curve is the best fit to

s, respectively. The steady-state fluorescence quenchinge gata of the hyperbolic function P4 P2/(P3+ x), with best-
was severely inhibited in the absence of addetbRan extent it parameters P 12, P2= 53, and P3= 73 uM.

which was not justified by the 1.2-fold lower rate of ATP
hydrolysis. In fact, similarly low-quenching levels could be shown in Figure 4B. The data could be fitted with a
obtained by limiting the ATP concentration to 38M (trace hyperbolic function, with a half-maximal effect atJR= 73
c of Figure 3), thus reducing the hydrolysis rate to 33 mM u«M. A similar set of measurements, carried out at pH 8.5
ATP M Bchl™? s71 (2 uM ADP had also been added to (not shown), shifted the half-maximal Poncentration to
prevent the uncoupled state at the lower ATP concentration).240 uM, suggesting that the monoanionic species may be
Moreover, particularly striking is the comparison between involved.
the kinetics of traces b and c. In the latter case, the low- The effect of Pwas investigated by also taking oxonol
fluorescence-quenching level is reached slowly, whereas theVI as a probe forAziy+ formation, similar to what was done
initial quenching rate of trace b is very similar to the initial for the effect of ADP. To have a good signal/noise ratio with
guenching rate of trace a and the steady-state quenching levebxonol VI, a higher concentration of Bchl and ATP had to
is reached much faster. On the other hand, the kinetics ofbe used, as in Figure 2. ThereforgpRoduction by the ATP
ATP hydrolysis measured under the corresponding experi- hydrolysis reaction was not expected to be negligible, and
mental conditions did not deviate significantly from linearity the difference between the assays in the absence and presence
during the time interval of the ACMA assay (not shown). A of P, could not be so clear-cut. As a tool for keeping the P
trace very similar to trace ¢ was obtained by inhibiting ATP concentration low during the assay, we have used a combi-
hydrolysis with 60uM ADP (not shown). Therefore, these nation of PNP and MESG, which can effectively act ag a P
results indicate that, when thed®dncentration is low enough  trap (see the Materials and Methods).
(no more than M P; were produced within the first 2 min Figure 5A compares the absorbance changes upon addition
of the reaction in the assay of trace b), the ATP synthase isof ATP either in the presence of 1 mM Rrace a), in the
converted into a state that is intrinsically uncoupled, similar presence of Rrap (trace b), or in the absence of both added
to what happens at very low ADP concentrations (see above).P, and R trap (curve c). The inhibiting effect of a Rap is

It was of interest to determine the concentration range in striking, equally so when both; BRnd R trap were omitted
which the effect of Ptakes place (Figure 4A). A small (curve c); by comparison with curve a and b, the slow
increase of steady-state fluorescence quenching was seeimcrease of oxonol VI response observed in this case can be
already at 1M, and it reached saturation in the millimolar  attributed to a corresponding slow accumulation di¢eause
range. The pronounced biphasicity of the curves is evident, of ATP hydrolysis.
with a fast phase followed by a slow increase of quenching Again it was essential to measure the rates of ATP
(e.g., see traces c, d, and e). A plot of the steady-statehydrolysis under experimental conditions as close as possible
quenching levels as a function of the ¢dncentration is  to those of the Oxonol assays. In the absence of &P,
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80 a induces a state of the ATP synthase that is intrinsically
B 4 //MW% uncoupled.
x
5 40 / , el DISCUSSION
(?‘ /A//f N The data that we are presenting in this paper indicate that
20 b the ATP synthase can also exist in a state or conformation
A AR o )
0 in which it pumps protons much less efficiently than in the
0 50 100 150 200 250 usual coupled state. This state is evident when the concentra-
Time (s) tion of either Ror ADP in the assay is kept very low. The

concentrations at which the half-maximal effect was observed
were 73uM for P; and an estimated 0/M for ADP. Even

% ot ¢ though the lack of linear response of the probes (see below)
<$ does not allow these numbers to be considered as dissociation
b f// B constants, nevertheless, they indicate an order of magnitude

