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Regulation of Proton Flow and ATP Synthesis in Chloroplasts

Yoav Evron,! Eric A. Johnson,! and Richard E. McCarty 2

The chloroplast ATP synthase is strictly regulated so that it is very active in the light (rates of ATP
synthesis can be higher thamn$nol/min/mg protein), but virtually inactive in the dark. The subunits

of the catalytic portion of the ATP synthase involved in activation, as well as the effects of nucleotides
are discussed. The relation of activation to proton flux through the ATP synthase and to changes in the
structure of enzyme induced by the proton electrochemical gradient are also presented. Itis concluded
that they ande subunits of CE play key roles in both regulation of activity and proton translocation.
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INTRODUCTION that R has a hexameric structure when observed from the
top (Boekematal, 1988), where alternatingandg sub-

The ATP synthase from chloroplasts belongs to a units form a hexamer and thesubunit is located at least
large family of BF; type ATPases and shares a common in part within the center of the heterohexamer (Abrahams
structure with the ATP synthases from mitochondria and et al, 1994; Snyder and Hammes, 1984). The membrane-
bacteria. The general structure of this enzyme family is a embedded C§-contains four different polypeptides in a
hydrophobic moiety (F) that translocates protons across stoichiometry of I, II, lllg_15 IV (Frommeetal,, 1987a, b).
the membrane and a hydrophilic moiety YEhat contains Inthis article, we discuss regulation of ATP synthesis
the catalytic subunits with the nucleotide binding sites. and proton flux through the ATP synthase with particular
The coupling between ion movement and ATP synthesis emphasis on the effects of hucleotides and the roles of the
was described by Mitchell (1961) in his chemiosmotic hy- ¢ andy subunits of CF.
pothesis. Electron transfer is coupled to vectorial proton
translocation across a membrane with poor proton per-
meability, thus creating a proton electrochemical gradi- NUCLEOTIDE EFFECTS ON PROTON AND
ent. Coupling proton movement down the electrochemical g| ECTRON FLOW
gradient to a ATP synthesis completes the cycle. Although
almost 40 years have passed since Mitchell postulated his  Nycleotides in the medium enhance the extent of pro-
theory, the details of the coupling between proton move- ton yptake inilluminated chloroplast thylakoids (McCarty
ment and ATP synthesis at the molecular level are not et 51, 1971) and inhibit electron transport under nonphos-
clear. Major strides toward understanding coupling were pporylating conditions (Avroet al, 1958; Higashida and
made when the structure and stoichiometry of the sub- pykohata, 1976). At the steady state of illumination, the
units involved were, and still are, being deciphered, and rate of proton flow into the thylakoid lumen is equal to the
the kinetics and nucleotide binding and release are bettersj,x from the lumen. Since electron transport is coupled
understood. to proton translocation, the rate of proton influx is given

Chloroplast k(CF;) is composed of five subunit  py the rate of electron transpoR@ times the proton to
types with the stoichiometry afsfsyde. It was shown  glectron stoichiometry (H'e). Proton efflux is first or-

