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ABSTRACT

COUPLING BETWEEN ELECTRON TRANSPORT AND ATP
FORMATION IN ISOLATED CHLOROPLASTS

By
J. Michael Gould

1. The photochemical reduction of lipophilic electron accep-
tors such as oxidized p-phenylenediamines or p-benzoquionones by
chloroplasts is coupled to phosphorylation with an efficiency (P/e2)
approximately one-half that observed when hydrophilic acceptors such as
ferricyanide or methylviologen are reduced. The reduction of lipophilic
acceptors is largely insensitive to the plastoquinone antagonist dibro-
mothymoquinone (DBMIB) as is the associated phosphorylation. This obser-
vation shows that the lipophilic acceptors are reduced by electrons from
water at or before the point of involvement of plastoquinone in the
electron transport chain. It also shows that there is a site of coupling
of electron transport to ATP formation before the involvement of plasto-
quinone.

2. At concentrations somewhat higher than those required to
inhibit electron transport, DBMIB itself behaves as a lipophilic electron
acceptor. However, DBMIB seems to be reduced via a pool of electrons
(plastoquinone?) whereas other lipophilic acceptors seem to be reduced

before the electrons from the photosystem II units are pooled. This
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conclusion is based on the fact that DBMIB reduction is exceptionally
sensitive to DCMU inhibition at low light intensities whereas the re-
duction of other lipophilic acceptors is exceptionally sensitive to DCMU
at all light intensities.

3. It is possible to insert electrons into the electron
transport chain at a point after the site of inhibition by DBMIB by
using appropriate exogenous donors such as diaminodurene, diamiotoluene
and reduced 2, 6-dichlorophenolindophenol while using methylviologen as
the electron acceptor. The reactions depend entirely on photosystem I.
The transfer of electrons from these exogenous donors to methylviologen
is also associated with phosphorylation, very likely via the coupling
site known to be between plastoquinone and cytochrome f.

4, By using lipophilic electron acceptors in the presence of
DBMIB one can isolate the functions of photosystem II and the associated
phosphorylation reaction (coupling site II). By using exogenous electron
donors such as diaminodurene in the presence of DCMU one can isolate the
functions of photosystem I and the associated phosphorylation reaction
(coupling site I). The efficiency of coupling site II is pH-independent
over the range 6-9 (0.3-0.4 ATP molecules per pair of electrons). In
contrast, the somewhat higher efficiency of coupling site I is strongly
pH-dependent (0.6 at pH 8, < 0.1 at pH 6.5). Moreover, the energy trans-
fer inhibitor HgC]2 is a much less effective inhibitor of site II phos-
phorylation. Electron flow through the less efficient site II is inde-
pendent of the presence or absence of phosphorylation or of uncouplers,
whereas electron flow through coupling site I is greatly increased by

phosphorylation or uncouplers.
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5. Over a wide pH range the sums of the efficiencies of the
two coupling sites measured separately as above are very close to the
efficiencies obtained at the same pH's when they are operating simulta-
neously, as in the overall Hill reaction. This implies that the charac-
teristics of the coupling sites are not altered by the presence of the
added inhibitors, donors and acceptors.

6. During the reduction of DBMIB by photosystem Il there is
an uncoupler-sensitive uptake of protons by the chloroplasts which is
reversed when the reduction ceases. About 0.5 protons are reversibly
taken up per electron transported over the pH range 6-8.5. The extent of
the uptake decreased 40-60% during phosphorylation. This is consistent
with the notion that proton gradients are used for phosphorylation as
postulated in the chemiosmotic hypothesis. On the other hand, the site-
specific inhibitions by Hg++ and low pH are difficult to accomodate with-
in the concept of a delocalized trans-membrane gradient as the driving
force for phosphorylation. Such site-specificities can be reconciled
with a modified version of the chemiosmotic hypothesis. The modified
version specifies that protons accumulate inside the membrane, that the
resulting strictly local increase in proton activity drives phosphoryla-
tion, and that this local proton activity can equilibrate with a trans-
membrane gradient. A postulated difference in the hydrophobicity of the
microenvironments of the two coupling reactions could then account for

the observed site-specificities.



to my wife, Brenda

ii



ACKNOWLEDGEMENTS

I would 1ike to express my appreciation and gratitude
to Dr. Norman E. Good and Dr. Seikichi Izawa for their invaluable
advice, enduring patience and wise counsel. I am also grateful to
Dr. Good for his scholarly insights into matters sometimes outside
the realm of basic science.

Thanks are also due to my fellow graduate student and
good friend, Dr.Donald Ort, for a fruitful collaboration.

Special thanks is due to my understanding wife, Brenda, for
her patience and moral support during the preparation of this manu-
script.

The work described here was supported by the National Sci-
ence Foundation of the United States through grants GB 22657 and GB
37959X to Drs. Izawa and Good.



TABLE OF CONTENTS

LIST OF TABLES vtiriiiiiii ittt ittt titeeraneaannen
LIST OF FIGURES ..eriiiiiiiiii it iiniie i, Ceeeieaea.
LIST OF ABBREVIATIONS ... ctvtiiiiiiiiettettatiennnnnanenanennns

INTRODUCTION titiitiiiniieteereoeeonenneeeeeecenesnenneannennanns
A. Electron Transport Pathways ........eeieeeieennennneeennennns

B. Coupling "Sites" and the Hypotheses for the Mechanism of

Coupling Between Electron Transport and ATP Formation .....

C. Stoichiometry Between Electron Transport and ATP Formation,

and the Location of the Coupling Sites .......evvvvenvunnnnn.

- EXPERIMENTAL METHODS .+ iiitititieeieeneeeeneeennseoeonoenanannnas
. Preparation of Chloroplasts ...eceitiiiiiiiiiinnrrneennnnas
. Measurement of Electron Transport ........c.ciiiiiiiennennennn
B - Yon A B 1 I I 1
. Measurement of ATP Formation .......cciiiiiiiieirneeennennns
. Measurement of Changes in H* Contentration (pH Changes)......
. Inhibitors and Reagents .........ccoieiiieieenennenneennennnnn

TMTMOO X

RESULTS t ittt ittt itiiteenntoneeenaseeoncssnsacnnsesnnasnnnns

A. Determination of a Second Coupling Site in Isolated

Chl1oroplasts .oiiieiieiniiieieierneeneneneenencsneennnnnnns

B. Functional Separation and Characterization of the Two

ATP-Generating Coupling Sites .......cciviivirinrnrnennnnnnn

C. The Relation of Light-Induced Proton Fluxes to the Electron
Transport and ATP Formation Associated with Coupling
STt I iitiiiiiiiiiiitieeneeneeneeneensenaeanannanannens

DISCUSSION & it iiiietieineeneoeaeeneeseosaneosasaseasensasasnnas
A. Functional Separation of the Two Coupling Sites in

Ch]oroplasts ............................................

B. Differences in the Properties of the Two Coupling Sites ....

C. The Coupling Mechanism and Coupling Site-Specificity .......

LITERATURE CITED ..itiiiiiiiiiiieiiiieiiennreneeeeeeeenennanannns

APPENDICES ..ttt ittt ittt tteetansannscasacnanaaaananns

Appendix I: Electron Transport and Photophosphorylation in
Chloroplasts as a Function of the Electron Acceptor III.
A Dibromothymoquinone-Insensitive Phosphorylation Reaction
Associated with Photosystem Il .......ccciiiiiieinnnnnnnnnnn.

iv

41
51
52
58
61
68

70



Appendix II: Photosystem II Electron Transport and Phosphory-
lation with Dibromothymoquinone as the Electron Acceptor...
Appendix III: Studies on the Energy Coupling Sites of
Photophosphorylation I. Separation of Site I and Site II
by Partial Reactions of the Chloroplast Electron Trans-
o) o A 0 1 B 1 ¢ e
Appendix IV: Studies on the Energy Coupling Sites of Photo-
phosphorylation III. The Different Effects of Methy-
lamine and ADP plus Phosphate on Electron Transport
Through Coupling Sites I and II in Isolated Chloroplasts...
Appendix V: Site-Specific Inhibition of Photophosphoryla-
tion in Isolated Spinach Chloroplasts by Mercuric
00 1 ' ) o e - PP
Appendix VI: Studies on the Energy Coupling Sites of Photo-
phosphorylation IV. The Relation of Proton Fluxes to the
Electron Transport and ATP Formation Associated with
Photosystem II ...iiiiiiiiiiniiineeeeeeoeeoneeaanansnnnnns
Appendix VII: The Phosphorylation Site Associated with
the Oxidation of Exogenuous Donors of Electrons to
Photosystem I ....coiiiiiiieinininereereeerancanananncasns
Appendix VIII: Electron Transport Reactions, Energy Con-
servation Reactions and Phosphorylation in Chloro-
3 - 3 PP

Page

81

90

103

116

120

137

152



Table

II.

II1.

ITI.

II.

LIST OF TABLES

APPENDIX I

The effect of dibromothymoquinone on electron transport
and photophosphorylation in chloroplasts with different

e1eCtron aCCEPLOrS . ivieieieteeeereeerertecenenssnosnnnnans

Inhibition of various reactions in chloroplasts by

dibromothymoquinone and KCN .......ccciiiiiiennerennnncnnnns

APPENDIX II

Effect of photosystem I inhibitors on electron transport

and photophosphorylation with various electron acceptors....

The lack of effect of phosphate, ADP or uncouplers on

dibromothymoquinone reduction .........c.ciiiiiiiiiininnnn.

APPENDIX III
Effects of reduced DCIP plus ascorbate and 2,5-dimethyl-

benzoquinone on post- illumination ATP formation (XE) ......

Effect of KCN treatment on electron transport and
phosphorylation associated with the photosystem I

dependent reaction reduced DCIP — methylviologen .........

Effect of phosphorylating conditions on electron trans-

port as a function of the electron acceptor ..........coc....

APPENDIX V

Effect of HgCl, on photophosphorylation in spinach

chloroplasts with various electron acceptors ...............

Effect of HgCl, onpostillumination ATP formation (Xg)......

vi

Page

74

78

85

85

96

97

99



Table

IT.

APPENDIX VI

Stoichiometry between proton uptake and electron
transport (H*/e-) with dibromothymoquinone or methy-

lviologen as electron acceptor .......c.veveevecencnnnennn

Effect of phosphorylation and arsenylation on the
extent of the light-induced proton uptake associated
with the electron transport pathway H,0 — photosystem

II — dibromothymoquinone .........ccoviiiiiiiiiennnnnnnns

APPENDIX VII

Diaminodurene, diaminotoluene, and reduced 2,
6-dichlorophenolindophenol as donors of electrons

to photosystem I ....ciiiiiiiiieeeeeneenoccnonconcsnnsenes

APPENDIX VIII

Phosphorylation efficiency as a function of the

donor of electrons to Photosystem II .....................

vii

Page



LIST OF FIGURES
Figure

1. The conventional "Z-scheme" of non-cyclic electron
transport in spinach chloroplasts ....ccceveeiennennenennnns

2. Scheme for cyclic electron transport in spinach
ChIOrOPTaSES +iiitniiiteeneneneeenensoeocacosaonacneannnenns

3. Sites of inhibition of non-cyclic electron transport
in spinach chloroplasts .....cciiiieeiieenneenecennncacaaanns

4. Post-illumination ATP formation (Xg) associated with
electron transport through coupling sites I and II .........

5. A comparison between the efficiencies of proton uptake
and phosphorylation associated with each of the two
coupling sites in chloroplasts .....ccivvevieieenrceacnecnnns

6. Electron transport pathways and phosphorylation sites
in chloroplasts ...... G e eeenetcascesneesatasaassassasonann

APPENDIX I

1. Effect of dibromothymoguinone on electron transport
(E.T.) and phosphorylation (ATP) with ferricyanide (FeCy)
or oxidized p-phenylenediamine (PDox) as electron
- Volo] -1 o} o1 oA Ceeeeteeecetaateanaas

2. Effect of dibromothymoquinone on electron transport and
phosphorylation with ferricyanide and methylviologen
(MV) as electron acCeptors .....ceceeeereeeeennccacanoncoans

3. Effect of higher concentrations of dibromothymoquinone on
electron transport and phosphorylation with ferricyanide
or methylviologen as acCeptors .......cieeeereeeccncncanenns

4, Effects of dibromothymoquinone on digitonin-treated
Chloroplasts ...oeiiiiiiieeeeeeaeeeeasanscoscosonnosonsassns

5. Simplified scheme of the electron transport pathways,
phosphorylation reactions and inhibition sites .............

viii



APPENDIX II

Figure

1.

The effect of KCN on endogenous and dibromothymoquinone-
catalyzed oxygen uptake (Mehler reaction) in illuminate
ChToropPTasts .iiuiiiiiinereeeeeceenceeeceeceneaananannns

Effect of dibromothymoquinone on electron transport
and phosphorylation in the absence of added electron
Lo ol ¢ X o 1 P

Effect of pH on dibromothymoquinone reduction and
associated phosphorylation .......ccociiiiiiiinnnnnnnnnnn

Inhibition by dichlorophenyldimethylurea of electron
transport with various acceptors .......ccevieiiinrennnn.

The effect of 1ight intensity on dichlorophenyldimethy-
lurea inhibition of electron transport supported by
1'Z: Y 0 Ko 1V EJI Vol of -1 o1 ) o

Effect of 1ight intensity on dichlorophenyldimethylurea
inhibition of dimethylbenzoquinone reduction ............

A simplified model of electron transport in chloroplasts

APPENDIX III
Effect of pH on the rates of electron transport and
phosphorylation associated with various electron donor-
ACCEPtOr SYStemMS ......iiiitiiiieeeteneeecenanncannnnnens

Effect of pH on the phosphorylation efficiency

-----

ooooo

(P/ez) of three different electron donor-acceptor systems ....

Effect of the energy transfer inhibitor 4'-deoxyphlorizin
on electron transport and phosphorylation associated
with different donor-acceptor systems ............ccutne.

Light-induced pH rise in the medium ("proton uptake")
associated with the reduction of dibromothymoquinone by
photosystem II ......iiiieiiiiiiieieeineeeenocononnnnans

A scheme for -electron transport pathways in isolated
chloroplasts showing the two sites of energy coupling

O

ix

Page

84

85

86

86

87
88

94

95

98



APPENDIX IV
Page

Effect of the plastoquinone-antagonist dibromothy-

moquinone on electron transport and ATP formation

associated with the photoreduction of ferricyanide and

oxidized p-phenylenediamine by isolated chloroplasts ......... 108

Effect of the electron transport inhibitors

dibromothymoquinone and KCN on electron transport

(E.T.) and phosphorylation (ATP) when dimethylquinone is

the electron acCepPtor ......cciiiieieieiieenceroanscnscsnnannns 109

Effect of the uncoupler methylamine hydrochloride on

electron transport (E.T.) and ATP formation when

ferricyanide (FeCy) and oxidized p-phenylenediamine

(PDox) serve as electron acceptors ......c.ceiiiiiiiiiiieeianns 110

Effect of methylamine on the rate of electron transport
when ferricyanide (FeCy) and oxidied p-phenylenedia-
mine (PDox) are the electron acceptors ......ccieeeveeiinnnnn. 110

APPENDIX V

Effect of HgCl, on electron transport (E.T.) and
phosphorylatioﬁ associated with various electron
transport pathways ......cceiieeiiniireecencecnscesceoncncnnnns 118

APPENDIX VI

Light-induced pH changes associated with the
partial electron transport pathway H,0 — photosystem
I1 — dibromothymoquinone in isolateg chloroplasts.......c.ene. 125

Recorder tracing of the apparent kinetics of the
reversible pH rise associated with Photosystem II
electron transport from water to dibromothymoquinone ......... 126

Initial kinetics of the 1ight induced pH rise and

electron transport measured under both flash and

continuous illumination with dibromothymoquinone as the 128
electron ACCePtOr ... iiiiiiiiitteteettetcatcctseetattoennannns

Comparison between the initial rates of proton uptake

and electron transport for the complete electron trans-

port chain (Hp0 — Methylviologen) and the photosystem II

partial reaction H,0 —>dibromothymoquinone .................. 129



APPENDIX VI (continued)

Figure

5.

Effect of phosphorylation on the extent of the 1light-
induced proton uptake associated with electron
transport from water to dibromothymoquinone ...........

Effect of arsenylation on the extent of the light
induced proton uptake associated with electron trans-
port to dibromothymoquinone .......... ...,

APPENDIX VII

Effect of bovine erythrocyte superoxide dismutase on
the electron transport and phosphorylation associated
with the diaminodurene — methylviologen reaction .....

Effect of diaminodurene (DAD) concentration on the rate
of electron transport and phosphorylation in the
diaminodurene — methylviologen reaction ..............

Double reciprocal plot showing the effect of
diaminodurene concentration on electron transport in
the diaminodurene — methylviologen reaction ..........

Effect of pH on the rate of electron transport and
phosphorylation associated with the diaminodurene
—> methylviologen reaction .........cceivuveiennnnnnn.

a) Effect of DCIPH, concentration on electron
transport and pﬁosphorylation in the DCIPHZ
—> methylviologen reaction ......cocvvvveceennnnn.

b) Double reciprocal plot of the data presented in (a)

c) Replot of some of the data presented in (b)
showing the component of the DCIPHZ -
methylviologen reaction with the higher apparent K,

Effect of the energy transfer inhibitor HgC]z on
electron transport and phnsphorylation associated
with the diaminodurene —methylviologen reaction .....

A scheme for electron transport pathways in

isolated chloroplasts showing the two sites of
energy transduction ( ~ ) ..eiiiiiiiiiiieniiiniinenens

Xi

ooooooo

ooooooo



Figure

1.

APPENDIX VIII

Page
Chloroplast reactions currently available for the
study of photosynthetic electron transport and
phosphorylation ..........cceivieenenn.. Cetetereaeee e 153
Reduction of a lipophilic strong oxidant with
electrons from water ........ciiiiiiiiiiieieiiiiieennnnennnes 156
A conventional chemiosmotic interpretation of
phosphorylation in chloroplasts .....coeieiemienenenennnnnnnns 157
The oxidation of catechol and ferricyanide by
hydroxylamine-treated chloroplasts with
methylviologen as electron acceptor .........ceeeeeeeeeneeennn. 158
Phosphorylation as a function of the time of
TTTUMINAET 0N ettt ittt ettt it et eeeenennaneneeesesans 160
Photophosphorylation efficiency as a function of the
EXEEINAT PH ittt ittt ittt ettt et et aaaeaann 161
A comparison of the efficiencies of proton uptake
and ATP synthesis at different pH'S ......ceveeneenreeeeeenenns 162
A modified model of the chemiosmotic mechanism which
allows for site specificity in the utilization of the
energized state for phosphorylation .......ccoceiveieeennnnnnn. 164

xii



ADP
ATP
CF
cyt
DAD
DAT
DBMIB

DCIP
DCMU
DMQ
EDAC
Fecy
Ht/e"

MV
PC
PD
P/e2

PSI
PSII

LIST OF ABBREVIATIONS

adenosine diphosphate
adenosine triphosphate
coupling factor one
cytochrome
diaminodurene
diaminotoluene

2,5-dibromo-3-methy1-6-isopropyl-p-benzoquinone
(dibromothymoquinone)

2,6-dichlorophenolindophenol
3(3,4-dichlorophenyl)-1, 1-dimethylurea
2,5-dimethy1-p-benzoquinone
1-ethy1-3-(3-dimethylaminopropyl) carbodiimide
ferricyanide; Fe(CN)G'

ratio of the number of protons translocated per electron
transported

methylviologen
plastocyanin
p-phenylenediamine

ratio of the number of ATP molecules synthesized per pair
of electrons transported

inorganic phosphate
photosystem I
photosystem I1I

xiii



quencher; primary electron acceptor for photosystem II

primary electron acceptor for photosystem I

Xiv



INTRODUCTION



INTRODUCTION

The single most important biological process, upon which all
life on earth ultimately depends, is the process of photosynthesis, for
it is this process which converts the electromagnetic radiation of sun-
light into the chemical bond energy required by all living systems to
maintain their entropy gradient with the environment. The mechanisms
involved in this energy conversion are incompletely understood, but it
is known that at least two distinct processes are involved: i) the use
of 1ight quanta to transfer electrons and thereby store energy in oxi-
dized and reduced products; i) an associated conversion of some of the
light energy into the chemical bond energy of ATP. This dissertation
deals primarily with studies concerning the nature of the latter process.

A. Electron Transport Pathways

In green plants, the energy of the quanta absorbed by the photo-
synthetic pigments is ultimately transferred to the chlorophyll embedded
in the chloroplast membranes where it is used to move electrons to or-
bitals which represent higher energy levels. The excited electrons are
then transferredto alowpotential electron acceptor, and the oxidized
chlorophy11 which is generated is subsequently reduced by electrons com-
ing from water. There are two such photoreactions occurring in chloro-
plasts. These photoreactions are arranged in series, and are connected
by a sequence of stepwise oxidation-reduction reactions mediated by a

variety of electron carriers (Figure 1). One photochemical reaction
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Figure 1. The "Z Scheme" for Non-cyclic Photosynthetic Electron Transport
in Isolated Chloroplasts.



(photosystem II) results from the excitation of a special type of
chlorophyll a molecule (P690) and causes the sequential accumulation of
four electron holes (for four quanta absorbed) in an as yet unidentified
primary electron donor (Z), which is subsequently reduced by the four
electrons generated by the simultaneous oxidation of two molecules of
H20 to produce molecular oxygen (02). The primary acceptor of electrons
from the Photosystem II reaction (Q; Eé = -100 mV) is also as yet un-
identified, although it has been suggested to be a quinone-type compound
(Stielh and Witt, 1969). Electrons from Q are rapidly transported to a
substituted quinone, plastoquinone (Eé = 50 mV), which is present in
large excess over the other electron transfer components (excluding
chlorophy11). This suggests that plastoquinone may represent an electron
pool between the two photochemical reactions. There is strong kinetic
evidence to support such a concept (Kok et al., 1969). The oxidation of
plastohydroquinone by a c-type cytochrome (cytothrome.f, Eé = 340 mV) is
believed to be one of the sites along the electron transport chain where
the formation of ATP is coupled to the exergonic redox reactions (see be-
Tow). Reduced cytochrome f transfers electrons to the reaction center

chlorophyl1l of Photosystem I (P700; Eé 2 495 mV; absorption max. = 700

n

nm) via a copper containing protein known as plastocyanin (E6 400 mV).
The primary electron acceptor for photosystem I (X; Eé < -550 mV) is also
unidentified, although there is some reason to believe that it may be a
bound ferredoxin. In intact chloroplasts, the electrons from X are
carried via a series of carriers to NADP+ (Figure 1). However, in the

chloroplast preparations utilized in this study, the outer envelope and

most if not all of the soluble or very weakly bound enzymes are lost,
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including the electron carriers from X to NADP+. For this reason it is
necessary to introduce into the reaction system an artificial electron
acceptor so that ongoing electron transport may be studied. The ability
of the chloroplast to catalyze the reduction of artificial oxidants,
known as the Hill reaction, has provided an extremely valuable-tool for
the investigation of electron transport pathways and ATP formation. Ex-
amples of the artificial acceptors of electrons from X used in this study
are methylviologen and ferricyanide.

The light-driven transport of electrons through the linear
transport chain (Figure 1), known as non-cyclic electron transport,is
stoichiometrically coupled to the synthesis of ATP (non-cyclic photo-
phosphorylation). It is also possible, by the addition of an appropriate
exogenous electron carrier, to observe photophosphorylation which is not
coupled to the net flow of electrons from water to some acceptor."Cyclic"
photophosphorylation, which is mediated by photosystem I, involves the
shuttle of electrons from X (see Figure 1) back to some component of the
linear electron transport chain via the exogenous carrier. That is, the
exogenous carrier (e.g. pyocyanine, phenazine methosulfaté) is reduced by
X and subsequently reoxidized by another carrier, probably cytochrome f
(see Appendix VII). There is some evidence that a b-type cytochrome
(cytochrome b563) may also participate in such cyclic electron flow
(Figure 2).

In order to study the number of "sites" of coupling between
ATP formation and electron transport it.was necessary to operate selected
portions of the non-cyclic electron transport chain. In order to do this,

one must specifically inhibit the flow of electrons through certain
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Figure 2. Cyclic Electron Transport Pathway in Chloroplasts.
("A" represents the exogenously added electron transport
mediator. )



regions of the chain, and at the same time insert or extract electrons
from particular carriers in the chain. The electron transport inhibi-
tors available include compounds or treatments which will block the
oxidation of water, the oxidation of Q, the oxidation of plastohydroqui-
none, the reduction of cytochrome f and the flow of electrons through
plastocyanin (Figure 3). When this study was initiated, however, the
ability to specifically insert and extract electrons at desired loca-
tions was not well established, and one important objective of the work
was to define more precisely the regions where exogenous oxidants and re-
ductants interact with the electron transport chain.

Saha et al. (1971) were the first to point out that, of the
exogenous electron acceptors available, hydrophilic oxidants (Class I
acceptors) such as ferricyanide and methylviologen are reduced almost ex-
clusively by photosystem I, while strong 1ipophilic oxidants such as p-
phenylenediimine and p-benzoquinone (Class III acceptors) are reduced
primarily by photosystem II. Inhibitor studies (reviewed in Appendices
VII and VIII) have substantiated this conclusion. (Class II acceptors
(e.g., indophenols) have been defined as acceptors which uncouple phos-
phorylation from electron transport).

The site where some reduced compounds donate electrons to the
chain has remained unclear for nearly a decade. Compounds such as
diaminodurene and reduced dichlorophenolindophenol supply electrons to
the transport chain at some point after plastoquinone, so the oxidation
of these compounds requires only photosystem I (Izawa et al., 1966). It
has also remained uncertain where mediators of cyclic electron transport

donate electrons to the transport chain.
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B. Coupling "Sites" and the Hypotheses for the Mechanism of Coupling

Between Electron Transport and ATP Formation

A major aspect of the work described in this dissertation deals
with determining the stoichiometric relationship between phosphorylation
and electron transport in chloroplasts, and in locating the particular
electron transfer sequences associated with this coupling phenomenon.

It thus becomes important to define exactly what a "coupling site" is.
Unfortunately, there is no precise definition available since there is
substantial controversy as to the molecular events involved in the
mechanism of the coupling process itself. Depending upon the coupling
hypothesis, at least three different definitions of a "coupling site" are
possible.

1) Chemical coupling. Simply stated, this hypothesis (Slater,

1953) proposes that certain carriers in the electron transport chain
interact directly with an as yet unidentified compound to produce a high-
energy chemical intermediate. The subsequent hydrolysis of this inter-
mediate by an ATP synthetase is coupled to the condensation of ADP and
inorganic phosphate to make ATP. (The enzyme responsible for ATP syn-
thesis in chloroplasts has been identified as a 325,000 MW multisubunit
protein known as coupling factor one (CF1), bound to the surface of the
thylakoid membrane.)

According to the formulations of the chemical coupling hypothe-
sis, a coupling "site" represents an electron transfer step which results
in the formation of a high-energy chemical intermediate. However, as
yet there is no direct evidence for the existence of such an inter-

mediate, although the absence of evidence does not necessarily
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constitute evidence for absence. Indeed, it is quite conceivable that
a high energy chemical intermediate may be in the form of a charge trans-
fer complex or similar entity which cannot be isolated.

2) Chemiosmotic coupling. This hypothesis, largely based on

the fdeas of Mitchell (1961, 1966) suggests that the electron carriers
are arranged in the membrane in such a manner that the reduction by an
electron of a hydrogen carrier near the outer surface of the membrane re-
sults in the uptake of a proton, which is subsequently released to the
inside of the thylakoid by the oxidation of the hydrogen carrier by an
electron carrier near the inner surface of the membrane. This electron
transport dependent uptake of protons results in the formation of a pH
gradient across the thylakoid. Furthermore, any lag in the movement of
charge compensating counterions would result in an electrical potential
across the membrane as well. According to this hypothesis, the pH gradi-
ent and membrane potential constitute a high-energy state of the membrane
which can be discharged by a reversible, proton pumping ATPase (CF]) to
make ATP. By this model, any electron transport step which results in the
deposition of protons in the inner phase of the thylakoid can be consid-
ered a coupling site.

There is an impressive amount of evidence which lends strong
support to the chemiosmotic hypothesis. Chloroplasts do accumulate pro-
tons in the light in an electron transport-dependent reaction (Neumann
and Jagendorf, 1963). Furthermore a pH gradient produced across the
chloroplast membrane, either in the 1ight by electron transport or in the
dark by an acid treatment, is capable of driving phosphorylation (Hind
and Jagendorf, 1965; Jagendorf and Uribe, 1966). Perhaps the most
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convincing evidence comes from the elegant experiments of Racker and
Stoeckenius (1974), who employed a simplified system containing bacteri-
orhodopsin (which catalyzes a light driven proton pump in phospholipid
vesicles) and purified mitochondrial hydrophobic proteins and ATPase in-
corporated into phospholipid vesicles. In the light these vesicles
supported substantial rates of phosphorylation even though no electron
transport components were present.

3) Conformational Coupling. This hypothesis is less well

defined than the other two major hypothesis presented above. It postu-
lates that exergonic electron transport reactions give rise to energeti-
cally unstable conformations of membrane proteins. The relaxation of
these metastable conformations is coupled to the synthesis of ATP. Thus,
according to this model, a coupling site would be any electron transport
step giving rise to a conformational change capable of driving phosphory-
lation.

Actually, there is good evidence that conformational changes
in the ATP synthesizing enzyme (CF]) are involved in energy conserva-
tion, although the exact nature of the involvement is still unclear. En-
ergization of chloroplasts induces a conformational change in CF] which
results in the exposure of 50-100 previously buried tritium exchange
sites to the aqueous phase (Ryrie and Jagendorf, 1971, 1972). Similar
conditions also expose previously concealed sulfhydryl and lysine resi-
dues to attack by N-ethylmaleimide (McCarty et al., 1972) and trinitro-
benzenesulfonic acid (Oliver and Jagendorf, 1975), respectively.

In general, regardless of which of these hypotheses one champ-

ions, a coupling site is defined as an area in the electron transport
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sequence which gives rise to an energy-rich intermediate or state which
can be discharged to make ATP. A coupling site is distinct from a phos-
phorylation site, which is defined as the particular location where the
high-energy intermediate or state is enzymatically utilized to make ATP

(i.e. the CF] molecule).

C. Stoichiometry Between Electron Transport and ATP Formation, and

the Location of the Coupling Sites.

The quantitative relationship of electron transport to ATP
formation can be expressed as the phosphorylation efficiency, or P/ez,
which is defined as the ratio of ATP molecules synthesized to pairs of
electrons passing through the coupling site. Although it is known that
at least 1.5 molecules of ATP per 2 electrons are required for the CO2
fixation reactions, the exact stoichiometry of non-cyclic electron trans-
port has been disputed for some time, with some investigators arguing for
a theoretical P/e2 of only 1.0 (see Avron and Neumann, 1968). However, one
of the reasons for the Tow P/e2 values observed was the use of suboptimal
experimental conditions. With better chloroplast preparations and im-
provéd buffers, Winget et al. (1966) were able to obtain P/e2 rafios con-
sistently and significantly greater than 1.0. This suggested that more than
one coupling site may be associated with the non-cyclic electron transport
chain. Other indirect evidence supporting this conclusion was supplied by
Izawa et al. (1966), and Izawa and Good (1968), who showed that under cer-
tain conditions a correction of the electron transport rate for the rate
of "basal" electron flow, (i.e. electron flow in the absence of phosphate)
gave "corrected” P/e2 ratios of close to 2.0. A large number of alter-

nate hypothesis (see Avron and Neumann, 1968, for a review) postulating
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separate sites for cyclic and non-cyclic phosphorylation, hidden cycles,
and even stoichiometries as high as P/e2 = 4 (Lynn, 1967) further con-

fused the issue. However, very little direct evidence for more than one
site emerged for nearly a decade.

An important breakthrough in this area came with the work of
Saha et al. (1971), who showed that lipophilic strong oxidants such as
p-phenylenediimines and p-benzoquinones are reduced by chloroplasts in a
reaction coupled to phosphorylation with an efficiency consistently about
one-half the efficiency observed when convential hydrophilic Hill oxidants
(e.g. methylviologen) are reduced. They concluded that these 1ipophilic
acceptors were being reduced at a point between two coupling sites.
Ouitrakul and Izawa (1973) subsequently showed by inactivating plasto-
cyanin with KCN that photosystem I was required for the reduction of hy-
drophilic oxidants but not for the reduction of lipophilic oxidants. This
provided strong circumstantial evidence for the existence of at least
two coupling sites associated with the complete non-cyclic chain. However,
direct confirmation of this notion requires a knowledge of the exact
location of the coupling sites in the electron transport chain.

Evidence for the location of one of the coupling sites comes
from studies of the steady-state redox levels of the electron carriers
under various conditions. This approach is based on the fact that, in
the complete Hill reaction, the rate of electron transport during phos-
phorylation is considerably higher than the rate in the absence of phos-
phorylation. When the phosphorylation reaction is uncoupled from elec-
tron transport , the highest rates of electron transport are observed.

These facts have been taken to mean that the formation of a high-energy
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intermediate or an energized state regulates the rate of electron flux
through the coupling site by creating a "back-pressure" on the forward
phosphorylating reactions. Thus, in the absence of an uncoupler the
electron carriers on the photosystem Il side of the rate-limiting coupl-
ing site should be more reduced, and those on the photosystem I side more
oxidized, than when an uncoupler is added (to remove the rate-limitation
at the coupling site).

Using this technique, Kok et al. (1969) determined that the
rate-1imiting step of the Hill reaction came after the electron pool at
plastoquinone. Avron and Chance (1966), Larkum and Bonner (1972) and
Izawa (1968) similarly showed that the rate-limitation occurred before
the reduction of cytochrome f, and Bohme and Cramer (1972) demonstrated
directly the existence of a phosphorylation-dependent electron transport
reaction between plastoquinone and cytochrome f.

Ouitrakul and Izawa's experiments with KCN cannot completely
eliminate the possibility that Class III acceptors are reduced both be-
fore and after a single coupling site located between plastoquinone and
cytochrome f, since the cyanide inhibition site is at a point in the
electron transfer chain after cytochrome f (see Figure 3). One of the
objectives of this study was to demonstrate unequivocally the existence
of a second coupling site associated with the non-cyclic electron trans-
port chain in chloroplasts. The introduction by Trebst's group (Trebst,
et al., 1970) of a new inhibitor (dibromothymoquinone; DBMIB) which blocks
electron transport at plastoquinone (i.e. before the known coupling site)
made available a new approach to the problem. Indeed, it was found that

DBMIB completely inhibited phosphorylation and electron transport
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dependent upon the reduction of hydrophilic acceptors, while only
slightly affecting the electron transport and phosphorylation associated
with the reduction of lipophilic acceptors. This observation provided
another, more conclusive demonstration of a second coupling site in
chloroplasts. One of the other objectives of this study was to find
suitable reactions using defined portions of the electron transport chain
so that the individual coupling sites could be functionally separated and
investigated without resorting to physical disruption of the chloroplast.
In the course of studying these "partial" reactions it was observed that
the characteristics of the two coupling sites are substantially different.
This was a particularly intriguing development since any theory of the
coupling mechanism must accomodate the observed differences.

Finally, the stoichiometric relationship between proton uptake,
electron transport and ATP formation associated with the newly isolated
coupling site was studied in detail in an attempt to elucidate the role

of protons in the energy conservation mechanism.
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A. Preparation of Chloroplasts

The chloroplasts employed for the research described in this
thesis consisted of intact, naked lamellae. That is, during the isola-
tion procedure the outer chloroplast membrane was stripped away, and
enzymatic activities attributable to soluble stroma enzymes were lost.
However, the lamellae retained their general morphological appearance,
the grana remaining largely intact.

Chloroplasts were isolated from leaves of fresh market spinach

(Spinacea oleracea L.) in the cold (49C). Chilled leaves were washed

in cold distilled water before being ground briefly (3-7 seconds) in a
Waring Blender. The grinding medium consisted of 0.3 M NaCl, 30 mM
N-tris(hydroxymethyl)methylglycine (tricine) -NaOH (pH 7.8), 3mM MgC]2

and 0.5 mM ethylenediaminetetracetic acid (EDTA). After filtering the
homogenate through multiple layers of cheesecloth (prerinsed with dis-
tilled water), the chloroplasts were sedimented by centrifugation at about
2500 x g for two minutes. The pellet was resuspended in a medium con-
taining 0.2 M sucrose, 5 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid (HEPES)-NaOH (pH 7.5), 2 mM MgCl, and 0.05 percent bovine serum al-
bumin. Whole cells and debris were removed by a brief (30-45 second) cen-
trifugation at 2000 x g. Chloroplasts in the resulting supernatant were

sedimented at 2000 x g for four minutes, resuspended in a fresh volume of
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the same medium, and again sedimented. The final pellet was taken up in
a small volume of the suspending medium. In some cases, when the pres-
ence of metal chelating agents had to be avoided, the EDTA and bovine
serum albumin were omitted from the grinding and suspending media, res-
pectively, while the tricine and HEPES buffers were replaced by 2[N-tris
(hydroxymethy1)methy1]aminoethanesulfonic acid (TES) and N-2-hydroxye-
thylpiperazine-N-3-propanesulfonic acid (HEPPS) buffers respectively.

The concentration of chlorophyll present in the final stock
chloroplast suspension was determined spectrophotometrically by the method
of Arnon (1949). A 0.1 ml aliquot of the chloroplast suspension was di-
luted to 10 m1 with 80 percent (v/v) acetone-water. After centrifugation
at 5000 x g for seven minutes to remove insoluble chloroplast residues,
the absorbance (A) of the green supernatant was measured at 663, 652 and
645 nm. The concentration of chlorophyll was determined using the
equation

100 ([8.02(A663) + 20.2(A645)] + [29(A652)] ) =
2

ugrams chlorophyl1/ml stock suspension.
Stock suspensions of chloroplasts were routinely adjusted to
1600-2000 ug chlorophyl1/ml and stored in an ice bath. Aliquots of this
stock suspension were further diluted with suspending medium before being

added to the reaction mixtures.

B. Measurement of Electron Transport

The light-induced flux of electrons through the chloroplast
electron transport chain was measured by one of several methods, depending

upon the experimental conditions and the nature of the electron acceptor
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employed. These methods are described in detail below.