[ for these parameters. Concentrations of both products high

o SATP enough to mask the effect are easily reached within a short
j °5A Boni time in most usual assays. In fact, the phenomenon could
be observed in the present paper only under the particular

150 200 250 conditions adopted: high level of PK activity for reducing

the steady-state ADP concentration, low ATP synthase and

FieuRe 5. Ag formation and ATP hydrolysis in the presence of ATP concentrations for keeping the concentration of the
IGURE 5: Ag

different R concentrations. The oxonol mixture was 74 Bchl. produ_ct fPat a low level long _enough to measure both proton
(A) Ag formation. The proton-pumping reaction was started in the PUMPIng and ATP hydrolysis, or the use of atfap.
spectrophotometer by addition of 1 mM ATP, and after 2200 As a measure of proton pumping, we have used two
s, 2uM valinomycin was added to collapse the. (a) 1 mM , different probes, ACMA and oxonol VI, which function

(b) addition of MESG and PNP, with no addegd#&hd (c) no added . . .
P.. The straight lines indicate the initial slope of the traces, which according to two different response mechanisms and are also

were 3.3, 0.8, and 1.3 mA &for traces a, b, and c, respectively. €ach sensitive to different componentsigi+, with ACMA

(B) ATP hydrolysis. Oxonol VI was omitted, and Phenol Red was being a probe ofApH and oxonol VI being a probe df¢.
added to the oxonol mixture. ATP hydrolysis was started by addition \We have obtained the same results irrespective of the probe
of 1 mM ATP. The calibration was 3.8 mAKM H" in the absence ;504 5 combination which drastically reduces the possibility

of added Pand 3.6 mA4M H* with added R The curve is the . - .
best fit to the data of an arbitrary sigmoid function. The numbers ©f artifacts. The response of ACMA tapH is not linear

at the slope are the rate of ATP hydrolysis in units of mM ATP M (€.9., see reR8), as much ag\pH formation is not linear
Bchl™! s7%. (C) ATP hydrolysis. The oxonol mixture contained with the rate of proton influx, depending on the inner buffer
MESG, PNP (as for trace b of A), and no oxonol VI. The ATP  capacity and membrane permeability of the vesicles. Analo-

hydrolysis reaction was started by 1 mM ATP, and the release of
P, was followed at 360 nm. The absorption sngnal was calibrated gously, the oxonol VI response is not linear wilk (for a

Tlme (s)

in a separated, identical cuvette, by 3-fold addition qiN P, review, see reB4). However, the lack of linearity cannot
The number at the slope is the rate of ATP hydrolysis in units of explain the data, because a decrease of the probe response
mM ATP M Bchl™* s™%. corresponded in general to either a similar rate of ATP