der with respect to internal proton concentration™([H),
1 Department of Biology, Johns Hopkins University, 3400 N. Charles so that the rat.e of efflux is given wHﬂi”’ wherek is
Street, Baltimore, Maryland 21218. an apparent first-order rate constant related to the per-
2To whom all correspondence should be addressed. meability of thylakoid membrane to protons. Thus, at
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the steady state, (He)Re=k[H*];, (Portis and McCarty,  subunit and nucleotide binding will be discussed below. It
1976). is also interesting to note that the inhibition of proton flow
Specific inhibitors such abl, N’-dicyclohexylcarb- through the ATP synthase by nucleotides is only partial, as
diimide (DCCD) or venturicidin specifically block proton is evident from the further decrease in electron transport
transport through CFand allow the evaluation of the pro-  and increase in proton uptake (Evron and Avron, 1990)
ton leak through the membrane and the elucidation of the and increase ihpH (Evron and Pick, 1997) by DCCD or
specific proton leak through the ATP synthase (Davenport venturicidin. This may indicate that a proton leak or slip
and McCarty, 1984; Evron and Avron, 1990). occurs at high light intensities under nonphosphorylating
The linear relationship between the rate of electron conditions.
transport R and [H'];, breaks down at high light inten-
sity and alkaline external pH, especially in the absence
of nucleotides (Porti®t al, 1975). In the presence of CHLOROPLAST ATP SYNTHASE REGULATION
DCCD, [H']in is a linear function oReat all light inten-
sities (Davenport and McCarty, 1984). When nucleotides The tight regulation of the activity of the chloro-
are absent in the medium, €bndergoes some kind of  plast ATP synthase is a result of several mechanisms act-
energy-dependent conformational change that renders iting together to prevent ATP hydrolysis in the dark and
leaky to protons. In the presence of Mg-ATP at microm- to allow ATP synthesis at physiologicalpH values. In
eter levels, this change is largely prevented. TiREesis addition to the release of inhibitory, tightly bound ADP,
inhibited and [H];n, ApH, and the extent of proton up- other changes within GRthat may be related to the reg-
take are increased by ATP. Mg-ADP has similar effects, ulation of activity of the ATP synthase are induced by
but R is also required (Evron and Avron, 1990; Groth and formation of the electrochemical proton gradient (pre-
Junge, 1993). dominantly ApH in thylakoids) and proton flux through
CF, contains tightly bound nucleotides that func- the synthase. Among these energy-dependent changes are
tion to stabilize the enzyme (Wangt al, 1993) and greatly enhanced reactivity of Cys89 of theubunit with
in regulation of activity (Bar-Zvi and Shavit, 1980; maleimides (McCarty and Fagan, 1973; Méitial., 1988;
Bickelsandkoetter and Strotmann, 1981). Mg-ADP is an Moroneyet al,, 1984), increased exposure of the disulfide
inhibitor of the ATPase activity of Cf(Bar-Zvi and bond in they subunit to reduction (Ketchast al., 1984)
Shavit, 1982). In the absence of an electrochemical pro- and the exposure of several Lys residues ofytrsibunit
ton gradient, Mg-ADP binds very tightly to a site that may to modification by pyridoxal phosphate (Komatsu-Takaki,
be both a catalytic and a regulatory site.;@Fdarkened 1996). The energy-dependent exposure of the disulfide
thylakoids is nearly totally inactive. Within a few millisec-  bridge in they subunit between Cys199 and Cys205 to
onds after illumination has begun, ATP synthesis reachesreduction by dithiothreitol or reduced thioredoxin is of
its maximum rate. Release of ADP has been correlated tophysiological significance. The reduction of the disulfide
the switching on of the activity of the ATP synthase in the bridge in they subunit, a feature unique to the chloroplast
light and binding of ADP to its switching off. ATP synthase, allows the enzyme to synthesize ATP at
The changes in GRnduced by high values ofpH high rates at values of the electrochemical gradient that
that result in increased flow of protons through the ATP are approximately 0.3 pH unit lower than those in ox-
synthase may also be responsible for the decrease in affinidized thylakoids (Junesch and #&her, 1987; Ketcham
ity for ADP binding to a regulatory site. Activation could et al,, 1984). At physiological values of the proton elec-
involve opening of a proton gate that is regulated by trochemical gradient, phosphorylation may be enhanced
nucleotides. The presence of ADP tightly bound to the by as much as tenfold by reduction of thredisulfide.
CF; shuts the gate, whereas when the site is vacant, asEffectively, reduction lowers the energetic threshold for
in the case of thylakoids illuminated in the absence of ATP synthesis. The mechanism of lowering the energy
nucleotides, the gate is open and protons flow through threshold is unclear, but could be related to proton gat-
the ATP synthase in a nonproductive manner. The looseing. Recently, it was shown that the energetic threshold
binding of nucleotide to this site prevents the nonproduc- for inducing the proton leak through the ATP synthase
tive leak, but still permits proton efflux coupled to ATP was decreased by reduction of the disulfide bond in the
synthesis. In view of current models for the mechanism y subunit (Evron and McCarty, 2000). The presence of
of ATP synthases reviewed in (Richter al., 2000), nu- ATP in the medium blocked the proton leak. Opening of
cleotide binding may restrict the movement of theub- the proton gate appears to occur at a lowgH values
unitwithin thea/8 hexamer thereby inhibiting protonflow  in reduced thylakoids, a fact that may explain the shift of
through CR. The relationship between changes inthe  ATP synthesis to loweApH values after reduction.
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MODIFICATIONS OF THE ~ SUBUNIT AND
THEIR EFFECT ON PROTON FLUX