1) Potassium ferricyanide as electron acceptor. When ferricyan-

ide (E; = 420 mV) served as the acceptor of electrons from photosystem I,
electron transport was generally measured spectrophotometrically. This
was accomplished by measuring the decrease in the absorbance of the
sample of 420 nm in either a Bausch and Lomb Spectronic 505 spectro-
photomefer or a spectrophotometer consisting of a Beckman model DU mono-
chrometer equipped with a photomultiplier and associated log conversion
electronics. Both spectrophotometers were modified to permit illumina-
tion of the sample cuvette (1 x 1 x 4 cm) by an actinic 1ight beam at
right angles to the measuring beam. The photomultipliers were protected
from stray light by filters which blocked all of the scattered red-orange
actinic light (eg. Baird Atomic interference filter; peak transmittance
420 nm, band-width 10nm). The rate of reduction of ferricyanide was de-
termined by continuously recording the decrease in absorbance at 420 nm
on a strip chart recorder with a time-base drive. The number of equival-
ents of ferricyanide reduced was calculated assuming a millimolar ex-
tintion coefficient for ferricyanide of 1.06 at 420 nm.

A second method for determining the rate of electron transport
when ferricyanide served as the electron acceptor consisted of measuring
the rate of oxygen production. Changes in the oxygen concentration of the
reaction mixture were determined polarographically using a Clark-type ox-
ygen electrode covered with a teflon membrane (Yellow Springs Instrument
Co.), in a thermostatted reaction cuvette in which the reaction mixture
was stirred continuously by a small magnetic stirring bar. Changes in the

current flow through the electrode (which are directly proportional to



20

changes in 02 concentration) were amplified and recorded on a strip
chart recorder. The recorder span was calibrated in uequivalents by
using a known number of unequivalents of ferricyanide as the electron
acceptor and allowing the reaction to continue until all of the ferri-

cyanide had been reduced.

2) Methylviologen as electron acceptor. The reduction of the low

potential electron acceptor methylviologen (MV; Ej = -446 mV) by photo-
system I was followed polarographically as the rate of change of oxygen
concentration in the reaction mixture described in the manner immediately
above. However, in the case of methylviologen reduction, the reaction
was followed as oxygen uptake rather than as oxygen production, since the
reduced methylviologen radical (MVt) is rapidly reoxidized in air. Thus,

the reaction proceeds as follows:

1ight - +
HZO chloroplasts > s 02 t2e +2M
2em +2MVH — 5 ow?t
+ + ++
2MVT + 02 + 2H > H202 + 2MV
overall H20 + %02 —_—s H202

Therefore the overall rate of oxygen uptake (due to the reduction and
subsequent autoxidation of methylviologen) is equal to the rate of oxygen
production (one 02 consumed equals 4 electrons transported). However,
when 02 evolution by photosystem II is inhibited and an exogenous donor
of electrons to photosystem I such as diaminodurene (DAD), diaminotoluene
(DAT) or reduced 2, 6-dichlorophenolindophenol (DCIPHZ) is employed, the

rate of oxygen uptake due to the reoxidation of reduced methylviologen is
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twice as great for the same rate of electron transport (one 02 consumed
equals two electrons transported) (Izawa et al., 1966). Thus, for the

transport of two electrons, the reaction becomes:

1ight + -
AHZ chloroplasts > A+ 2H +2e
2" + vt —— 5 omvt
+ + ++
MV, 4+ 02 + 2H —m> 2MV " + H202
overall AH2 + 02 > H202 + A

where AH2 represents any one of the exogenous electron donors listed above.

3) Lipophilic (Class III) oxidants as electron acceptors.

Lipophilic oxidized compounds such as p-phenylenediimines or lipophilic
p-benzoquinones will serve as electron acceptors, being reduced primarily
at a point in the electron transport chain between photosystem II and
Photosystem I (Saha et al., 1971). These compounds were added to the re-
action mixture in the reduced form and subsequently oxidized by the addi-
tion of an excess of ferricyanide. Thus, when the Class III acceptor was
reduced by chloroplasts in the 1ight, it was immediately reoxidized by
the excess ferricyanide present in the reaction mixture. Therefore it
was possible to measure electron transport as ferricyanide reduction
either spectrophotometrically or as oxygen evolution. (See ferricyanide
reduction above.)

When dibromothymoquinone served as the Class III acceptor, it

was also possible to measure electron transport as the indirect reduction

of ferricyanide as described above or, above pH 8.0, as oxygen uptake
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(see methylviologen reduction), since the reduced dibromothymoquinone was

rapidly reoxidized by molecular oxygen at pH >8.

C. Actinic Light. ITlumination of the reaction mixture was with

a 500 W slide projector without the focusing lens. The beam was passed
through a one liter round-bottomed flask filled with a dilute (approxi-
mately 2%) CuSO4 solution. This functioned both as a condensing lens and
as a heat filter. The beam was then passed through a red-orange filter
(transmittance > 500 nm) and an I-69 Coming heat filter before impinging
on the reaction vessel. Reactions were run in small cuvettes maintained
at 180C by a thermostated circulating water bath. The final reaction
mixture volume was generally 2 ml. The light intensity at the surface

of the reaction cuvette was 400-700 kergs - cm'2 . sec'].

D. Measurement of ATP Formation

The rate of photophosphorylation was measured dirctly as the

f 32P-'Iabeﬂed orthophosphate into AT32P. The reaction

incorporation o
mixture contained excess amounts of both radioactive orthophosphate and
ADP (5 mM and 0.75 mM respectively). After illumination, a 1.0 ml aliquot
of the reaction mixture was pipetted into a 20 x 150 mm test tube and
immediately frozen in the dark.

The AT32

P present in the frozen sample was determined by a
modification of the method of Neilsen and Lehninger (1955). This techni-
que is based on the removal of unreacted 32P-inorgam’c phosphate from the
samp]e'as phosphomolybdic acid. Saha and Good (1970) have shown that
virtually all of the nonextractable radioactivity remaining is incorpor-

ated into AT32P. To the frozen 1.0 ml aliquot of the reaction mixture
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was added 10 m1 of 1N perchloric acid saturated with a 1:1 isobutanol-
toluene mixture. This resulted in a precipitation of the chloroplast
proteins, and prevented any further biological reactions from occurring.
In order to improve phase separation, 1.2 ml 6f acetone was added to the
perchloric acid sample mixture. Ammonium molybdate, 1.0 ml of a 10%

(w/v) solution was then added . The resulting molybdic acid reacts in
the aqueous solution with the excess 32P-]abelled orthophosphoric acid

to form yellow phosphomolybdic acid. This complex is extremely soluble

in organic solvents, and was removed from the perchloric acid phase by
adding 7 ml1 of 1:1 isobutanol-toluene (saturated with 1 N perchloric
acid). The phases were mixed briefly using the up and down motion of a
glass stirring rod which had been flattened at the end. The mixture was
then allowed to stand for about one minute. After this time the phases
were mixed for about 60 seconds by the piston action of the flattened
stirring rod. After the phases had been allowed to separate, the upper
(organic) phase containing the phosphomolybdic acid was carefully re-
moved using suction on a Pasteur pipet connected to a trap. The remaining
(aqueous) phase was gravity-filtered through 9 cm Whatman # 4 filter paper
pre-wetted with 0.5 ml distilled water. This filtration removed precipi-
tated proteins and remaining traces of the organic phase. The filtered
perchloric acid phase was extracted a second time using 0.1 ml ammonium
molybdate and 7 ml isobutanol-toluene (saturated with 1 N perchloric acid).
After again removing all traces of the organic phase by suction with a
pastuer pipet, an aliquot of the final perchloric acid phase was pipetted
into a polyethylene scintillation vial (Packard Instrument Co.) containing

sufficient distilled water to make a final volume of 15 ml.
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The technique used to determine the amount of radioactivity
in the perchloric acid extract is based on the method of Gould et al
(1972) and utilizes the phenomenon of Cerenkov radiation. Cerenkov
radiation is light emitted by some substances when a particle (such as a
high energy Rg-particle) moves through the substance at a velocity
greater than the speed of light in that substance. 32P emits B-particles
with sufficeint energy (1.71 MeV) to induce Cerenkov radiation in water
(minimum energy required, 0.265 MeV). Thus, it was possible to add an

32p_1abelled ATP to

aliquot of the perchloric acid extract containing
distilled water in a scintillation vial and then measure the Cerenkov
radiation with the photomultipliers of a liquid scintillation spectro-
meter. The amount of Cerenkov radiation (measured as counts per minute)
is proportional to the amount of 32P over a very wide range.

Experimental samples (in polyethylene vials) were counted at
40C for ten minute intervals in a Packard 3003 Series liquid scintilla-
tion spectrometer in the coincidence mode. The relative gain and upper
and lTower window discriminator settings, which were found to give optimum
counting efficiency, were 20% and 40-1000 units respectively. Counting
efficiency under these conditions was approximately 25-30%.

In some of the early experiments, and when the extracted per-
chloric acid phase was highly colored, radioactivity was determined in a
Geiger-Meiiller immersion tube (20th Century Electronics, Surrey, England)
connected to a Nuclear Chicago scaler.

Counts per minute were related to ATP by the following calibra-
tion procedure: an aliquot of the stock solution of radioactive phosphate

was diluted with 0.1 M NazHPO4 to give a solution containing 0.1 umole of
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the original stock (radioactive) phosphate in each 1.0 ml of the final
solution. A 1.0 ml aliquot of this final solution was then diluted to
13.8 m1 with IN perchloric acid and an aliquot of this "standard" was
added to a scintillation vial or the immersion tube and counted as des-

cribed above for the experimental samples.

E. Measurement of Changes in H+ Concentration (pH Changes)

Light-induced changes in the hydrogen ion concentration in the
reaction mixture were detected with a Corning semi-micro ("Tripurpose")
combination pH electrode connected to a fast responding Heath/Schlumberger
EU 200-30 pH electrometer module equipped with a Heath/Schlumberger EU
200-02 DC offset module to facilitate scale expansion. The output from
the electrometer was recorded (using a preamplifier with a gain of 10)
on either a Heath/Schlumberger programmable strip chart recorder or on
an Esterline Angus strip chart recorder. The response half-time for the
pH measuring system was 0.5-1.0 sec. Changes in pH were normally moni-
tored with a scale expansion of 0.1 pH unit full scale (10 inches) on the
recorder. The noise level was less than 0.002 pH units.

In routine pH experiments reactions were run in a final volume
of 2.0 m1 in thermostatted vessels at 180C with continuous stirring. Prior
to illumination the reaction mixture was adjusted to the desired initial
pH with small volumes of dilute NaOH or HC1. Actinic illumination was sup-
plied by a 500W slide projector as described earlier. The 1light intensity
was approximately 700 Kergs - cm'2 . sec" (ca. 600-700 nm). At the end
of each experiment the pH changes registered on the chart paper were

translated into Wt equivalents by back-titrating the reaction mixture in
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the light (Polya and Jagendorf, 1969) with a known amount of 0.001 M
HC1.
The overall sensitivity of the pH measuring system was such that

0.5-2.5 mM buffer could be included in the reaction mixture without ob-

scuring the pH change.

F. Inhibitors and Reagents

Plastocyanin was inactivated by treating chloroplasts in the
dark with 30 mM KCN (buffered at pH 7.8) at 0°C for 90 minutes as des-
cribed by Ouitrakul and Izawa (1973). The inhibition was checked by de-
termining the rate of methylviologen reduction as described above.

The inhibitory plastoquinone analog 2.5-dibromo-3-methyl-6-
isopropyl-p-benzoquinone (dibromothymoquinone; DBMIB) was prepared by
bromination of thymoquinone in water and was recrystallized several times
from hot ethanol. This synthesis was kindly performed by Mr. Peter Felker.
Stock solutions were prepared by dissolving dibromothymoquinone in ethanol-
ethylene glycol (1:1, v/v).

The dihydrochloride salts of diaminodurene, diaminotoluene and
p-phenylenediamine were prepared by dissolving the free bases in warm eth-
anol, treating with acid washed Norit A and adding concentrated HCI.

After cooling the solution for a few minutes on ice, the white crystals
of the dihydrochloride were collected. Fresh, colorless solutions of
these compounds were made up in 0.01 N HC1 each day.
2,5-Dimethy1-p-benzoquinone was purified by recrystalization
from hot ethanol. This compound appeared to be stable when stored at 0°c
in the dark. Ethanolic solutions of the dimethylquinone were yellow in

color.
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Sodium 2, 6-dichlorophenolindophenol was dissolved in ethanol,
filtered, and the concentration determined from the absorbance at 600 nm
using a mM extinction coefficient of 21. Ethanolic solutions of 2,6-
dichlorophenolindophenol were further diluted with 1 mM NaZHCO3.

3(3,4-Dichlorophenyl)-1, 1-dimethylurea (K and K Laboratories)
was recrystallized from ethanol. Stock solutions were made in ethanol,
with further dilutions being made with 0.01 M NaCl, which helped to pre-
vent absorption of the very dilute inhibitor onto the glass walls of the
storage vessel.

Superoxide dismutase was prepared from fresh bovine erythro-
cytes by the procedure of McCord and Fridovich (1969). The specific acti-
vity, assayed as the inhibition of cytochrome c reduction by xanthine
oxidase, was > 3000 units per mg. protein.

32P-label]ed orthophosphate

ADP was purchased from Sigma.
(carrier free) was purchased from International Chemical and Nuclear

Corp. (ICN). Buffers were prepared by Dr. N.E. Good.
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A. Determination of a Second Coupling Site in Isolated Chloroplasts

The characteristics of the reduction of lipophilic (Class III)
electron acceptors can best be understood by assuming that they accept
electrons from some intermediate carrier which normally transfers elec-
trons from photosystem II to photosystem I (Saha et al., 1971). Block-
ing the flow of electrons to photosystem I by inactivating plastocyanin
using either KCN (Ouitrakul and Izawa, 1973) or poly-L-lysine (Brand et
al., 1971), does not severely inhibit the reduction of Class III accep-
tors even though the reduction of Class I acceptors is completely blocked
(Ort et al., 1973). Furthermore, the reduction of Class III acceptors is
coupled to phosphorylation with an efficiency (P/ez) of approximately one-
half that observed when ferricyanide or methylviologen are reduced (Saha
et al. 1971). These observations strongly imply that the Class III ac-
ceptors intercept electrons before the involvement of plastocyanin but
after one of the two sites coupling electron transport to ATP formation.

One of the coupling sites in chloroplasts almost certainly lies
between plastoquinone and cytochome f (Avron and Chance, 1966; Kok et al..
1969; Bohme and Cramer, 1972). Thus, if the oxidation of reduced plasto-
quinone is prevented, this coupling site should become inoperative. An
experimental test of this argument became available with the introduction
by Trebst et al.(1970) of a new inhibitor, 2, 5-dibromo-3-methyl-6-isopro-

pyl-p-benzoquinone (DBMIB), which was claimed to act as a plastoquinone
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antagonist. At very low concentrations DBMIB blocks all of the transfer
of electrons from water to Class I acceptors such as ferredoxin-NADP® or
methylviologen and a large part of the transfer of electrons from water

to ferricyanide (Bohme et al., 1971). It also seems to block the transfer
of electrons from cytochrome 9559 to cytochrome f and it certainly pre-
vents the reduction of cytochrome f by electrons from photosystem II
(Bohme and Cramer, 1971). These results lend support to the conclusion

of Trebst et al. (1970) that DBMIB acts at the level of involvement of

plastoquinone in the electron transport chain.

1) The site of DBMIB inhibition and its effects on electron trans-

port and phosphorylation with different electron acceptors. The effects

of DBMIB on the reduction of Class I(hydrophilic) and Class III (1ipophi-
lic) electron acceptors are very similar to the effects of the plasto-
cyanin antagonists KCN and poly-L-lysine. The flow of electrons to Class
I acceptors such as ferricyanide or methylviologen is almost completely
sensitive to the inhibitor, while the flow of electrons to Class III ac-
ceptors such as oxidized p-phenylenediamine may be largely insensitive
(Appendix I, Fig. 1). Regardless of the phosphorylation efficiency
(P/ez) associated with the reduction of the Class III acceptor in the
absence of the inhibitor, the P/e2 ratio always falls to about 0.4 in its
presence (Appendix I, Table I).

These results indicate that there is a site of phosphorylation
associated with the electron transport pathway before the DBMIB inhibition
site. Consequently, precise identification of the inhibition site is a
matter of critical concern. Trebst et al. (1970) proposed that. DBMIB bldcks

electron transport at the level of plastoquinone, but their evidence was
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somewhat inconclusive. Indeed, the effects of DBMIB described above are
jdentical to the effects of KCN and poly-L-lysine, which almost certainly
act at the level of plastocyanin (Izawa et.al., 1973; Brand et al., 1972b).

DBMIB differs importantly from KCN and poly-L-lysine in its
effects on photosystem I-dependent reactions supported by exogenous elec-
tron donors such as diaminodurene. In the presence of DCMU (to block the
flow of electrons from photosystem II), the flow of electrons from dia-
minodurene to methylviologen is strongly inhibited by either KCN or poly-
L-lysine. In sharp contrast, however, DBMIB has no appreciable effect on the
diaminodurene -~ methylviologen reaction (Appendix I, Table II). It is
clear, therefore, that the site of DBMIB inhibition must come between the
point of reduction of Class III acceptors and the site of KCN (or poly-L-
lysine) inhibition at plastocyanin. This is entirely consistent with the
view that dibromothymoquinone acts as a plastoquinone antagonist.

2) DBMIB as an electron acceptor. Early in the course of these

studies it was noted that methylviologen reduction seemed to be more
sensitive to DBMIB than was ferricyanide reduction. Furthermore, the
phosphorylation efficiency (P/ez) associated with ferricyanide reduction
decreased with increasing concentrations of DBMIB to a plateau near P/e2
= 0.4. 1Indeed, at somewhat higher levels of DBMIB than were required for
complete inhibition of methylviologen reduction, ferricyanide reduction
actually increased to a rate > 300 uequivalents - h°]~mg ch1orophy11'],
about one-half the original (uninhibited) rate (Appendix I, Figs. 2-4).
Because the P/e2 associated with ferricyanide reduction at high DBMIB
concentrations (> SuM) is similar to the P/e2 associated with reduction

of Class III acceptors in the presence of KCN, poly-L-lysine or low
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concentrations of DBMIB (0.5 uM), it seems reasonable to conclude
that at higher concentrations DBMIB can act both as an inhibitor of the
flow of electrons to photosystem I and as a lipophilic "Class III" accep-
tor of electrons from photosystem I1. The reduced DBMIB is rapidly reoxi-
dized by ferricyanide, but for thermodynamic reasons, not by methylvio-
Togen.

The DBMIB reduced by chloroplasts can also react with oxygen
to produce HZOZ when ferricyanide is not present. However, this reaction
requires higher levels of DBMIB (10-20 uM), and the reoxidation of re-
duced DBMIB by 02 becomes seriously rate-limiting below pH 8 (Appendix
I1, Fig. 2). In contrast, the reoxidation of reduced DBMIB by ferri-
cyanide is not rate-limiting under any of the conditions employed in this
study since the rate of DBMIB-mediated ferricyanide reduction is constant
with time until virtually all of the ferricyanide has been reduced. For
these reasons the DBMIB-ferricyanide system was generally employed in the

studies described below.

3) The effect of 3(3,4-dichlorophenyl) -1, 1-dimethylurea (DCMU)

on DBMIB reduction. DBMIB reduction resembles the reduction of other

Class III acceptors in its insensitivity to inhibitors such as KCN and
poly-L-lysine (Appendix II, Fig. 1, Table 1), but differs significantly
in its sensitivity to DCMU. DBMIB reduction exhibits about the same
sensitivity to DCMU as does the reduction of the Class I acceptor ferri-
cyanide. In contrast, other Class III acceptors are extremely sensitive
to concentrations of DCMU which have very little effect on ferricyanide

reduction (Appendix II, Fig. 4).
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DBMIB reduction differs from the reduction of other Class III
acceptors in another important characteristic. When the light-intensity
is made rate-limiting, DBMIB reduction, like ferricyanide reduction, be-
comes more sensitive to inhibition by a given concentration of DCMU,
thle the sensitivity of the reduction of other Class III acceptors is
independent of light intensity (Appendix II, Figs, 5,6; Ouitrakul and
Izawa, 1973). Again DBMIB behaves more like a Class I acceptor than a
Class III acceptor under these circumstances. It should be pointed out
that the intensity-dependent and intensity-independent effects of DCMU
are not related to the maximum absolute rates of reduction of the elec-
tron acceptors in the absence of DCMU and in fact represent an actual dif-
ference between the reduction pathways of DBMIB and other Class III ac-
ceptors. '

It should also be added that the quantum efficiency of DBMIB
reduction (DBMIB = 10 uM) is only about 30% of the normal ferricyanide-
mediated Hi1l reaction (Appendix II, Fig.5). Apparently DBMIB has a
rather strong inhibitory effect on the photochemical reactions of photo-

system II.

4) The site of DBMIB reduction. The fact that KCN and poly-L-

lysine have no effect on the rate of electron transport virtually proves
that photosystem I is not involved in the reduction of DBMIB. Moreover,
DBMIB itself is a potent inhibitor of the transfer of electrons to photo-
system I, probably blocking electron transport at the level of plasto-
quinone (see above). It follows that DBMIB must accept electrons either
before or at its own site of inhibition. In these respects DBMIB re-

sembles the reduction of other 1ipophilic quinones and quinonediimines
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(Class III acceptors) which also accept electrons from a carrier close
to photosystem II. However, as shown in the preceding section, the re-
duction of DBMIB more closely resembles the reduction of Class I accep-
tors in its response to DCMU and light intensity. These differences can
be readily explained in terms of the following model.

There are good reasons for believing that the photochemistry and
much of the associated thermochemistry of photosystem II takes place in
independent structural units (Kok et al., 1970). In other words, it
seems that quanta are converted one by one into charge separations within
independent structures. Thus the electrons and holes made available by
quantum conversions in one structural unit are not directly available for
chemical reactions in other units. While the exact nature of the inhibi-
tion by DCMU is not clear, it seems likely that DCMU acts by somehow
inactivating photosystem II units, one molecule of inhibitor totally sup-
pressing the activity of one unit. A partial inhibition by DCMU probably
means that a certain proportion of the photosystem II units have been
inactivated.

However, there is no reason to suppose that photosystem I must be
confined to the same unit structures as photosystem II. Consequently it
is not unreasonable to suppose that the electrons generated by photosystem
I1 may be pooled at some step before the reduction of P700. Indeed one
might expect reduced plastoquinone to serve as a common electron pool
interconnecting electron transport chains on the basis of its chemical na-
ture and its abundance. In fact, Siggel et al., (1972) and Malkin and
Michael (1972) have reached this conclusion from their flash experiments

and fluorescence induction studies using chloroplasts poisoned with DCMU.
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We are now in a position to understand the effect of light intensity
on DCMU inhibition. When light is limiting, the activity of photosystem
II is presumably also limiting and the inhibition should be strictly pro-
portional to the number of units inactivated by DCMU. The same will be
true, regardless of light intensity, if the electrons are never pooled.
However, if the electrons are pooled and the pooled electrons are utilized
by a subsequent rate-determining slow step, the situation is quite differ-
ent. Now a smaller number of functioning photosystem II units can keep
the slow reactions draining the electron nool saturated. Thus, as the
light intensity increases, fewer and fewer photosystem II units are re-
quired and the efficacy of a given concentration of DCMU decreases.

Such considerations suggest that Class III acceptors are reduced
before the electrons from photosystem II are pooled (Ouitrakul and Izawa,
1973). Presumably these membrane-permeating strong oxidants react direct-
lv with the photosystem II units. Clearly ferricyanide and other Class I
acceptors must be reduced after the electrons are pooled since their re-
duction is less sensitive to DCMU at high light intensities. Although
DBMIB is highly lipid-soluble and is a moderately strong oxidant, it does
not seem to react directly with photosystem II units but rather with the
source of pooled electrons. It seems reasonable to conclude, therefore,
that DBMIB, by virtue of its structure, reacts in some specific way at the
site of plastoquinone involvement in electron transport, accepting elec-
trons from reduced plastoquinone and at the same time blocking further

transport of electrons to cytochrome f.
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B. Functional Separation and Characterization of the Two ATP-

Generating Coupling Sites.

The conclusion seems inescapable that the non-cyclic electron
transport pathway in chloroplasts includes at least two energy conserva-
tion sites associated with phosphorylation, one located before the
plastoquinone electron pool and a second located after plastoquinone but
before cytochome f. It has been shown above that it is possible to oper-
ate a "partial" electron transport pathway which includes only photo-
system II and utilizes only the energy conservation site before plasto-
quinone (site II). This is done by using Class III acceptors in conjunc-
tion with inhibitors of the flow of electrons to photosystem I (i.e.,

KCN, poly-L-lysine or DBMIB). Similarly, it is possible to introduce
electrons into the transport chain at a point after coupling site II but
before coupling site I (See Appendices III,VII and VIII). This is done by
using appropriate exogenous electron donors (eg. diaminodurene, diamino-
toluene, reduced indophenols) while preventing any contribution of
electrons from photosystem II with DCMU. The use of these two types of
partial electron transport pathways provides functional separations of the
coupling sites so that their characteristics and properties may be studied
separately and compared with the characteristics of the overall (Hill)
reaction.

1) pH effects. When electrons from water reduce the Class I
acceptor methylviologen (MV) through the two coupling sites, both electron
flow and phosphorylation show an optimal pH of approximately 8-8.5. The
rate of electron transport in the absence of phosphate (basal rate) is

much slower but shows a similar pH optimum (Appendix III, Fig. 1). When
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diaminodurene (DAD) or reduced 2, 6-dichlorophenylindophenol (DCIPHZ)
serves aé the donor of electrons to photosystem I in the presence of DCMU
(coupling site I only), the effect of pH is very similar to that observed
in the H20—¢;MV reaction, with an optimal pH of 8-8.5 and a marked stimu-
lation of the rate of electron transport by phosphorylation (Appendix III,
Fig. 1 and Appendix VII, Fig. 4). The reductions of the Class III accep-
tor 2,5-dimethyl-p-benzoquinone (DMQ) or of DBMIB by electrons from water
(coupling site II only) exhibit an entirely different effect of pH, how-
ever. The pH optimum is considerably mor acidic (7.3-7.8) and the rate

of electron flow is the same in the presence and absence of a complete
phosphorylation system (see below).

A study of the effect of pH on efficiency of phosphorylation (P/ez)
associated with each of the electron»transport pathways described above
revealed some interesting results (Appendix III, Fig. 2, Appendix II, Fig.
3, Appendix VII, Fig. 4). The P/e2 for the overall reaction (H20 —>MV)
is strongly pH dependent, being optimal at pH 8 to 8.5 and falling sharply
at lower pH's to a value of about 0.4 at pH 6.5. In contrast, the P/e2
associated with the H20 —>DMQ and H20 —>DBMIB reactions (which utilize
only coupling site II) is essentially independent of pH over the range
6.5-9 (P/e2 £ 0.4). Thus the pH dependent portion of the P/ezratio for
the HZO-—>MV reaction must be attributable to a coupling site located
after the site of DMQ and DBMIB reduction. In fact, the P/e2 ratios for
the DAD —>MV and DCIPHZ->MV reactions are strongly pH-dependent, with an
optimum (P/e2 = 0.6) at pH 8-8.5. As the pH is lowered the P/e, drops
sharply to < 0.1 at pH 6.5. The pH-dependent nature of the phosphoryla-
tion associated with the H,0—>MV and DAD (or DCIPHZ) —> MV reactions
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suggests that these reactions may involve the same coupling site. Indeed,
the fact that the P/e2 values for the DAD (or DCIPHZ) —> MV reaction are
lower (by about 0.4) than the P/e2 values for the Hzo —> MV reaction over
the entire pH range tested suggests that a pH independent component of
the overall P/e2 is missing from DAD (or DCIPHZ) —> MV reaction. If the
P/e2) values for the two types of partial reactions (eg. H20 — DMQ and
DCIPH2 —> MV) are added together over the pH range 6-9, the resulting
curve is in fact very close to the experimentally obtained curve for the
overall reaction H20 — MV (Appendix III, Fig. 2). This also suggests
that the DAD (or DCIPHZ) —> MV reaction is utilizing the coupling site
which normally limits the overall Hill reaction (coupling site I). There-
fore, the two types of partial reactions described above seem to provide
a reliable and convenient assay for the study of the individual coupling

sites.

2) The different effects of ADP plus Pi and uncouplers on electron

transport associated with each coupling site. The use of the

partial reactions described above led to the observation that the two
coupling sites differed in several important characteristics. As has al-
ready been pointed out, the rate of electron transport in partial reac-
tions which include coupling site I is markedly stimulated by the addition
of ADP plus phosphate at pH values higher than 7 (Appendix III, Fig. 1,
Table III; Appendix VII, Figs. 2,4), whereas a similar stimulation of
electron transport by ADP plus phosphate was not observed in those partial
reactions which included only coupling site II (Appendix III, Fig. 1,

Table III; Appendix II, Table II; Appendix IV, Figs. 1,2). Apparently the
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rate of electron flux through coupling site II is not regulated by the
"energized state" of the chloroplast.

Similar results were obtained when uncouplers such as grami-
cidin D or methylamine were added. The rates of electron flow along
transport pathways which included coupling site I only or coupling site
I plus coupling site Il were increased markedly by uncouplers, while the
rates of electron flow along transport pathways which included only
coupling site II were unaffected by uncouplers (Appendix II, Table II;
Appendix IV, Fig. 3). The effects of ADP plus phosphate and of uncouplers
are summarized in Table 1 of Appendix IV.

It is possible to construct a model which explains the differ-
ences between the abilities of site I and site II to regulate electron
transport. Presumably the stimulation of the rate of electron flow through
coupling site I is due to the relaease of "back-pressure" generated
against electron flow by the accumulation of the high energy state. Since
the potential available between plastoquinone and cytochrome f (coupling
site I) is only about 300 mV, such a "back-pressure" could well slow the
flow of electrons (see also discussion). However, a very different
situation may be encountered at coupling site II. Here the energy con-
serving electron transport reactions may be essentially irreversible be-
cause of the large energy input via photosystem II which seems to drive
the reaction. Even though a "back-pressure" due to formation of the high
energy state existed, the few hundred millivolts involved would be un-
likely to effect a significant reversal of the forward reaction which

utilizes 1.8 V.
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3) Effects of energy transfer inhibitors. In view of the results

presented in the previous section, an attempt was made to determine if
the terminal enzymatic steps of ATP formation supported by each coupling
site showed the same sensitivities to specific inhibitors of the phos-
phorylation reaction (energy transfer inhibitors [Good, et al. 1966 1 ).
In the overall reaction H20 —> MV and the partial reaction DCUPH2 — My,
the energy transfer inhibitor 4°- deoxyphlorizin (Winget et al., 1969)
inhibited both ATP formation and that portion of the electron transport
dependent upon phosphorylation in a very similar manner (Appendix III,
Fig. 3). However, the inhibitor had no effect on the transport of elec-
trons from HZO —->DADox either in the presence or absence of ADP plus Pi’
although phosphorylation itself was inhibited. In fact, ATP formation
supported by coupling site I and by coupling site II exhibited the same
sensitivity to 4' -deoxyphlorizin.

Results similar to those described above were also obtained
with rabbit antiserum prepared against chloroplast CF] (Gould, 1975b).
Again ATP formation supported by the two coupling sites showed equal
sensitivity to the inhibitor.

However, very different results were obtained when yet another
chloroplast energy transfer inhibitor, HgC]z, was employed. Low concen-
trations of HgCl2 (approx. 1 atom Hg++/40 molecules chlorophyll) inhibit
ATP formation and phosphorylation-dependent electron transport to a pla-
teau of about 50% when the electron transport pathway is from HZO to MV
or ferricyanide (Izawa and Good, 1969; Appendix V, Fig. 1). Neither basal
('Pi) nor uncoupled electron transport is affected by these low levels of

HgClz. Electron transport and phosphorylation associated with the
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partial reactions DCIPH2 —> MV and DAD — MV (coupling site I only) are
similarly affected by HgC]2 (Appendix V, Fig. 1; Appendix VII, Fig. 6).
When the electron transport pathway includes only coupling
site II, however, entirely different results are obtained. Electron
transport and phosphorylation associated with the partial electron trans-
port pathway from water to the Class III acceptors PDox’ DADox’ DMQ
or DBMIB are completely insensitive to the low levels of HgC12 which
inhibit phosphorylation at coupling site I (Appendix V, Table I, Fig. 1).
It is unlikely that this remarkable difference in sensitivity to H9012
exhibited by the two coupling sites is an artifact arising from fortuitous
reaction conditions when Class III acceptors are employed since the
chloroplasts were incubated with HgC]2 for 30 seconds before the addition
of the acceptor system. Furthermore, UV spectra of PDOX, DADox’ DMQ and
DBMIB remained virtually unchanged in the presence of high concentrations
of HgC]2 (33 u M), which means that there was little or no reaction of
these substances with the mercury. Moreover, a similar level of inhibi-
tion by a given amount of HgC]2 was obtained at several different concen-

trations of the Class III acceptor (Gould, 1975b).

C. The Relation of Light-Induced Proton Fluxes to the Electron Transport

and ATP Formation Associated with Coupling Site II.

The differences between coupling sites I and II described
above, that is, the very different degrees of control of electron trans-
port by phosphorylation and the very different sensitivities to low pH and
mercury, prompted us to undertake further investigations into the mechan-
ism by which electron transport may be coupled to phosphorylation at these

two sites. The experiments described below deal with a 1ight-induced,
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reversible proton uptake (i.e., pH rise in the suspending medium) asso-
ciated with electron transport through coupling site II, and its re-
lation to the mechanism of energy conservation at that site.

1) Light-induced pH rise associated with DBMIB reduction. As shown

earlier, the use of substrate concentrations of DBMIB provides a conven-
jent reaction system for studying the nature of coupling site II since
the function of the substrate as an inhibitor effectively blocks further
electron transport to photosystem I and thereby isolates site II from
site I.

When a weakly buffered reaction mixture containing chloro-
plasts and 20 » M DBMIB was illuminated, a dark-reversible rise in the
medium pH was observed (Appendix III, Fig. 4; Appendix VI, Figs. 1,2).
Above pH 8.1, where the DBMIB is rapidly reoxidized by molecular oxygen,
the pH-rise was observed many times over repeated light-dark cycles. Be-
low pH 8, where the reoxidation rate is very slow, the pH shift was main-
tained only as long as the reduction of DBMIB continued. As the reduc-
tion approached completion and electron transport slowed down, there was
a gradual reversal of pH rise even in the light and the pH eventually re-
turned to the original level. Subsequent illuminations in the absence
of further additions of DBMIB did not restore the pH rise. The uncoupler
gramicidin D and the electron transport inhibitor DCMU completely abol-
ished the light-induced pH rise.

2) Demonstration of post-illumination ATP synthesis (Xglgassoci-

ated with coupling site II. Hind and Jagendorf (1963) discovered that

chloroplasts illuminated in the absence of ADP, Pi and Mg++ generated a

capacity to form ATP when ADP, Pi and Mg++ were subsequently added in the



43

dark. This capacity for post-illumination ATP formation (termed XE) has
been shown to be closely correlated with the uptake of protons by the
chloroplasts in the 1ight (Izawa, 1970). Thus, any reaction causing the
reversible uptake of protons by chloroplasts should exhibit post-illumina-
tion phosphorylation (XE). Figure 4 shows that the electron transport
pathway HZO —>DMQ, which includes coupling site II only (and the associ-

ated proton pump - see above) is capable of generating XE'

3) Kinetics and stoichiometry of electron transport and proton

uptake (H+/e') at site II. The results presented above (Section C, 1 and

2) are.most easily explained in terms of a transmembrane H gradient as-
sociated with the partial reaction H20 —>photosystem II — Class III ac-
ceptor (eg. DBMIB, DMQ). However, any critical evaluation of the relev-
ance of this proton gradient to the coupling mechanism requires a know-
ledge of the efficienéy of the proton uptake (H+/e'). Furthermore, since
the efficiency of phosphorylation associated with coupling site II is
lower than the efficiency of the complete chain where both coupling sites
are operating (P/e2 = 0.3-0.4 versus 1.1-1.2 respectively), one might ex-
pect that the efficiency of proton accumulation (H+/e') would be corres-
pondingly lower when only coupling site II is involved.

Because of the technical and/or theoretical problems which have
plagued previous attempts to measure H+/e' ratios in chloroplasts (see
Appendix VI for a discussion of these problems; see also Jagendorf, 1975),
a new technique was developed which gave highly reproducible results and
which largely avoided the problems alluded to above. This method was
based upon the flash-yield tehnique developed by Izawa and Hind (1967)

and involved measurement of the pH changes induced by a series of brief
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illuminations (0.5-3 seconds) with intervening dark periods to allow
for the lag due to the relatively slow instrumental response time

~

(t;5 = 0.5 seconds). The sum of the pH changes occurring as the result
of each flash plotted against the total illumination time generated a
reconstructed time-course of the pH-rise which could be used to calcu-
late the rate of proton uptake. The kinetics of electron transport were
measured in a similar manner in the same apparatus by substituting a
Clark 02 electrode (tli = 2 seconds) for the pH electrode. Details of
the technique are explained more fully in Appendix VI.

The use of the flash-yield technique outlined above made trans-
ient differences between initial rates and steady state rates quite ob-
vious. Thus, the initial "pH gush" (t%'g 0.01 seconds) associated with
the overall Hill reaction and heretofore attributed to the reduction of the
plastoquinone pool (Izawa and Hind, 1967) was easily detected by this
method (Appendix VI, Fig. 3). Mo corresponding initial fast phase in oxy-
gen evolution was detected, however, a fact which throws some doubt on the
involvement of the plastoquinone pool in the initial rapid pH change.

No such initial rapid pH changes were associated with DBMIB re-
duction, the rate of proton uptake (and O2 evolution) determined for the
first flash being essentially the same as the rate determined for a subse-
quent flash.