hydrolysis (Figure 1) or even a higher rate (Figures 2 and

5). Also striking was the time course of the ACMA signal
the Phenol Red assay was used as described above (Figuri@g the absence of;Pif compared to the time course under
5B). In the presence of the fPap (Figure 5C), an advantage conditions expected to decrease proton pumping by decreas-
was taken of the fact that the PNP/MESG system can being the ATP hydrolysis rate (Figure 3). In the first case, the
used for direct monitoring of the rate of formation (see  low steady-state\pH was reached abruptly, while it was
the Materials and Methods). In the absence of thadp, reached much more slowly when the ATP hydrolysis rate
irrespective of the presence of addedR as already noticed  was kept low by lowering the substrate concentration. The
(see Figure 2B), a biphasic time course of ATP hydrolysis comparison indicates that, upon addition of ATP in the
was observed. In this case, the most straightforward analysisabsence of Pthe ATP synthase undergoes a switch from
can be made by comparing the initial rates of ATP hydrolysis an initial state of efficient proton pumping to a state of
(parts B and C of Figure 5) and oxonol VI absorbance reduced efficiency. A similar striking behavior of the time
changes (Figure 5A). It can be seen that, in the presence ofcourse of probe response can be seen throughout, e.g., see
1 mM PR (traces a), the initial rate of ATP hydrolysis is also Figures 1 and 2, where increasing the amounts of PK
slightly lower than in the presence of the tRap, but the decrease the steady-stat@,+ level but increase the very
initial rate of oxonol VI absorbance change is about 4-fold initial rate of the probe response, again indicating the same
higher. Analogously, in the absence of both addean@ P type of switch. The initial faster rate of proton pumping in
trap (traces c), the initial rate of ATP hydrolysis is about the presence of PK is consistent with the higher activity of
2-fold lower than in the presence of thetfap but the initial ~ the ATP synthase expected when the concentration of
rate of oxonol VI absorbance change is about 1.6-fold higher. inhibitory ADP is decreased.
Therefore, the Oxonol assay confirmed what had already This sudden transition suggests that, prior to starting the
been seen in the ACMA assay (see Figure 3), i.e., that notreaction, the enzyme is in the coupled state, changing to the
only a low ADP concentration but also a lowd®ncentration uncoupled state in the course of the reaction, possibly induced
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by the buildup ofAziy+ or by the ATP itself. The residual to be investigated whether these phenomena are different
steady-stateAjiiy+, observed at the lowest ADP or; P aspects of the same basic feature or not. More recently, a
concentrations maintained under our experimental conditions,high-conductivity state of the chloroplast ATP synthase has
could be due to a heterogeneity in the catalytic state amongbeen measured in intact leavég). These authors hypoth-
the ATP synthase population and/or to the fact that the esized that this state could serve as a physiological way of
intrinsic uncoupling, which characterizes the catalysis of the regulating the extent o+ in chloroplasts and that it could
low-efficiency state, is not total but rather partial. be modulated by P

According to our data and our interpretation, the uncoupled  Whether this phenomenon is a common feature for all ATP
state is switched back to the coupled state by the binding of synthases, as we think likely, or rather it is specific of these
both ADP and P It is remarkable that ADP binds at photosynthetic prokaryotic membranes, is a matter for further
submicromolar concentrations, while ATP (that could bind investigation. It is an intriguing possibility that the uncoupled
competitively) is present at millimolar concentrations. This state of ATP synthase, which we are reporting, might have
high affinity appears to be-12 orders of magnitude higher a regulatory role in energy-transducing membranes, similar
than that characterizing the binding of the inhibitory ADP to the regulatory role hypothesized for the intrinsic uncou-
under the experimental conditions of the present paper.pling observed in other chemiosmotic enzymes, such as
Interestingly, also the light-induced increase of the ATP cytochrome oxidase (for a review, see #dj), V-ATPases
hydrolysis activity inRb. capsulatushromatophores was (42—44), and Ca-ATPases (for a review, see 4&f. While
shown to be inhibited by ADP at submicromolar concentra- the ADP concentration in the cytoplasm is unlikely to ever
tions (35). fall below 1uM, the R concentration may well vary in the

The different ADP concentrations, at which intrinsic tens to hundreds of micromolar range.
uncoupling on one side and hydrolysis inhibition on the other ~ An obvious question is which structural features of the
side occur, clearly indicate that the binding of ADP on the ATP synthase could be involved in the transition between
enzyme takes place at two distinct sites (a high- and athe coupled and the uncoupled states of the enzyme.
medium-affinity site). The presence of two ADP bound to Mutagenetic and structural studies, mainlyEncoli, have
sites of different affinitiesiq = 0.1 and 2QuM, respectively) frequently implicated the subunit as one key structural
has been reported for thgscherichia coliATP synthase in  feature in the coupling mechanism, a role which appears to
which reporter Trp’s had been inserted close to the catalytic be highly plausible in view of its positioning within the
site 36). A model has been advanced in which both ADPs complex, its structure, and its functional links to both events
are present simultaneously during the catalytic cycle of at the catalytic sites inj/and at the proton-binding sites in
hydrolysis. This model has recently obtained strong support Fo (9, 46, and references therein). The recent findings of at
in a study on the mechanochemical-coupling mechanism inleast two very different conformational states of ¢&sibunit
PS3 R in which rotation and site occupancy by a fluorescent within the complex47—50), in which the C-terminadi-helix
ATP analogue were observed simultaneou3R).(It appears hairpin of thee subunit is either bent toward, K“down-
likely that the double effect of ADP observed by us is related state”) or is extended toward;H"up-state”), make it
to the occupancy of these two sites and that the depletion ofplausible that a physiological modulation of coupling by this
ADP from the external medium, caused by PEP and PK subunit might exist.
additions, deprives of ADP not only the medium- but also  From trypsinization sensitivity 51) and fluorescence
the high-affinity site, thereby triggering a different functional studies $2), it has been shown that a change in the
state. conformation is brought about by; Binding with high