The y subunit is specifically labeled bi-ethyl-
maleimide (NEM) upon illumination of thylakoids
(McCarty and Fagan, 1973). NEM was later shown to
be on the conserved Cys residue, Cys89 (Moraatesl.,
1984). This modification is strictly dependent apH
(Portiset al,, 1975) and on proton flow through the ATP
synthase. ATP and ADP at low concentrations in the
medium strongly inhibit the modification gfCys89 by
maleimides (Magnusson and McCarty, 1975). The simi-
larities in the properties of the effects of nucleotides on
modification ofy Cys89 by maleimides and those on pro-
ton flux suggest that thg subunit is part of the proton-
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nated. This intrasubunit cross—link renders the thylakoid
membrane irreversibly leaky to protons, causixgH to
drop dramatically. Since the reaction of Cys89 is critically
dependent o\ pH, cross-linking ceases when more than
10% of the ATP synthase was cross—linked (Weiss and
McCarty, 1977). Although the formation of the cross link
during illumination is prevented by ATP or ADP, the leak
induced by cross-linking is not blocked by nucleotides
(Fig. 1). Figure 1 also shows that the leak induced by
OPBM cross-linking causes both an increase in electron
transport and a decrease in membrane energization, as re-
vealed by the loss of thapH-dependent quenching of
the fluorescence of 9-aminoacridine (9-AA). Since ventu-
ricidin restores 9-aminoacridine fluorescence quenching,
the leak induced by cross—linking is through the ATP syn-

gating mechanism. Uncouplers prevented modification of thase. The leak is also rapid at neutral pH in the medium.

Cys89 by maleimides. Also, when proton flux through,CF
was blocked by either DCCD or venturicidipCys89 did
not react with maleimides, even at very higlpH values
(Evron and Pick, 1997). Thus, proton flux through the ATP

The thylakoid membranes containing cross-linked; CF
behaves as if the ATP synthase were not attached. This
leak demonstrates the importance of theubunit in pro-

ton gating and in coupling proton translocation to ATP

synthase is a requirement for the conformational changessynthesis.

within they subunit that exposgCys89 to modification.
Energy-dependent changes in heubunit were also de-

tected by the increased reactivity of various Lys residues THE INHIBITORY & SUBUNIT AND ITS

in they subunit to pyridoxal phosphate (Komatsu-Takaki,

1996). The nature of these conformational changes is not

clear, but under conditions of proton flux, it is clear that
they subunit is not a rigid protein. Movements of the
subunit, both internal and with respect to other, Gkb-
units, may be important in regulation of activity as well
as regulation of proton flux. Movements of thesub-
unit are also likely to be involved in catalysis (Cross and
Duncan, 1996; Hisabost al,, 1997; Richteeet al,, 2000;
Schulenbergt al,, 1997).

The modification of Cys89 with NEM increases the

INTERACTIONS WITH THE ~ SUBUNIT

The ¢ subunit is an inhibitor of the ATPase ac-
tivity of CF;. Removal of thes subunit stimulates the
ATPase activity tenfold or more and either native or re-
combinants subunit fully inhibits this activity (Richteet
al., 1984). The: subunitis also vital to the coupling of pro-
ton flux to the synthesis of ATP. The most straightforward
demonstration of this function involves the reconstitution
of thylakoid membranes stripped of Cwith either Ck
or with depletion of itss subunit [CR(—¢)]. Thylakoids

proton leak through the ATP synthase at alkaline external stripped of Ck are so leaky to protons that virtually no

pH (Evron and Pick, 1997). The leak is partially inhibited
by Mg-ATP and is inhibited completely at neutral exter-

ApH is formed during illumination. DCCD restores the
generation of higlhpH values. Both CFand Ck(—¢)

nal pH, even in the absence of nucleotides. The increasedbind to thylakoid membranes. Although the proton leak

leak caused by NEM modification demonstrates the im-

portance of this region in the subunit for proton translo-
cation. Alkylation of Cys89 also inhibits ATP synthesis

through CF is blocked by Ck, membranes reconstituted
with CF(—¢) remain as permeable to protons as they were
prior to reconstitution and are thus unable to synthesize

and hydrolysis and greatly accelerates the exchange ofATP. Addition of purifiede subunit to the thylakoids re-

ADP tightly bound to Ckwith nucleotide in the medium

(Soteropoulostal, 1994). Based on the crystal structures

of mitochondrial if and on FRET data with GF-y Cys89

is more than 6 nm from the nucleotide-binding sites.
Another type of proton leak is induced by a cross—

link within the y subunit by bifunctional maleimides.

constituted with CI{—=¢) restores low proton permeabil-
ity and ATP synthesis (Richtet al, 1984).