Because the rate of proton uptake was practically linear for
approximately the first 4 seconds of illumination when DBMIB was the elec-
tron acceptor, and for about 3 to 4 séconds after the initial "pH gush"
when methylviologen was the electron acceptor, it was possible to deter-

mine accurately the initial rate of proton uptake from the reconstructed
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time-course obtained by the flash-yield technique. Similarly, the rate
of electron transport (as measured by changes in oxygen concentration) was
completely linear with illumination time in both systems (Appendix VI,
Figs. 3,4). The ratio of the rate of H* uptake to the rate of electron
transport (both measured by the flash-yield method) was taken to be an
accurate reflection of the efficiency of proton accumulation in these sys-
tems.

The values determined for the H'/e” ratio in the H20 —DBMIB
reaction were relatively constant (0.35-0.51) over the entire pH range
tested (6.2-8.15), averaging about 0.4. This low value is in contrast
to H+/e' values > 1.7 observed for the H20 —> MV reaction (Appendix VI,
Table I, Fig. 4; see also Izawa and Hind, 1967). Thus the proton pump
associated with DBMIB reduction (involving only coupling site II) is dis-
tinguished from the proton pump associated with MV reduction in two ways:
the reaction involving only site II lacks an initial rapid phase and is

less than half as efficient as the combined sites in transporting H+.

4) Effect of pH on the efficiencies of proton uptake (H*/e-

and ATP formation (P/e,)at coupling sites I and II. The remarkable simi-

larity between the effect (or lack of effect) of pH on the H+/e' and
P/e2 ratios associated with coupling site II prompted a further investiga-
tion into the relationship between proton uptake and ATP formation at
coupling site I.

Figure 5 shows that the H+/e' values obtained for coupling site
I only (using the Fe(CN)64'-e>MV reaction, see Izawa and Ort, 1974) were

consistently around 1.0 regardless of the pH of the medium. The P/e2
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values obtained for the same reaction, however, show the marked pH de-
pendence characteristic of site I phosphorylations (see Results section
B1; see also Izawa and Ort, 1974). The reason for the lack of correla-
tion between the efficiencies of proton uptake and phosphorylation at
coupling site I and the close correlation between these processes at
coupling site IIis not at all clear. The implications of this important
difference between the two coupling sites will be dealt with more fully

in‘the Discussion (see also Appendix VIII).

5) Effect of phosphorylation and arsenylation on proton uptake.

Whether the proton gradient built up by chloroplasts represents an oblig-
atory intermediate of ATP formation, or an energy reservoir on a side-
pathway, one might reasonably expect that energy utilization might lower
the steady state level of the gradient (Mitchell, 1966). However, both
inhibitions and stimulations of proton gradients by phosphorylation have
been reported (Dilley and Shavit, 1968; McCarty et al., 1971; Gould and
Winget , 1972; Karlish and Avron, 1968). Because ATP formation can in-
crease the rate of electron transport (and proton pumping) drastically,
and because ions or ADP alone can greatly increase the extent of proton
uptake (Dilley and Shavit, 1968; McCarty et al., 1971), the true effect
of ATF formation on the proton gradient could easily be masked. However,
use of the photosystem II dependent reduction of DBMIB avoids these com-
plications since the electron transport in this system is not stimulated
by phosphorylation (see Results, section B2) nor is proton uptake enhanced
by the addition of ADP (Appendix VI, Table II).

The effect of phosphorylation on the proton uptake in the

H20 —>DBMIB reaction was observed directly as: a) the extent of
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dark-reversible H* uptake superimposed upon the irreversible proton con-
sumption due to ATP formation; b) the extent of the steady-state level
of proton uptake in the presence of glucose plus hexokinose (to eliminate
the irreversible proton consumption); and c) the extent of the steady-
state level of proton uptake in the presence of arsenate instead of phos-
phate (the unstable, arsenylated ADP hydrolyzes rapidly thereby elimini-
nating the irreversible proton consumption). In each case a consistent
lowering of the extent of proton uptake (40-60%) was observed when phos-

phorylation (or arsenylation) occurred (Appendix VI, Table II, Figs. 5,6).
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DISCUSSION

A. Functional Separation of the Two Coupling Sites in Chloroplasts

The results presented in this dissertation show clearly that
it is possible to divide the chloroplast electron transport chain into
two parts through the use of appropriate exogenous electron donors,
electron acceptors and electron transport inhibitors. Each part uses
only one of the two photosystems and each part uses only one of the two
coupling sites. The photosystem II-dependent transport of electron from
water to lipophilic oxidants such as p-phenylenediimines and p-benzoqui-
nones (Class III acceptors) is coupled to phosphorylation only at coupling
site II when the photosystem I-dependent component of the reduction is
inhibited (Results, Section A; see also Appendicies I-IV). Similarly,
the photosystem I-dependent transport of electrons from exogenous electron
donors such as diaminodurene or reduced dichlorophenolindophenol to hydro-
philic acceptors such as methylviologen or NADP+ is coupled to phosphory-
lation only at coupling site I when the flow of electrons from photosystem
I1 is inhibited (Results, Section B; see also Appendicies I-III, VII).
These conclusions are supported by inhibitor studies. Thus
the reduction of Class III acceptors is largely unaffected when the elec-
tron transport chain is blocked at plastocyanin (Ouitrakul and Izawa,
1973), cytochrome f (McCarty, 1974), or plastoquinone (Appendicies I-III).

On the other hand, the reduction of Class III acceptors is extremely

52
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sensitive to electron transport inhibitors which act close to either the
oxidizing side of photosystem II (Ort and Izawa, 1973) or the reducing
side of photosystem II (Appendix II5 Ouitrakul and Izawa, 1972). The
oxidation of exogenous electron donors by photosystem I shows an entirely
different pattern of responses to inhibitors; it is severely inhibited
when electron transport is blocked at plastocyanin (Appendix I; Ouitrakul
and Izawa, 1973) or cytochrome f (McCarty, 1974), but it is completely in-
sensitive to electron transport inhibition at plastoquinone (Appendix I),
photosystem Il or water oxidation (Appendicies I, III, VII). A1l of these
findings are summarized in the scheme presented in figure 6 (see also
Appendix VII).

B. Differences in the Properties of the Two Coupling Sites.

The ability to separate and study the two coupling sites with-
out resorting to disruption of the chloroplast lamellae by physical meth-
ods or detergents made possible the discovery of a number of significant
differences in the properties of the coupling reactions at sites I and II.
These differences between the coupling sites are important in that they
must be accomodated by any theory of the mechanism by which electron trans-
port and ATP formation are coupled.

1) Requlation of electron flow by phosphorylation. One of the

most obvious differences which can be observed experimentally is the lack
of control of the rate of electron flow through site II by phosphoryla-
tion. This lack of control can best be considered in the light of how
electron flow is probably regulated by phosphorylation at site I.

Portis et al. (1975) have presented data which support the

notion that an energy-dependent conformational change in CF1 actually
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controls the rate of electron flow through coupling site I. In both the
energized conformation and the deenergized conformation, CF] is only
slightly permeable to protons. However, according to these authors, when
the energized conformation is being relaxed during phosphorylation, pro-
ton permeability momentarily increa;ég. This effectively lowers the
"back pressure" of the internal protons on the proton producing electron
transport reactions. However, it is possible that this back pressure
represents an almost inconsequential amount of energy in the face of the
overwhelming driving energy for the forward electron transport reaction
supplied by photosystem II. At coupling site I, where the driving energy
is considerably smaller, the back pressure could be considerably more sig-
nificant, so that the rate of electron flow through this site would be a
much stronger function of the proton gradient (see also Appendix VII),

2) HgC]2 jnhibition. Izawa and Good (1969) first showed that

mercurials inhibit coupled electron transport and ATP formation in a
manner characteristic of energy transfer inhibitors. Energy transfer in-
hibitors are believed to block phosphorylation by interfering with the
terminal enzymatic steps of ATP synthesis, perhaps by binding to the
coupling factor (CF]) or associated membrane proteins. Indeed the amount
of HgC12 required to attain the 50% inhibition plateau at coupling site I
in chloroplasts (1 atom Hg++/40-50 chlorophy11l molecules; Appendix VII)
is in the same order of magnitude as the number of CF] molecules associ-
ated with the thylakoid (Murakami, 1968).

It has been suggested that HgC12 and other mercurials inhibit
phosphorylation by binding to essential sulfhydryl residues (Izawa and

Good, 1969; Bradeen and Winget, 1974) since HgC'I2 inhibition is relieved
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by cysteine but not by other chelators of Hg++. Further evidence that a
sulfhydryl may be involved comes from the unusual effect of HgC]2 on
electron transport in the absence of both ADP and Pi' Under these condi-
tions the rate of electron transport is stimulated by HgCl2 to the level
of coupled electron flow in the absence of HgC]z(Izawa and Good, 1969).
The only other energy transfer inhibitor reported which exhibits this
property is N-ethylmaleimide, which reacts with a sulfhydryl residue on
the +vy-subunit of CF] (McCarty et al., 1972; McCarty and Fagan, 1973).

Bradeen et al., (1973) concluded that HgCl2 probably did not
inhibit CF] directly since the formation of ATP in the dark after an il-
Tumination (XE) was much less sensitive to the inhibitor than steady-state
phosphorylation. However, this insensitivity has been observed with other
energy transfer inhibitors as well, and probably reflects the introduction
of different rate-1imiting steps in XE phosphorylation. In any event, it
seems likely that mercurials, like other energy transfer inhibitors, inter-
fere with phosphorylation at a point close to the terminal ATP synthes-
izing process.

If it is true that mercurials serve as energy transfer inhibi-
tors by reacting with the coupling factor, the very great difference in
the sensitivities of site I and site II is of paramount importance; here-
tofore there has never been any evidence that different coupling sites use
different coupling factors, and the chemiosmotic hypothesis specifies a
common coupling factor.

Finally, it is interesting to note that the 1ipophilfc mercurial
p-hydroxmercuribenzoate is much less site-specific than HgClz, raising the

interesting possibility that the mercury sensitive component may be in
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different microenvironments at the different coupling sites. This pos-
sibility will be discussed in more detail below.

3) The effects of pH on the efficiences of phosphorylation (P/ezl

and proton uptake (Hf/e'). It is not at all difficult to understand that

the efficiency of proton uptake associated with electron transport
through each coupling site is insensitive to the pH of the medium. There
is good reason to believe that proton uptake is a consequence of
antisotropic arrangement of the electron carriers and hydrogen (i.e. H*
plus e ) carriers in the membrane. The reduction by an electron of a
hydrogen carrier near the outer side of the membrane results in the uptake
of a proton from the medium, and the oxidation of the hydrogen carrier by
an electron carrier near the inner side of the membrane results in the
loss of a proton to the inside of the thylakoid. In the case of coupling
site II, the oxidation of H,0 at the inner membrane interface is almost
certainly the source of the internal protons. The ratio of protons traps-
located to electrons transported can only be affected by pH if i) the
apparent hydrogen carrier has a pka within the pH range being investigated,
loses a proton, and is theréfore not really a hydrogen carrier at all, or
ii) changing the medium pH drastically alters the arrangement of the
membrane so that the release of protons by hydrogen carrier upon oxida-
tion is no longer toward the inside of the thylakoid. The fact that
changing the medium pH causes no significant change in the H+/e' ratios
suggests that neither of these possibilities is occurring over the pH
range 6-9 (Appendix VI, VIII).

Even though changing the pH of the medium has no effect on the ef-

ficiency of H* uptake, changing the pH does affect the efficiency of site
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I-dependent phosphorylation dramatically. In contrast, the efficiency of
site II phosphorylation is hardly affected. Below pH 7, the efficiency
of ATP formation supported by site I has fallen to nearly zero, while the
efficiency of ATP formation supported by site II is practically unchanged.
What this seems to say is that at low external pH, whether or not ATP is
made depends upon exactly where (i.e. at which electron transport reac-
tion) the internal protons are generated. Again, as in the case of Hg++
inhibition, Tow pH seems to be a site-specific inhibition of phosphoryla-

tion, which cannot be easily accomodated by the chemiosmotic hypothesis.

C. The Coupling Mechanism and Coupling Site-Specificity

Attempting to explain the data described above within the framework
of existing hypotheses of energy conservation is an illuminating exercise
since_ it forces one to define more precisely the molecular mechanism in-
volved. The evidence which has accumulated in support of some sort of
chemiosmotic coupling mechanism (as detailed by Mitchell, 1966) makes the
chemiosmotic hypothesis attractive. The site-specificities exhibited by
Hg++ and pH can be fitted into the framework of the chemiosmotic hypoth-
esis as outlined below.

Williams (1969) has suggested that the actual pH gradient involved
in energy coupling is confined to a highly localized area of the membrane,
and is in equilibrium with a delocalized, transmembrane gradient. Accept-
ing this postulate, one can construct a model for energy coupling which
allows site-specificity while at the same time preserving most of the
fundamental principles of the chemiosmotic hypothesis. According to the
model, the localized pH gradient within the membrane is in the vicinity

of a CF] molecule. The CF] molecule utilizes the protons in the
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intramembrane gradient to drive phosphorylation, while any extra protons
which are generated by the electron transport reactions are released to
the inside of the thylakoid to establish the transmembrane gradient. Thus,
protons produced at one coupling site would not be available to support
ATP formation at another coupling site except via the relatively slow
equilibration of the localized gradients via the transmembrane gradient.
The site-specific effects of Hg++ and pH can then be understood by postu-
lating that that portion of the energy conserving appratus associated
with coupling site II which is sensitive to Hg++ and Tow pH is in a more
hydrophobic environment than the corresponding portion at the apparatus
associated with coupling site I and therefore is less accessible to mer-
curic or hydrogen ions.

There is some evidence which supports such a model. For example,
it is very likely that the water-splitting reaction, the Ht generator for
site II, is located within a hydrophobic region of the membrane. Further-
more, lipophilic mercurials (e.g. p-hydroxymercuribenzoate) are much
less site specific than mercuric chloride (Gould, 1975b). This is consis-
tent with the idea that the inhibition sites are indeed in different micro-
environments. However, antiserum against CF] shows no site specificity, an
observation which indicates that, if there are different coupling factors
associated with different coupling sites, at least a part of the CF] mole-
cule at each coupling site must be exposed to the aqueous environment. Of
course, the observation does not preclude the possibility that some other
essential portion of the coupling apparatus besides CF] is buried in a

hydrophobic environment.
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It should be understood that the modification of the chemiosmotic
hypothesis proposed above does not necessarily require that the coupling
factor.itself be directly associated with the coupling sites and in dif-
ferent environments. One can equally well postulate that the suggested
local accumulation of hydrogen ions interacts with CF] through additional
transducers which are unique to each coupling site.

~Still other models which could accomodate the apparent site-
specificities of Hg++ and low pH might be possible, and given enough in-
genuity it might be possible to make some of these models conform more
closely to the chemiosmotic hypothesis as defined by Mitchell (1966).
Final resolution of this matter must await evidence from newand different

experiments utilizing new and different approaches.
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The following appendices are included as reference material for
a large number of experimental data. Appendix VIII represents a summary
of much of this work, along with a more complete discussion of the pro-
posed modifications of the chemiosmotic hypothesis. The preponderant
portion of the data in the appendices are data obtained in the course of
the work described in this dissertation. However, some of the data in
some of the appendices represent the work of others. It is impossible
to assess the relative contribution of this author to each of these works
because of the high degree of interaction and collaboration among this

author and his colleagues during the course of these investigations.
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SUMMARY

Dibromothymogquinone (2.5-dibromo-3-methyl-6-isopropyl-p-benzoquinone) is
reputed to be a plastoquinone antagonist which prevents the photoreduction of
hydrophilic oxidants such as ferredoxin-NADP™*. However, we have found that
dibromothymoquinone inhibits only a small part of the photoreduction of lipo-
philic oxidants such as oxidized p-phenylenediamine. Dibromothymoquinone-resistant
photoreduction reactions are coupled to phosphorylation, about 0.4. molccules
of ATP consistently being formed for every pair of electrons transported. Dibromo-
thymogquinone itself is a lipophilic oxidant which can be photoreduced by chloro-
plas:s. then reoxidized by ferricyanide or oxygen. The electron transport thus catalysed
also supports phosphorylation and the P/e, ratio is again 0.4. It ‘s concluded
that there is a site of phosphorylation before the dibromothymoquinone block and
another site of phosphorylation after the block. The former site must be associated
with electron transter reactions near Photosystem II, while the latter site is presum-
ably associated with the transfer of electrons from plastoquinone to cytochrome f.

INTRODUCTION

Two quite different arguments lead us to the conclusion that non-cyclic photo-
phosphorylation involves more than one site of energy conservation. Our reasons
for believing that there are at least two phosphorylation sites are as follows:

(1) The overall efficiency of photcphosphorylation (P/e;) is considerably
higher than one ATP molecule formed for every pair of electrons transported'.
Furthermore, the P/e, ratio approaches 2.0 if one subtracts that part of the electron
transport which can occur in the absence of phosphorvlation?.

(2) Lipophilic strong oxidants (Class Il acceptors), such as the oxidized form
of p-phenylenediamine, intercept electrons by reacting with some intermediate

Abbreviations: DCMU, 3-(3,4-dichloropheny!)-1,1-dimethylurea; P/es, ratio of the mole-
cules of ATP formed to the pairs of clectrons trarsnorted.
° Journal Article No. 6219 of the Michigan Agricultural Experiment Station.
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carrier which normally transfers electrons from Photosystem Il to Photosystem [
(refs 3, 4). This interception of electrons does not abolish phosphorylation but
instead dccreases the efliciency to about half of the value observed when hydrophilic
Class I acceptors are reduced. It therefore seems that the intermediate carrier re-
sponsible for the reduction of oxidized p-phenylenediamine is situated between
two sites of phosphorylation in the electron transport chain.

The work described in this paper was undertaken in an attempt to define
the location of the two phosphorylation sites in terms of the sites of action of known
electron carriers.

It has long been thought that there must be a rate-determining, phosphorylation-
dependent rcaction transferring electrons between the two photosystems®=7. This
rate-determining step presumably lies betwecen plastoquinone and cytochrome f
since the rate of reduction of cytochrome f'by Photosystem I und the rate of oxidation
of plastoquinone by Photosystem I are accelerated during phosphorylation or when
uncouplers are added. However, there is good reason for doubting that this rate-
determining phosphorylating process is involved in the reduction of oxidized p-
phenylenediamine. The reduction of oxidized p-phenylenediamine is very fast and
independent of phosphorylation®. Moreover, the fact that 3-(3,4-dichlorophenyl)-
1,1-dimethylurea (DCMU) inhibition of oxidized p-phenylenediamine reduction is
independent of light intensity suggests that oxidized p-phenylenediamine accepts
electrons from a carrier situated close to Photosystem [1*.

We wish now to present evidence which lends further support to the concept
of a site of phosphorylation close to Photosystem Il and at the same time virtually
precludes the participation of a plastoquinone-cytochrome f phosphorylating re-
action in oxidized p-phenylenediamine reduction. The new evidence has been provided
by studies of the effects of dibromothymoquinone(2,5-dibromo-3-methyl-6-isopropyl-
p-benzoquinone) on electron transport and phosphorylation. This inhibitor was tirst
introduced by Trebst and his associates® as a plastoquinone antagonist. At very low
concentrations it blocks all of the transfer of electrons from water to Class | acceptors
such as ferredoxin-NADP™* or methylviologen and a large part of the transter of
electrons from water to ferricyanide®. It also seems to block the transter of electrons
from cytochrome bgs9 to cytochrome f and it certainly prevents the reduction of
cytochrome f by clectrons from Photosystem 1'% "', These observations do indeed
suggest that the inhibitor acts at the level of plastoquinone involvement. In any
event, it is clear that the inhibitor prevents electron transport at some point after
Photosystem Il but before cytochrome f. Yet dibromothymoquinone does not
greatly inhibit either oxidized p-phenylenediamine reduction or the associated
phosphorylation reaction. It follows that there must be a site of phosphorylation
before the site of dibromothymoquinone inhibition and probably therefore before
the site of involvement of plastoquinone.

MATERIALS AND METHODS

The procedures employed in this study were similar to those employed in the
carlier papers of the series®*. Chloroplusts were isolated from commercial spinach
(Spinacia oleracea L.) as already described?. Cyanide-treated chloroplasts were pre-
parcd by incubating chloroplasts at 0 °C for 90 min in a 30 mM KCN solution
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buffered at pH 7.8 as described in the previous paper*. Control chloroplasts were
suspended for the same time in a similar medium containing KOH instead of KCN.

The inhibitor dibromothymoquinone was prepared by bromination ot thymo-
quinone in water and was recrystallized several times from alcohol. Stock solutions
were prepared by dissolving dibromothymoquinonc in ethano!-ethvlene giveol
(1:1, v/v). The concentration of the stock was such that the orguanic solvent in the
reaction mixture never exceeded 19%.

The reduction of ferricyanide was mcasured as the decrease in absorbance of
the reaction mixture at 420 nm. In experiments with oxidized p-phenylenediamine,
recrystallized colorless p-phenylenediamine dihydrochloride was added to the butfered
reaction mixture, then oxidized immediately before the reaction with cxcess ferri-
cvanide. Electron transport was measured as reduction of the excess ferricyanide since
the oxidized p-phenylenediamine reduced during the reaction is immediately re-
oxidized by ferricyanide. Reactions involving other aromatic diamines and quinones
were measurcd in the samc indirect way. The reduction of methvlviologen was
measured as oxygen uptake since reduced methylviologen reacts rapidly with oxvgen
to form H,0,"'2. For these measurements a Clark-tvpe, membrane-covered electrode
was used. Phosphorylation was measured by a modification of the method of Avron'?
as the residual radioactivity after extraction of the *?P-labeled orthophosphate
from the reaction mixture as phosphomolybdic acid. In all experiments the tempera-
ture was 19 °C.

RESULTS

(1) The sensitivity of electron transport and phosphorylation to dibromothrmoquinone
with different electron acceptors

As we have reported elsewhere?®, lipophilic oxidants tend to increase the rate
of electron transport in illuminated chloroplasts. decrease the dependence of clectron
transport on phosphorylation and reduce the efficiency of phosphorviation (P/e¢,)
toward one-half. The extent to which acceptors are able to intercept electrons between
two phosphorylation sites can be roughly judged by the increase in the rate of electron
transport and the declinc in the P, ¢, ratios. (These criteria only apply, of course,
if the P/e, ratios fall to a plateau rather than to zero and it can be shown that the
acceptor is not an uncoupler.) Among the lipophilic acceptors listed in Tabkle 1,
oxidized p-phenylenediamine is most ncarly a typical Class T acceptor while 2.5-
dimethyl-p-benzoquinone is the least typical. Ferricyanide ion is not lipophilic at
all and, in our chloroplasts, seems to intercept very few of the clectrons generated
by Photosystem II. As cun be scen in Tablc I, the transport of clectrons to lipophiiic
acceptors has a large component which is resistant to dibromothymoquinone. This
component is largest with the best Class [l acceptor, oxidized p-phenvlenediamine
and smallest with the worst Class 111 acceptor, 2,6-dimethvl-p-benzoguinone. Cleurly,
that part of the electron transport which results from the interception of electrons
between the phosphorvlation sites is largely insensitive to the inhibitor. This is ¢ven
more obvious when one notes the ellect of dibromothymoquinone on the Pre, ratios.
Regardless of the ratio in the absence of the inhibitor, that is regardless of what
proportion of the electrons are intercepted between the phosphorylation sites, the
P/e, ratio always falls to about 0.4 in the presence of the inhibitor. This is true even
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TABLE |

THE EFFECT OF DIBROMOTHYMOOQUINONE ON ELECTRON TRANSPORT AND
PHOTOPHOSPHORYLATION IN CHLOROPLASTS WITH DIFFERENT ELLCTRON
ACCEPTORS

The 2.0-ml reaction mixture consisted of the following: 0.1 M <ucrose, 50 mM Tricine buffer
(PH 8.2), 2 mM MeCl:, 1 mM ADP, § mM 2Py, chioroplasts containing 30 #g chlorophy!l,
and the indicated acceptor svstem. These accentor systems were: 0.5 mM potassiem ferricyanide
(Fecy); 0.5 mM p-prenylencdianmine plus 1.5 mM fernicvanide (PDag); .5 mM diaminodurcne
plus 1.5 mM ferricyanide (DADux): 0.5 mM 2,5-dimethyl-p-denzoguinone pfus 0.5 mM ferri-
cvanide (DMQ); 0.5 mM 2,5-diaminotoluene pius 1.5 mM fermicyanide (DATxj;. When used
dibromothymoquinone was 0.5 M. Rates are expressed it nequiv or omoles AT? D per my
chlorophyll.

Electron Rute of electron transport  Rate of ATP Jormarion Pea
accepior - : - - -
Control  + dibromo- Control  +dibromo- Control — +dilromo-
thyvimoquinone thymoquirone thymoguinone

Fecy 430 S8 228 13 1.06 0.45
PDux 1260 69S 292 149 0.46 .43
DADax 738 383 244 Se 0.64 0.39
DMQ 902 294 32s 52 72 0.36
DATux 791 396 280 95 0.71 0.48

for the tiny residue of electron transport with (erricyanide as acceptor. We have also
found that, regardless of the ucceptor, the dibromothymogquinone-resistant component
of the electron transport is always independent of the presence or absence of ADP
and phosphate.

Further effects of dibromothymoquinone arc :liustrated in Figs 1. Again,
the transport of electrons from water to oxidized p-nhenviencdiamine has two
components: one large, insensitive to dibromothymoguinone and supporting phos-
phorylation with a P/e, ratio of about 0.4; the other smaller, sensitive to dibromo-
thymoquinone with a computed P ¢, about 1.0 (Fig. 1). In contrast, the transport
of electrons to ferricyanide is mostly sensitive to the inhibitor while the transport
to methylviologen is almost all sensitive (Fig. 2). Once again the smail residue of
dibromothymoquinone-insensitive ferricyvanide reduction supports phosphorylation
with a P/e, ratio of 0.4-0.5.

This residual dibromothymogquinone-resistant ferricyanide reduction deserves
attention since we have here the unusual situation of an inhibitor sceming to cutalyse
the reaction it inhibits; increasing concentrations of disromothymogquinone uctually
increuse the rate of ferricyanide reduction (Figs 3 und 4). The inhibitor, in addition
to blocking electron transport, is itself a lipophilic oxidant which accepts clectrons
before or at its own site of inhibition. Apparently the reduced dibromothymoquinone
is quickly reoxidized by ferricyanide and thus the inhibited ferricvanide reduction
is in part restered. However, this dibromothymogquinone-mediuted ferricvanide
reduction is quite different from the usual ferricyanide Hill reaction. having instead
many of the characteristics of oxidized p-phenylenediamine reduction: the rate is
independent of the presence or absence ' ADP and phosphate or of uncounlers such
as methylamine, and the efticiency of phosphorylation (Pies) is onlv 0.3 -0.4, Altaoueh
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Fig. 1. Effect of dibromothymoquinone on electron transport (E.T.) and phosphorylation (ATP)
with ferricyanide (Fecy) or oxidized p-phenylcnediamine (PDox) as electron acceptor. Rates are
expressed in uequiv or umoles ATP/h per mg chlorophyll. The 2.0-ml reaction mixture consisted
of the following: sucrose, 0.1 M; Tricine-NaOH butfer (nH{ 8.2), SO mM: MgCl,, 2 mM; ADP,
1 mM; 32Py, 10 mM; chloroplasts containing 40 segr (ferrie -+ ) or 30 #g (?Dox) chlorophyil;
and either 0.5 mM potassium ferricyanide or a combination . .5 mM ferricyanide and 0.5 mM
p-phenylenediamine dihydrochloride. Note the great sensitivity of ferricyaride reduction to the
inhibitor, the relative insensitivity of oxidized p-phenylenediamine reduction and the high rate of
ATP formation associated with the resistant oxidized p-phenylenediaminc reduction.

Fig. 2. Effect of dibromothymoquinone on e¢lectron transport and phosphorylation with ferri-
cyanide and methylviologen (MYV) as electron acceptors. Reaction conditions, units and ab-
breviations as in Fig. 1 except that 32P; was 5 mM, potassium ferricyanide was 0.4 mM and
methylviologen was 50 xM. Electron transport was measured as oxygen production with ferri-
cyanide and as oxygen consumption with mcthylviologen. The dotted curve for oxidized p-
phenylenediamine (PDux) in the inset figure is taken from Fig. 1 for comparison. Noie from
the inset figure that the small amount of residual ferricyanide reduction supports phosphorylation
with the efficiency characteristic of the oxidized p-phenylenediamine-reducing system. Presumably
ferricyanide can intercept electrons, either directly or indirectly, between two sites of phospho-
rylation as can oxidized p-phenylenediamine whereas methyiviologen cannot.

this catalysis of ferricyanide reduction is most conspicuous at high dibromothymo-
quinone concentrations, there is no reason to doubt that it is already taking place
at the point of apparent maximum inhibition of ferricyanide reduction and even there
constitutes a large fraction of the residual reaction. This is clearly indicated by the
fact that the P/e, ratio associated with ferricyanide reduction declines to 0.4-0.5 as
the dibromothymoquinone inhibition approaches its maximum (Figs | and 2). No
such decline is observed when the low potential acceptor methylviologen is being
reduced; for thermodynamic reasons reduced dibromothymoquinone cannot donate
electrons to methylviologen and therctore the inhibitor cannot catalyze methyl-
viologen reduction.
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Fig. 3. EfTect of higher concentrations of dibromothymogquinone on clectren transport and phos-
phorvlation with ferricyanide or methylviologen as acceptors. Reaction conditions, units and
abbreviations as in Fig. 2, except that methylviologen was 100 eM. Note the much greater restdual
clectron transport with ferricyanide and the increasing rate of ferricyanide reduction with in-
creasing dibromothymoquinone concentration. Note also from the inset fizure that the inhibitor-
insensitive clectron transport again supports phosphorylation with the efliciency characteristic of
the oxidized p-phenylencdiamine-reducing system. Apparent'y the inhibitory lipid soluble quinone
dibromothymoquinone is reduced by chioroplasts, in a reaction which does not irclude the site
of dibromothymoquinone inhibition and is then rapidly reoxidized by the excess ferricvanide.

Fig. 4. ElTects of dibromothymoquinone on digitonin-treated chloropliusts. Conditions, units and
abbreviations as in previous figures. Chloroplasts were treated with 0.08” 0 digitomin in buller
(pH 7.4) at 0" C for 15 min, spun down at 4000 x g for 10 min and washed twice in butler. The
chloroplast material subjected to this mild treatment consisted in the main part of untragmented
lamellae or large fragments. Rates of electron transport and phosphoryiaton were only slightly
lowered by the treatment. Note, however, that the treatment lowered the concentration of
dibromothymoquinone required to catalyze ferricyanide reduction (see also Fig. X) thereby pro-
dueing the illusion that ferricyanide reduction is in large nart insensitive to the inhibitor.

The dibromothymoquinone reduced by chloroplasts can react with oxygen to
produce H,O, when ferricyanide is not present. This dibromothymoeguinone-
insensitive Mchler reaction becomes substantial when the concentration of inhibitor
is above 10 M. As will be described 1n another paper, this reaction also supports
phosphorylation with a P/e, ratio of 0.4, Thus the reaction provides a mechuanism
for “pseudocyclic™ photophosphorylation which probably involies only Photo-
system 11,

* A similar reaction — the reduction of dibromothymogquinone by illuminated
chloroplasts and its subsequent reoxid.tion by oxygen in the dark -- has been noted
by Lozier and Butler'®,

All of the dioromoethymoguinone-resistant reactions we have tested, clectron
transport and phosphorylation alike. are inhibited by DCMU which inzcuvates
Photosystem 11 and are largely insensitive to KON which inactivates phastocyanin,
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The observations described above concerning the elfect of dibromothymo-
quinone or ferricyanide arc somewhat at variance with the observations of Bohme
et al.’. They found that nearly half 0. the transrort of ¢lectrens to ferricyanide in
“intact™ chloroplasts was resistant to dibromothvymoquinone, while in our chloro-
plasts the resistant portion never exceeded 207, and was sometimes much less.
Presumably this discrepuncy resulted trom some difference nthe state of the chloro-
plast membranes. As shown in Fig. 4 (compare with Fig. ). the ferricyanide reduction
became markedly less sensitive to dibromothymoquinone v hen tie membranes were
slightly modified by treating the chloroplasts with 2 low concentration ol digitonin.
A more serious discrepancy. however, is to be found i the Luct that the dibromo-
thymoquinone-resistant ferricyanide reduction in our chioropiasts remains firmly
coupled to phosphorylation. A constant P/e, ratio of 0.3-0.4 is observed over a wide
range of conditions, even after the digitonin trcatment. In contrast. the data of
Bohme et al. show a continual decline in phosphorylation etficiency with increast ¢
dibromothymoquinone until a Ple, ratio of zero is reached (see Fig. 2 of ref. .
Bohme e¢r al. concluded from their observations that the dibromothymoguing e-
insensitive portion of ferricvanide reduction is not coupled to phosphorylation where-
as we are forced to conclude from our observations that it 1s coupled. The cause of
the discrepancy is as yet unknown. We agree with Bohme ¢r «f. that the reduction
of ferricyanide by sonicated chloroplasts is quite resistant to dibromothvmoqumone.
but here again we noted that considerable phosphorylation was ussociited with the
dibromothymogquinonec-insensitive clectron transport. In a sonicated chloroplast
preparation the P'e, ratio was 0.2 with inflibitor and 0.6 without inhibitor. Presum-
ably further disruption would have still further increased the resistance to the in-
hibitor while abolishing phosphorylation in dibromothymoguinone-trexted and
control alike.

(2) Evidence bearing on the site of dibromativmoquinone iniibition (Table 11)

Our observation that there is a siic of phosphorvlation on the electron trans-
port pathway betore the dibromothymogquinone inhibition site makes precise identifi-
cation of the inhibition site & matter of critical concern. There is already evidence
that dibromothymogquinone interferes with electron transport at the level of plasto-
quinone”™'! but this evidence is not absoiutely conclusive. Morcover, the most
striking features of dibromothymogquinene inhibition described here (the strong
inhibition of elcctron transport with hyvdrophilic acceptors, the weak inhibition with
lipophilic acceptors, and the lowering of the Ples ratio to 0.4% are also characteristic
of KCN inhibition*. Yet KCN almost certainly inhibits hecause it reacts with plasto-
cyanin. Therefore, it scemed important to us to prove that the site of dibromothyimo-
quinone inhibition is different from and precedes the site of KON inhihition.

Table Il shows that the etfects of the two inhibitors are indeed quite distinet.
DCMU-insensitive, Photosystem [-dependent reactions such as the transport of
electrons from diaminodurene to methylviologen and the dinminodurenc-mediated
cyclic phosphorylation system are inhibited by KON but, us Bohme or al.” have
already implied, arc not inhibited by dibromothymoguinone. The transter ol clectrons
from water to Class I acceptors such s methyivioloven i inhibited by both KON
and dibromothvmoquinore. in contrast. (e DCMU-sensitive tronsfer of clectrons
from water to oxidized p-phenylenediarine is infubited hy neither, Thus we must
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TABLE 11

INHIBITION OF VARIOUS REACTIONS IN CHLOROPLASTS BY DIBROMOTHYMO-
QUINONE AND KCN

Reaction conditions and concentrations of reactants were as in Table I and the figures unless
otherwise specified. Units are as in Table 1. PDox represents procucts of the oxidation of p-
phenylenediamine. When KCN was used, the chloroplasts were pretreated as described in
Materials and Methods. When dibromothymoquinone was used, it was 0.5 M. Density of chloro-
plast suspended in the 2.0 ml recaction mixture was: water— methylviologen, 40 g chlorophyll;
water—> PDox, 30 ;:g chlorophyll; diaminodurcne— methylviologen and diaminodurene (cyclic),
10 ug chlorophyll. In the diaminodurene—> methylviologen system ascorbate (I mM), DCMU
(1 M), diaminodurene (0.5 mM) and methylviologen (0.1 mM) were added and the pH was
lowered to 7.7 to eliminate much of the non-biological ascorbate oxidation. The diaminodurene
(cyclic) phosphorylation system was similar except that methylviologen and ascorbate were
omitted and 0.1 mM ferricvaride was added to establish an appropriate diaminodurene‘oxidized
diaminodurene ratio.

System Condition Electron ATP Plea
transport  formation

Water— methylviologen Control 646 39§ 1.13
+ dibromothymoquinone 44 6 —
KCN treated 0 0 —
Water— PDox Control 1720 286 0.45
+dibromothymoquinone 1300 257 0.40
KCN treated 1200 198 0.23
Diaminodurene— methylviologen Control 4180 733 0.35
+ dibromothymoquinone 4580 705 0.31
KCN treated 440 33 (0.15)
Diaminodurene (cyclic) Control —_ 702 —
<+ dibromothymoquinone — A0S —
KCN treated — 12 —

conclude that the site of dibromothymoquinone inhibition falls between the DCMU
inhibition site and the KCN inhibition site. This is consistent with the view that di-
bromothymoquinone acts as a plastoquinone antagonist.

,DISCUSSION

In the first paper of this series® we noted that lipophilic strong oxidants (e.g.
oxidized p-phenylenediamine) can be reduced very rapidly by illuminated chloro-
plasts whether or not phosphorylation occurs. Nevertheless, in the presence of
ADP and phosphate, the high rate of electron transport is associated with a great
deal of phosphorylation. We have called such oxidants Class 1 electron acceptors.
Conventional hydrophilic oxidants such as methylviologen, ferredoxin-NADP™*
and ferricyanide we have called Class I acceptors. Since the reduction of Class I11
acceptors supports only half as much phosphorylation as the reduction of an equiva-
lent amount of Class I acceptor, we suggested that lipophilic oxidants have access to
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and accept clectrons from some clectron carrier which ifes between two sites of
phosphorvlation. FFurthermore, we supeested that the second phosphorslation site,
the one not emploved in the reduction of Cluss I acceptors, is responsikie for
limiting the rate of the Hll rexction. Hence the high rute of clectron trunsport i thie
presence of Cluss !l acceptors.