If indeed ADP and Pbind to a (high-affinity) catalytic  affinity (50—250uM) to a site suggested by the data to be
site, the enzyme must have a way to release both ligandscatalytic. On the basis of a protein-fusion study, Cipriano et
after they have bound, unless the rotational catalysis isal. (L0) have argued that one function of thgubunit in the
inhibited. The most efficient way to accomplish this task, ATP synthase is to inhibit an uncoupled ATP hydrolysis
i.e., to change dramatically their binding affinity, is probably reaction, in particular the C terminus efin the up-state
to transform them into ATP, which would then be released would prevent uncoupling. It is a recent findirg( 50) that
as such. Should this hypothesis be correct, ADP amebBId the transition of thes subunit from the down- to the up-
necessarily bind to the same catalytic site. Interesting enough state is associated to a functional switch from an enzyme
low levels of ATP synthesis from medium ADP ang P favoring ATP hydrolysis to one more active in ATP
inhibited by increasing PK, are invariably found during ATP  synthesis.
hydrolysis in the presence of &iiy+ (so-called “ATP-P, It is particularly tempting to speculate that the down and
exchange”) even at very high ATP/ADP ratid3( 38, 39). the up conformations correspond to the uncoupled and the

To our knowledge, the occurrence during ATP hydrolysis coupled states referred to in the present paper. Indeed, as
of an intrinsically uncoupled state of the unmodified, wild- noted in Cipriano et al. 10), the down conformation,
type ATP synthase has never been reported before. Themmobilized by site-specific-S—S— bonds in Tsunoda et
existence of a state of high proton conductivity of the ATP al. (49), appears to be at least in part uncoupled. Also, recent
synthase in the absence of substrates has been observed favidence indicate that, in the absence of nucleotides, the ATP
a long time in chloroplasts (see the Introduction) and more synthase is in the up-state and that ATP induced the transition
recently inRb. capsulatushromatophores as welk{). The to the down-state, whereas ADP counteracted this effect;
high-conductivity state could be measured following a train moreover,Ajiy+ stabilized the up-stateQ).
of actinic flashes in the absence of phosphorylation substrates The uncoupled statec (down-state in our hypothesis),
and was switched back to a low-conductivity state by binding being much less efficient in energy transduction and therefore
of ADP and Rat micromolar concentration2@). It remains presumably in ATP synthesis, would then correspond to the
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so-called “hydrolase” form 49, 51). Analogously, the
coupled state ¢ up-state), being mostly inhibited in its
hydrolytic activity because of the back pressureAgiy+,
would correspond to the “synthase” form. In contrast with
this hypothesis, the chloroplast ATP synthase has been shown
to catalyze ATP synthesis at a similar level with both the
native and C-terminal truncatedsubunit 62, 53). However,
because the enzyme with the truncatesubunit was less
inhibited in the hydrolysis direction, it should have been more
active during synthesis as well, indicating that it could have
a less efficient synthesis.

Within the proposed framework, it might be of interest to
hypothesize a possible mechanism of uncoupling related to
thee subunit being in the down-state. Some possibilities are,
e.g., that the surface of interaction betweenjtheand the

c-subunits complex is changed in the down-state so that it 17.

is weakened and a slip between these two rotor components
is more likely, or that a slip takes place between the c
oligomer and the a subunit. Alternatively, a slip might take
place between thesS; barrel and thes subunit. The recent
finding of Suzuki et al. §0), indicating that the C-terminal
helix of the e subunit, in the up-state, is hosted within the
ogfs barrel as a third helix together with the two coiled
helices of they subunit, might suggest that placement of
the third helix outside thexg3; barrel could weaken the
structural interactions between the rotor and the catalytic
domains, favoring slipping.
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