The ¢ subunit has been localized in the proxim-
ity of the y subunit by fluorescence resonance energy
transfer (FRET) measurements (McCarty, 1997), cross—
linking (Schulenbergt al., 1997), and/-subunit labeling

This cross—link, probably between Cys322 and Cys89, (Komatsu-Takaki, 1996). The strength of the interaction
occurs when thylakoids carrying the cross—linker, such as between the, ande-subunits is dependent upon the re-
o-phenylenebismaleimide (OPBM) on Cys322, are illumi- dox state of thes disulfide (Cys199—Cys205). Reduction
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Fig. 1. Electron transport and thylakoid membrane energization in
cross-linked and control thylakoids. Thylakoids were treated MWiti-
orthophenylene bismaleimide (OPBM) in the dark. Half the quantiy was
then treated with DTT to neutralize the OPBM and half was illuminated
to form a cross link (Weiss and McCarty, 1977). Electron transport and
membrane energization (quenching of 9-AA fluorescence by formation
of ApH) were measured simultaneously (Evron and McCarty, 2000)
by fluorescence of 9-AA in the presence of ferricyanide (FeCy). (A)
Thylakoids incubated with OPBM in the dark are compared to those
incubated first in the dark and then in the light for 90 s. Rates of elec-
tron transport in units oflegmg Chi-1-h—1 were 149 for dark and 450
for light. Downward arrows indicate onset of illumination; upward ar-
rows indicate end of illumination. (B) Electron transfer and membrane
energization in thylakoids cross linked with OPBM in the light. Where
indicated, ATP, to a final concentration of 108, and venturicidin, to a
final concentration of 0.2 M, were added. Electron transport was about
400 neq mg Chtth—1 before venturicidin and 8@egmg Chi-1.h—1
after venturicidin addition.
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of the y disulfide decreases the binding affinity ofor

CF, by tenfold or more (Soteropoulesal., 1992). In Ck

in thylakoids, they disulfide is reduced by thioredoxin,
which itself is reduced by photoelectron transport. The as-
sociation of Clr with thioredoxin was studied by FRET.
Removal of thes subunit did not affect the appareldg

for thioredoxin binding, but did increase the extent of en-
ergy transfer from fluorescein maleimide pRys322 to
eosin attached to thioredoxin (Dann and McCarty, 1992).
This result indicates that thioredoxin can approachythe
subunit more closely when theesubunit is absent. lllu-
mination greatly enhances the rate of reduction ofjthe
disulfide by either dithiothreitol or thioredoxin. The rate
of reduction of they disulfide in Ck (—¢) is much faster
than that in Ck.. Thus, one of the conformational changes
in CF, induced by proton flux and pH probably involves

a movement of the subunit relative to the subunit, such
that the region bearing the disulfide bond is more exposed
to the solvent. The subunit is an ATPase inhibitor and
must also be an ATP synthesis inhibitapH-induced al-
teration in the interactions between theandes subunits
may be part of the mechanism that overcomes inhibition
by thee subunit during active ATP synthesis. This means
that they—¢ interface undergoes an alteration during ac-
tivation of ATP synthesis that is dependent upon electron
transport and, hence, illumination.

lllumination of thylakoids also exposes specific por-
tions of they subunit to trypsin cleavage, which are pro-
tected from trypsin cleavage in the dark (Moroney and
McCarty, 1982). Limited trypsinization of thesubunitin
the light yields two large fragments that remain associated
with the enzyme (Hightower and McCarty, 1996; Moroney
and McCarty, 1982). Membranes that contain trypsinized
CF, are very leaky to protons. The ATPase activity of the
trypsinized Cl is insensitive to inhibition by the subunit
and trypsinized C§CF; is depleted of the subunit. Ex-
posure upon illumination of the regions of theubunit to
cleavage by trypsin is independent of the reduction state
of the dithiol of y, suggesting that this conformational
change between theande subunits is separate from the
change seen upon reduction of thelisulfide.

There is also evidence for change in conformation
of thee subunit upon illumination. Polyclonal antibodies
raised against the subunit are unreactive with GEF,
on thylakoid membranes until the membranes are illu-
minated. Upon illumination, the antibodies show strong
reactivity with thee subunit and can partially strip the
subunit, thereby uncoupling ATP synthesis (Richter and
McCarty, 1987). This result suggests that the affinity of
thee subunit is decreased hypH. Clearly, however, the
¢ subunit cannot dissociate from the ATP synthase during
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activation since dissociation would cause uncoupling. The
reactivity of Lys residue at position 109 in thesub-
unit of CF in thylakoids becomes approximately fourfold
more reactive to pyridoxal phosphate upon illumination,
demonstrating that the C-terminal region of thesub-
unit becomes more solvent accessible during illumination
(Komatsu-Takaki, 1989).