In the second paper* we showed that KCN treatment of chloroplasts prevents
the reduction of Class I acceptors but not the reduction of Class 1 acceptors.
This virtually proves that Class 1 acceptors do react directiv with some nter-
mediate carrier in the clectron transport chain, a carrier operating betore the KON
block. Moreover we postulated that this intermediate carrier s ciose to Photo-
system 11 on the basis of the kinetics of DCMU inhibition of the reduction of Class H1
acceptors. This in turn implies the existence of a ritosphoryviation site closely asso-
ciated with Photosystem Il, since the reduction of Chas ' wcceptors vig the KCON-
insensitive shortened pathway is stiil coupled with a P e, rato o 0.3-0.4,

In the present paper. we have shown thuat dibromothiymoguinone also inh ats
the reduction of Class [ acceptors without severe!yv inhihiting the reduction of Cla: 1
acceptors. Regardless of the Class HI acceptor used (oxidized p-phenvlenediamine,
oxidized diaminodurene, oxidized diaminotoluene or 2.6-dimethyl-p-benzoguinone)
and therefore, regardless of the rate of clectron trunsport and the P'e, ratio in the
absence of the inhibitor, the dibromothymoquinone-resistant portion of clectron
transport is coupled to phosphorylation with a P/e¢, ratio of 0.35-0.45. A very
similar P/e, ratio (0.3-0.4) is associated with the residual ferricyiinide reduction
in the presence of low concentrations ol dibromothymoquinene. It is quite clear
that all these reactions involve only Photosystem IT and that sezment of the electron
transport chain which ends in the dibromothymoguinone block. We must therefore
conclude that there is a site of phosphorylation associated with Photosvstem [
and located betore the dibromothymoquinone inhibition site. I dibromoti:ymo-
quinone indeed blocks electron transport at the site of plustoguinone involvement,
as the evidence suggests, there must be a site of phosphorylation both before und
after plastoquinone. Thus the rate-limiting phosphorylation rcaction presumed to
occur between plastoquinone and cytochrome /7 may he equated to the siow step
postulated in our first paper®.

On the basis of cross-over point determinations, Bshme and Cramer’ conciuded
that only one phosphorylation site in the clectron transport chuin exerted a control
over the rate of electron transport. However, our observations are in no wayv in-
consistent with their conclusion. The transport of clectrons to Class [ accentors
proceeds at high rates whether or not phosphoryiation occurs and it is axiomatic
that cross-over data cannot vield information on sites of phosphoryvlation unless the
electron transport through the site is phosphorylation dependent.

We have presented the barc bones of our conciusions in Fig. 5. No doubt
alternative interpretations of the data could be devised but none has occurred 1o us.
The precise location of Site 11, the site close to Photosystem [T which we have pro-
posed in this paper, remains a matter for conjecture. Neumann er af.'* have provided
a model of non-cyclic photophosphorylation in which two sites of phosphoryLuion
are assumed to be invoived in Photosy wem | oreactions. We {ind it ditticult 1o re-
concile their mode! with our data unlew Stte Vin Froo S s further divided into two

sites. It is, however, possible that there is another site close to Photosystem | which
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Fig. 5. Simplified scheme of the electron transport pathways, phosphorylation rcactions and inhi-
bition sites discussed in this paper. PDux, oxidized p-phenylencdiamine; Fecy, ferricvanide:
DBMIB, 2,6-dibromo-3-mcthyl-6-isopropyl-p-benzoquinone (dibromothymoquinone); PQ, plasto-
quinone; PC, plastocyanin; DCMU, 3-(3.4-dichlorophenyl)-1,1-dimethylurca; MV, mecthyl-
viologen; PS I and PS I[I, Photosystems | and 11, respectively. 1t should be noted that dibromo-
thymoquinone and KCN both biock reduction of the hydroph:lic electron acceptors but not the
reduction of the lipophilic acceptors. Morcover, the residual electron transport with ¢ither in-
hibitor present supports phosphorylation with an ctliciency (Plea rato) of 0.4,

is responsible for some DCMU-insensitive cvclic photophosphorylation reactions,
but this possibility is outsidc the scope of our present investization.

POSTSCRIPT

After we had completed the manuscript of this paper we received a communica-
tion from Dr Achim Trebst describing similar experiments conducted in his laboratory
which have led him also to conclude that there is an encrgy conservation step associat-
ed with Photosystem Il reactions.
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Dibromothymoquinone has two effects on isolated chloroplasts. At very low concentrations
it inhibits the reduction of conventional hydrophilic electron wcceptors, probably by acting as a
plastoquinone antagonist. At higher concentrations it acts as an clectron acceptor, intercepting
electrons either before or at the site of its inhibitory activity. Reduced dibromothymoquinone
can be readily reoxidized by excess ferricyanide in the reaction mixture or by molecular oxyzen.
The transfer of electrons to this substance from water is coupled to phosphorylation. The pll
optima for this reduction and associated phosphorylation are both at 7.3, considerably lower than
the pH optimum of 8.4 observed with the normal 1lill reaction. The ratio of molccules of ATP
formed to pairs of electrons transported is relatively constant (0.3 —0.4) between pII 6 and 9. The
rate of reduction is independent of the presence or absence of ADP and phosphate or uncouplers.

The reduction of dibromothymocuinone resembles the reduction of other lipid-seluble oxi-
dants such as oxidized p-phenylenediamines and 2,5-dimethylguinone in several respects. Both
reactions are insensitive to the plastocyanin inhibitors IKCN and polylysine, but are sensitive to
3-(3,4-dichlorophenyl)-1,1-dimethylurea. They support phosphorvlation with a similar cfficieney.
However, dibromothymoquinone reduction differs from the reduction of other lipophilic oxidants
in that its sensitivity to dichlorophenyl-dimethylurca decrecases with increasing light intensities.
This implies that it may be reduced »ia a pool (plastoquinone?) which is a common electron
acceptor for independent photosystem II units whereas oxidized p-phenylenediamines and 2,5-

dimethylquinone arc reduced dircetly by these independent units.

The transport of electrons from photosystem II
to photosystem I can be inhibited in several ways.
Treatment of chloroplasts with IXCN [1] or polv-L-
lysine [2] seems to block the flow of clectrons from
cytochrome f to P,y by inactivating plastocyanin
(3,4). In contrast, dibromothymoquinone probably
acts as a plastoquinone antagonist [3] and therefore
blocks electron transport at an entirely different
gite. These inhibitors abolish the transport of clec-
trons from water to conventional hydrophilic electron
acceptors such as methylviologen or {ferredoxin-
NADP+ but they do not prevent the reduction of
lipophilic acceptors such as the oxidized forms of
p-phenylenediamine and diaminodurene.

Saha et al. [6] were the first to point out that these
lipophilic “‘class III” oxidants could be reduced at

Adbbreviation. P/e,, ratio of the molecules of ATP formed
to the pairs of electrons transported.

Trivial names. Dibromothymoquinone, 2,5-dibromo-3-
methyl-6-isopropyl-p-benzoquinone: dimethylbenzoquinone,
2,5-dimethyl - p-benzoquinione; dichlorophenyl- dimethyl-
urca, 3(3,4-dichlorophenyl)-1,t-dimethylurca; D40 primary
electron donor to photosystem 1.

exceptionally high rates by illuminated chloroplasts
and that this rapid clectron transport was coupled
to phosphorylation. Ilowever, they also showed that
the overall efticiency of phosphorylation, as mcasured
by the ratio of molecules of ATP formed to the pairs
of electrons transported (Pfe. = 0.3) is much lower
than the efficicncy with conventional hydrophilic
“‘class " acceptors (P, == 1.2). These findinas led
Saha et al. to postulate that class II1 acceptors might
intercept clectrons by reacting with an intermediate
carrier situated between two sites of phosphorylation.
The experiments with inhibitors aliuded to above
have stronzly supported this concept. Ouitrakul and
Izawa [1] have shown that the reduction of class III
acceptors is Jargely insensitive to KCN treatment and
Ort et al. [7] have shown that the same is true for
polylysine treatment. Thus we may conclude that
plastocyanin, which is required for the reduction of
class I acceptors, is not required for the reduction
of class ITI acceptors. Similarly we have shown that
the plastoquinone antagonist dibromothymoquinone
does not inhibit the reduction of class 1{T aceeptors
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[8]. Conscquently it seems likely that class T1L
acceptors intercept clectrons before the site of in-
volvement of plastoquinone in the clectron transport
chain. IFurthermore, since the reactions insensitive
to dibromothymoquinone, KCN and poiylysine con.-
tinue to support phosphorylation cven in the pre-
sence of these inhibitors, we concluded that there
must be a site of phosphorylation associated with the
photosystem II-driven transfer of clectrons iromn
water to plastoquinone [8].

In the course of our investigations we noted that,
at concentrations somewhat higher than are required
for inhibition of the reduction of class I acceptors,
dibromothymoquinone itself acts as an electron
acceptor [8,9]. Furthermore, the photoreduction of
dibromothymoquinone was coupled to phosphoryla-
tion with an efficiency characteristic of the reduction
of class ITI acceptors. This paper deals with a more
detailed investigation of the role of dibromothymo-
quinone as an electron acceptor. The study has
shown that this lipophilic oxidant has unique pro-
perties which distinguish it from other class IIT
acceptors.

MATERIALS AND METHODS

The procedures employed were similar to those
described in previous papers [6,8]. Washed chloro-
plasts were isolated from fresh market spinach
(Spinacia oleracea L.) by differential centrifugation as
detailed elsewhere [G]. Electron transport with ferri-
cyanide as the electron acceptor was measurced
spectrophotometrically by continuously recording
the decrease in absorbance of the reaction mixture
at 420 nm. Electron transport with oxidised diamino-
durene, dimethylbenzoquinone or dibromothymo-
quinone as the electron acceptor was followed as the
reduction of excess ferricvanide since the reduced
acceptors were immediately reoxidized by ferricyanide
present in the reaction mixture {6]. Oxygen uptake
(Mehler reaction) was measurcd with a Clark-type
membrane-covered oxygen electrode. No H,0, trap
was necessary since the chloroplast preparations
were free of catalase activity. Saturating intensities
of orange actinic light (> 600 nin) wecre supplied
by a 500-watt slide projector and the appropriate
colored filters. For some cxperiments the intensity of
the actinic beam was varied with a serics of calibrated
neutral-density screen filters. Absolute light intensity
was measurcd with a YSI radiomcter shiclded from
infrared by a Corning heat filter (C.S. 1—69). All
reactions were carried out in thermostatted cuvettes
at 19 °C.

ATP formation was measured as the residual
radioactivity remaining in the reaction mixture after
extraction of the unrcacted [32PJorthophosphate as
phosphomolybdic acid [10].

Cvanide-treated chloropiasts were prepared as
described by Ouitrakul and Tzawa [1] by incubating
chloroplasts at 0 °C for 60 min in a 30 mM KCN solu-
tion buffered at plI 7.8. Control chloroplasts for these
experiments were incubated in a similar manner
substituting KOH for KXCN. Dibromothymogquinone
was prepared as deseribed carlier [8] and dissolved
in ethanol —ethylene glveol (1: 1, v/v). 3(3,4-Dichloro-
phenyl)-1,1-dimethylurea was dissolved in ethanol
and further diluted with 0.01 M NaCl. Stock solutions
were prepared in such a way that the final concentra-
tion of organic solvent in the reaction mixture never
exceeded 1.5%/,. Dectails of the treatment of chloro-
plasts with poly-L-lysine (M 194000) are described
elsewhere [7].

RESULTS

Dibromothymoquinone-Calalyzed Reduction
of Dxyygen (Meller reaction)

In the absence of added electron acceptor,
illuminated chloroplasts consume oxygen slowly
(Fiz.1). This phenomenon, which represents the
reduction of small amounts of endogenous acceptors,
their reoxidation by molecular oxvgen, and the
formation of 11,0, is known as the Mchler reaction
[11]. There arc two rcasons for believing that the
Mchler reaction catalyzed by endogenous acceptors
involves photosystem I. The eclectron transport is
coupled to phesphorylation with an efficiency charac-
teristic of the ITill reaction with class I acceptors
(Plea == 1.2) and treatments of chloroplasts with
KCN or polylysine, which block the flow of electrons
at piastocyanin [1 —4] abolish the reaction. However,
when dibromothymoquinone (15 M) is added to the
rcaction mixture the rate of oxvaen uptake is greatly
increased and now neither KCN nor polylysine
inhibits. The efficicney of phosphorylation also falls
to the level characteristic of the reduction of class ITI
acceptors (Table 1). It secems clear therefore that this
dibromothymoquinone-catalvzed Mehler reaction
involves only photosystem I1.

Since dibromothymoquinone is itself a powerful
inhibitor of the transport of cleetrons to photosystem
I, it totally suppresses the endogenous Mcehler reac- |
tion at low concentrations (I'iz.2). As thc concentra.-
tion of dibromothymoquinene is increased, the
inhibitor beging to act as an clectron acceptor, cat-
alyzing the dibromothymoquinone-IXCN-polylysine-
insensitive, photosystem 1I Mchler reaction. With
the inhibition of the endogenous reaction the phos-
phorylation efficiecney (P/e,) promptly falls to a
constant level of 0.3 —0.4. It should be noted that this
efficiency is quite independent of the rate of clectron
transport, depending rather on the electron transport
pathway.
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minated chloroplasts. The reaction mixture (£ ml) contained
0.1 M sucrose, 50 mM tricine buffer pIl 8.1, 2 mM MgCl,,

Other Characteristics of the Electron Transport
and Phosphorylation Associated with Dibromothymo-
quinone Reduction

The unusual dual action of dibromothymoquinone,
inhibiting the transport of electrons to photosystem I
while at the same time serving as an eleetron aceeptor,
makes its reduction a convenient rcaction for the
study of photosystem II. However, the rcoxidation
by oxygen becomes seriously rate-limiting below
pH 8.0 or when the concentration of the inhibitor-
acceptor is lowered (T'ig.2). This difficulty can be
overcome by the addition of ferricyanide since it has
already been shown that ferricvanide rapidly re-
oxidizes reduced dibromothymoaquinone [8]. Indced
we have shown that this chemical rcoxidation by
ferricyanide is not rate-limiting under any of the
conditions employed in this study; the rate of
dibromothymoquinone reduction, measured as the
consequent reduction of excess ferricyanide, is con-
stant with time until virtually all of the ferricyanide
has been reduced. Since the dibromothymoquinonec-
catalyzed reduction of oxvgen and of ferricyanide
both support & phosphorylation reaction having the
same efficiency and the samc sensitivity to photo-
system I inhibitors (Table 1), it seems probable that
the two reactions are biologically equivalent. For
these reasons, and because less dibromothymoqui-
none is required to catalyze ferricyanide reduction,
we used the dibromothymoquinone-ferricyanide sys.
tem in the experiments described below.

The pH optimum for photosystem II electron
transport and phosphorylation (Fig.3) scems to be
considerably lower than the optimum observed for
the Hill reaction with class I acceptors (7.3 vs 8.4).
This lower pH optimum observed in the presence of

0.5 mM ADP, 5 mM Py, and chloroplasts containing 40 ug
chlorophyil. When added. o small amount of catalase was
injected into the sample chamber with a microliter syringe.
Numbers in parentheses are gequiv, x h=t<mg chlorophyll-!
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Iig.2. Effect of dibromolhymoquinone on clectron transport
and phospiurylution in the «isence of added electron acceptor.
Reaction conditions were ax in IMig. 1. Electron transport (Q)
was measured as oxyzen uptake as described in Mcethods.
(@) AT formation. (®) P/e,. Units are as in Table 1. Note
that low concentrations of dibromothivmoquinone abolish
the endozenous Mcehler reaction (e, = 1.1). Higher concen-
trations catalyze a photosystem L1 Mehler reaction which
supports phosphorylation with a P,e, of about 0.4

dibromothymoquinone cannot be an effect of pH
on the phosphorvlation mechanism since the same
optimum is scen in the presence or absence of ADP
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Table 1. Effect of photosystem-1 inkibitors on electron transport and p/'/ul()[)/m.\‘[l/lOr!/[u!l'un with varions electron rzn.‘r])fors
The reaction mixture (2 ml) contained 0.1 M sucrose, 50 mM tricine-NaOH pH S0 2 mM MeCl, 0.5 mM ADP, 5 mM Nalf,-
32PQ,, chioronlasts containing 40 ug chlerophyll and the indicated aceeptor sysiem. Inithe llxh'mnu"l\ moeinone o ﬁ rrievanide
(DBMIB — FeCy) svatem the reaction was builered at pH 7.5 with 50 mM N -2.hydroxvethy Ipiperizine.N'- 2-ethanesullonate.
The acceptor systems used were: FeC'v, 0.4 mM ferrievanide: PDog, 0.5 mM pephenviensdinmine plm 1.5 mM ferrieyanude;
DBMIB = 0Q,, 15 uM (lxbromolh\mm uinone: DBEMIB — l‘l(.\, 10 M dibrometi htlm(;nmnnn pins 0.4 M ferricyanide,
KCN-treated chlorop’ 18t8 were prvp.m-d as deseribed in Methods, Poiy-L-lvsine-treatéd chiloroplasts were prepared as detailed
by Ort et al. [7]. Rates of clectron transport (1T and phosphorvlation (AP are given as wequiv, or wmnol A TP » h=' v mg
chlorophyil=1. Note that the reduction of the class [IL acceptor Py, has a cvimde and poiviysine-sensitive component. Since
dibromothymoquinone blocks the transfer of electrons to photosvsiem I, its reduetion lacks this component. Note also that
the residual photosystem 11 electron transport supports phosphorviation with an eficieney (P/e,) of about 0.3—0.4, The lower
efticiency after polylysine treatment of the chioroplusts is probab!y due 1o the well-known tncoupling effeet of thig substance ! 18]

H;--n n \.u'mr~\~' m

Pi\'}},’_‘ Condition FeCy T Dox (= Fetv) DBRMIB (-- m DBMIB (- FeCy)
E.T. ATD (Pley) L. ATDP (1%ey) LT, ATP (P/ey) E.T. ATP (P/cy)
1 control 400 253 (1.26) 1070 310 (053 150 20 (0.27) 262 50 (0.3%)
KCN 25 B (—) 605 108 (0.36) 146 17 (1‘ 25 207 43 (0.30)
1T control 560 347 (1.24) 1390 429 (0.61) 1o 20 (0.36) 275 43 (0.31)
polylysine 20 0 (—) as0 218 (0.26) e 19 03 285 36 (0.25)
0.2 1 T T T2 Table 2. The In<k of effect of phosphate, ADP or uncouplers
' ° ? a | on dihromotlymoquinone redurtion
o/o"A —a —a The basic reaction mixture (pH 7.5) was as in Table 1. The
K 0.2 . accentor system used was 10 yM dibromothymoquinone
e plus 0.4 mM ferricvanide, Additions were made in small
volumes of distilicd water (0.05 ml) to the final concentra-
0 ! ! ! ! tions indicated bhelow: ADP, 0.5 mM; P, 5 mM; methyl-
%0 ! ' ! o amine hydrociloride, 10 mM; gramicidin D, 4 ug/ml
1 — - -
Iixperiment Llectron
o7 b8 No. Additions transport rate
a‘ A pequiv, < h=' xmg
< clhilorophy!l=!
5 Q . o=
—_ ] [ None 251
Q100 ° m ADP 245
:-: o ADP 4- Py 250
- ADDP = I’y + methyl-
3 amine 253
Q.
s o 11 None 204
- S0 \ - ADD + D 205
o b} . N
= ° *— ADD 4+ Py — grami-
o / /A’ N a cidin D 221
w jaid
w
() \. \
./ N
i L ! "
0 6 7 8 9 independent of phosphorylation. It should also be

pH noted that the phosphorylation efficiency with
Fig.3. Effect of pll on dibromothymoquinone reduction and  dibromothymoquinone as the electron acceptor is
associated phosphorylation. The basic reaction mixture used almost independent of pll over a wide rance. This is
is described in Table 1. 10 £M dibromothymoquinone plus in striking eontrast to the cffect of pIl on the
0.4 mM ferricyanide was the acceptor svstem. The butlers
(50 mM) employed were: (8.0, @) 2-(N- morpnolmo)etl'..no. phosphonlatnon cfticiency when class I acceptors
sulfonate, (A, 4, A) N-2- hydro“ethvlplpcm/mc N7.2.are reduced (optimum pll = 8.3—9.0) [12].
ethanesulfonate, and (M, O, @) tricine. Units for electron
transport (1I) and phosphorylation (l1I) are :zequiv or umol . .
ATP x h—! x mg chlorophyll-!. Note that the efficiency, Pre, Effc.ct of chhlorop.benyl-l]zmetlzylure.a
(I), of the phosphorylation is almost independent of pH on Dibromothymoquinone Photoreduction
f Gto) . . L
rom B te Although dibromothymoquinone reduction is not
affected by electron transport inhibitors acting close
and phosphate: indeed the rate of clectron transport  to photosystem 1 (Table 1), it is sensitive to inhibitors
during the reduction of dibromothymoquinone such as  2.n-heptyl-4-hydroxyvaquinoline-N-oxide

(Table 2) or other class IIT acceptors [6] is unite  (Gould and Dradeen, unpublished obscervations) and
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Fig.4. Inhibition by dichlorophenyl-dimethylurea of electron
transport with various acceplors. The basic reaction mixture
is described in Table 1. When ferricyanide (0.4 mM) was used
as the clectron acceptor (O) the reaction das buflered with
50 mM tricine-NaOH pH 8.1. When dibromothymoquinone
(10 M plus 0.4 mM ferricvanide) was the acceeptor system
(@), the reaction was buflered with 50 mM .V-2-hydroxy-
ethylpiperazine-V’-2-ethanesulfonate  pH 7.5. (----) Re-
duction of oxidised diaminodurcne from a separate experi-
ment (1). Note that at the high light intensities employed the
photosystem 1I reduction of dibromothymoquinone and
the reduction of ferricyanide have the same sensitivity to
dichloropheny!-dimethylurca (DCMU) while the reduction
of oxidised diaminodurene is much more sensitive

dichlorophenyl-dimethyl urea which block the clec-
tron flow close to photoaystem II. Fig.4 shows the
effect of the latter substance on the rate of dibromo-
thymoquinone reduction. This exhibits about the
same sensitivity to dichlorophenyl-dimethylurca
inhibition as does the reduction of the class [ acceptor
ferricyanide. Dibromothymoquinone differs from
class IIT acceptors in this respect, since the reduction
of the oxidation products of p-phenylencdiamine
and diaminodurene is extremely sensitive to concen-
trations of dichlorophenyl-dimethylurea which have
very little effect on ferricyanide reduction [1].

The effect of light intensity on dichlorophenyl-
dimethylurea inhibition of electron transport with
various electron acceptors is shown in I'ig.5. As the
light intensity becomes rate-limiting, dibromo-
thymoquinone reduction and ferricyanide reduction
become more sensitive to this inhibition, while the
high dichlorophenyl-dimethylurea secnsitivity of the
reduction of oxidised diaminodurene remains un-
changed. Again dibromothymocuinone behaves more
like a class I acceptor than a class III acceptor under
these conditions.

36

%)

Lohtadon

400

200

v/I

Fig.5. The ¢ffect of light intensity on dicklorophenyl-dimethyl-
urea tnhibition of electron transport supported by Yy various
acceptors. Peaction conditions were as described in Fig.4

(A, Ay A) 0.5 mMl diaminodurene dihydrochloride plus 1.5 mM
ferricyanide as electron acceptor, (O, @, Q) ferricyanide re-
duction and (3, s, @) dibromothymoquinone reduction. Solid
symbols, 0.075 uM  dichlorophenyl-dimethylurea added.
(B) v represents the rate of electron transport in wequiv.
x h=!x mg chlorophyll=! and J represents the light intensity
in kergxcm=2xs-t, The intercept on the v-axis represents
the rate of electron transport extrapolated to infinitely high
licht intensity (V') while the intercept on the v//-axis gives
the quantum efliciency extrapelated to zero lizht intensity.
Note that the primary effect of dichlorophenyl-dimethyl-
urea i3 to lower the quantum efliciency, presumably by
blocking independent photosystem [I chaing (see Discussion).
Dibromothymoquinone aiso has a pronounced secondary
ctleet on the quantum efficiency. Note also from (A) however,
that the inhibition by dichiorophenyl-dimethylurea deereases
with increasing light intensity when ferricyanide or dibromo-
thymoquinone are reduced but not when oxidised diamino-

durene i3 reduced

These differences in sensitive to dichlorophenyl-
dimethylurea and the cffects of light intensity on the
inhibition could be explained in two ways: either the
high rates involved in reduction of oxidised diamino-
durcne make the dichlorophenyl-dimethylurca site
more critically rate-determining or oxidised diamino-
durenc intcreepts electrons close to the site of di-
chlorophenyl-dimethyiurca inhibition (sec Discus-
sion). The experiment illustrated in Fig.6 all but
climinates the first possibility. The photoreduction
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Tig.6. Effect of light intensity on dichlorophenyl-dimethylurea
wnhibition of dimethylbenzoquinone reduction. ‘The basic reac-
tion mixture (pH 8.1) is described in Table 1. Dimethylbenzo-
quinone (0.5 mM) plus 0.4 mM ferricyanide was the acceptor
svstem. (O, @) No additions; (e, ®) 0.075 uM dichloro-
phenyl-dimethylurea added ; (O, @, W) 0.5 pM dibromotliymo-
quinone added, sufficient to block electron tlow to photo-
system I but not higi enough to accept clectrons at a signif-
icant rate (8]. Note that the dichlorophenyl-dimethylurea
inhibition of dimcthylbenzoquinone reduction is independent
of light intensity both in the presence and absence of di-
bromothymogquinone. Note also from (B) that the latter has
a secondary effcct on the quantum efticiency of this reduc-
tion

of 2,5-dimethylbenzoquinone has two components.
One component is sensitive to XCN, polyvlysine and
low concentrations of dibromothvmocuinone (8].
This component clearly involves both photosystems
and is in cvery way analogous to the reduction of
class I acceptors. The other component is insensitive
to these three inhibitors and supports phosphoryla-
tion with the efficiency characteristic of the reduction
of class III acceptors. Clearly dimethylbenzoquinone
intercepts some electrons in the samec manner as
oxidised p-phenylenediamine and diaminodurene,
but it does so slowly. Thus the residual transport of
clectrons to dimethylbenzoquinone in the presence
of low concentrations of dibromothymoquinonc is
approximately equal to the rate observed when di-
bromothymoguinone itself is used as an electron ac-
ceptor. Nevertheless dimethylbenzoquinone recuction

remains more sensitive to dichlorophenyl-dimethyl-
urca than is dibromothymoauinone reduction and
this sensitivity does not vary with light intensity.
It should be added here that the quantum efliciency
ol dibromothymonuinone reduction (i.e. dibromo-
thymoquinone-mediated  ferricyanide reduction) is
only 30°%/0 of the normal ferricyanide Hill reaction
(Fig. 5B). Apparently dibromotiiymoruinone has a
rather strong sccondary cffeet on the quantum
cfficicney of photosystem IT (see also Fig.61B).
This is also reticeted in the fact that at very low light
intensities dibromothvmoquinone reduction becomes
cven more sensitive to dichiorophenyl-dimethylurca
than does the reduction of oxidised diaminodurene
(Fig.3A).

DISCUSSION
Dibromothymoquinone as an Electron Acceptor

The fact that KXCN and polylysine treatments of
chloroplasts have no effect on the rate of electron
transport (Table 1) virtually proves that photo-
svstem L is not involved in the reduction of dibromo-
thymoquinone since these treatments block the trans-
for of electrons to 12,4073, 4]. Moreover dibromothymo-
quinone is itscll a potent inhibitor, blocking electron
transport on the photosystem 11 side of cytochrome f
(14]. It follows that dibromothymoquinone must
aceept electrons cither before or at its own site of
inhibition. In some respeets dibromothymoquinone
reduction resembles the reduction of other lipophilic
quinones and quinonediimides (class IIT acceptors)
which also acecepu clectrons from a carrier close to
photosystem Il {1,6.8]. However, the reduction of
dibromothymoquinone is uniike the reduction of
class [II acceptors in other respeets. For instance,
the concentration of dibromothymocquinone which is
optimal for clectron transport is 50 times lower than
the optimal concentration of oxidised diaminodurene
or p-phenylenediamine. This observation could be
interpreted as implying some degree of specificity
but it conid also be interpreted in terms of a partition
cocfficient which fuvors accumulation of dibromo-
thymoquinone in the membranes.

A much more important difference which distin-
cuishes dibromothvmoruinone from class III accep-
tors is the nature -~ the inhibition of its photoreduc-
tion by dichiorop'. :nyl-dimethylurea. The effect of
this compound on dibromothyvmoquinone reduction
is similar to the efleet on the reduction of ferricyanide
(class I) and is quite ditTerent from the cffect on the
reduction of oxidized p-phenylenediamine and di-
aminodurenc (class I1I). The much greater sensitivity
of chloroplasts to low concentrations of dichloro-
phenyvl-dimethylurea with class 1II acceptors (Fig. 4,
inset) can readily be explained in terms of the model
presented in Fig. 7. This model also cxplains the fact
that dichlorophenyl-dimethylurca inhibition of elec-
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arrows represent electron transfer reactions and curved
arrows represent energy conservation reactions (phosphoryla-
tion sites). "The zig-zageed line at site I indicates the primary
rate-limiting step of electron transport to class I acceptors.
For further explanation, see the text. DBMIB = dibromo-

thymoquinone

tron transport is independent of light intensity when
class IIT acceptors are reduced but becomes intensity-
dependent when class T acceptors are reduced (Fig.3).

There are good reasons for believing that the
photochemistry and much of the associated thermo-
chemistry of photosystem II takes place in indepen-
dent structural units (15]. In other words, it scems
that quanta are converted one by one into charge sepa-
rations within independent structures. Thus the elec-
trons and holes made available by quantum conver-
sionsinonestructural unitare notdirectly available for
chemical reactions in other units. We have represent-
ed these water-oxidizing, electron-producing photo-
system II units in Fig.7 by the open arrows. While
the exact nature of dichlorophenvl-dimethylurea’s
inhibition is not clear, it secms likely that it acts by
somehow inactivating photosystem II units, one
molecule of inhibitor totally suppressing the activity
of one unit. A partial inhibition by dichlorophenyl-
dimethylurea probably means that a certain propor-
tion of the photosystem II units have been inactiv-
ated.

However, there is no reason to suppose that
photosystem I must be. confined to the same unit
structures as photosystem II. Consequently it is not
unreasonable to suppose that the electrons generated
by photosystem II may be pooled at some step before
the reduction of P,q. Indeed one might expect reduc-
ed plastoquinoné to serve as a common clectron pool
interconnecting electron transport chains on the
basis of its chemical nature and its abundance. In
fact, Siggel et al. [16] and Malkin and Michaeli [13]
have reached this conclusion from their flash experi-
ments and fluorescence induction studies using chloro-
plasts poisoned with dichlorophenyl-dimethylurea.

We are now in a position to understand the effeet
of light intensity on dichlorophenyl-dimethylurea

inhibition. When light is limiting, the activity of
photosystem II is presumably also limiting and the
inhibition will be strictly proportional to the number
of units inactivated by dichlorophenyl-dimethylurea.
The same will be true, resardless of light intensity, if
the clectrons are never pooled. However, if the clee-
trons arc pooled and the pooled clectrons are utilized
by a subscquent rate-determining slow step, the situ-
ation is quite different. Now a smaller number of func-
tioning photosystem IT units can keep the slow reac-
tions draining the electron pool saturated. Thus, as
the light intensity increases, fewer and fewer photo-
system II units are required and the efficacy of a
given concentration of dichlorophenyl-dimethylurca
decreases.

These considerations suggest to us that class III
acceptors are reduced before the electrons from photo-
svstem IT are pooled [1]. Presumably these membranc-
permeating sirong oxidants react directly with the
photosystem II units. Clearly ferricyanide and othcer
class I acceptors must be reduced after the electrons
are pooled since their reduction is less sensitive to
dichlorophenyl-dimethylurca at high light intensities.
Although dibromothymocuinone is highly lipid-
soluble and is a moderately strong oxidant, it does
not scem to react directly with photosystem II units
but rather with the source of pooled electrons. We
are tempted to postulate that dibromothymoquinone,
by virtue of its structure, rcacts in some specific way
at the site of plastoquinone involvement in clectron
transport, accepting clectrons from reduced plasto-
quinone and at the same time blocking further
transport of electrons to cvtochrome f.

It is not immediately clear how the model present-
ed in I'ig. 7 can be reconciled with the experiments of
Tzawa and Good {19], which suggest that the number
of dichlorophenyl-dimethylurea inhibition sites is



smaller than the number of O,-producing units
(1 Q4 producing unit per 500 chiorophyils [130).
We are now inclined to question the interpretations
olfered by Jzawa and Good for their obscrvations,

Photosystem 1I Phosphorylation
with Dibromothymoquinone as Llcctron Acceplor

The data presented in this paper strongly support
our contention that there is a phosphoryviation reac-
tion associated with the transter of clectrons {rom
water to plastoquinone [8]. Morcover it is very
probable that the enerzy conservation ocecurs before
the electrons produced by individual photosystem IT
units are pooled. If this is so, cack of the units must
be equipped with an appropriate encruy-conserving
mechanism (site II in Fig.7). Perhaps the photo-
system 1I units are so oriented that the photoactiva-
tion or subsequent electron transport occurs across
the thylakoid membrane and the resulting membrane
potential or ion gradient drives phosphorylation, as
Witt [17] has suggested. On the other hand the as-vet
unassigned cytochrome b;,, may be associated with
photosystem II units and may be involved in some
chemical mechanism of encrey conscrvation.

In any event, photosystem II phosphorylation
is very different from the bLetter-known phosphoryla-
tion associated with the reduction of classI acceptors,
both in efficiency and in plI dependence. The lower
efficiency with which photosystem II eleetron trans.
port is coupled to phosphorylation may simply result
from the fact that only onc of two {or more) in a
sequence of phosphorylation sites is being used [G).
On the other hand the complete lack of dependence
of electron transport on phosphorylation may refleet
a fundamentally inefficient coupling mechanism
which in turn may reflect a basic difference between
the oxidation.reduction reactions performed at site II
and site I. Indeed, the insensitivity to pll of the

phosnhorylation cfficiency at site II (Fig.3) is in
striking eontrast to the pll denendence of the Dle,
attributable to site T {12].
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LATION

1. SEPARATION OF SITE I AND SITE II BY PARTIAL REACTIONS
OF THE CHLOROPLAST ELECTRON TRANSPORT CHAIN
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SUMMARY

1. The transport of electrons from H,O to lipophilic oxidants such as oxidized
p-phenylenediamines and 2,5-dimethylquinone, when observed in the presence of the
plastoquinone antagonist dibromothymoquinone, has a pH optimum of approxi-
mately 7.5 and is independent of the presence or absence of ADP and phosphate.
Nevertheless theclectrontransportsupports phosphorylation with an cfliciency (P/e,)
of0.3-0.4and thiscfliciencyis practically pH independent. A reversible proton uptake
is associated with the electron transport. The energy coupling site responsible for
the phosphorylation, which must be before plastoquinone, we have designated Site 11,
while the well-known rate-determining coupling site after plastoquinone and before
cytochrome f'is referred to as Site I.

2. The transport of electrons from reduced 2,6-dichlorophenolindophenol
(DCIP) to methylviologen, when observed in the presence of the Photosystem Il
inhibitor 3-(3,4-dichlorophenyl)-1,1-dimethylurea, is remarkably similar in most
respects to the overall Hill reaction (e.g. H,O—methylviologen). The rate of electron
flow is markedly stimulated by ADP and phosphate. Electron transport and phos-
phorylation have the same pH optimum of about 8.5. The P/e, ratio is also strongly
pH dependent, showing a similar pH optimum of 8.0-8.5. However, the absolute
value of the P/e, ratio observed for the partial reaction reduced DCIP—methylvio-
logen is lower than the P/e, ratio observed for the overall reaction H,O—>methylvio-
logen at all pH values. The maximum P/e, value observed for the reduced DCIP—
methylviologen raction is 0.5-0.6 at pH 8.0-8.5 while the maximum value {or the
H,0->methylviologen reaction under the same conditions is about 1.1,

3. When the P/e, ratios for the two partial reactions (H,O—dimethylquinone
and reduced DCIP—methylviologen) are added together at all pH values from 6 to 9,
the resulting curve is very close to the P/e,—pH profile experimentally obtained for

Abbreviations: P/es, the ratio of the molecules of ATP formed per pairs of electrons
transported ; 4’-deoxyphlorizin, 4,6’-dihydroxy-2’-glucosidodihydrochalcone; DCIP, 2,6-dichloro-
phenolindophenol; DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea; Tricine, N-tristhydroxy-
-ethyl)methylglycine; HEPES, N-2-hydroxycthylpiperazine-N’-2-ethanesulfonic acid.
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the overall Hill reaction H,O—methylviologen. It scems probable, thererore. that the
transport of electrons from reduced DCIP to methylviologen utilizes only the rate-
determining coupling Site I while the overall transport of clectrons from H,O to
methylviologen utilizes both Site I and Site II. .

INTRODUCTION

The existence of two sites of energy coupling associated with noncyclic electron
transportinisolated chloroplasts has been postulated for some time based on various
lines of indirect evidence'~". A new approach to this problem hasrecently been made
possible withthe use of thelipophilic “Class 111" electron acceptors (such as oxidized
p-phenylenediamines)®. In previous papers we have shown that the transport of electrons
from watertothese Class I11 acceptorsisinsensitive to the plastocyanininhibitors KCN?
and poly-L-lysine'®, and also to the plastoquirone antagonist dibromothymo-
quinone'!. These inhibitors strongly inhibit the reduction of conventional (Class 1*)
acceptors such as ferricyanide or methylviologen, which requirc participation of both
Photosystem [l and Photosystem . Furthermore, Ciass 111 acceptors are reduced at
a point before the electrons from the independent Photosystem 11 units are pooled®!2,
From these observations we have concluded that the reduction of Class II acceptors
takes place predominately before plustoquinone'?. Morcover, since the reduction of
Class III acceptors is firmly coupled to phosphorylation even in the presence of these
inhibitors, we have concluded further that there is a coupling site before plastoquinone
(Site II) in addition to the coupling site believed to be located after plastoquinone and
before cytochrome f'2 (Site I).

The phosphorylation reaction associated with Site I is characterized by (i) a
pH optimum between 7 and 8, (ii) a low coupling efficicncy (P/e, =0.3-0.4) which is
practically pH independent, and (iii) the lack of effect of ADP and phosphate or
uncouplers on the rate of electron transport. The characteristics of conventional
noncyclic photophosphorylation, which utilizes both Site Il and Site I, are quite
different. The pH optimum for both electron transport and ATP formation is 8.5 or
above. The phosphorylation cfficiency is also a strong function of pH, showing a
similar optimum (wherc the P/e, is 1.0-1.1 in average chloroplast preparations).
Furthermore, the rate of electron transport responds sharply to phosphorylating or
uncoupling conditions. One may therefore reasonably deduce that thesec prominent
features of conventional noncyclic photophosphorylation originate almost entirely
fromthecouplingreactionat Sitel. The existence of a rather inconspicuous coupling
reaction at Site [I must be largely masked, except for its contribution to the overal:
efficiency of phosphorylation.

In order to verify these deductions, however, it is essential to find a partial
reaction of the electron transport chain which includes only coupling Site I. Such a
reaction should very much resemble the complete noncyclic reactions except for its
efficiency of phosphorylation (P/e,), which should be approximately 0.6-0.7, instead
of slightly above 1.0.

Larkum and Bonner'* and Izawa'®, on the basis of spectral evidence, and
Neumann et a/.'® on the basis of uncoupler studies, have postulated that reduced 2.6-
dichlorophenolindophenol (DCIP) in the presence of 3-(3,4-dichlorophenyl)-!,1-
dimethylurea (DCMU) donales electrons to the electron transport chain on the Pho-
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tosystem 1l side of the coupling site preceeding cytochrome /. The studies reported
in this paper have provided strong evidence that the clectron flow from reduced
DCIP to methylviologen indeed constitutes a partial reaction which includes coupling
Site | but not coupling Site II. In addition, we report here and in a subsequent paper’
on further characterization of the coupling reaction at Site Il including the demonstra-
tion of a **proton pump’ driven by a partial reaction which involves only Site 1.

MATERIALS AND METHODS

Chloroplasts wereisolated inthe cold (4 °C) by a technique similar to that used
in previous studies® ''*'2. Leaves of fresh market spinach (Spinacia oleracea L.) were
washed in cold distilled water and ground briefly (3-7 s) in & Waring blendor con-
taining a medium consisting of 0.3 M NaCl, 30 mM AN-tris(hvdroxyethyl)methyl-
glycine (Tricine)-NaOH (pH 7.8). 3 mM M¢Cl, and 0.5 mM EDTA. After filtering
the homogenate through multiple luyers of cheesecloth, the chloroplasts were scdimen-
ted at 2500 < g for 2 min. The pellet was resuspended in a medium containing 0.2 M
sucrose, S mM N-2-hydroxyethylpiperazine-N’-2-ethancsulfonic acid (HEPES)-
NaOH (pH 7.5), 2 mM MgCl, and 0.05%, bovine serum albumin. After a bricf cen-
trifugation to remove whole cells and debris (45 s at 2000 < g) the chloroplasts were
sedimented at 2000 - g for 4 min, resuspended in a fresh volume of the same medium,
and again sedimented. The final pellet was taken up in a small volume of the suspen-
sion media.

The reduction of 2,5-dimethyl-p-benzoquinone, oxidized p-phenylencdi-
amines and high concentrations of dibromothymoquinone wis measured spec.

trophotometrically as described carlier® as the decrecase in absorbance of

the reaction mixture at 420 nm due to the reduction of excess ferricyanide. Mcthyl.
viologen reduction (either water or artificial reductants as clectron donor) was mea.
sured as oxygen uptake resulting from the reoxidation of reduced methylviogen'®
A Clark-type membrane-covered oxygen electrode was used for assay. No catalase’
inhibitor was nceded since our chloroplast preparations were free of catalase ativity.

Reactions were run in & final volume of 2.0 ml in thermostatted cuvettesat 19 C.
Actinic light (> 600 nm) was supplied by a S00-W slide projector and the appropriate
filters.

ATP formution was determined for a 1-ml aliquot of the reaction mixture by
extracting unreacted *?P-lubeled orthophosphate as phosphomolybdic acid into
butanol-toluene (1:1, v/v) as detailed by Saha and Good'. Radioactivity in the
final aqueous phase wuas meuasured by the Cerenkov technique of Gould er al. *°.

KCN-treated chloroplasts were prepared by incubating chloroplasts at 0 *C
in a 30 mM KCN solution buffered at pH 7.8 as described by Ouitrakul and Izawa®.

Stock solutions of 2.5-dimethyl-p-benzoquinone and dibromothymoquinone
were made in ethanol-ethylene glycol (1:1, v/v). DCIP was dissolved in ethanol and
diluted with glass distilled water. DCMU was dissolved in ethanol and further diluted
with0.01 M NaCl. Atalltimesthe concentration of organicsolvent in the final reaction
mixture was 127 or less.

RESULTS

The effect of pH on the rate of electron transport and phosphorylation using
three different electron donor-acceptor svstems is shown in Fig. |. When electrons
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Fig. 1. Effect of pH on the rates of clectron transport and phosphorylation associated with various
clectron donor-acceptor systems. The reaction mixture (2 ml) contained 0.1 M sucrose, 2 mM
MgClz, S0 mM butfer, 0.7S mM ADP, S mM Na:H3PO, (when added), chloroplasts containing
40 51g chlorophyll, and the indicated electron donor or acceptor system. These systems were:
methylviologen, 50 «M: 2,5-dimethyl-p-benzoquinone, 0.5 mM plus 0.4 mM ferricyanide; reduced-
DCIP (DCIPH2), 0.4 mM plus 2.5 mM ascorbate, 1 xM DCMU and 50 4M methylvioiogen.
The buffers empioved were 2-(.V-morpholino)ethancsulfonic acid-NaOH (triangles), HEPES-
NaOH (squares) and Tricine-NaQr (circles). Open symbols are for clectron transport (E.T.)
and solid symbols are for phosphorylation (ATP). When 2,5-dimethyl-p-benzoquinone was the
electron acceptor 0.5 #M dibromothymoquinone was added to the reuction mixture to block
the Class I component of 2,5-dimethyl-p-benzoquinonce reduction. Rates arc in piecquiy or yrmoles
ATP/h per mg chlorophyll. Note the similarity between Ha20—-methylviologen and reduced
DCIP-mecthylwiologen but not H20--2,5-dimethyl-p-benzoquinone. Abbreviations: MV, methyl-
viologen; DCIPHa, reduced DCIP; DMQ, 2,5-dimcthyl-p-benzoquinone.

from water reduce the Class | acceptor methylviologen through the two sites of cnergy
coupling, both electron flow and phosphorylation show a pH opt:mum around pH 8.5.
The rate of electron transport in the absence of phosphate (basal rate) is much slower
but shows a similar pH optimum. This is in good agreement with previous reports
for ferricyanide reduction and the associated phosphorylation'. When reduced DCIP
serves as electron donorand methvlviologen as acceptor (in the presence of DCMU) the
effect of pH is very similar to that observed for the H,O—methylviologen reuaction.
Again the optimal pH for electron transport and phosphorylation is about 8.5 and a
marked stimulation of electron transport by the concomitant phosphorylation is
observed. Clearly the two reaction systems H,0—-methylviologen and reduced DCIP
—methylviologen are governed by the same rate-limiting phosphorylation rcaction.
However, when the Class Il acceptor 2,5-dimethyl-p-benzoquinone is reduced via
Photosystem Il by electrons from water, a different effect of pH is evident. 2.5-Dime-
thyl-p-benzoquinone reduction and the associated phosphorylation (which involves
only coupling Site II) exhibit a4 considerably more acidic pH optimum than is observed
for the H,O—methylviologen system or the reduced DCIP —methyviviologen system.

The effect of pH on the phosphorylation efficiency (P/e,) of each of the three
types of electron donor-uacceptor sysicms mentioned above produced some striking
results (Fig. 2). The Pje, ratio for the H;O—methylviologen system is strongly pH
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Fig. 2. Effect of pH on the phosphorylation efficiency (P/e2) of three different electron donor-
acceptor systems. P/e2 values for each system were computed from the data presented in Fig. 1.
Note that if the P/es values for H20-»2,5-dimethyl-p-benzoquinone (Photosystem [1 only) are
added to the values for reduced DCIP->methylviologen (Photosystem [ only), the sum (dashed
curve) is close to the P/ez values obtained for H20---methylviologer (Photosystem Il plus Photo-
system I). Note also that the P/e2 ratio associated with 2,5-dimethyl-p-benzoquinone reduction
is practically constant over a wide pH range, whereas the P/e2 ratios for H2C +>methylviologen
and reduced DCIP->methylviologen are strongly pH dependent. Abbreviations: see Fig. 1.

dependent, showing a pH optimum of about 8 to 8.5. In contrast, the P/e, ratio for
the H,0-2,5-dimethyl-p-benzoquinone system, which utilizes only coupling Site I
is essentially pH independent from pH 6.5 to 9. Thus the pH-dependent portion of
the P/e, ratio for the H,0—methylviologen system must be located after the site of
2,5-dimethyl-p-benzoquinone reduction. The effect of pH on the P/e, ratio associated
with the reduced DCIP->methylviologen reaction once again resembles very closely
the effect observed for the H,O—methylviologen system. This similarity again sug-
gests that the coupling site associated with the reduced DCIP—methylviologen system
may be the same rate-limiting coupling site (Site 1) associated with the H,O—->methyl-
viologen reaction. However, the P/e, values observed for the reduced DCIP->methyl-
viologen system are marked!y lower than those for the H,O—->methylviologen system
over the entire range of pH values tested, as though a pH-independent component is
absent in the reduced DCIP system. Indeed, when the P/e, valucs for the two partial
reactions (H,0—2,5-dimethyl-p-benzoquinone and reduced DCIP->methylviologen)
are added together, the resulting curve (Fig. 2, dashed line) is in fact very close to the
experimentally obtained curve for the overall reaction H,O—methylviologen. This
implies very strongly that the partial reaction reduced DCIP—methylviologen is indeed
utilizing only the coupling site that normally limits the rate of electron transport to
Class [ acceptors (i.e. Site I).

The curve derived by adding the P/e, values for the two partial reactions is
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slightly lower than the observed curve for H,0 -~mcthyiviolopen, reflecting the fact
that the P/e, ratios observed for the reduced DCIiP-+methylviologen rezction (maxi-
mum 0.55) are slightly iower than the values one would expect (0.6-0.7) from the
difference in P/e, between the complete system H.Q—-methylvioiogen and the partiz!
system H,0—2.5-dimethyl-p-benzoquinone. This discrepancy could be explained in
two ways. If reduced DCIP had a secondary, uncoupling effzct the P/e, values for
the reduced DCIP—methylviologen reaction would b lowered. This seems unlike!ly.
however,sinceit hasalready beenshownthat the reaction exhibits a constant P/e, over
a widerange of reduced DCIP concentrations?'. To furthereliminate this possibiiity the
effect of reduced DCIP on the post-illumination phosphorylation (= Xg") was 2xamin-
ed. If reduced DCIP had an uncoupling action, then its presence in the darx (phos-
phorylation) stage of the experiment should decrease the vield of Xg. The high sensi-
tivity of this method in detecting an uncoupling effect has been previousiv demon-
strated by Hind and Jagendorf?2. Tabie I shows that neither reduced DCIP nor 2.5-
dimethyl-p-benzoquinone decreases the X yield to any significan: extent, thus prac-
tically eliminating the possibility of these compounds having a significant uncoupling
effect. These results are also important in that they ensurc that the low cfliciencies of
phosphorylation observed for systems involving 2,5-dimethyi-p-benzoguinone
(P/e;=0.2-0.4) or reduced DCIP (P/c,=0.5-0.6) are not duc to an uncoupling
effect of these compounds.

TABLE I

EFFECTS OF REDUCED DCIP PLUS ASCORBATE AND 2,5-DIMETHYL-p-BENZO-
QUINONE ON POST-ILLUMINATION ATP FORMATION (Xg)

Reduced DCIP (0.13 mM plus 0.8 mM ascorbate), 2,5-dimethyvl-p-benzoquinone (0.17 mM) or
mcethylamine (3.3 mM) were present only in the dark phosphorylation stage of the experiment,
Chloroplasts containing 100 #g chlorophyl! were illuminated for 20 s in 4 continuous'y surred
reaction mixture {2 ml) con:aining 0.1 M sucrose, SO mM NaCl, 2 mM MgCl., 10 mM 2-(N-mor-
pholino)ethanesulfonic acid-NaOH buffer (pH 6.0) and S uM pyocyanine. Immediately after
shutting off the light 1 ml of a strongly buffered ADP-phosphate mixture (0.1 M Tricine-NaOH
buffer (pH 8.2), 2 mM ADP, !0 mM Na2H3?PO,) containing the additions was quickly injected
into the suspension to initiate ATP formation. After 20 s the dark phosphorylation was terminated
by addition of 0.5 ml | M HCIO4. All reactions were run in 2 thermostated water bath at 19 C.
Note that both reduced DCIP (plus ascorbate) and 2,5-dimethyl-p-benzoquinone did not inhibit
the yield of Xr, whereas the known uncoupler methylamine did.

Addition Expt ATP formed Efiect
(dark stage) (nmolesi 1079 up
chlorophyl!)
None a 7.4 —
b 7.7
Reduced DCIP a 9.2 Slight stimulation
b S.4
2,5-Dimethyl-p-benzoquinone a 6.9 None
b 7.5
Methylamine a 2.6 Inhibition
b 2.4
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TABLE 11

EFFECT OF KCN TREATMENT ON ELECTRON TRANSPORT AND PHOSPHORY-
LATION ASSOCIATED WITH THE PHOTOSYSTEM I-DEPENDENT REACTION RE-
DUCED DCIP—+METHYLVIOLOGEN

Reaction conditions are as described in Fig. 1. KCN treatment of chloroplasts is described in
Methods. The rates of clectron transport (E.T.) and phosphorylation (ATP) are given in pzequiv
or umoles ATP/h per mg chlorophvll. Electron transport from H20 to methylviologen in the
KCNo-treated chloroplasts used hcre was complctely inhibited.

Reacrion Control chloroplusts KCN-treated chloroplasts
H

P ET. ATP ET. ATP

6.0 127 4 90 2

7.0 240 49 123 b)

8.0 397 102 154 4

9.0 420 93 148 |

Alternatively, some of the electrons from reduced DCIP may be donated to
Photosystem [ via a secondary, nonphosphorylating pathway. In fuact, there is aiready
strong evidence for this possibility. Ouitrakul and Izawa® have shown that the phos-
phorylation associated with the reaction reduced DCIP—methylviologen is ubolished
by KCN treatment but the electron transportitselfis only partially inhibited®. Recent-
ly, lzawa et al.** have shown by EPR studies that reduced DCIP can donate electrons
directly to Py, by-passing &t KCN block at plastocyanin. They suggested that this
portion of the donor rexction is not coupled to phosphorylation. Table I shows the
effect of KCN treatment on the electron transport from reduced DCIP to methyl-
viologen and the associated phosphorylation. Undoubtedly the reduced DCIP—-me-
thylviologen reaction contains a minor component which is KCN resistant and not
coupled to phosphorylation, (It should be noted here that KCN treatment itsel! has
no appreciable uncoupling orinhibitory effect on phosphorylation®.) It therefore scems
reasonable to conclude that the “true™ P/e, values for this partial reactionareslightly
higher than those shown in Fig. 2 (curve a). Thus the true sum of the P/e, values
obtained for the partial reactions reduced DCIP->methylviologen (involving Site |
only) plus H,O- -2,5-dimethyl-p-benzoquinone (involving Site 11 only) must indeed be
very close to the values obtained for the overall reaction H,O—methylviologen (Site II
plus Site ).

The conclusion that the complete noncyclic electron transport H,O—>methyl-
viologen and the partial electron transport reduced DCIP-methylviologen are gov-
erned by the same energy coupling reaction (Site 1), is further strengthened by the
experimentsof Fig. 3 in which the effects of the energy transfer inhibitor 4’-deoxyphlo-
rizin®' on electron transport and phosphorylation were examined. In both systems
ATP formation and that portion of the electron transport which is dependent upon
the presence of ADP and phosphate are inhibited in a very similar manner. However,
the phlorizin derivative has no effect on electron transport from H,0 to oxidized
diaminodurene (a Class [l acceptor®) eitherin the presence or absence of phosphate,
although phosphorylation is inhibited. These observations are directly in line with
the concept that the coupling site near Photosystem 1I (Site II) has no control over
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Fig. 3. Effect of the encrgy transfer inhibitor 4’-deoxyphiorizin on clectron transport and phos-
phorylation associated with diflerent electron donor-accentor systems. Keaction cond:tions are
essentially as described in Fig. !. The buffer used was 50 mM Tricine-NaOH (pH 8.0). Methyl-
amine (MA) was 10 mM when added. The chlorophyll concentration was 20 s.g/ml. When oxidized
diaminodurene (DAD.x) was the clectron acceptor the chlorophv!l was 10 ug/m! and 0.5 uM
dibromothymoquinone was added to block the Class | componcent of oxidized diaminodurene
reduction. Rates of electron transport (L. T.) and phosphorylauon (ATP) are in pieguiv or ggmoles
ATP/h per mg chiorophyll. Note that for H20 ->mcthylviologen and reduced DCIP--methyl-
viologen both AT formation and that portion of the electron transpori dependent upon phos-
phorylation are inhibited by 4’-deoxvphlorizin. However, when the Ciass {1! accepter oxidized
diaminodurene is being reduced, electron transport is not aflected by the absence of phosphatc
or the presence of 4’-decoxyphlorizin, although phosphorylation i1s inhihited by the latter. Ao
note that ATP formation associated with all three clectron donor-acceptor systems exhibits about
the same sensitivity to 4’-deoxyphiorizin. Abbreviations: sce Fig. 1.

electron transport while the site between plastoquinone and cytochrome f (Site 1)
does.

Relevant to these fiindings is the question of why the reduction of oxidized
p-phenylenediamines (typical Class Il! acceptors) dic not seem to be stimulated by
ADP and phosphate at ali®, despite the fact that some portions of these acceptors
are reduced vig the complete electron transport pathway (as are Class ! acceptors;.
utilizing both coupling sites (Site 11 and Site D)*. We have reinvestigated this problem
and found that the concomitant phosphorylation does stimulate electron flow gquite
consistently (Table IlI). The stimulation may seem quite smail, but this 1s simpiy
because the very fast reduction of these compounds by Photosystem 1. The absolute
stimulation is in fact approximately equivalent te the stimulation observed when
electrons flow from water to methviviologen. However, when this«“Class | component™
of the reduction of Class !I1 acceptorsis eliminated by the addition of low concentra-
tions of dibromothymoquinone (or by KCN trcatment®). the eiectron transport, now
mediated only by Photosvstem [1 and utilizing only coupling Site 1. becomes com-
pletely independent of phosphorvlating conditions. The genuine Photosvstem 1]
electron transpert from H.O to dibremothymoquinone (higih concentration) is also
not influenced by phosphoryiation (Table IIT) or by.uncounlersi®.
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TABLE 11

EFFECT OF PHOSPHORYLATING CONDITIONS ON ELECTRON TRANSPORT AS
A FUNCTION OF THE ELECTRON ACCEPTOR

The 2.0-ml reaction mixture contained 0.1 M sucrose, 2 mM MgCi., | mM ADP, 5§ mM
Na:H3*POy (if added), SO0 mM Tricine-NaOH (pH 8§.1), chioroplasts, and the indicated acceptor.
These acceptors were: methyiviologen, 50 M : oxidized p-phenylencdiaming, 0.5 mM pius 1.S mM
ferricyanide; dibromothymoquinone, 4.5 uM plus 0.4 mM ferricyanide. The concentration of
chlorophyll was 20 ;ig:ml when methviviologen or dibromothymoquinone acted as the electron
acceptor and 15 ug:m! when oxidized p-pnenylenediamine was the eicctron acceptor. Rates
are given in pequiv or umoles ATP/h per mg chloropnyil. Note that the reduction of oxidizec
p-phenylenediamine contains a phosphate-sensitive Class I component. if this component is
abolished with a low concentration of dibrommothymogquinone (which blocks electron transport
to cytochrome f3%) the effect of phosphate on oxidized p-phenylenediamine reduction is climi-
nated, even though a substantial rate of phosphorylation remains. Similarly, the Photosystem I1-
driven reduction of high concentrations of dibromothyvmoquinone, which accepts ciectrons from
plastoquinone!?, is firmly coupied to ATP formation even though the electron transport shows
no effect by phosphate.

Electron transport svstem Acceptor Coupling site FElectron transport rate

class* involved " -
-P +P¢ AET. ATP

H:O—~methylviologen 1 SiteI! +Sie! 190 458  (268) 276
H20—0x. p-phenylenediamine Hi(+D Site!I(+SneD 1370 1560 (190) 405
H20—o0x. p-phenyiencdiamine

(+5-10—7 M dibromothymoauinone) Il Site 1! $60 860 (0v 18§
H20-+dibromothymoquinone [ Site i 195 200 (Y M

[l
9 O

o=

° See ref. 8 and Introduction.
** Proposed sites of phosphorylation (sce Fig. S and refs 9, 11, 12).

Fig. 4 shows a light induced pH rise (*‘proton uptake™) associated with coup-
ling Site I when 20 #M dibromothymoquinonz was the eiectror acceptor. It can be
seenthat at pH 8.1, where reduced dibromothymoauinone is rapidly reoxidized by
molecular oxygen'?, repsated pericds of illumination induced the famiiiar reversible
pHrisein the reaction medium. If DTMU is added (aboiishing electron transport) the
pH rise is also abolished. Similary, at pH 7.4 a bricfiilumination induces the pH rise.
However, at this pH reduced dibromothymoquinone is not reoxicized by molecular
oxygen. Thus, repeated illuminations do not induce a pH rise once a!l of the dibromo-
thymoquinone is reduced and electrorn transport cannot proceed. This is comfirmed
by the fact that addition of oxidized dibromothymoquinone restores the pH rise. The

Photosystem Il-dependent pH risc is also abolished by conventional uncouplers such
as methylamine and gramicidin.

DISCUSSION

In previous papers®!'*'* we have aumply documented evidence that there is a

site of energy coupling (Site I} near Photosystem II or, more specitically, before
plastoquinone, in addition to the well-recognized coupling site (Site I) which lies be-
tween plastoquinone and cyvtochrome f and goverrs the rate of noncyciic electron
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Fig. 4. Light-induced pH rise in the medium (“proton uptake') associated with the reduction of
dibromothymoquirone by Photosystem IlI. The continuously stirred sample was illuminated in
a thermostatted cuvette (19 "C) with strong white hight. The change of pH of the medium was
recorded using a Sargent miniature combination clectrode and a Corning cxpanded scate pH
electrometer. The scale was calibrated by adding in the licht 2 known amount of HCI. The 2.0-ml
sample contained 0.1 M sucrose, 2 mM MgCla, S0 mM NaCl, 20/M dihromothymoguinone,
0.5 mM Tricine-NaOH buller at the indicated pH and chloroplasts containing 130 rng chlorophy!l,
When DCMU was added (Expt a) the final concentration was 2.1 #M. In Expt b 49 nmoles
dibromothymoquinone (DBMIB) were added to restore the inttial pH rise.

flow'3:2%, The main body of evidence comprises the fact a unique type of phosphory-
lation is observed when the lipophilic Class IIl oxidants (e.z. 2,5-dimethyl-p-benzo-
quinone, oxidized p-phenylenediamines, etc.) are reduced via Photosystem Il alone.
To observe these genuine Photosystem [I reactions. the simultancous reduction of the
acceptors through Photosystem I needs to beeliminated (a) by blocking plastoquinone
with dibromothymogquinone?®:2® or (b) by inactivating plastocyanin with KCN®:'0-23
or (c) by using dibromothymoquinone itself as a Class [11 acceptor (at high concentra-
tions)'?. The phosphorylation efficiency (P/e,) of these Photosystem Il reactions is
always between 0.3 and 0.4, regardless of the acceptdr used” '''* and therefore
regardless of the electron transport rate, which ranges from about 50 ucquiv/h per mg
chlorophyll when dibromothymoquinone is used as the acceptor to about 1500 when
oxidized p-phenylenediamine is the electron acceptor. (This makes it extremely un-
likely that the phosphorylation associated with the reduction of Class 11! acceptors is
due to a Photosystem II-catalyzed cyclic electron flow.) The efliciency of phosphory-
lation supported by Site II is practically independent of pH over a wide range (ref. 12;
see also Fig. 2, this paper). The electron transport is not stimulated by ADP and
phosphate (ref. 12; see also Table III, this paper). When the electron transport chain
is not blocked at plastoquinone or at plastocyanin, that is, when Class Il acceptors
are being reduced in part by Photosystem Il alone and in part via both Photosystem 11
and Photosystem [, then the characteristics of the associated phosphorylation reac-
tions become intermediate between those outlined above and those obscrved for
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standard noncyclic photophosphoryiation reactions such as with ferricyanide or
methylviologen (Class ! acceptors). There seems no doubt that we have succezded, by
the combined use of Class Il acceptors and the inhibitors which biock clectron trans-
port at or after plustoquinone, in disclosing and functionally “isolating™ a coupling
site (Site 1) located before plastoquinone.

In this paper we have presented strong evidence which shows that the Photo-
system [-dependent transport of electrons trom reduced DCIP to methylviologen
involves only Site | (Figs 1-3). The noninvolvement of Site I! in this reaction is also
consistent with the fact that the reaction is totaily insensitive to dibromothymo-
quinone?®. The luck of dibromothymoguinone inhibition indicates that plasto-
quinone, and thercfore the coupling site before piustoquinone {Sitz I1). does not
participate in the recuced DCIP—methyiviologen rartiai reaction.

Photosystem l-dependent reactions with reduced DCIP as eiectron donor have
often been regarded as complex, involving a cryptic cyciic phosphorylation which
could mdke phosphorviation appear complctely unrefated to the observed rates of
electron flow>2. However, at least under the conditions emploved in this study, the
relation of phosphorylation to observed eicctron flow seems quite rigid, judging by
the effect of ADPand phosphate, the uncoupler methvlamine. and the energy transfer
inhibitor 4’-deoxyphlorizin. Trebst and Pistorius®” have presented brief data which
led them to the same conclusion. Neuminn et al.'® have postulated, based on their
uncoupler studies, that the reduced DCIP -»methyvlviologen reaction and the H,0—
methylviologen reaction share the same rate-limiting phosphorylation’site (our Site I).
Shavit and Shoshan?® have pointed out that high concentrations of ATP (where ATP
acts as an energy transfer inhibitor) affect the reauced DCIP--NADP™* system and
the H,0->NADP* system in a very similar manner. However, a detailed comparison
of the phosphorylation reactions associated with the reduced DCIP svstem and the
complete noncyclic system, such as we have presented here, has not been previously
reported.

The failure of earlier investigators to detect significant phosphorylation asso-
ciated with the photooxidation of reduced DCIP by Photosystem | may have been
due largely to the nature of the chioroplast material used. Swollen, broken, or other-
wise “leaky” chloroplast preparations give a high rate of electron transport (reduced
DCIP->methylviologen) with very little, if anv, phosphorvlation. Thiselectron trans-
port is mostlv KCN insensitive (unpublished data of J. M. Gould) and thercfore
probably represents increased access of reduced DCIP directly to P, (ref. 23).
Larkum and Bonner'* have found that the reduced DCIP-induced cytochrome f
response is also greatly diminished in broken chloroplasts.

The main conclusions we have drawn from this study are summarized in the
scheme presented in Fig. 5. When Class I acceptors (e.g. methvlviologen) are being
reduced by electrons from water or reduced DCIP, the rate of electron flow is limited
by the energy coupling reaction between plastoquinone and cytochrome f (Site I).
The electron flux through Site I responds strongly to the addition of ADP and phos-
phate, uncouplers, or cnergy transfer inhibitors. The efliciency of phosphorylation
(P/e,) at this site is also pH dependent, having a maximum at pH 8.0-8.5 (observed
maximum P/e,, 0.5-0.6; predicted, 0.6-0.7). As mentioned above, Site II exerts no
apparent control over electron flow. The efficiency of phosphorylation at Site Il
(P/e;=0.3-0.4) is essentially pH insensitive. One possible explanation for this pH
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Fig. 5. A scheme for electron transport pathways in isolated chloroplasts showing the two sites
of energy coupling (~). PS II, Photosystem II; DBMIB, dibromothymoquinone; PQ, plasto-
quinone; cyt f, cytochrome f; PC, plastocyanin; Pzo0, primary donor to Photosystem [ (PS I).
The zig-zagged line at Site | represents the primary rate-limitipg step of electron transport to
Class I acceptors. Class I acceptors include methylviologen, ferricyanide, flavins and ferredoxin-
NADP*, Class Il acceptors irclude oxidized p-phenyicnediamine, oxidized diaminodurene,
2,5-dimethyl-p-benzoquinone, erc. Since Class [1I acceptors can also act to some extent as Class |
acceptors, genuine Photosystem Il reactions are observed orly when plastoquinone or plasto-
cyanin is blocked (by dibromothymoquinone or KCN, respectively). Thus, in the presence of
these inhibitors, the partial reaction HaO—+Class 111 acceptor includes coupling Site I[ but not
Site I. Similarly, the partial reaction reduced DCIP—Class I acceptor includes coupling Site [
but not Site II, whereas the overall reaction H:O—Class I acceptor includes both Site Il and
Site I. Note also that the reduced DCIP—Class I acceptor contains both a KCN-sensitive and
KCNe-insensitive component.

insensitivity could bethat coupling Site Il is buried in a hydrophobic region of the mem-
brane and therefore does not *‘see” the medium pH. This is consistent with the idea
put forth by BShme and Trebst® and Yamashita and Butler’ that there is a coupling
site on the water oxidizing side of Photosystem II, perhaps associated with the water-
splitting reaction itself. [t has been suggested that the protons lost during the oxida-
tion of water are released to the inside of the thylakoid??.

H,0-2e™ +40; + 2H/ nsiae)

The pH rise observed in the external medium when dibromothymoquinone (high con-
centration) is the electron acceptor (Fig. 4) would thercfore represent the loss of pro-
tons from the medium for the reduction of the lipophilic dibromothymoquinone

2e” +dibromothymoquinone +_2H(';,u,d.,—» reduced dibromothymoquinone

in the thylakoid membrane. It is therefore probable that a transmembrane proton
gradient is associated with the pathway H,0O-—Photosystem [[—dibromothymo-
quinone as well as with reduced DCIP—Photosystem [—methylviologen®!.

Finally, it should be mentioned that the relationship between Site I (see Fig.5)
and the two coupling sites postulated by Neumann et al.'® to be associated with
Photosystem I is still unclear. Preliminary experiments have indicated that ATP for-
mation coupled to the Photosystem I-dependent electron flow from diaminodurene to
methylviologen may not utilize the couplingsite which limitsthe H,0 (orreduced DCIP)
—methylviologen reaction (unpublished data of J. M. Gould). Experiments are in
progress to determine if further subdivision of Site I into two sites may be necessary.
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SUMMARY

1. The reduction of lipophilic (Class 111) oxidants such as oxidized p-phenyl-
enediamine consists of two components. One component requires both Photosystem 1
and Photosystem I and includes both sites of energy coupling associated with non-
cyclic clectron transport. The sccond component requires only Photosystem T and
includes only the site of encray coupling located before plastoquinone (Site 11). When
oxidized p-phenylenediamine is being reduced by both pathways, the overall rate of
electron transport is stimulated by the addition of ADP plus phosphate or the un-
coupler methylamine. However, if the Photosystem | compenent of oxidized p-
phenylenediamine reduction is eliminated by a low concentration of the plasto-
quinone-antagonist dibromothymoquinone, the stimulation of electron transport by
ADP plus phosphate or methylaminc is also abolished. although the remaining Photo-
system ll-dependent clectron transport remains firmly coupled to phosphorylation
(via coupling Site I1). These results indicate that coupling Site H, unlike the well-
known rate-limiting coupling site between plastoquinone and cytochrome f (Site [),
does not exert any control over the rate of associated electron transport.

2. When suostituted p-benzoquinones (¢.g. 2.5-dimethyl-p-benzoquinone) or
quinonediimides (e.g. p-phenvlencdiimine) are used as Class [ acceptors in con-
junction with dibromothymoquinone. a small but significant stimultation of electron
transport by ADP plus phosphate is observed. However, it can be shown thai this
stimulation does not arise from coupling Site 11 but rather is duc to a low rate of
electron flux through coupling Site I even in the presence of dibromothvmogquinone.
Apparently the p-benzaquinones can catalyze an electron *“*bypuss™ around the dibro-
mothymoquinone-induced block at plastoquinone, possibly by substituting partially
for the natural clectron carrier. If this bypass clectron flow is plocked at plastocyanin
by KCN treatment, the stimulation of clectron transport by ADP plus phosphate
is eliminated, although a high ratc of rhosphorylation (from Site 11 only) remains,

Abbreviations: P/ca ratio, the ratio ¢! the number of molecules of ATP formed to the
number of pairs of electrons transported; dimethviguinone (DMOQ), Z,S-dimc!hyl-p-bcnz,oqumone.
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3. These results provide strong evidence that a profound difference exists
between the two sites ol energy coupling associated with non-cyelic electron trans-
port in isolated chloropluasts. That is, the rate of electron flow through coupiing
Site I, which is the rate-determining step in the Hill reaction, is strictly regulated by
phosphorylating conditions, whereas the rate of electron [lux through coupling
Site 11 is independent of phosphorylating conditions.

4. A model is presented which accounts for the luck of control over electron
transport exhibited by coupling Site I1. [t is postulated that Site 11 is coupled to an
essentially irreversible electron transport step. so that conditions which affect the
phosphorylation reaction would have no effect on the rate ol electron transport
through the coupling site. Two essentially irreversible reactions, closely associated
with Photosystem [l —the water-splitting reaction and the System I photouct itself—
are discussed as possible locations tor coupling Site 11,

INTRODUCTION

Saha er al.' were the first to point out that lipophilic strong oxidants such as
oxidized p-phenylencdiamines could intercept eicctrons trom the chloroplast electron
transport chain primarily at a point between the two photosystems. Subscquent
work has shown that the preponderant portion of the clectron transport to these
“Class HI™ oxidants is insensitive to the plastocyanin inhibitors KON (ref. 2) and
poly(L)-lvsine (ref. 3) and the plastoquinone antagonist dibromothymoquinone™*.
Thus, when electron flow to Photosystem 1 is blocked by one of these inhibitors,
Class I acceptors are reduced by un clectron pathwayv which includes only Photo-
system I1. Recently our laboratory*® and Trebst's laboratory® have shown that there
is u site of encrgy conservation closely associated with Photosystem Il-driven photo-
reduction of Class 11 acceptors.

Evidence is now accumulating that this newly discovered coupling site close to
Photosystem Il differs in several fundamental aspects from the well-known coupling
site located after plastoguinone and before cytochrome f7*. When the ‘wo coup-
ling sites are functionally isolated by partial reactions of the clectron transport
chain?, the coupling site between plastoquinone and cytochrome f (Site 1) exhibits
a pH-dependent phosphorylation efliciency (P/e, ratio) (optimal Ple,=0.6 at pH
8.0-8.5) whereas the coupling site located before plastoquinone (Site 1) is less efficient,
with a pH-independent Pje, rutio of 0.3-0.4. In addition. we have noted”-'® that
coupling Site II apparently exerts no control over the rate of coupled electron trans-
port. That is, the rate of clectron flux through coupling Site 1l is not stimulated by
the presence of uncouplers or ADP plus phosphute (P;). Conversely, Site | exerts
tight control over the associated electron flow. responding shuarply to the presence
of phosphorylating or uncoupling conditions. From these results we have concluded
that coupling Site I alone constitutes the rate-determining step in the reduction of
conventional Hill oxidants such as ferricyanide or methylviologen”.

However, Trebst and Reimer”® have reported data which indicates that clec-
tron transport through coupling Site 11 is regulated by phosphorviating conditions.
They reported that the reduction of substituted p-benzoauinones in the presence of
dibromothymogquinone was stimulated by the addition of ADP plus P, or amine
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uncouplers. In an effort to resolve the apparent discrepuancey between their duta
and our own, we¢ have re-examined this probliem in considerable detail, In this paper
we report conciusive evidence that substituted p-henzoguinones such us 2.3-dimethyl-
quinone not only acceptelectrons at & point detore the site of dibromothymogumnone
inhibition® (i.e. betore plastoguinone'’) but abso catalyze @ “bypuss™ around the
dibromothynoguinone block. allowing ciectrons to pass through coupling Stie |
to Photosystem I. When KON is used to block the hypass electron flow by inacti-
vating plastocvanin®?, no stimuiation of clectron transport by AP plus Py is ob-
served, indicating that Site 11 in tuct does not exeri control over coupled electron
transport. This important dilference in the pronerties of coupling Sites Tand Hmay
reflect a fundamental diilerence in the mode of eneray transauction at the two sites.,

EXPERIMENTAL METHODS

The techniques cmploved in this study were similer o those desceribed in
previous papers. Chloroplasts were isolated from fresh market spnach (Spinucia
oleracea L.y as” described carlier”. The photoreductions of 2,5-dimethylquinone
and oxidized p-phenylenediamine were measured spectrophotometrically as the
decrease in absorbance of the reaction mixture at 420 nm due to the reduction of
excess ferricyanide!’. Reactions (in a final volume of 2.0 ml) were run in thermo-
stated cuvettes at 19 C. Actinic light (=600 nm: 400 kergs-s 7 -em ™ %) was suppiicd
by a 500-W slide projector and the appropuate colored glass filters,

ATP formation was determined for an aliguot of the reaction mixture &s.
the residual radioactivity in the aqueous phase alter extracting unreacted ortho-
phosphate as phosphomolybdic acid into a butanol-tolucne mixture (1:1, v-v) as
described by Saha and Good'™. Radioactivity in the Fnal agueous phase was deter-
mined using the Cerenkov technique of Gould er al.**,

KCN-treated chloroplasts were prepared by incubating chloroplasts in 30 mM
KCN (buftered at pH 7.8) at 0 C for 90 min as described by OQuitrikul and lzawa®,

Stock solutions of 2.5-dimethylquinone and dibromothymoquinone were pre-
pared in ethanol-cthylene glveol (1:1, viv) and diluted so that the final concentration
of orgunic solvent in the reaction mixture never exceeded 2%,

RESULTS

We noted previously that dibromothvmogauinone. which blocks electron flow
at plastoquinone, strongly inhibits clectron transport and ATP tformation when
ferricyanide is the electron acceptor, but only partially inhibits electron transport
and phosphorylation when the lipophilic Class 111 oxidant p-phenyienediimine
(oxidized p-phenvlenediamine) serves as the electron acceptor®. Since the reduction
of Cluss 111 acceptors is known to contiain two components, one solely dependent
on Photosystem Il and one requiring both Photosystem I and Photosystem | (ref’. 2),
it was concluded that dibromothvmoequinone was biocking the Photosvstem | com-
ponent of oxidized p-phenvlencdiamine reduction. This conclusion was confirmed
by the observation that the reduction of Cluss HI acceptors in the presence of dibro-
mothymoquinone is completely insensitive to plastocyvanin inhibition by KCN*%.