Coupling of proton flux to ATP synthesis is depen-
dent on maintaining the proton impermeability of {C=,
under nonilluminated conditions and allowing coupled
proton permeability under illuminated conditions. Alter-
ationsin eithey ors subunits can affect this proton perme-
ability. As discussed earlier, illumination of thylakoids in
the presence of a bifunctional maleimide causes the com-

Light Active
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AfiH"

DTT | thioredoxin

Light Reduced
(fully active)
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plete loss of proton impermeability, presumably through
cross—linking of, Cys322 tgs Cys89 (Weiss and McCarty,
1977). Deletion of 10 amino acids from the C-terminus of
thee subunit (Cruzet al, 1995) and truncation of as few
as five amino acids from the N-terminal end (Crizl,,
1997) destroyed the ability af to restore proton imper-
meability to thylakoid membranes deficientaofubunit.
Since the N-terminally truncatedinhibited the ATPase
activity of CR(—¢) bound to Cf in thylakoids was in-
hibited by more than 50%, restoration of proton imperme-
ability by thee subunit may be separate from its role as
an inhibitor.

These data also suggest thatprende subunitsactin
concert to control the flux of protons through the;CIF,

Dark Inactive

of

ap

Fig. 2. Proposed model for the various activation states of the chloroplast ATP synthase. Emphasis is giveratwithsubunits, whose involvement

in proton translocation is described

above. Details are given in the text.
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complex. This controlis achieved by conformational shifts Dann, M., S., and McCarty, R. E. (199Blant Physiol 99, 153-160.
of these proteins relative to each other in response to thePavenport, J. W., and McCarty, R. E. (198&jochim. Biophys. Acta

. 766, 363-374.
presence or absence of a transmembrane proton gradientz,on 'y, and Avron, M. (1990)Biochim. Biophys. Actd019 115—
In Fig. 2 the physiological effects of illumination and 120.

reduction are illustrated schematically:ande subunits ~ Evron, Y., and McCarty, R. E. (2000plant Physiol.124, 1-8.
Evron, Y., and Pick, U. (1997pRlant Physiol.115 1549-1555.

are hmde.re.d fr-o[n. mqvemem in the dark by m@ he>§- Fromme, P., Boekma, P., and &ber, P. (1987a). Naturforsch42¢
amer. This inhibition is partly overcome upon illumina- 1239-1245.
tion, when a conformational change moyeande from Fromsnaev P., Gaber, P., and Salnikow, J. (1987BEBS Lett210 27~

thea s hexamer, thus exposing the disulfide to reduction ot G., and Junge, W. (199Biochemistn@2, 8103-8111.
and y Cys89 to modification. Reduction of the disulfide Higashida, M., and Mukohata, Y. (1976).Biochem80, 1177-1179.
bond in they subunit causes an additional conformational Hightower, K. E., and McCarty, R. E. (199@iochemistry35, 4846

change, removing the inibition efmovement completel 4851,

ge, k g " ; p y Hisabori, T., Kato, Y., Motohashi, K., KrothPancic, P., Strotmann, H.,
and loosening the interaction betweeandy. If we as- and Amano, T. (1997)Eur. J. Biochem247, 1158—1165.

sume that proton efflux is coupled foands movement, J“”ezsgg' U., and @ber, P. (1987)Biochim. Biophys. Act&893 275-
reducing the inhibitory interaction betweerand thex 8 Ketcham, S. R., Davenport, J. W., Wamncke, K., and McCarty, R. E.
hexamer can result in larger proton flux at lower pH gra- (1984).J. Biol. Chem259, 7286-7293.

dients, leading, under phosphorylating conditions, to ATP Komatsu-Takaki, M. (1989)1. Biol. Chem264 17750-12363.
Komatsu-Takaki, M. (1996Eur. J. Biochem236, 470-475.

synthesis at physiologicalpH values. Magnusson, R. P., and McCarty, R. E. (1976Biol. Chem250, 2593—
This concerted effort together with effects of bound 2598.
nucleotides allow the ATP synthase to be active only on McCarty, R. E. (1997)Methods EnzymoR78 528-538.
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