Fig. | shows the effect of dibromothvmoquinone on the reduction of ferri-
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cyanide and oxidized p-phenylenediamine in the presence and absence of @ complete
phosphorylating system. As the dibromothymequinene concentration approaches

5-1077 M the rate of clectron transport to oxidized p-phenylenediamine in the
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Fig. 1. Effcct of the plastoquinonc-antagonist dibromothymoquinone on clectron transport and
ATP formation associated with the photoreduction of ferricyanide and oxidized p-phenylenc-
diamine by isolated chloroplasts. The reaction mixture contained 0.1 M sucrose, 2 mM Myg/la,
S0 mM Tricinc-NaOH butler (pH 8.0), 0.75 mM ADP, S mM Na:H*2P0Oy (when added), chioro-
plasts cquivalent to 15 ug chlorophyll, and the indicated aceepror system. The accentor systems
were: Feey, 0.4 mM potassium ferricvanide; PDug, 0.3 mM p-phenylencdiamine plus 1.5 mM
potassium ferricyanide. Note that as the Photosystem 1 component of PDo¢ reduction is chini-
nated, the stimulation of electron transport by Py is also climinated, even though a high rate of
ATP formation remains. Also note that at dibromothyvmoquinone concentratons = 2,510 =7 M,
where dibromothymoequinonce itse!f functions as a Class Hacceptor®”, the stimulation of clectron

Wt
transport by Py is not observed, a'though phosphorylation, with the characteristie Site 11 P ea
ratio of 0.3-0.4, docs occur.

phosphorylating (+P;) system falls to the level of the nonphosphorviating (-P))
system. Nevertheless, this dibromothymoaguinone-insensitive clectron transport
remuins firmly coupled to ATP formation, even though the stimulation of clectron
transport by ADP plus P; is no longer observed. Similar results can he seen when
ferricyanide acts as the clectron acceptor. This is hecause dibromothymoquinone, ot
concentrations greater than 2.5- 1077 M, not only blocks at piastoguinone but also
functions as a Class Il electron acceptor'®, the reduced dibromothymogquinone
being rapidly reoxidized by the excess ferricyanide present in the reaction mixture.
In both systems the P/e, ratio fulls to around 0.4, the characteristic etliciency of
coupling Site 113+4%:%:1% Since both systems (in the presence of §- 1077 M dibromo-
thymoquinone) are insensitive to plastocyanin inhibition by KCN, we cun conclude
that only coupling Site Il is involved.

While the data in Fig. 1 clcarly show that coupling Site Il exerts no control
over Photosystem Il clectron transport, Trebst and Reimer®, using substituted
p-benzoquinoncs as Class 11 acceptors, have shown that clectron transport to these
compounds is stimulated by ADP p/uy P, and by amine uncoupling, cven in the pres-
ence of dibromothymoquinonc concentrations which completely block electron
transport to Photosystem I. From this data they concluded that coupling Site [T does
exert control over the rate of electron transport. To resolve this apparent discrepancy
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with our own results. we performed similar experiments using 2. 5-dimethyl-n-
benzoquinone as the Class HI aceeptor.

Fig. 2A shows that in the mised svstem (i.e. dimethylguinone reduction by
both Photosvstem H alone and Photosystem I ples Photosystem 1), considerable
stimulation of clectron transport by the compicte phosphorslation system (= P))
is observed. These data contirm the carlier rasults of Sl er @' 1051077 N dibro-
mothymoquinone is added (FFig. 283, however, the rate of clectron transport s
inhibited, indicating that the Photosystem T comnonent of dinrethvlquinone redue-
tion®* hus been largely climinated. When no Jimcetivviquinone is present in tie
reaction mixture (dimethyvlauimene =0, Frgo 2B), the vesidaal rate ol electron trans-
port, which is due 1o the Class HI-type reduction of ferricyanide v d:bromothymo-
quinone'®, shows no stimuiation by ADP plusy P.. Nevertbeless, when dimethyl-
quinone is added, a small but signtlicant stimulation of electron transport by ADP
plus P, is observed. This conlirms the findings of Trebst and Remmer” that control
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Fig. 2. EfTect of the clectron transport inhibitors dibromethy moqguimoene and KON on electron
transport (LL.T.) and phosphorsiaton (ATP) when dimethiy!guinone s the clectron aceeptor.,
The basic reaction mixture is as descrtbed in Figo bowhen fervics anide was the clectton aceeplor,
Specific conditions are as follows: (A) No mhibitor added. Note "hat when no dimetins lguimone
Is present (i.e. ferricyanide is bemy reduced via the norni! Heil reactior) there is a large stimula-
ton of electron transport by the compicte phosphorylatng svstem (= P, When dimethylgueinene
is added, a large increase in the rates of electron transport is observed, altilough the absolute
amount of stimulation by Py remains about the same. (B) Dibromothymoguinone (S-10=% M)
was added. Here rates of electron transport are lower since dibromothymocaumone klocks the
Photosystem I component of dimethviquimone reduction. Note that in the absence of dimethvl-
quinone (i.e. when dibromothymogumone serves as the ciectron aceeptor) no stimulaton by
ADP plus Py is observed. Wien increasing concentrations of dimethviguinone are added, however,
a small but significant stimuliation of electron transport by the complaie (-~ ) system is observed.,
(C) Chloroplasts blocked at plastocyanin by KON treatment (see Methods): S410 7 M divromo-
thymoquinone added. Note that the stmulavon of electron transport by the complete phosphory-
lating system (see B) is abobished by nlastocyanim minbrtion, indicat:ng that clectrons are by-
passing the dibromothy moguinone-rnduced Hlock. Nevertheless, a substantal rate of ATP for-
nuition remains even when this bypass 1s blocaed by KCN.
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is present in this system, even in the presence of a dibromothymocuinone block.
However, by using the plastocvanin inhibitor KON it is possibic to show
that this control of eleciron transpert by phosphorviating conditions is net due to
coupling Site 1. If electron Tow is completely blocked at plustocuinone by dibromo-
thymogninone, then inactivation of plastocvanin by KON shouid have no efiect on
dimethylauinone reduction. However, as Fig. 2C shows, treatmen: ol ¢hloroplasts
with KCN compilctelv eliminates the stimuiation of ¢lectron trunsport by ADP
plus P, scen in Fig. 2B, Nevertheless, the remaining clectron transport s coupled
to ATP tormation with an eiliciency ol 0.3-0.4. Thus, 1t can be concluded that in
the presence of dibromothymoguinone plus dimethyviquinone. there is asmall cmount
of cicctron leukage around the dibromothvmoquinone ilock which allows o stow
rate of clectron ux through coupling Site ! Since Site 1 exerts tight controb over
electron transport”, this wouid account for the stimulation of eicctron fiow by ADP
plus P, which is observed in this system. Indeed. when this electron leakage is blocked
at plastocyanin, the remaining pure Photosystem it reaction, uttlizing oniy coupiing
Site I, is not stimulated by ADP plus P It should be pointed out that we have
not observed this lcakage phenomenon when oxidized p-phenylenediomine (FFig. 1)
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Fig. 3. Effect of the uncoupler methylamine hydroch'oride on electron transport (E. Ty and AT
form.\uon when ferricyanide (Feey) and oxidized p-phenviencdiamime (PDrg) serve as \I.Llum ac-
ceptors. Reaction conditions are as in Fig. 1. When PDagserved as the electron aceeptor, 5-10 -7 \1
dibromothymogquinonce (DBMIB) was added (o block the Photosystem | wmpomm of PD.y
reduction. Note that the ferricyanide system shows a big stmulation of electron tansport as the
rate limitation at coupline Site 1 is relieved, whiie clectron transportin the PDog sssiem s in-
hibited as Site 11 becomes uncoupled.

Fig. 4. Effecct of methylamine on the rate of clectron transport when ferricyanide (Feey) and
oxtdized p-phenylencdianmune (PDay) are the clectron acceptors, Reaction conditons are as m
Fig. 3 except that dibromothymoguinone was onutied rom the PDoosystem to ehmenate i secons
dary ctlect of the inhibitor o the quantum cfliciency of Photosysters [ erets 1oy,
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or other, substituted quinoncdiimides arc used as Class T acceptors, suggesting that

the p-benzoquinones may be able to substitute purtially for the natural electron
carrier plastoquinone.

The effect of the uncoupler methvliamine on electron transport and phos-
phorylation associated with the reduction of ferricyvanide and oxidized p-phenyl-
enediamine (in the presence of 3-1077 M dibromothymoquinone) is shown in Fig. 3.
As is already widely known, methvlamine stimulates the rate of eicctron transport
when ferricvanide is the electron aceeptor by uncoupling clectron flow from a rate-
limiting energy conservation reaction'®, Since we lave shown previously that coup-
ling Site I'is the rate-determining step for the Hill reaction®, we can conclude that
methylamine’s preponderant effect on electron transport is by releasing the rate-
limitation at Site 1. Mcthylamine has an entirely ditferent effect on a Photosysiem 11
partial reaction (utilizing only Site 1D, however. Instead of stimulating the rate of
electron transport as Site [l becomes uncoupled, methvlamine inhibits clectron flow.
Since this inhibition increases with increasing concentrations of metiylamine, even
after ATP formation has been completely abolished, it seems likely that the inhibi-
tion is actually due-to a scconduary effect of the amine on Photosvstem 110 Indeed,
high concentrations of methylamine have been shown to inhibit the water-splitting
reaction'®,

In this experiment (Fig. 3) the rate of electron transport in the presence of
>S5 mM methviamine is somewhat lower wien oxidized p-phenylencdiamine is the
clectron acceptor than when ferricvanide is the clectron acceptor. This is due to
the dibromothymogquinone present in the p-phenyvienedizmine svstem, since dibromo-
thymogquinone has been shown to have a secondary ctfect on the quantum ctliciency
of Photosystem I1'%, In the absence of dihromothiymoquinone (Fig. 4) similer results
are obtained for the cffect of methvlamine on ferricyanide and oxidized p-phenylene-
diamine reduction, It is clear that, as the rate limitation at coupling Site 11s released,
the rate of ferricvanide reduction increases until the sccondary inhibition of Photo-
system Il by methylamine becomes the rate-limiting factor.

DISCUSSION

There is an impressive amount of evidence accumulating which indicates that
the mechanisms ol energy conservation at Sites I and Il are not identical. When
thesessites are isolated by partial reactions of the electron transport chain®. it can
be demonstrated that they ditfer in their coupling eMiciencies (Pe, ratios) and in
the effect of pH on thesc efliciencies. Site 11 exhibits a characteristic P/e, ratio of
0.3-0.4 which iy practically pH-independent from pH 6 10 9, whereas Site [, which
is the rate-limiting step for the Hill reaction. exhibits a strongly pH-dependent Pe,
ratio having an optimal value of about 0.6 at pH 8.0-8.5, Furthermore, it has recently
been shown that HgCl,, which is an cnergy translfer inhibitor in chlorophists'”,
can preferentially inhibit the coupling reaction at Site I without vifecting ATP for-
mation supported by Site 1'%, In this paper we have reconfirmed that, unlike Site I,
coupling Site 11 does notexert control over the rate of associated electron flux, That is,
the rate of electron transport through counling Site 11 is independent of the presence
of ADP plus P, or uncouplers. Nevertheless, under phosphorviating conditions
ATP formation supported by Site 1 can oceur at very high rates.
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Furthermore, we have presented data which allows o remterpretation of the
findings of Trebst and Reimer”. whoe concluded frem experiments with dibromo-
thymoquinone and 2,6-dimethyi-p-benzoquinone that coupiing Site T does exert
control over clectron transport. Anparently certain p-henzoguinones, in the nresence
of dibromothymoguinence, can catalyze an clectron bypass around the dibromeoe-
thvmoquinone-induced plasteguinone block, pechaps hy substituting for plustoqui-
none. This does not scem unlikely i view of the structural simvilariiics between these
p-benzoquinones and plastoquinone. When KON hocks this hypass, howeser, no
control over cicctron transport by Site I is observed. Indeed. Trebst and Remer®
noted that when they used higher concentrations of dibromothymogquinone i the
prescrce of ferrieyanide (so thut dibromothymoquinone itself functioned as a Class 11
acceptor) no effect of uncouplers on clectron triansport was observed. This obser-
vation is in agreement with our own results obtained i a more extensive studly of
dibromothymoquinene as an clectron aceeptor'®, Tt is also imporiant to note that
oxidized p-phenylenediamines, when used as Class HT acceptors, do not cataivze
this bypass reaction arcund the dibromothymoquinone block.

It is possible to construct @ mode! which explains the observed differences
between Site Il and Site I in their ability to regulate clectron transport. In many
respects coupling Site I resembiles sites associated with the mitechondrial respiratory
chain®. By analogy with mitochondria'®, the clectron transport between adjucent
cleetron carriers (A and B) at Site I can be viewed as an equilibeium system. Thus,
in the light, when Photosystem ©is rapidly drainimg electrons from B. the reaction
(A--B) would be pulled to the right. However, as the hizh enerey state (~) generated
in the coupled encray conservaion reaction begins to accumulate. a hack prossure
is created against the flow of electrons from A to B hy reversal of the energy conser-
vation steps. When a compicte phosphorylating svstem (e ADP plus P)) is present,
however, the pool of high cnergy intermediate 1s much smulier since it is continually
being utilized to drive ATP formation. Thus the back pressure exerted by this pool
is diminished and electron tronsport from A to B is stimulated. Simsiiarly, in the pres-
ence of uncouplers, the high energy state is rapidly dissipated and no significant Hack
pressure is present, allowing very high rates of electren transport.

Coupling Site [l does not exhibit the tight control over clectron transport
seen at Site 1. This can be readily explained, howeser, if the exidanon: reduction
reaction which gives rise to the energy conservation step at Site i1 is exsentaily an
irreversible step. That is. the nature of the forward reaction (A= B) is such that the
reverse rcaction is thermodvnamically prevented. In this case, the accumulation of
the high energy intermediate or state (~) would still exert a back pressure on the
forward reaction, but this back pressure would have no effect on the rate of electron
transport from A to B. This would account for the fact that conditions which druin
or dissipate the high encrgy intermediate pool do not cffect the rate of electron ow
at Site 1.

Several obscrvations lead us to believe that this model does indeed provide
a reasonable cxplanation for the difTerences between Site ' and Site 1 discussed
in this paper. We have shown previous!v that coupling Site I occurs at a point in
the electron transport chain before the ¢'cctrons from the independent Photosystem
I1 units are pooled'®. This indicates that coupling Site 11 is located prior to plasto-
quinone in the clectron transport chain. The insensitivity of the phosphoryiation
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associated with the reduction of Class Il acceptors to the plastoquinene antagonist
dibromothymoquinone lends strong support to this argument. Indecd, the existence
of a Photosystem [l-driven “proton pump” before plustoauinone has been demon-
strated”.

There are at least two rcactions in this portion of the clectron transport chain
which could be considered essentialiy irreversible. One of these is the System H photo-
act itself. It has been suggested that a photochemica! quantum conversion results
in the formation of a reduced acceptor Q7 and an oxidized donor Z*% on opposite
sides of the thyvlakoid membrane (c.g. ref. 20). According to this model the resulting
electrical ficld or membrane potential could scrve as an eneray reservoir to drive
ATP formation as claborated by Mitchell=!,

A sccond essentially irreversible reaction closely associated with Photosystem
IT electron transport is the water-splitting reaction. The existence of a coupling
site on the water-oxidizing side of Photosystem I has afready been considered by

S

several authors™ =727 It has been suggested that the protons from water oxidation
are released to the inside of the thyvlakoid membrane. gencruting a transmembrane
H* gradient which is capable of driving ATP formation?®,

Experiments are currenty in progress in an attempt to further define the
exact location of coupling Site 1l in chloroplasts.
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ABSTRACT

Photophosphorylation associated with noneyelic electron
transport in isolated spinach (Spinacia oleracea) chioroplasts
is inhibited to approximately 509 by low coneentrations of
HgClL (less than 1 umole Hg**/mg chlorophyll) when the elee-
tron transport pathway includes both sites of energy coupling.
Reactions involving only a part of the electron transport system
ean give a functional isolation of at least two sites coupled to
phosphorylation. Only one of these sites, located between the
oxidation of plastoquinone and the reduction of cytochrome
/, is sensitive to mercuric chloride. The energy conservation
site located before plastoquinone and close to photosystem Il
is unaffected by HgCl; concentrations up to 10-fold those re-
quired to inhibit phosphorylation by the coupling site after
plastoquinone. This site-specific inhibition may refleet a
mechanistic difference in the mode of energy coupling at the
two coupling sites or a variable accessibility of HgCl to these
sites.

Concentrations of HgCl,, which inhibit steady state phos-
phorylation, do not inhibit dark phosphorylation after illumi-
nation (X:), suggesting that HgCl, affects a step in the cou-
pling mechanism prior to the terminal step of ATP formation.

Recent data from several laboratories indicate that there are
at least two sites of energy coupling associated with noncyclic
electron transport in isolated chloroplasts (5-7, 11, 17-20).
By utilizing various electron donor-acceptor systems in con-
junction with several new inhibitors of electron transport, these
energy-coupling sites can be functionally isolated and charac-
terized. One site closely associated with photosystem II (5),
differs in several respects from a second, well recognized site
coupled to electron transport from plastoquinone to cyto-
chrome f. (3). The photosystem II-dependent energy coupling
site exhibits no control over coupled electron transport and has
a P/e,’ ratio of about 0.4 (5-7, 17, 18). Furthermore, this P/e,

1J.M.G. and D.R.O. were supported by Grants GB 22657 and
GB 37959X from the National Science Foundation.

* Abbreviations: P/e, ratio: the ratio of the number of molecules
of ATP formed to the number of pairs of electrons transported;
DCIPH,: reduced 2, 6-dichlorophenolindophenol; HEPPS: hydroxy-

ratio is practically pH independent (5, 6). On the other hand,
the coupling site between plastoquinone and cytochrome f,
which is the rate-limiting step for the Hill reaction, exhibits
control over electron transport and has a pH-dependent P/e,
ratio of about 0.6 (pH 8.0-8.5) (6). Because of the apparent dif-
ferences in the characteristics of the two coupling sites, it was
of interest to study the effect of specific inhibitors of the phos-
phorylation reaction (energy transfer inhibitors) on each cou-
pling site. In this communication, we report that the energy
transfer inhibitor HgCl, (11) specifically inhibits ATP forma-
tion supported by the coupling site between plastoquinone and
cytochrome f while not affecting ATP formation supported by
the coupling site close to photosystem II.

MATERIALS AND METHODS

Spinach (Spinacia oleracea) chloroplasts were prepared as
described previously (21), except TES-NaOH buffer replaced
Tricine in the isolation media, since Tricine strongly binds Hg.
Reactions were run in a thermostatted vessel at 19 C using
strong light (>400 kerg/cm?-sec). In all cases, the chloroplasts
were incubated with HgCl, for 30 sec before the addition of
donors, acceptors, or inhibitors.

Electron transport using oxidized p-phenylenediamines, sub-
stituted p-benzoquinones, or ferricyanide as the electron ac-
ceptor was followed spectrophotometrically, as described else-
where (19). MV reduction was measured as oxygen uptake (10)
with a Clark-type membrane-covered electrode. ATP forma-
tion was assayed using a modified procedure of Avron (2). Ra-
dioactivity was measured using the Cerenkov technique of
Gould et al. (4).

RESULTS AND DISCUSSION

Figure 1 shows the effect of low concentrations of HgCl, on
electron transport and phosphorylation using three different
electron donor-acceptor systems. As previously reported (11),
the over-all Hill reaction with ferricyanide (Fig. 1A) or MV
(Table I) as the electron acceptor is inhibited in direct propor-
tion to the added HgCl, up to approximately 35 to 40 nmoles
of HgCl,/ mg Chl. Although very high concentrations of HgCl,
(greater than 1 umole/mg Chl) result in nonspecific electron

ethylpiperazinepropanesulfonic acid; FeCy: potassium ferricyanide;
DBMIB: dibromothymoquinone; DMQ: 2, 5-dimethyl-p-benzoqui-
none; PD..: oxidized p-phenylenediamine; DAD..: oxidized dia-
minodurene; MV: methyiviologen.
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FiG. 1. Effect of HgCl: on electron transport (E.T.) and phos-
phorylation associated with various electron transport pathways.
The reaction mixture (2 mi) contained 50 mmM HEPPS-NaOH butfer
(pH 8.2). 2 mm MgCl., 0.1 M sucrose. | mm ADP, 5§ mm Na.H~PO..
chloroplasts containing 40 ug of chlorophyil. and the indicated
donor-acceptor system. These systems were: A, 0.4 mM ferricyanide;
B, 0.4 mm DCIPH.. 2.5 mM L-ascorbate and 50 uM MV: C, 0.5 mMm
p-phenylenediamine (PD) plus 1.4 mMm ferricyanide. When added,
methylamine was 10 mM. In the DCIPH: - MYV system (B), 1 uM
DCMU was added to block electron transport from photosystem
II. When PD.. was the electron acceptor (C), 0.5 um DBMIB was
added to block the photosystem I component of PD.x reduction (1).
Note that only the H:O = PD.. system, which does not utilize the
rate-determining coupling site after plastoquinone, is insensitive to
inhibition by HgCl.. Rates of electron transport and ATP forma-
tion are given in umoles/hr-mg chiorophyll.

Table [. Effect of HgCly on Photophosphorylation in Spinach
Chiloroplasts with Various Electron Acceptors

The reaction mixture (3 ml) contained 20 mm HEPPS-NaOH
buffer (pH 8.2). SO mm sucrose, | mm MgCl , | mm ADP, 5 mm Na,
H#PO,. chloroplasts containing 60 ug of Chl, and the indicated
electron acceptor system. These systems were: 1: 50 um MV; 2:
10 um DBMIB plus 0.4 mm ferricyanide; 3: 0.5 mm DMQ plus 0.4
mu ferricyanide; 4: 0.5 mm DAD plus 1.4 mm ferricyanide. A low
concentration of dibromothymoquinone (0.5 um) was added to
reactions 3 and 4 to inhibit the photosystem [ component of DAD,,.
and DMQ reduction (2). Rates are given in umoles ATP hr-mg
Chl. Note that only the H;O — MV system is sensitive to HgCl..

| Phosphorylation Rate

'

" Electron Acceptor!

Experiment Micromoles HgCl: added/mg Chl
None 0.08 i 0.23
Yo. ' umoles ATP hr-mg Chl
1 MV 200 ) 102 105
2 DBMIB 47 46 42
3 DMQ 7 65 64
4 DAD.« 217 200 195

transport inhibition (11, 13), the low levels of HgCl, used here
(less than 1 umole/mg Chl) inhibit ATP formation (and that
portion of the electron transport dependent upon phosphoryla-
tion) to a plateau of approximately 50%. Contrary to the re-
sults of Miles er al. (16), however, we find the same degree of
inhibition by HgCl, when electron transport is measured spec-
trophotometrically or as oxygen evolution. Neither basal (—Pi)
or uncoupled (+methylamine) electron transport is significantly
affected by HgCl,, indicating that HgCl. does act as an energy-
transfer inhibitor rather than an electron-transport inhibitor
at these concentrations (11). Chloroplasts which have been un-
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coupled by EDTA treatment, which removes CF, (1), are also
insensitive to HgCl..

DCIPH. (in the presence of DCMU and ascorbate) donates
electrons at a point before the rate-limiting coupling site on
the electron transport chain (i.e. before cytochrome f) (6, 9,
15). It has recently been shown that the photosystem I-depend-
ent partial reaction DCIPH, = MYV includes only the rate-
limiting coupling site after plastoquinone and not the coupling
site before plastoquinone (6). Figure 1B shows that HgCl, at-
fects the partial reaction DCIPH. = MV and the over-all reac-
tion H.O = FeCy similarly, indicating that both pathways in-
clude the HgCl.-sensitive site. Moreover, since this coupling
site constitutes the primary rate-limiting step for both electron
transport reactions, a similar 50% sensitivity to HgCl. shouid
be observed for both systems (compare Fig. 1, A and B).

However, when electrons from water reduce lipophilic ac-
ceptors (class III acceptors [19]). such as oxidized p-phenyl-
enediamine (PD..), a different etfect of HgCl is observed.
These lipophilic oxidants (in the presence of the plastocyanin
inhibitors KCN or poly-L-lysine (17) or the plastoquinone an-
tagonist dibromothymoquinone (12. 20)) accept electrons at a
point in the electron transport chain before plastoquinone (5).
Thus the partial reaction H.O = PD,, includes the photosystem
II-dependent phosphorylation site, but not the rate-determin-
ing site after plastoquinone. As Figure 1C shows, electron
transport and phosphorylation associated with the partial reac-
tion H.O = PD,, is completely insensitive to HgCl, inhibition.
Several other class III acceptors were also tested for HgCl,
inhibition with similar results (Table I).

The absence of inhibition by HgCl, with class III electron
acceptors is probably not a result of fortuitous reaction condi-
tions that mask the inhibition. In all cases, chloroplasts were
incubated with HgCl. for 30 sec before the addition of the ac-
ceptor system. Since SH-compounds can reverse HgCl. inhibi-
tion (1 1), it seems likely that Hg* is reacting with a membrane
sulfhydryl group. Thus it is unlikely that binding between Hg**

Table I1. Effect of HgCls on Postillumination AT P Formation (Xg)

HgCl., triphenyltin chloride, or methylamine (at the final con-
centrations indicated) were present in the dark, phosphorylation
stage only. Chloroplasts containing 100 mg of Chl were illuminated
with white light (>400 kergs. cm?-sec) for 20 sec in a continuously
stirred reaction mixture (2 mi) containing 0.1 M sucrose., S0 mm
NacCl, 2 mm MgCl,, 10 mm MES-NaOH butfer (pH 6.0), and § um
pyocyanine. Immediately after shutting off the light, 0.25 mi of a
stock solution containing the test compound was added to the
reaction mixture with a syringe. After 5 sec 0.75 ml of a strongly
buffered ADP phosphate mixture (0.15 v HEPPS-NaOH buffer
(pH 8.0), 3 mm ADP, 15 mm Na,H*PO,) was quickly injected to
initiate ATP formation. After 20 sec the dark phosphorylation
was terminated by addition of 0.5 ml of 1 N perchloric acid. All
reactions were run in a thermostatted cuvette at 19 C. Note that
HgCl, did not significantly atfect the yield of Xg at concentrations
which strongly inhibit steady state phosphorylation. The tributyl-
tin analog triphenyltin, which is a potent energy transfer inhibitor
in chloroplasts (unpublished observations of J.M.G.), does abolish
X, however, as does the uncoupler methylamine.

Addition (dark stage) ATP Formed Inhibition
nmoles:mg Chi %o
None 64 !
HgCl, (20 nmoles/mg Chl) 58 | 9.5
HgCl, (200 nmoles, mg Chl) 52 T
Triphenyitin chloride (10 um) 8.8 ; 87
Methylamine hydrochloride (5 mm)i 12 81
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and the quinonediimides or substituted benzoquinones used
here as class III acceptors would be strong enough to reverse
the inhibition. Furthermore, UV spectra of DMQ, DAD.,,,
PD.., and DBMIB remained virtually unchanged in the pres-
ence of high concentrations (33 uM) of HgCl., again suggesting
that little or no binding is occurring. This evidence suggests
that HgCl, is not interacting chemically with the class III ac-
ceptors used here and supports our contention that the energy-
coupling site close to photosystem II is insensitive to HgCl,.

Table II presents evidence that HgCl, acts on an early step
of energy conservation rather than a terminal reaction of ATP
formation. Concentrations of HgCl., which strongly inhibit
steady state phosphorylation (e.g. H,O = MYV), were demon-
strated to have virtually no effect on the chloroplast’s ability to
synthesize ATP in the dark after brief illumination (X.) (8).
However, methylamine, an uncoupler. and triphenyitin chlo-
ride, an energy transfer inhibitor which acts on a terminal re-
action of ATP formation, decrease the yield of X, significantly
(8: unpublished observations of J.M.G.). The idea that HgCl,
affects an early stage of energy transfer is also supported by the
fact that the trypsin activated ATPase activity of CF, and
whole chloroplasts is not affected by the low levels of HgCl,
used here (data not shown).

The results presented herein lend strong support to the argu-
ment that the two known sites of energy coupling associated
with noncyclic electron flow in chloroplasts may exhibit mech-
anistic differences in their mode of energy transfer (5, 6). It has
previously been shown that these coupling sites differ in their
response to pH (5, 6), uncouplers, ADP + P, (7), and in phos-
phorylation efficiency (P/e, ratio) (6). In addition. we have now
demonstrated that the energy-transfer inhibitor HgCl, is spe-
cific for the rate-determining coupling site after plastoquinone
and before cytochrome /. This selectivity may be due to a vari-
able accessibility of HgCl, to the coupling sites, or, alterna-
tively. to a basic difference in the mechanism of the early steps
of energy conservation at the two sites.

A discussion of why the HgCl, sensitive coupling site is only
partially sensitive (50%) to the inhibitor is beyond the scope of
this report. In a subsequent publication, a more detailed study
of HgCl, inhibition of chloroplast reactions will be presented,
with emphasis on the nature of HgCl. inhibition and the signifi-
cance of the 50% inhibition plateau.
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SUMMARY

1. By using dibromothymoquinone as the electron acceptor, it is possible to
isolate functionally that scgment of the chloroplust clectron transport chain which
includes only Photosystem [l and only onc of the two energy conservation sites
coupled to the complete chain (Coupling Site U, observed P/c, - - 0.3-0.4). A light-
dependent, reversible proton transiocation reaction is associated with the electron
transport pathway: H,O — Photosystem Il = dibromothymoquinone. Wce have
studied the characteristics of this proton uptake rcaction and its relationship to
the electron transport and ATP farmation associated with Counling Site 11,

2. The initial phase of HY uptake, analvsed by a flash-yield technique, ex-
hibits lincar Kinetics (0-2s) with no sign of transient phenomena such as the very
rapid initial uptake (*pH gush'™) encountered in the overall Hill reaction with methyl-
viologen. Thus the initial rate of H* uptake obtained by the flush-yield method is in
good agreement with the initial rate estimated from a pH change tracing obtained
under continuous i'lumination.

3. Dibromothymogquinone reduction, observed as O, cvolution by a similar
flash-yicld technique, is also linear for at least the first 5, the rate of O, evolution
agreeing well with the steady-state rate observed under continuous illumination.

4. Such mcasurements of the initial rates ol O, cvolution and H* uptake
vield an H*/e™ ratio close to 0.5 for the Photosystem Il partial reaction regard!ess
of pH from 6 to 8 (Parallel experiments tor the methylviologen Hill reaction vield
an H%/e™ ratio of 1.7 at pH 7.6.)

5. When dibromothymoquinone is being reduced, concurrent phosphoryl-
ation (or arsenylation) markedly lowers the extent of H* uptake (by 40-60%7). These
data, unlike earlier data obtained using the overall Hill rcaction, iend themselves to

Abbreviations: P/e,, ratio of the number of molecules of ATP formed to the number of pairs
of electrons transported; H */¢ -, ratio of the number of hydrogen ions trunsported to the number of
electrons transported: DBMIB, 2,5-dibromo-l-methyl-6-isopropyl-p-benzoguinone (dibromothymo-
quinone).
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an unequivocal interpretation since phosphorvlation does not alter the rate of elec-
tron transport in the Photosystem II partial reaction. ADP, P; and hexokinase, when
added individually, have no effect on proton uptake in this system.

6. The involvement of a proton uptake reaction with an H%/e™ ratio of 9.5
in the Photosystem Il partial reaction H,O — Photosystem [l — dibromothymo-
quinone strongly suggests that at lecast 509, of the protons produced by the oxidation
of water are rcleased to the inside of the thylakoid, thereby leading to an internal
acidification. It is pointed out that the obscrved cfficiencies for ATP formation
(P/e;) and proton uptake (H*/e™) associated with Coupling Site II can be most
easily explained by the chemiosmotic hypothesis of enargy coupling.

INTRODUCTION

The electron transport pathway in isolated chloroplasts can be divided into
several segments by the use of appropriate electron donor-ucceptor combinations in
conjunction with specific inhibitors of certain intermediate electron carriers [1).
When this is done it becomes clear that there are two sites of energy conservation
in the phosphorylation-coupled transport of electrons from water to Photosystem |
[1-5]. These two coupling sites differ markedly in their characteristics.

Coupling Site I refers to the energy conservation site associated with the
transfer of electrons from plastoquinone to cytochrome f [6, 7). This site provides
the rate-determining step for the overall Hill reaction [1]. The rate of clectron flux
through Coupling Site L is greatly increased by ADP plus phosphate under phosphoryl-
ating conditions and still more by the presence of phosphorylation uncouplers. The
efficiency of phosphorylation (P/e,) at Site I is dependent on the pH of the medium,
with an optimum at pH 8-8.5 where the observed P/e, is 0.6-0.7 (ref. i). ATP for-
mation supported by Coupling Site [ is inhibited by the chioroplast eneruy transter
inhibitor HeCl, (ref. 8). .

Coupling Site 1I is associated with the transfer of electrons from water to
plastoquinone or with the transfer of clectrons from water to exogenous lipophilic
**Class I1I"" oxidants which intercept electrons before they reach plastoquinone {5, 9],
Coupling Site 1 differs from Site ! in a number of important respects. The rate of
electron transport through Site 1 is independent of phosphorylation and uncoupling
(1,9, 10]. The efficiency of phosphorylation is practically independent of pH (6-9),
and the observed Pje, ratio is characteristically 0.3-0.4 [1-3,5,9, 10]. Morcover,
ATP formation supported by Coupling Site Il is insensitive to HgCl, (ref. 8).

These differences suggest that the modes of ercrgy transduction at Sites [ and
Il are somehow different. Therefore we have been prompted to undertake a further
investigation into the mechanism by which clectron transport may be coupled to
phosphorylation at these two sites. This paper deals primarily with further charac-
terizations of the light-induced proton uptake (pH rise) associated with the transfer
of electrons from water to dibromothymoquinone via Photosystem Il [1]. In pre-
vious papers (3, 9, 13] we established that this plastoquinone antagonist {11], which
at low concentrations (0.5 uM) blocks the transport of electrons from reduced
plastoquinone to cytochrome f [12], can act at higher concentrations (25 uM) as
an acceptor of electrons from Photosystem !1, probably via nlastoquinone [9]. In
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addition, we have shown that the phosphorylation reaction associated with dibromo-
thymoquinone reduction exhibits all of the characteristics of Coupling Site I out-
lined above [9].

The use of substrate concentrations of dibromothymoquinone provides a con-
venient reaction system {or studving the nature of Coupling Site Il, since the function
of the substrate as an inhibitor effectively blocks further electron transport (to
Photosystem 1) and thereby isolates Site 11 from Site I. Furthermore, we have recently
presented evidence that a reversible “*proton pump” is associated with dibromothy-
moquinone reduction [1]. Since elcctron transport in this system is unaffected by
uncouplers or by phosphorylation, it has been possible to observe directiy the eflects
of ATP formation on the ““proton pump™ without a complication encountered by
previous investigators [14, [5]. Herctofore it has been impossible to study the
cffect of phosphorylation on proton uptuake without increasing the electron transport
rate, thercby inadvertently modifying the associated proton uptiake. Therefore it has
previously not been possible to study the proton pump and phosphorylation as
opposing processes in an unambiguous way.

The results presented 1 this paper show that there is a quantitative rela-
tionship between the electron transport-dependent accumulation of hydrogen ions
and ATP formation at Coupling Site Il. The results a'so suggest that Coupling Site
IT in chloroplasts may be identified with the water-oxidation reaction, which seems
to release protons to the inside of the chloroplast lamellar membrune,

MATERIALS AND METHODS

Chloroplasts (intact, naked lamellie) were isolated in the cold from lcaves
of fresh market spinach (Spinacia oleracea L.) as desceribed in a previous paper in
this series [1]. For some experiments the HEPES-N:OH buller in the suspension
medium was replaced with cither phosphate or arsenate and the bovine serum albumin
wis omitted. The concentration ol chloroplasts in the final stock suspension wus
adjusted so that the amount of buffer carried over into the reaction mixture gave
a final concentration of 0.5 or 1.0 mM.

Changes in hydrogen ion concentration in the reaction mixture were detected
with a Corning semi-micro (“Tri-purpose’™) combination pH clectrode connected to
a fast responding Heath; Schlumberger EU200-30 pH clectrometer module equipped
with a Heath/Schlumberger EU200-02 DC offset module to facilitate scale expansion.
The output from the electrometer was recorded on an Esterlinc-Angus strip chart
recorder. The response half-time for the pH measuring system was in the order of
0.5-1s. Changes in pH were normally monitored with a scale expansion of 0.1 pH
unit full scale (10 inches) on the recorder. The noise level at this amplification was
less than 0.002 pH unit.

In routinc pH experiments, reactions were run in a final volume of 2.0 ml
in thermostated vessels at 18 “C with continuous stirring. Prior to illumination the
reaction mixture was adjusted to the desired initial pH with small volumes of dilute
NaOH or HCL. Actinic illumination was supplied by a 500-W slide projector. The
beam was passed through a 500-ml round-Sottomed flask containing a dilute CuSO,
solution (which served both as an infrared flter and asacondensinglens)and through
an orange glass filter (transmission =~ 609 nm) plus a Corning 1-69 heat filter. The



124

512

light intensity was approximately 700 kergs - s™' - cm™? (600-700 nm). At the end
of each experiment the pH changes registered on the chart paper were translated into
H™ equivalents by titrating the reaction mixture in the light with a known amount
of 0.001 M HCI.

Electron transport was measured as oxvgen evolution (dibromothymoquinone
as acceptor) or oxygen uptake (methylviologen as elcctron acceptor) [16] using a
Clark-type membrane-covercd oxygen electrode. For these experiments a 3.0-m/ reac-
tion mixture was used. When both electron transport and proton uptake were deter-
mined, the pH rise was measured in an identical reaction mixture in the same appa-
ratus, substituting the pH eclectrode for the oxygen electrode.

RESULTS

Light-induced pH rise associated with dibromothivmoquinone reduction

We have previously presented evidence that the eclectron transport pathway
H,0 — Photosystem I[ — dibromothymoquinone, which includes Coupling Site 11
but not Coupling Site I, is associated with a light-dependent, reversible proton up-
take [1]. These results have been confirmed and extended (Fig. !).

Fig. | depicts the general pattern of the light-induced pH risc in the medium.
Above pH 8.1, where reduced dibromothvmogquinone is rapidly reoxidized by mole-
cular oxygen [9] (and thereforc no exhaustion of the electron accentor occurs), the
pH rise can be observed many times using repcated light cycles (trace A). Below pH §,
where the reoxidation rate is very slow, the pH shift can be maintained only as long
as the reduction of dibromothymoquinone continues. As the reduction approaches
completion and the electron transport slows down, a gradual reversal ot the pH
change is observed cven in the light, and eventually the pH returns to the original
level (trace B). Subsequent illuminations do not restore the pH rise. If the light is
turned off before the complete exhaustion of thie clectron acceptor, a second light
cycle does induce a small pH rise, the extent of which depends upon the amount of
oxidized dibromothymoquinone remaining. The uncoupler gramicidin D (4 pg/ml)
completely abolishes the lizht-induced pH response (data not shown).

If ferricyanide is added to the reaction mixture so that the photoreduced
dibromothymoquinone is continually reoxidized by the excess ferricyanide, a revers-
ible pH rise superimposed on an irreversible pH drep is observed (Fig. | trace C).
This is repeatable even below pH 8 since the rcoxidation of reduced dibromothymo-
quinone by ferricyanide is very rapid at any pH above 6. The irreversible pH drop
is due to the protons produced by the oxidation of witer according to the equation:

1/2 H;O+Fe?* = 1/4 O, +Fe?* +H".

Thus the rate of proton production can also be used as u means for determining the
rate of election transport. As trace D shows, both the transient pH rise and the lag
in the light-induced pH drop due to the superimposed proton uptake are climinated
by the uncoupler gramicidin, although the rate of electron transport (measured as
proton production) is scarcely affected. This conlirms our previous observations
that the rate of electron transport ussociated with dibromothymogquinone reGuction
is not increased by uncouplers [9].



125

13
— T
A) | 0sec ‘ 10 ne!quiv. 0.02 pH
1 { ?
initial pH= 1
8.15
{ { {
tight on i
tight off { t
B) increasing pH
7.30
10 néqu-v. l
0.02 pH
N \
J *
7.25 1 1
—
1S sec
C) control D) + gromicidin D
initigl pH =
7.25 725 2
T T

|
Q.04 pM 50 nequtv.
1 1

decreasing pH

20 sec
Fig. 1. Light-induccd pH changes associated with the partial electron trunsport pathway H,O —»
Photosystem Il — dibromothymoquinone in isolated chloroplasts, The 2.0-ml reaction mixture con-
tained C.1 M sucrose, 2 mM MgCl,, S0 mM NaCl 0.5 mM HEPES-NaOH butler, 20 M dibromo-
thymoquinone and chloroplasts containing 100 prg chlorophyll, In the experiments presented in traces
C and D, 0.5 mM potassium ferricyanide was added to the reaction to continually reoxidize the photo-
reduced dibromothymoguinone. Note that the rate of electron transport (Ry 4 5 inneguiv- h™! - mg
chlorophyll=') is not increased by the uncoupler gramicidin D. For turther explanation sce the text.

Stoichiometry hetween electron transport and proton uptake (H* /e

The data presented in Fig. | are most easily interpreted in terms of a trans-
membrane H* gradient associated with the Photosystem 1l partial reaction H,O —
Phctosystem Il — dibromothymoquinone. However, the significance of this proton
gradient and its relation to the coupling mechanism cannot be evaluated critically
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until the cfficicney of proton uptake (H* /e ™) is determined. Morcover, determination
of H*/e™ in this casc is of special interest, since the dibromothymoquinone partizl
reaction includes only cne (Site I1) of the two coupling sites associated with the
complete Hiil reaction [3, 9]. Thus the observed efficiency of ATP formation (Ple.)
supported by this partial clectron transport pathway is lower than the cfliciency of
the complete chain where both coupling sites arc operating (P/2, = 0.3-0.4 versus
1.1-1.2, respectively) [1]. Therefore one might reasonably expect the efficiency of
proton uptake associated with Site I to be correspondingly low. However, the deter-
mination of an H* /e~ ratio involves a varicty of difficultics, and, in fact, no truly
unequivocal method of measuring it has as yet been developed. For a more complete
discussion of these difficulties, sce review articles bv Jagendorf [!7], Walker and
Crofts [18] and Schwartz {i9]). In the experiments outlined below we have observed
the initial kinctics of proton uptake and electron transport by two different methods
in an attempt to circumvent these difliculties and to accurately measure the H /e ”
in the dibromothymoquinone partial reaction.

The response time (7, < 1s)of the pH assay svstem used in thesc experiments
(see Mecthods) was considerably faster than the apparent kinetics of the pH rise
(r, = 4-5s) and therefore it seemed possible that the refatively hinear initial phase
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Fig. 2. Recorder trucing of the apparent Kinetics of the reversible pH rise associated with Photo-
system Il electron transport tfrom water to dibromothymoquinone. The reaction misture was as in
Fig. 1, trace A, except the HEPLES butter was replaced by 2.25 mM Na HPO, and contaned chioro-
plasts cquivalent to 145 g chlorophyll. The aitial pHowas 8,16, Numbers in parentheses are the
apparent initial rates of proton uptake ingreauiy H* - h=' - mp chlorophy!l 7' The steady-state extent
of the pH rise (. TH *;1n nequiv - mg chlorophyll = ') was determined by titrating the reaction minture
in the light with known volumes of 0.001 M HCI (not shown).
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of the pH tracings (Fig. 2) might provide a rcasonably accurate cstimate of the ini-
tial rate of proton uptake. This assumption would be invalid, of course, if the pH
rise involved any transient Kinetics faster than the instrument response time, such as the
initial *pH gush™ (¢, = 0.10's) described earlicr by Izawa and Hind [20]. In order
to detect the possible involvement of such transient kinetics, we have examined pH
changes induced by a series of brief illuminations (flash duration 1-3 s) with inter-
vening dark periods to allow for the lag due to instrument responsc time. That is, a
sufficient dark period was introduced between successive flashes to allow the insiru-
ment to record tie entire pH change which had been completed during the flash.
This dark period was not long cnough to allow any significant decay of the pH
change, however. Somewhat surprisingly, we could detect no cvidence for any sig-
nilicant “gusit’” phenomena at all associated with dibromothymogquinone reduction
(Fig. 3, trace b), the rate of proton uptake determined for the first flash being essen-
tially the same as -he rate determined for a subscquent flash. Plot ¢ of Fig. 3 represents
the cariy phase of proton uptake reconstructed by summing the Nash yields and illu-
mination times ol trace b. A very good agreement was found between the initial slope
of the lincar phase of the reconstructed time-course curve (< 4s: trace ¢) and the initial
slope of the continuous recorder tracing (trace a). This is not surprising since, as trace
b shows, there was no significant overshoot of the pH responsc after a flash except
for the smali amount attributable to the instrumental time lag. Nor was there a rapid
enough dark decay to obscure the flash yield. In other words, each flash yield
determination did scem to accurately represent the extent of the pH rise which had
been essentially completed during the flush. Thus the itial slope of a pH rise curve
obtained under continuous light must in fact be a fairly reliable measure of the actual
inital rate of proton influx.

The rate of electron transport in the same time range (0-5 s after light on) was
measured as O, evolation using ¢ dupiicate reaction mixture in the same apparatus
(Fig. 5, traces ¢ V). Flinh experiments were cven more important in this case, be-
cause of tne very slow response ume (f, = 25) of the membrane-covered oxygen
cicctrode used. The flash experiments again detected no sign of transient phenomena
(Fig. 3, trace o) and again the reconstructed slope agreed rather precisely with the
steady-staie slope determined under contiruous light (traces d, I). (Transient kinctics
sucit as those discovered by Joliot et all {21] are rar bevond the resolution of our in-
strument.) The o HT/C™ determined from the data presented in this set of experi-
ments (Frgo 3) was 051

The use of intermuttent briel’ periods of illumination described ubove makes
transicat Jdiffierences between imitian rates and sicady state rates quite obvious when
taese ditferences do exist. Thus the antald “pH eush™ known 10 be associated with the
reduction ol metivIvioiogen oy chloroplasts {201 is clearly revealed by the flash tech-
nique (Fig 4b) even though the pH changes recorded during continuous illumination
concead tiwe transient (Frg. 4. However, il the traaing for the continuous illumina-
Lon s corrected for the instrument response time according to the method of [zawa
and Hind [20]. there is goed agreement between the kineties of the pH rise as deter-
mined by tiwe fish yield technique and the corrected kineties for continuous illumi-
nation. The "pll gush™ amounted to one mole ol H " for each 20 30 moles chlorophyll
in s expermmient. However, no corresponding initial fast phase in oaxvgen production
could oe detected (Fig. 4b), indicating that the “pH-gush™ c¢bserved under some
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Fig. 3. Initial kinetics of the light induced pH rise und c¢lectron trunsport measurcd under both flash
and continuous illuminuation with dibromothymoguinone as the clectron acceptor. The reaction min-
ture (3.0 ml) was as in Fig. 1, trace a, except that the concentration of dibromothymoauinone was
50 M and tke reaction contained chloroplasts cquivalent to 150 g chlorophy!l. The initial pH was
7.4. Trace a: recorder tracing of the apparent initial Kinetics of the pH rise observed under continuous
illumination. The rate o H * uptake in prequiv H = - h=' - myg chlorophyll =' was determined from the
essentially lincar initial portion of the trucing and is shown in parcntheses. Trace b recorder tracing
of the pH rise induced by flash iilumination. Numbers in parentheses represent the tlash duration
(in s). Trace c: reconstructed time course of the initial portion of the pH rise from Nash vield determi-
nations (trace b). Note that the rate of proton uptake measured by the flash technique aurees very
well with the rate determined under continuous illumination (trace a). Trace d: recorder tracing ot the
kinetics of O, cvolution under continuous illumination, The rate of electron transport (in wequiv - h '
- mg chlorophyll=') is shown in parentheses. Trace ¢: recorder tracing of O, evolution meusured by
the flash yield technique. Numbers in parentheses represent flash duration (in seconds). Trace '
reconstructed time-course for O, evolution determined from the lash experiment (trace ¢). Note that
the rate determincd by this technique agrees very well with the steady-state rate determined under
continuous illumination (trace d).
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Fig. 4. Comparison bctween the initial rates of proton uptake and clectron transport for the complete
clectron transport chain (H,O — mcthylviologen) and the Photosystem 1l partial reaction H,0 -
dibromothymogquinone. Rcaction conditions were as in Fig. 3 with the following exceptions. In the
experiments presented above in a and b, dibromothymoguinone (DBMIB) was omitted and 100 M
methylviologen (MV) was added. When dibromothymoquinone was the clectron acceptor, electron
transport (E.T.) was obscrved as O, cvolution. When methylviologen was the acceptor, clectron
transport wus followed as O, uptake (16]. The chlorophyll concentration was SO ng,/ml. (a) Compari-
son between the observed pH change (\1H *) under continuous illumination and by a lash yield tech-
nique. Note that the large “pH gush™, which is clearly evident in the kinctics obtained by tac flash
technique, is masked in the continuous tracing duce to the instrumental response lag. Nevertheless
the slope of the relutively lincar portion of the pll rise immediately following the “gush™ is in good
agreement with the slope obtained with continuous illumimation. The inttial pt for this experiment
was 6.8. (b) Comparison between the kinetics of H ™ uptake (. TH ™) and clectron transport (E.T.)
when methylviologen is the clectron acceptor. The duta shown is from two idenucal experiments done
at pH 7.6. Note that the rate of electron transport determined under continuous iltumination (dashed
linc) agrees very well with the electron transport rate determined by the flush technique (points), and
that there is apparently no initial burst of ¢lectron transport corresponding to the initial “pH gush™.
The H* /e~ ratio determined for this experiment (sce text) was 1.7, (¢) An cxperiment similar to b
above except the electron transport pathway included only Photosystem 1 and only Coupling Sute 11,
Dibromothymogquinone served as the clectron acceptor. Note that the imittal “pH gush™ is absent
in this system. The H* /¢~ ratio caleulated for this experiment (pH 7.2) wus 0,45 (See also Fig. 3).

conditions cannot be simply explained in terms of an initial rapid rate of clectron
transport associated with plastoquinone reduction. The ratio H™ ;¢ ™ observed during
methylviologen reduction (calculated from the relatively lincar portion of the carly
phase of the pH rise after the initial gush) was 1.7. Note again (Fig. 4c) that there
was no significant initial rapid phase of proton uptake when dibromothymoqguinone
was being reduced and that the ratio H*’e™ was much lower, about 0.5, Thus the
proton pump associated with dibromothymoquinone reduction (involving only
Coupling Site 1) is distinguished from the proton pump associated with methyl-
viologen reduction (invclving both Sites | and [1) in two ways: the reaction involving
only Site Il lacks an intitial rapid phasc and is less than half as efficient as the com-
bined sites in transporting H™ across the lamellar membranes.

Table T suinmarizes the results of three independent series of experiments
performed with different chloroplast preparations. While the ratio H*/e™ for the
dibromothymoquinone reducing system is relatively constant (0 35-0.5) over a wide
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TABLE I

STOICHIOMETRY BETWEEN PROTON UPTAKE AND ELECTRON TRANSPORT (H*/e™)
WITH DIBROMOTHYMOQUINONE OR METHYLVIOLOGEN AS ELECTRON ACCEPTOR

Reactions were run as described in Figs 3 and 4. The basic reaction mixturc was as in Fig. 5 except
in Expt 1, where the phosphate butfer was replaced by 0.5 mM HEPES-NuOH. The chlorophyll
concentration was 100 y1g:2ml. Note that when dibromothymoquinone served as the electron acceptor
so that only Coupling Sitc 11 was being utilized, the ratio H* /e~ was relatively constant (0.35-0.51)
over a wide pH range. When methylvioiogen served as the clectron acceptor (utilizing Courpling Sites
T and 11), the H* /e~ ratio was much higher.

Expt Elecctron Initial pH Initial rate fprequiv - h™' - mg chlorophyll=') H*je~
No. aceeptor o= - R = co
H* uptake Electron transport
1 Dibromothymo-  6.22 9Ixx 2|8** 0.42
quinonc 6.60 102 228 0.45
7.00 89 234 0.38
7.48 31 212 0.38
2> Dibromothymo- 7.20 100** 1QR*w 0.51
quinone 7.60 63 146 0.43
R.00 43 128 0.3%
3 Dibromothymo-  7.30 CY** | 72%* 0.40
auinone 8.13 60** 1GR*> 0.26
8.15 s3 153 0.35
Methylviologen 7.40 103** Sy*w 1.74
7.75 108 ** (Rl 1.71

* Phosphate butler (2.5 mM).
** Mecasured by flash yicld determinations. Other valucs are from continuous tracings.

range of pH values (6.2-8.2), there is some tendency for the lower H*/e™ values to
be associated with the higher pH values. Several considerations lead us to believe that
the true cfliciency of proton translocation in this system is even more pH-independent
than actually observed, however, and that the true value for the ratio HY/e™ is most
likely about 0.5, the highest value actually encountered at the lower pH regimes
(pH 6-7). At higher pH’s, especially above pH &, the outward diffusion of protons
in the light is probably much faster and theretore competes more cfficiently with
proton accumulation (uptitke). This was apparent in the experiments, since the dark
decay process observed after turning off the light was approximately twice as fast
at pH 8 as at pH 7 (decay half-time == 7s at pH 8; 15s at pH 7). It was also appar-
ent in the flash experiments that the initial lincar phase of the pH rise at pH 8 was
somewhat shorter than at pH 7.3 (sec Fig. 3. trace ¢).

Effect of phosphorylation and arsenylation on proton uprake

Both the chemiosmotic and the chemical coupling hypotheses predict that
concomitant phosphorylation or arsenylation should decrease the steady-state ex-
tent of the proton uptake [22]. Several workers have indced observed a Jdecrease
in the pH rise by concomitant phosphorylation or arsenylation [15, 231, hut the
opposite effect — a stimulation of proton uptake by arsenvliation - - has also been
reported [14]. As has been pointed cut by Dilley and Shavit [15], the acceicration
of electron transport in ordinary noncyclic electron transport systems by phospho-
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rvlation (or in some cases by the effect of ions in the phospherylation medium, e.g.
Mg?*), and resultant increases in the rate of proton flux could casily mask the true
effect of phosphorylation on proton gradients. Moreover, the addition of ADP
(or ATP) itself has also been shown to cause marked increases in proton uptake [23].
However, by using the Photosystem Il-dependent dibromothymoquinone reduction
one avoids these complicitions since the ¢lectron transport in this system is not stim-
ulated by phosphorylation [9], nor is proton uptake enhanced by the addition of
ADP (cf. Table 11). This reaction therefore provides a convenient system in which
to test the effect of phosphorylation on proton oprake.

TABLE Il

EFFECT OF PHOSPHORYLATION AND ARSENYLATION ON THE EXTENT OF THE
LIGHT-INDUCED PROTON UPTAKE ASSOCIATED WITH THL ELECTRON TRANSPORT
PATHWAY H,;0 — PHOTOSYSTEM Il — DIBROMOTHYMOQUINONE

Reactions were run as in Figs S and 6. Fina! concentrations of the additons were: Py, 2.5 mM: ADP,
75 1M hexokinase, 1 gi2ml fnlus 10 mM glucose): HASOL? ™, 2.8 mM. The extent of the proton
uptake was determined by titration in the light as deseribed in Methods, Note that the presence of o
complete phosphorylation or arsenylation system signiticantly lowers the steady-state extent of the
proton uptake, although the individual phosphorylating agents have no effect by themselves (Expt 1),

Expt Initial pH Additions THE* extent (.)
No. neauiy; my chlorophyl!
| 8.14 None 42 (100)
ADP 42 (100)
Hexokinase 40 (9%
ADP, Py, hexokinase 26 (62)
2 8.15 Py 56 (100)
ADP, Py, hexokinase 22 (40)
3 822 Py . 70 (100)
ADP, P, hexokinase 39 (56)
4 8.27 HAsO %~ §S (100)
HASO‘Z-, ADP Jd4 (80)
s 8.25 HAsO,?- 73 (100
HAsOQL~, ADP 39 (81)

In Fig. 5, trace A demonstrates the reproducibility of the pH rise ir a phos-
phate-containing suspension over repeated licht oycles. This reproducibility greatly
facilitated the experiments since the effect of an adiizive (e.g. ADP) could be exam-
ined without preparing a new reaction mixture. Trace B shows that in the absence of
hexokinase, the addition of ADP initiates ATP formation which can be followed as
the irreversible consumption of protons according to the cquition:

ADP?~ +HPO,*~ +H" = ATP*~ .+ H,0 (pH 8)
Clearly the extent of the reversible proton uptake (seen as i proton efflux after
turning ofT the light) is smaller under phosphorylating conditions ( - ADP) than

under non-phosphorylating conditions ( ADP). This is demonstrated in a ditferent
way in trace C, where the hexokinase - glucose system is used to consume the ATP
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Fig. 5. Effect of phosphorylation on the extent of the light-induccd proton uptake associated with
electron transport from water to dibromothymoquinone. Reaction conditions arc as in Fig. 1, trucc A,
except that the HEPES bufler was replaced by 2.5 mM N, HPOg. The extent of the proton uptake
(4H*) was determined as described 1n Mcthods. Trace A illustrates the repeatability of the pH rise
over repcated light-dark cycles. Trace B shows that the addition ot ADP (final concentration 75 #M)
causes an irrcversible proton consumption in the light (due to ATP formation) and results in & decrease
in the extent of the reversible proton uptake (seen as a dark cfllux after turning off the light). This
irreversible proton consumption was eliminated in trace C by the addition of hexokinase (1 yrg/2ml)
and glucose (10 mM) with the ADP (75 «M). Again a signiticar.t decrease in the extent of the proton
uptake is observed. (The additives themselves had only a neghgible cifect on the buttering capacity
of the reaction mixture.)

as it is produced and thus eliminate the irreversible proton consumption due to ATP
formation. Hexokinase alone has no ctfect on the extent of the pH rise (¢!t Table IT).

If arsenate replaces phosphate (with or without hexokinasc) a situation simi-
lar to the ADP +P; —hexokinase system should be observed, since the unstable ar-
senylated ADP does not accumulate. Fig. 6 shows that indeed this is the case. A
marked lowering in the extent of proton uptake is observed upon addition ot ADP
to an arsenate containing medium (in this case without hexokinase).

Table Il summarizes the etfect of various additions on the extent of the proton
uptake associated with dibromothymogquinone reduction. It can he scen thatin this
system ADP, hexokinase or phosphate zlone have no effect on tire extent of proton
uptake. The lack of effect by ADP in this svstem is in contrast with the observation
of McCarty et al. [23]. Using the methylviologen system, they too noted that hexo-
kinase had no effect on proton uptake, but they did observe a large stimulation by
low concentrations of ADP. We have confirmed their observation using methylvio-
logen as electron acceptor, although in our chloroplast preparations the maximum
stimulation obtained was only 30—40", . The complcte fack of ADP effect on proton
uptake in the partial reaction involving only Coupling Site Il suggests that the stimu-
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Fig. 6. LiTect ofarsenylation on the extent ol the light induced proton uptake associated with clectron
transport to dibromothymoquinonc. Reaction conditions were the same as in Fig. 5. except the Na,-
HPO, buller was replaced by 2.5 mM Na,HAsO4 and no hexokinase plus glucose was added. Note
that the extent of the H* uptake was signiticantly smaller when ADP was added to the reaction mix-
ture. The arsenylation of ADP does not result in an irreversibie proton consumption, however, since
the arsenylated nucleoude hydrolyzes rapidly.

latory effect of ADP may be expressed only when the clectron transport system in-
cludes Coupling Site 1.

DISCUSSION

The characteristics ol the proton pump associated with the clectron pathway
H,O — Photosystem Il — dibromothymoquinone, revealed in this study, may be
summarized as lfoliows: (i) approximiteiy one proton is taxen up for cvery pair of
clectrons transported (or H™/¢™ ratio = 0.5: observed range, 0.4-0.5), (ii) the cffi-
ciency of proton uptake is essentially pH-independent (between 6.2 and 8.2), and (iii)
the kinctics o proton uptake, as observed by flash-yvield determinations, show no
sigh 0! burst pivcnomena (suck as the “pH-gush™ which is clearly seenin the methyl-
violozen reducing system). [t siwould be stressed kere that the light-induced pH risc
i ithe medium (proton uptake) described in this paper has no direct bearing on the
chenstry of the onidation or reduction of dibromothymoguinonc per sc, as demon-
strated by tne tuc: that gramicidin abolishes the reversible pH rise but has no eflfect on
dibromothymoquinone reduction {1, 9] (see also Fig. 1, traces C and D).

In other words, the reduction of dibromothy moquinone consumes the same
number of H™ ay are gencrated in the ovidation ol wuler and therefore any pH
changes observed in the medium must represent the formation of proton gradients.

Mechanism of protim translocation associated with Photosvstem Il electron transport
The mcechamsm of the Photosystem 11 “*proton pump™ described above and
its cfficiency (H*/c™ = 0.5) can be explained most casily if we assume that the mem-
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brane-bound electron tiansport enzymes are arranged within the membrane in such
a manner as to favor the vectoral movement of protons directly involved in electron
transport. Such an anisotropy in the electron tiansport chain could resuit in a proton
uptake with the observed stoichiometry (H* /e~ rutio) according to two models:
H,0 = 1/2 0, +2e ™ =2H™ ;g

DBMIB+2e~™ +H™; igey ~H"

(outside) DBMIBHZ
H,0+DBMIB +H"

~ 1,20,+DBMIBH,~H"

(insidc)

(outside)

or

Hzo - |/2 02 +20_ +H+
DBMIB+2¢~ +2H™*

H,0+~DBMIB+H*

. +
(in\ide)q‘-H (outside)

—~ DBMIBH,
- 1,20,+DBMIBH, ~H*

(outside)

(outside) (inside)

where DBMIB and DBMIBH, represent the oxidized and reduced forms of dibromo-
thymogquinone (2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone) respectively. The
stoichiometric formation of the fully reduced dioromothymoquinone below pH 8
has in fact been confirmed (sec Fig. 3). It should be noted concerning the above
models that, in thcory, any intermediate situation between these two extremes is
possible. One thing is clearly indicated by these formulations, however. That is, in
any situation, a large portion (50-100";) of the protons produccd in the oxidation
of water must be released to the inside of the thyvlakoid, and asimilar and comple-
mentary portion of the protons nceded for the hvdrogenation ol dibremothymo-
quinone must come {rom the outside (i.e. 50-1007, inversely related to the percen-
tage of protons from water rcleased inside).

The exact point at which the protons eventually used in the reduction of dibro-
mothymoquinone enter into the clectron transpor: chain is not known. However,
there is kinetic evidence suggesting that dibromothymoquinone is primarily reduced
via the plastoquinone pool [9], in line with the fact that its inhibitory site for electron
transport is on the Photosystem [ side of plastoquinone [24]. 1t seems reasonadle to
assume, thercfore, that the protons which eventually arc used in the reduction of
dibromothymogquinone actually cnter the electron transport chain at the level of one
of the plastoquinones, or even at the level of the primary electron acceptor for Photo-
svstem 11, which may also be a quinone-type substance [23].

However, we hasten to point out that it is still premature to assign the H /e~
ratio of 0.5, observed for this “isolated™ Photosystem Il reaction, to the proton
translocation efficiency intrinsic to the electron transport pathway H,O — Photosys-
tem Il — plastoquinone since, for example, we have no clear idea of how the mem-
brane psrmeating electron/hydrogen carricr dibromothymoquinone might affect the
anisotropy of that region of the membrane surrounding the plastoquinones. Some in-
dication that the intrinsic value might be higher than 0.5 has been offered by Rein-
wald et al. [26], who showed a kinetic correspondence between the initial fast proton
uptake (“*pH gush™) and plastoquinone reduction. They calculated the 4H™/ 14
plastoquinone ratio (= H™*/e ™) to he exactly 1. On the other hund their interpreta-
tion of the “pH gush™ may be questioned. As we have shown in Fig. 3¢ and f the
“gush™ as observed in this laboratory is not associuated with an increased rate of elec-
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tron transport. Furthermore thetre are also reports describing anomalously high
H*/hv ratios (e.g. 5) (27, 28] at the onset of illumination. This too suggests a difler-
ent mechanism of pH change rather than an increased rate of electro~ .ransport.
Nevertheless, it seems quite possible that in the normal, complete electron transport
system the efficiency of proton translocation (H*/e™) attrioutable to the H,0 —
Photosystem II — plastoquinone portion of the chain may be somewhat higher than
the values approaching 0.5 observed when this system is isolated from the complete
chain.

The relation between the accumulation of H* and the mechanism of phosphorylation
at Coupling Site 11

As shown in Table T, the efficiency of proton uptake (H*/e ™) associated with
dibromothymogquinone reduction (i.e. associated with Coupling Site I1) is 0.4-0.5
over a wide pH range (6.2-8.2). A striking parallel is found in the efficiency of phos-
phorylation, P/e, = 0.3-0.4 (ref. 9) which is also essentially pH-independent over
the same pH range. Furthermore, we have demonstrated uncquivocally that concur-
rent phosphorylation markedly depresses the steady-state extent of proton uptake
in this system (see Fig. 5 and Table [1). These observations tempt us to postulate
a coupling mechanism for Site II which involves the obligatory participationof H™.
Indeed, the H* /e~ ratio is so close to the P/e, ratio that one is inclined to give con-
siderable credence to the “‘chemiosmotic™ coupling hypothesis of Mitchell [29].

The chemiosmotic hypothesis, as applied to chloroplast photophosphoryla-
tion, postulates that the efllux of 2 protons through the membrane-bound ATP
synthesizing enzyme produces | ATP (H*/ATP == 2). Various attempts have been
made in recent vears to determine this H*/ATP ratio cxperimentally. Junge et al.
[30] obtained a value of 3 from their studies of flash-induced proton uptake and
515 nm absorbance changes. The same value was also obtained by Schréder et al.
[31]) who studied the kinetics of tiie dark proton cfflux after the steady state. (A
prototype ol this latter experiment by Schwartz [32] gave a value of 2). Using some-
what more direct measurements based on post-illuminatior phosphorylation (Xg)
experiments lzawa [33] found a value of 2.4. Thus, the experimentally determined
H*/ATP ratios range between 2 and 3, which should be regarded as in good agreement
with the hypothetical value of 2.

In the Photosystem Il reaction dealt with here, an approximation of the
H*/ATP ratio may be made from the H*je™ and P/e, values by assuming (a) that
the H*/e™ ratio determined from initial rates applies to the steady state, and (b)
that all protons translocated are available for ATP formation. If we take the Site Il
ratio of H*/e™ as 0.5 (see Results) and the Site 11 P/e, as approximately 0.35 (see
refs 3, 9), it follows that the requirement for protons in ATP formation (H/ATP) is
approximately 2.9. While this is in good agreement with Mitchell’s hypothetical value
of 2 (ref. 29), it most likely represents an overestimation of the truc H*/ATP ratio
since there is probably a non-coupled, unspecific outward diffusion of protons com-
peting with the ATP synthesizing pathway. Based on the data presented in refs 31
and 33, a rough estimation of the amount of this unspecific proton efflux may be made.
Summarizing those published data, it can be reasonably concluded that the non-
phosphorylating efflux constitutes 20-49"7 of the total proton c¢flux (pH 8). The
H*/ATP ratios corrected for this component wou!d now fall very near 2.



These considerations strongly implicate proton gradient formation as the
mechanism of energy conservation at Coupling Site 1I. In addition, it seems likely
that Site II can be identified as the water-oxidation reaction: the protons lost from
water being discharged to the inside of the thylakoid. If this is so, the insensitivity
of the electron transport rate to uncouplers of phosphorylation is easily understood
[10]; the electron transport results from an essentially irreversible photochemical
reaction which is, as a consequence of its irreversibility, inscnsitive to concentratior .
of its proton product.
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THE PHOSPHORYLATION SITE ASSOCIATED WITH THE OXIDATION OF
EXOGENOUS DONORS OF ELECTRONS TC PHOTOSYSTEM I

J. MICHAEL GOULD*

Department of Botany and Plant Pathology, Michigan State University, Eust Lansing, Mich. 48824
(U.S.A.)

(Reccived September 26th, 1974)

SUMMARY

1. The Photosystem I-mediated transfer of electrons frem diaminodurene,
diaminotoluene and reduced 2,6-dichlorophenolindopheno! to methylvioiogen is
optimal at pH 8-8.5, where phosphorylation is also maximal. In the presence of
superoxide dismutase, the efficiency of phosphorylation rises from < 0.1 at pH 6.5
to 0.6-0.7 at pH 8-8.5, regardless of the exogenous electron donor used.

2. The apparent K, (at pH 8.1) for diaminodurene is 6 - 10™* M and for dia-
minotolueneis 1.2 - 10™2 M. The concentrations of diauminodurene and diaminoto!uene
required to saturate the clectron transport processes arc > 2 mM and > S mM,
respectively. At these higher electron ‘'donor concentrations the rates of clectron
transport are markedly increased by phosphorylation (1.5-fold) or by uncoupling
conditions (2-fold).

3. Kinetic analysis of the transfer of electrons from reduced 2,6-dichloro-
phenolindophenol (DCIPH,) to methylviologen indicates that two reactions with very
different apparent K,, values for DCIPH, are involved. The rates of clectron flux
through both pathways are increased by phosphorylation or uncoupling conditions
although only one of the pathways is coupled to ATP formation. No similar complica-
tions are observed when diaminodurene or diaminotoluene serves as the electron
donor.

4. In the diaminodurene — methylviologen reaction, ATP formation and that
part of the electron transport dependent upon ATP formation are partially inhibited
by the energy transfer inhibitor HgCl,. This partial inhibition of ATP formation rises
to about 50 7/ at less than | atom of mercury per 20 molccules of chlorophyli, then
does not further increase until very much higher levels of mercury are added.

Abbreviations: DCIPH,, reduced 2.6-dichlorophenolindophenol; HEPES. N-2-hydroxy-
ethylpiperazine-N’-¢thanesulfonic acid; P/c,, riatio of the number of molecules of ATP formed to the
number of pairs of clectrons transported; DCMU, 3-(3,4-cichlorophenyl)-1.1-dimethylureca. DBMIB,
2,5-dibromo-3-methyl-6-isopropyl-p-benzocuinone; HEPPS, N-2-hydroxyethylpiperazine-N -pro-
panesulfonic acid; EDAC, l-ethyl-3-(3-dimethyvlaminopropy!l)carbodiimide.

* Present address: Section of Biochemistry, Molecuiar and Cell Biology, Wing Hall, Cornell
University, Ithaca, N.Y. 14853, U.S.A.



136

5. It is suggested that exogenous electron donors such as diaminodurene,
diaminotoluene and DCIPH, can substitute for an endogenous electron carrier in
donating electrons to cytochrome f via the mercury-sensitive ccupling site (Site I)
located on the main electron-transporting chain. If this is so, there would seem to be
no reason for postulating yet another coupling site on a side branch of the electron
transport chain in order to account for cyclic photophosphorylation.

INTRODUCTION

The transport of electrons from water to-conventional Hill reaction oxidants
such as ferricyanide or methylviologen is coupled to ATP formation at two sites
[1-4]). By the use of appropriate combinations of cxogenous electron donors,
electron acceptors and electron transport inhibitors it is possible to divide the
complete electron transport process into two partial reactions each of which involves
one of the two coupling sites [5]. This approach makes possible the study of segments
of the electron transport chain and therefore the study of the functionally isolated
coupling sites without physical disruption of the chloroplast lamellae by detergents or
mechanical treatments. Through the use of these partial reactions it has been dis-
covered that the two coupling sites in chloroplasts behave differently in many respects
(s, 13, 42).

Activities of the recently discovered coupling site [1—4] believed to be associated
with water oxidation (see ref. 6), Coupling Sitc !l, can best be separated from activi-
ties of the well-known coupling site between plastoquinone and cytochrome f (7, 8],
Coupling Site I, by using lipophilic oxidants as acceptors of the electrons from
Photosystem II. These **Class 111" acceptors (e.g. oxidized p-phenylenediamine) inter-
cept electrons primarily at a point between the photosystems [9] (presumably before
the plastoquinonc pool [10]). Thus when a Photosystem-1 component of the reduction
of these acceptors is eliminated by inactivating plastocyanin with KCN [11] or poly-L-
lysine [12], or by blocking electron transport at plastoquinone with 2,5-dibromo-3-
methyl-6-isopropyl-p-benzoquinone (DBMIB) [1-3], the resulting pure Photosystem
IT reaction includes only Coupling Site 1. Studies of Coupling Site Il isolated in this
manner have revealed the following characteristics: (a) Site I does not control the
rate of electron transport since the rate is independent of phosphorylating or uncou-
pling conditions (refs 9, 10 and 13; but see refs 3 and 14); (b) Site 11 exhibits a charac-
teristic phosphorylation efficiency (P/e,) of 0.3-0.4 [2-5, 10, 11] which is independent
of pH over the range 6-9 [5, 10]; (c) a light-driven reversible H* -uptake reaction is
associated with the partial reaction [5). The efficiency of this proton uptake (H*/e) is
0.4-0.5 over the pH range 6-8.5 [15]; finally (d) phosphorylation supported by
Coupling Site II is not inhibited by the chloroplast energy transfer inhibitor HgCl,
(16, 17].

Similarly, it is possible to isolate Coupling Site I from Site II by inhibiting
clectron flow from Photosystem Il with 3-(3,4-dichlorophenyl)-1,1-dimethylurea
(DCMU) while using an appropriate exogenous source of electrons for Photosystem [.
In an earlier paper it was reported that the Photosystem I-dependent transport of
electrons from reduced 2,6-dichlororhenclindophenol (DCIPH,) to methylviologen
utilizes Coupling Site [ but not Coupling Site Il [S]. Site 1 is probably a primary rate-
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determining step for the overall Hill reaction (H,O — methylviologen) [7]. In fact.,
many of the characteristics of the DCIPH, — methylviologen and the water —
methylviologen reactions are similar. For instance, the rate of electron flux from
DCIPH, to methylviologen is markedly stimulated by phosphorvlation or by uncou-
pling conditions [5, 18-20] as is the overall Hill reaction. ATP formation supported
by the transfer of electrons from DCIPH, to methylviologen is partially inhibited by
HgCl,, as is phosphorylation in the overall Hill reaction {l16. i7]. Moreover, the
efliciency of phosphorylation (P/e,) is strongly pH dependent in the DCIPH, —
methylviologen reaction [5] as is the efficiency of phosphorylation in the overall Hill
reaction.

There are, however. some characteristics of the DCIPH, — methylviologen
reaction which detract from its usefulness as a system for studying isolated Coupling
Site I. For example, DCIPH, donates electrons to the transport chain in at least two
places. Most of the clectrons from DCIPH, are donated on the Photosystem 11 side
of cytochrome f [21, 22]. This clectron transport pathway is coupled to phosphoryla-
tion (via Site 1) and is sensitive to inhibition by KCN [5]. A second, smaller portion
of the electrons from DCIPH, arc donated to P.,, via a KCN-insensitive pathway
which is not coupled to phosphorvlation (23, 24]. Furthermore, the proportion of the
electron transport which is KCN-insensitive is a function of the physical state of the
chloroplasts, being much greater in damaged or “leaky™ preparations (S).

In an effort to avoid some of the difficulties encountered with DCIPH, as
electron donor, we have used other compounds which have long been known to be
donors of electrons to Photosystem | (for a more complete discussion of Photosystem
I reactions, see rcviews by Trebst, contained in references 39 and 41). Several in-
vestigators have reported that diaminodurenc is an extremely efficient donor of
electrons to Photosystem I, supporting very high rates of ATP formation [18, 25, 26],
but the propertics of the coupling site responsible for this phosphorylation have not
previously been characterized, nor has the coupling site been definitely located.
Trebst and coworkers have recently postulated that lipophilic exogenously added
donors of electrons catalyze phosphorylation via an “artificial”™ coupling site formed
when protons are released to the inner phase of the thylakoid upon oxidation of the
donor by plastocyanin or P54, [39. 40]. In this paper we arrive at a slightly different
conclusion: that the electron-transport pathway from diaminodurene (or from the
chemically relaied compound diaminotoluene) to methylviologen very likely includes
the coupling site located just before cytochrome f (Site I). If so, the high rates of
electron transport and ATP formation associated with these partial reactions, as well
as the absence of secondary electron pathways, make these systems superior to the
DCIPH, — methylviologen reaction for the isolation and study of Coupling Site |
in chloroplasts.

MATERIALS AND METHODS

Chloroplasts were prepared from leaves of fresh market spinach (Spinacia
oleracea L.) as described eatlier [S]. However, for experiments with HgCl, it was
necessary to avoid the use of tricine bu'Ter since this compound strongly complexes
Hg?*. Chloroplasts for use in these cxneriments were isolated in a similar manner,
substituting N-2-hyvdroxyethylpiperazine-¥ '-propanesulfonic acid (HEPPS)/NaOH
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for the tricine or N-2-hvdroxyethvipiperazine-N'-ethanesulfonic acid (HEPES)
where appropriate. In addition, EDTA was omitted from the grinding medium and
bovine serum albumin was omitted from the suspension mediuii when HeCl, was
used.

Electron transport was measured as the oxvgen uptake resulting from the
aerobic reoxidation of reduced methyvlviologen [18]. A membrane-covered Clark-type
oxygen electrode was used. Reactions (2.0 mi final volume) were run in thermostatted
vessels at 19 °C. Orange actinic illumination (> 600 nm: > 300 kerg-ecm™2-s~")
was supplied by a S00-W tungsten projector lamp. The beam was passed through a
1-1 round-bottom flask, containing a dilute CuSQO, solution, which served both as a
condensing lens and as a heat filtcr. ATP formation was determined as the 2P,
incorporation into ATP as described elsewhere [27]. Radioactivity was measured as
Cerenkov radiation by the technique of Gould et al. [28].

Diaminodurene (Research Organic/Inorganic Chemical Corp.) and 2,5-di-
aminotoluene (Aldrich) were dissolved in 0.1 M HC], treated with Norit A, and
recrystallized as the dihydrochlorides from concentrated HCl. Sodium 2,6-dichloro-
phenolindophenol (Matheson) was dissolved in cthanol and filiered. Fresh stock
solutions of diaminodurene, diaminotoluene and DCIP were made before cach
experiment. Diaminodurene and diaminotoluene were dissolved in 0.01 M HCL
Ethanolic solutions of DCIP were further diluted with | mM Na,HCO; so that the
final concentration of ethanol in the reaction mixture did not exceed 0.53°%,. The
concentration of the DCIP solution was determined from the absorbance at 600 nm
using an extinction coefTicient (z) of 2.1 - 10*.

Superoxide dismutase was prepared from fresh bovine erythrocytes by the
procedure of McCord and Fridovich [29]. The specific activity, assaved as the inhibi-
tion of cytochrome ¢ reduction with xanthine oxidasc. was > 3000 units mg protein.

RESULTS

Diaminodurene — methylriologen and diaminotoluene — methviviologen

Earlier studies of the Photosystem [-catalyzed transport of electrons from di-
aminodurene to methylviologen indicated that very high rates of electron transport
can occur. However, a tight coupling between elcctron transport and phosphoryla-
tion was not apparent in these studies: the rate of electron transport being only slightly
increased by phosphorylation or uncoupling conditions [!8, 25). Furthermore, the
efficiency of phosphorylation (P/e,) was found to be rather low, usually about 0.3 [18].

In this paper we have re-examined the diaminodurene — methylviologen
reaction in an effort to better characterize the rclationship between clectron transport
and phosphorylation. Recently several workers have shown that the photooxidations
of a number of exogenous electron donors can be associated with misleadingly high
rates of oxygen uptake when methylviologen serves as the electron acceptor [30-33].
This is because significant (and variable) portions of the superoxide radicals (- O,7)
generated by the aerobic reoxidation of the methylviologen radical react directly with
the exogenous electron donor (AH,) and are reduced to peroxide (2- O,”+AH,; —
2 HO, ™ +A). This leads to an exagerated rate of O, uptake since some of the - O, 7,
which normally dismutates to regenc::te 1/2 of the consumed O, (2- O, +2H" —
H,0,+0,), becomes trapped as acditional H,0,: to the extent that superoxide
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Fig. 1. Effect of bovine erythrocytc supcroxide dismutase on the electron trarsport and phosphoryla-
tion associated with the diaminodurenc —- mcthylviologen rcaction. The 2.0-ml reaction mixture
consisted of: 0.1 M sucrose, 2 mM MgCl,, SO mM tricine NaOH (pH 8.1), 0.7S mM ADP, S mM
Na,H3??PO,, 2.5 M DCMU, 2.5 mM ascorbate, 2.5 mM diaminodurene, 100 #M methylviologen,
chloroplasts containing S y1g chlorophyll and the indicated amount of superoxide dismutase (SOD).
Note that although the oxygen uptake is lowered approximately 20 °, by SOD, the rate of ATP
formation is unaflected and theretore there is an increase in the apparent Pie; ratio from 0.3 10 0.5.
For explanation see the text and reft 0.

reacts with the donor, the transport of a single electron results in the uptake of a
whole molecule of oxygen. However, if the dismutation of - O, is greatly enhanced
with superoxide dismutase. the reaction with the electron donor is climinated and the
rate of O, uptake becomes a reliable measure of the actual rate of electron transport,
the uptake of a molecule of oxygen representing the transport of exactly two electrons
(O, =e,). This s, of course, only true if the chloroplast preparation is frce of catalase
activity (which was the case with the chloroplasts used in this study).

Fig. | shows the efTect of bovine erythrocyte superoxide dismutase on the
Photosystem 1 reaction diaminodurene — methyiviologen. As increasing amounts of
the enzyme compete more effectively for - O, ~, the rate of O, uptake is lowered by
about 30 9;, beyond which further addition of the enzyme has little effect. However,
as might be expected, the rate of phosphorylation and therefore presumably the actual
rate of electron transport is independent of superoxide dismutase. Because of this
decrease in O, uptake the apparent Pje, (P/O,) ratio increases from 0.3 to about 0.5.
These data confirm the observation of O rt and lzawa [30], and indicate that accurate
determinations of electron transport rates in the diaminodurene — methylviologen
reaction can only be obtained in the presence of a suitable amount of superoxide
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Fig. 2. Effect of diaminodurene (DA D) concentration on the rate 0! electron transport and phospho-
rylation in the diaminodurcne — methylviologen reaction. The reaction mixture was as described in
Fig. 1, except that the diaminodurene concentration was varied as indicated. The concentration of
superoxide dismutase was 0.4 mg/ml. When added, grumicidin was 4 ngyml.

dismutase. Very similar effects of superoxide dismutase were also observed when 5 mM
diaminotoluene or 2,6-dichlorophenolindophenol served as the electron donor.

Since electron transport from diaminodurene (or diaminotoluene) to methyl-
viologen exhibits many of the characteristics of the complete Hill reaction (H,O —
methylviologen), both reactions probably share the same rate-limiting step (i.e.
Coupling Site I). At high diaminodurene concentrations (> 2 mM), the electron
transport from diaminodurene to mcthyiviologen is considerably accclerated by
phosphorylation or to an even greater extent by uncoupling (Fig. 2). The failure of
some earlier investigators to detect these large stimulations is perhaps due in part to
the low concentrations of diaminodurene gencrally employved in the study of this
reaction: typically < 0.5 mM. At these lower concentrations the donation of electrons
by diaminodurene can be rate-limiting, and the effects of phosphorylation or uncou-
pling on electron transport may be largely concealed. At the higher diaminodurene
concentrations used here, however, the diaminodurene — methylviologen reaction
resembles very much both the DCIPH, — methylviologen and the H,0 — methyl-
viologen reaction in its response to phosphorvlating or uncoupling conditions, even
though all rates are much higher in the diaminodurene system.

The kinetics of the diaminodurene — methylviologen reaction are shown by
a double-reciprocal plot in Fig. 3. The rate-limitation imposed by the energy coupling
mechanism is clearly revealed in this plot as departures from linearity. The data also
indicate that this rate limitation can only be completely relaxed in the presence of an
uncoupler.

The reaction diaminotoluene — mcthylviologen exhibits very similar charac-
teristics to the diaminodurene — methylviologen reaction. except (a) electron trans-



141

~—<+gramicidin

I . 1 L L

.25 50 75 100
1/ DAD (mM)

Fig. 3. Double-reciprocal plot showing the effect of diaminodurenc concentration on electron
transport in the diaminodurcne — methylviologen reaction. The data are replotted from Fig. 2.
(Electron transport rates are in ygequiv - h=' per mg chlorophyll.) Note that, at very low diamino-
durene concentrations, clectron transport in the presence or absence of phosphate (P,) or the un-
coupler gernicidin is limited by the same rate-determining step. As the concentration of diaminodure-
ne is increased, different rate-limitations become cvident unless the reaction is uncoupled by gramici-
din.

port supported by diaminotoluene saturates at slightlv higher concentrations
(>> S mM), and (b) the absolute rates of electron transport and phosphorylation are
about 30 % lower under optimal conditions with diaminotoluene as the electron donor.
Some of the characteristics of Photosystem I reactions catalyzed by diaminodurene,
diaminotoluenc and DCIPH, are summarized in Table I.

TABLE |

DIAMINODURENE, DIAMINOTOLUENE AND REDUCED 2.6-DICHLOROPHENOL-
INDOPHENOL AS DONORS OF ELECTRONS TO PHOTOSYSTEM |

Reactions were run as described in Fig. 2 when diaminodurenc and diaminotoluene were the electron
donors, or as in Fig. S when DCIPH, served as the clectron donor.

Electron donor Apparent K., Approximite concentration Approximate V

(mM) required to saturate rates (prequiv - h="' per mg
(mM) chlorophylh*
Diaminodurene 0.6 ki 4000
Diaminotoluene 1.2 S 3000
DCIPH 0.03**
! 05w | >0.6 > 1000

* Determined in the presence of 4 yig/m! gramicidin D. The rates are those obtained at the
saturating or nearly saturating light intensitics used in this study (see Methods).
** High- and low-uffinity components determined as described in ref. 34, See Fig. S and text for

further explanation.
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Fig. 4. Effect of pH on the rate of clectron transport and phosphorylation associated with the diami-
nodurene — mcthylviologen rcaction. The reaction mixture was as described in Fig. 1, except that
the concentration of diaminodurcne was 3 mM. The concentration of superoxide dismutase was
0.37 mg/ml. The buffers (50 mM) employcd were 2-(N-morpholino)-ethanesulfonic acid/NaOH
(triangles). HEPES/NaOH (squares) and tricine/NaOH (circles). Note that the efficiency of phospho-
rylation (P/e;) is strongly pH-dependent, being optimal at pH 8-9, and that a large stimulation of
clectron transport by phosphorylation is also seen at the higher pH values. These characteristics

resemble very closely the characteristics of Coupling Site I in chloroplasts (see Introduction and
ref. 5).

Effects of pH on the diaminotoluene — methylviologen reaction are shown in
Fig. 4. The rates of both electron transport and ATP formation are optimal at pH 8.5
or higher, with little or no phosphorylation occuring below pH 7. The P/e, ratio,
therefore, shows the strong pH-dependence characteristic of Coupling Site I [5].
Indeed, the effects of pH on the H,O — methylviologen, DCIPH, — methylviologen

and diaminodurene — methylviologen reactions are strikingly similar (compare
Fig. 4 and ref. §, Fig. 1).

DCIPH, — methylviologen

The widely used Photosystem [ reaction transporting electrons from reduced
DCIPH, to methylviologen probably utilizes the coupling site after plastoquinone
and before cytochrome f (i.e. Site 1) |21, 22]. However, it has been shown that the
donation of electrons to Photosystem [ by DCIPH, has two components [5, 23, 24).
One component is coupled to phosphory'ation (presumably via Site I) and is sensitive
to inactivation of plastocyanin by KCN treatment. The other component is not
coupled to phosphorylation and is insensitive to KCN (ref. 5, see below).
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50 mM t-icine/NaOH (pH 8.1), 0.75 mM ADP, 2.5 :«M DCMU, 100 M methylviologen, 2.5 aM
ascorbate. 250 g superoxide dismutase, chloroplasts containing 40 s chlorophyil, and the indicated
amount of DCIPH,. When added, Na,H32PO, (P,) was § mM: gramicidin was 4 s1g/ml. Note that
even at the lowest levels of DCIPH, tested, where the rates of coupled clectron flow are very low, a
large stimulation of electron transport by gramicidin can be observed. b. Double-reciprocal plot of
the data presented in a. Electron transport (circles, triangles) is in prequiv - h~! per mg chlorophyll;
ATP formation (squares) is in #umol ATP - h~' per mg chlorophyl!. Note the biphasic nature of the
plots. indicating that two different reactions with different affinities for DCIPH, are competing for
DCIPH, as a substrate {34]). Note also that the rate of electron transport from DCIPH, to methyl-
viologen is increased by phosphorylation and uncoupling conditions in both reactions. ¢. Reniot ol
some of the data presented in b showing the comnenent of the DCIPH, — methylviologen rcuction
with the higher apparert Kq,.
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The two-component nature of this reaction, also noted by Arntzen et al. [24],
is illustrated in the double reciprocal plots in Figs Sb and Sc. The biphasic nature of
the plots is characteristic of a system in which two reactions coinpete for the same
substrate [34], DCIPH, in this case. It is important to note, however. that both reac-
tions appear to be dependent on the coupling state of the chloroplast, although only
the reaction with the lower affinity for DCIPH, seems to support ATP formation
(Fig. 5b); even at the lowest concentrations of DCIPH,, where the high affinity, non-
phosphorylating reaction predominates, significant stimulations of electron transport
by uncouplers and by ADP+P; are observed. Perhaps the access of the reduced
indophenol to its electron donation sites within the lipid membrane is limited to some
extent by the high energy state (proton gradient?) associated with the membrane.

HgCl, inhibition

HgCl, has been shown to act as a unique energy transfer inhibitor in chloroplasts
at extremely low levels [35]. Concentrations of 50 nmol Hg”>* per mg chlorophyll or
less inhibit ATP formation in the Hill reaction to a 50 %, inhjbition plateau. It has
recently been shown that HgCl, inhibits phosphorylation associated with H,O0 —
methylviologen (Coupling Sites Il and 1) and DCIPH, — methylviologen (Site [ only)
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Fig. 6. Effect of the energy transfer inhibitor HgCl, on electron trunsport and phosphorylation
associated with the diaminodurene — methylviologen reaction. The reaction mixture was as in Fig. 1,
except the buffer employed was 50 mM HEPPS/NaOH (pH 8.0). The concentration of superoxide
d smutase was 0.37 mg/ml. Chloroplasts were incubited with the indicated amount of HgCl, for20s
in the dark before addition of the remainder of the reaction mixture. Note that ATP formation and
that portion of the electron transport dependent upon phosphorylation are inhibited to a p'ateau of
about 50 9, by low concentrations of HgCl,.
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but not phosphorylation associated with H,O — Class TII acceptors (Site Il only)
[16]. The implication is that HeCl, acts as a specific inhibitor of Coupling Site I. (The
reason for the peculiar 50 Y/ inhibition plateau is not at all understood.) Fig. 6 shows
that the diaminodurene — methylviologen reaction also includes the Hg-sensitive
coupling site.

The effects of HgCl, on the diaminodurene — methvlviologen reaction pre-
sented here are somewhat at variance with those reported by Bradeen and Winget [17].
They found that phosphorylation-coupled clectron transport from diaminodurene to
methylviologen was insensitive to low concentrations of HgCl, (250 nmol/mg chloro-
phyll) although phosphorylation itself was inhibited about 30°, by 50-250 nmol
HgCl, per mg chlorophyll. (Higher concentrations of mercury result in clectron
transport inhibition due to plastocyanin inactivation [36].) However, it should be
pointed out that a small inhibition of a very fast reaction can often be difficult to
detect when the electron transport is measured with the slow-responding, Clark-type
oxygen electrode.

DISCUSSION

There are a variety of compelling reasons for belicving that the primary path-
way of electron transport from DCIPH, to methylviologen includes the coupling site
located between plastoquinone and cytochrome f, which we have called Site I.
Izawa [21] and Larkum and Bonner [22]. on the basis of spectral evidence, and
Neumann et al. [19], on the basis of uncoupler studies. have sugaested that DCIPH,
donates electrons to the transport chain at a point before a phosphorviation-dependent
rate-limiting reaction on the Photosystem [l side of cvtochrome /. It has also been
shown that the phosphorylation-coupled DCIPH, — methylviologen reaction resem-
bles the coupled overall H,O — methylviologen reaction in its response to pH, to
ADP+P;, to uncouplers, to HgCl,, to other energy transfer inhibitors and to KCN
[5]. It seems highly probable therefore that both reactions share the same rate-deter-
mining coupling site. This conclusion is further strengthened by the fact that the sums
of the phosphorylation efficiencies of the two partial reactions (H,O — Photosystem
Il = Class III acceptors, and DCIPH, — Photcsystem I — methylviologen are very
close to the efficiencies observed for the overall H,O — methylviologen reaction over
the wide pH range 6-9 (sec refs 5 and 42).

Unfortunately the DCIPH, — methylviologen reaction is not altogether
satisfactory for the study of Coupling Site I. As we have seen, the reaction is complex.
The electron transport has a non-phosphorylating component which utilizes a different
pathway and the magnitude of this component varies with the state of the chloreplast
membrane (see Fig. S and refs. 5, 22-24).

The results presented in this paper seem to indicate that the photooxidations of
diaminodurene or diaminotoluene are partial reactions of the electron transport chain
which also involve Coupling Site I. Again the effects of pH, of ADP--P;, of uncou-
plers, of HgCl, and of KCN are similar in the diaminodurene (or diaminotoluene)
— methylviologen, in the DCIPH, — methylviologen and in the overall H,0 —
methylviologen reactions. Therefore, the criteria of Site | involvement applied to the
DCIPH, reaction may also be applied to the diaminodurene (or diaminotoluene) —
methylviologen reactions. This conclusion is strongly supported by the recent finding
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Fig. 7. A scheme for electron transport pathways in isolated chloroplasts showing the two sites of
energy transduction (~). PS II, Photosystem II; PS I, Photosystem I; PQ, plastoquinone; cyt /.
cytochrome f; PC, plastocyanin; DAD, diuminodurenc; DAT, diaminotoluene; MV, methylviologen:
Class III acceptors include lipophilic strong oxidants such as oxidized p-phenylenediamines or p-
benzoquinones. Note that in this scheme diaminodurene, diaminotoluene and DC!PH, dorate
clectrons directly to the main electron transport chain at a point before the rite-determining Coupling
Site I, which also limits the rate of electron transport frem H,0O to mzthvlviologen. Note also the two
component pathways of the DCIPH, — mcthylviologen reuaction. one KCN-sensitive and one KCN-
insensitive [S). For further explanation see refs 2-6, 8-11, 16, 23 and 37.

of McCarty [37] that the electron transport inhibitor 1-ethyl-3-(3-dimethy!amino-
propy!)carbodiimide (EDAC), which apparently blocks electron flow from plasto-
quinone to cytochrome f at some point after the DBMIB inhibition site, inhibits the
transport of electrons from diaminodurene to methyvlviologen. This suggests that,
while the chemiosmotic model for Photosystem [ phosphorylation may be basically
correct, the actual acceptor of electrons from diaminodurene is not plastocyanin (as
suggested by Trebst [39, 40]) but cytochrome f, as is clearly the case with the coupled
CCIPH, — methylviologen reaction [21, 22). This is consistent also with the fact
that no energy control over electron transport can be dctected between cvtochrome
fand NADP™* [7, 8].

A scheme summarizing these observations and conclusions is presented in
Fig. 7.

One important implication of the results summarized above concerns the
probable location of the coupling site associated with Photosystem I cyclic phos-
phorylation reactions such as those catalyzed by pyocyanine, diaminodurene/oxidized
diaminodurene, or DCIPH,/DCIP. It has long been postulated that cyclic photo-
phosphorylation is associated with a separate coupling site not on the main clectron
transport chain (for a review, see ref. 38). In light of the evidence presentzd here it
seems more likely that the reduced form of the cycling cofuctor (i.e. DCIPH,.
diaminodurene or reduced pyocyanine) donates electrons directly to the main electron
transport chain at a point before Coupling Site I (i.e. before cvtochrome f, but sce
ref. 40) while the oxidized form of the cycling cofuctor (DCIP, oxidized diamino-
durene or pyocyanine) accepts electrons from Photosvstem 1. Trebst and co-workers
have recently presented a similar view [4, 39, 40]. Such schemes climinate altogether
the need to postulate a special “*cvelic™ coupling site associated with a separate elec-
tron-transport side chain. Instead these schemes have cyclic phosphorylation resulting
from the proton translocating properties of the exogenously added lipophilic electron
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donor: i.e. the donor is reduced (consuming protons) on the outside and oxidized
(releasing protons) on the inside of the thylakoid, thereby generating a transmembrane
proton gradicnt which may drive phosphorylation. The scheme presented in Fig. 7
is more specific in that cytochrome f'is suggested to be the acceptor of electrons from
the exogenous (artificial) electron donor (e.g. diaminodurene) as well as the encoge-
nous (natural) electron donor plastoquinone. Studies with electron transport inhibitors
also lend support to the scheme. Ouitrakul and Izawa [11] found that KCN inactiva-
tion of plastocvanin inhibited cyclic phosphorylation catalvzed by DCIPH,/DCIP,
diaminodurene/oxidized diaminodurene, pvocyanine and low concentrations of N-
methylphenazonium methosulfate (PMS)*, showing that cyclic electron transport
shares at least this carrier with non-cyclic electron transport. Furthermore, McCarty
[37] has shown that pvocyanine-mediated cyclic phosphorylation is inhibited by
EDAC. Thus it seems clear that cytochrome f (and therefore probably Coupling
Site I) is involved in the cyclic reaction [37].

If we are to equate the site of cvclic photophosphorylation and other Photo-
system I-mediated phosphorvlation reactions with the rate-limiting Coupling Site |
of the non-cyclic clectron transport system, a problem of rclative rates arises, since the
Photosystem 1 photophosphorylation can be several times faster than the non-cyclic
photophosphorylation associated with the Hill reaction. This apparent conflict, how-
ever, may be easily explained in terms of the difTerences in the concentrations and
reactivities of the different clectron donors (e.g. diaminodurene vs. natura! electron
donor) at the common site of oxidation, where encrgy conservation takes place.
Electron transport rates of all of these reactions can be under comparable degrees of
energy control, regardless of the clectron flux, since the steady-state level of the high-
energy intcrmediate or state (proton gradient?), and thercfore the back pressure it
imposes on electron transport through the coupling site [13], may well increase or
decrease in approximate proportion to the level of clectron flux. The result would be
a similar degree of dependence of electron flow on phosphorylation and on uncoupling
regardless of the absolute level of electron flux.
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APPENDIX VIII

ELECTRON TRANSPORT REACTIONS, ENERGY CONSERVATION
REACTIONS AND PHOSPHCRYLATION IN CHLOROPLASTS
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on the natur2 of the electron donor (20', Wity come donars Tice T
and Site II are conerative but wisr ocner dcrors o7y Tite Oy L

be creratlive.

the next

s
standing of *tr
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Filgure 2. Reduction of a lipsophiliz strone
Lrons rom owater, The reductlion of oxidized
(PDhx) has wwo components, a large compon2nt
Photosystem II and 1s %!
DBMIB and a smaller com ent
tors, lote that =ha larc. Photo.
transport supports pnesuhorylation

Anased by

Lome T

of about 0.4 regardless 2" which int
Photosystem I contrittion, Derric ¢ reduttlon, which
poth gnotocysterns In thes2 chlaropiasts, fs choewn for cumparison.

II. Characterization of the Sitcs »f Prosrrorylation

(a) Proton productilon and phosuhorylaution wt Slueo TL.

A great deal of evidence has acoumuiated which Interroelates
electron trancprcrt, the fcormation of hydrocsen Lo rodlento, znd AT?

3 ’ ’
formation in chloronlasts. Much 27 Shis 2videne? SuudIrss the
"chemiosmosic" explan
(30) ard, irdecd, sonme
’ ’

confirmed by experime
considerzhle povula
of the chemicsmotic

water (uprer) or exogonous
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*
H\l H+ (H]
)'PO
02 PSI s
HQ~ PQHp-»f- PC¥
W

~pP

T +
()n’

~

PSH
Catecho—DAD

H +

Tigure 3 A conv

rhorylation in cnhleorop

nal chemiosrcslic Interpretzticon o phes-
. The unpner tir 3n0 nt of
ring water., The 1

a -hylakoid membrane o e X a
segmant oxidizing cxcomer 2lecTron <orors., Jhe 3 Iul reatures

cf this model aro: a,
oxidations ccth resuls
thylakcid. b) These ur
in such a manner as o

crliavions and
accumulation of prot.ons o owne
raded throu ti.e ¢couri’ ng fuctor

* According to the model nydrogen donors are oxidined on <r near tho

inside of the menbrare and as a result uydrogsen 1ons arce exoruded

into the inner space of the thylakold. Tleved to happen
] 2

when water is oxidized hetosysten EREE ~nd agaln when ccrme

o
“

intermediate hyidrogen carrier such as
2

Photosystem I via

generate ATP while the <hyliarkold viz tne c¢couplling

factor (30). The twe proton-producing roassions “huc cornstitute the

two "sites" of phosphorylaticn aeccerivbed abive.
The concept of Internal proton prcduc

mediate step In ATP formation has received

experiments with chlororlasts. As “Hausk:n )
out, the fact that the oxidation of DAD »y Thotosystem I sund
phosphorylation while the oxidation of TiPFT 42023 not muay ve 1 2Cn-

sequence of the fac*t that DAD oxidation results in aydromen ion pro-

duction whereas the removal of an ela

(o]
ot
'3
(o)
3

the free radical. We have now shown that

correlation bte-

tween proton releas2 and ATP formaticr i:
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elecsron donors o oxilioe o Photanysnon TT 00 Sl ours o are
the cuwilation o8 cuiveohcl oy oo MERETCR IS R towinn

~ e n e A Y vy . t “e -
nyothe s na PRSIV oLl i-
IR S AR o URY yomores Lol sl .
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//o/ NATP
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peyuiv or ymoles/hr-mg chl

1
o] 0.5 1.0 o] 20 40 60
Caotechol (mM) Ferrocyanide (mM)

ayivony-
laminc-
Theass reactions
cystenm II.
lation with
Ahereas tho
Lhe effic e
alcne.

Te

= anad

ll-A

the same as when water !z oxidized ar
o

Site II must be orerative (13). On =he oune:
nide 1s oxidized the 00
about half althou,;n ferroc

froct (20).

¢ tea T Ntre ol e
proparties of Cite II nhcophary Cirure £ ooolcw, .

Therefore 1% 1lc reasonravle to2 3uDLCS hat Ntee IF o

when ferrocyanide /pure elcctron donor) s.botisites Jor water or for
catecnol (hvdropen donorc). Incidentually, St 2% that twhis re-
action reaquires very hich concentraticns of ferrcocyanide [22) tards
to confirm the chemiosmotic rnovlicn thas Photzroyotom 11 talaanlizn:

occur inclle of the <chylakoli m-mdrane,
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A st NroLoNn trl Lot [V -

Snscrved whoen Thhor eworor Sus L Tons
1. Unothe basto o sl oo
conservatlicn at Slte 171,
complexes or of hzolde tors o not iireocniy A S
tion and oxidaclong of ous DU anT s At N N
rhosphoryl.tl as Cilee 7.
Tahle 1. Phosinery Slovooul U
Conor or .

P35 II douner Jone. O ¢ T

{ - N T

Ca J.5 .-

p=iiydroquinone [ 2 o

ceamincenonol 0.8 H E

ponzidine I o .

iroxypiphonvyl .0 . SR
aka} SR

Ferrocyanide Ba o

Fe(dib"r;iylh** 1.5 .

Anfoxlne, ¥*° 2.8 7.

Maldipyrlirl)o** 9.0 DI

*D ectror ten
¥RZcoondary re
thess moral

(b) Phosphery”

AT WY LANVe Sern, wno N Lo Tt ooon OIS TR N L
ment of protons In mionr. Howevar
tne case for tne soonOrirErLrel Il
cor activity gradient: poaS [l . i

simple verslon o the mecharniom el In :
seems to be In contlil-e wi Lonumier Lo oroerratt s, AN
arzac of contlict nre 111 a R R

rhe @=cource of chespnorylaticn Loty

at pH 6.5 and p=2 2,2,
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6L HZO —=DMQ /oH 8.0] 4 __Ferro‘cy.—>Ml , PH 8.C.
(Site 1) (Site |)
€
~ ond -
a
[
g
w
° 2r ol -
(=)
€
< :
pH 6.5
0 Y OeQ e Q Q=
C 2 4 6 € 10
Time (sec)
Fleure 5, rhosphorvlation as a Turction of tha time of

1lluminasion.

Clearly phosphorylation {s linear witn time and ther=rore muct nave
reached tull 2f{lciency within a small fractiorn of 2 r20c0nd.  Actu-
ally, there 1s reacon to belleve <nat nacuphorylasion guarts very
much sooner than this. The flash oxperiments of Boeok arnd Wits 727
suggest that phosphorylation cccurs long tefcre thaera 15 any

acprecliable difference between the concentrations »f nrotonc inside
and outside the thylaloild. Therefore,

20 “he escnare o

nrcronc r'rom

the inner aqueous nnave 15 %2 drive prosphorylation,
be under the impoetus of a vary large, eloeziron-trancnort-1
brane potential. Cut thea internal oxidation of furrce
produce +the same charye separation and th2 came membrane

the oxidation of water or catechol and the oxi-daclion

produce *the same membrane potentia

I

sy

when

then Is there no phosphorylation by
ferrocyanide are oxidized if the re

£
rather than prozon accumulati

Q

n?
The second problem raisec

oy
o
<
oy
P
R
[
i}

e -
the chemiosmo%ic point of view, At nH & phos
a good rate whether driven by eventc a
At pH 6.5 or lower phosphorylaticn driven oy
apace but phosphorylation driven by S t
drop in Site I phosphorylation 2t nd £.5 s rot orimarily d

decrease in electror rrancport. It is mostly due %c a desreace in
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the efficiency with which electron transgort suncerss ~hosrhory-
lation. As flgure 6 shows, the P/e, at lilte I Is very sen
to ‘changes in pH whereas the I-‘/e2 r;:io 2% Sice II Is quite in-
different.

Al T L I f i T

[ ]
a4
1.0F o/o \A‘*H20~Mv

Sites Ivﬂ/ “Ha0-FeCy
P/ez &

o

o ODAD-MV
SiteI Q DCiIPHA~
qd’A & A ?f/MV 2
’/// “‘Ferrocy-o
. \ H
A

-g/.’ site T 4 HZO-DMQ
Hzo—.

DBMIB
-9 -—’g/ 1 1
6 7 8 9

——

pH
Figure €. Photophosphorylation efficiency zs a funczion of
the external pH.

The sensitivity of Site I ohosohcrylaticrn %o low cH seem: to be
independent of the chemlcal nature of the electrcr donor usod:
ferrocyanide (anion of a s«rong acid); DCI?”Q faninn o a weax azcid);
DAD (a weak base). Thils makes it extremely !
identical uncoupling effec% (due %0 the dcn
sponsible for the low pH inhipition. I<% 45 alsgo imn
out that these pH deperdence curves are not
consequences of any other abnormal aspects ¢f <he reac*ion
employed. The sum of <he curves for Site I anc Si%e II nhosrhoryla-
tion efficlencles, regardlecs of <he.electron 12centors ani electren
donors used, 15 very close to the curve for the etf:
normal Hill reaction which uses both Site I and 3ite II (322 alsc 33).
Consequently it seems safe to conclude that the uvH profils
and Site II, as measured by partial rea:tions and deplc
approximate the true pH dependencles of tho individual sites wren
they are operating in concert in the overall H!1l reac=ion.

The conclusion that Site II 1s responsible {o
phorylation below pH A.5 s very 41°Ticult %o reco

chemiosmotic model. Proton uptaxke associited with Photosystem I re-
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actions 13 very active, with & probable o0 telerncy TEY/0T norio)
abeout 1.0 reygn

dlecs o7

of rrotcn acc

%]
o

transpors %
6.5 the pretons can be us

accumulated through the

1.Ofeme == == e e
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(Sitell) (Site 1)

o

w

I

1

'

]

[}

]

'

]

1

]

|

)

o

(o]
‘*I

N\t

)

'

]

T

\.

l)

N
H/e or P/e2

6 7 8 6 7 8
pH

S At

question ar2 very irportant. I we accent <ho

latad protons are used 2o drive phcephorylation

chemiosmotis conundrum:  Utilizat

1
phoschorylaticon s2em3s o d=pend 2n how trhe nrow:s
Clearly +this c2nnot te i¢ b t

o]
destined to drive phosphcerrlusion in =z

in the thylakoli.
IZI. A Proo:

Considerat

are usually pre

ed in the conservation ol
of lons Insicde and outnside
there s only one 2narglzed
one ATP-syntnesizing enzyme (the z2counliin Halll! 3 o1

phosphorylation sites. Turtherrore,

must be thought of as the redox reactions

critical trans-membrane rroton gradli-n

3
(84

The concept o a zingle

)

cner

4
e
1
Pl
(o
(%]
ot
(el
1
N
3
3
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menmbrare hyvdroren Lo acuivity cradiens 1z In azcort with a -reat

deal of evidience . VWien erercicosion o £he 2hloconlnst o

pdoin Sime Urom ATT svrtraosico, o as o orcrellloamioation s

or in "acid-nuth" oxporimercs (4CY) oo enarc-izod stote

certalnly is an Incidc-cutcslide sradiens., Thero 1o aloo licsia

deoubt that the srace i-side the *thvlaxcid dezomes 2cil wnll2 elac-
tron transport is golrne on 1ML 4Z2) wnd liccloa doubt £has concurrant
ATP synthnesis decreiases (bat do2: no%t atolizh) cnne inv-rnal oactdifi-
cation (35, «3=45). Tirally, as we have geen, 1t sooms that croton
production is regulirad 7or nhourherylation.  Sudh fants ommuct we

acconcdated by any thoory o!f nhos»nherylatizon and the crenmiorrotic

theory acccmodats

Hqowevar,

chosphorylat
activicy rroualent, the
are not s cbliginsly con
ed state of <he chlorov
of a trans-memtrane ¢ruii

brane as a wnhol

I the conserved cnerpy

irte-spenific Lrninltions

o}
reo o npenomeihla T Emn evindlary & O -
nS o responcible o Tne rag.er, tcr

m
the common prcton ne2l within the thylaskdid; at
t

t
gradlent is formed tut cnnncs be used for Zise I
Similarly, very 1o
fte I pnosphoryla

L6Y., Araln <he

(-
o
o -~

ffecting the
For thece
theory as it is &
model should b

r
*o0 one already co 7

modified model 15 illus=<rated in Si-urce 2, It GirTers Uron e
original only in that “he critica

within the hydrochaohlic membrane rather than betwesnn Tho fner and

outer aqueous dhases.  Belrns gtriagly loctl, oosteep crodlent could
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he formed almost Iinstantarecusly
prodlem alluded %o Irn th2 discussion oF figure 7 no22u rnot ur
Purthermore if 3ice I and 35lt2 II reside i different rerin
thylakoid — and the fact 3ystem I 2an he shysicail
ed from Photosys%em II [48) inm
ent would presumably have £to D
In this connection 1t is of in
cules of coupling factor Iin %n
magnicude as the number of e
These differently cituazed ccupling factors colldl
differently to pH ~r t=o merc

Site II and 1i%ts courling factor !'s

a2udr=rroion-c

valent region of Jite I <0 external hrdrogse~n lcns oOr added merocury,

"Coupling site"

r—~—N———

Ht /\‘»-P
\ ATPase Outside

comp|ex

+ Inside

Ficure 8. A modifled model of the chemiosmotic mechanism
which allcws for site specificity in <he utillzation cf the
energized state for phesphorylation. In this mccel protons
producecd and used wichin a nydrcphobiz resion o the thrlak
membrane. During sTeady-state nhosphorylasicn pro%tons micr:
to the outslde through an ATP-syntnesizins ccaplex, the c:o
factor, without having teen in the irner anucous phaze of
kold. However protons can diffuse %o the inne pace fror G
local hydrophoblic site of prcton producsion zatlion ard <n
fore the site may be in approzimata equilicy ith th nner
space. according %o the mod2l, each proten ) ~icn
center 1s of necessity associated with i=s zZing
coupiing factor. Thus the zoupling factors
Site I and Site II oxlidation c2nters are di 2c
and may respond in different ways to extern

The fact that trans-membrane
tron transport (f£1) and the fac:
synthesis in the arx (32) cun *e accome
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chemiosmotic" model 17 we retzin =he ccncent otf an aniscoronlcally

organized membran2, Tho localized site ¢! proton procducticn and
utilizasion need cnly be in communicatlion wish =<he Inner cpace in

-

order to permit mascive ret accumulacicns of preczonc.  Precumably,
such ccémmunicatlion would alse permis the utilization 0F Luner swacle

protons for phoschoryla

ct
e
o
3
I
(&)
-
N
-
e
[
O
o~
ot
(o)
3
X
> ]
>
R
'
v
L
3
el
3
Py
s
.
O
3

experiments. ‘Thus the ccidiflcation of the inner gnute of “he thy-

laxold, wnhich has been taken te bte an escentlal intermedinse ctepn In

hosph 1 0 act represe: a sldacreycsion wnicn 15 only

hosphorylation, may in fact represent a sida-reuactin 18 ¢ Y
T

indirectly related to st2ady-state phosphorviaticn.
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