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“...our knowledge of biotic phenomena contains a vast range

elements, and biology remains, in
conseguence, a descriptive science heavily relying on
trained perception. It 1s immeasurably rich 1n things we
know and cannot tell. Such 1s life and such 1s our knowledge
of life; on such grounds are based the triumphs of biology."

of unspecifiable

-Michael Polanvyi

m bound by the beauty

m bound by desire

'm bound to keep returning

m bound by the beauty of 1light
e slightest change

the constant rearrange
of light..."

- Jane Siberry



ABSTRACT

Thylakoid membr anes isolated from spinach have
generated photocurrents in a photoelectrochemical cell. The
activation effect of methyl viologen, a PS 1 electron
acceptor known to 1ncrease the magnitude of the photocurrent
generated, has been characterized. The effectes of three
enzymes on the photocurrent have been studied. The enzymes
were superoxide dismutase, glucose oxlidase and catalase. All
three are shown to 1nhibit the photocurrent to specific
enzyme—-dependent degrees. These results are used to
demonstate that electrons are transfered to the working
electrode via an oxygen mediated pathway similar to a Mehler
type reaction. Further, the activity originates from PS 1
with oxygen as the acceptor and PS 11 as the donor. Evidence
is also given to show the direct relationship between the
concentration of chlorophyll and the photocurrent produced
and catalase is demonstrated to be a non-competitive
inhibitor of the photoreduction. Cyclic voltammograms of PS
1- and PS 11 enriched membranes reveal the role of each in
photocurrent generation and that the two can be separated if
provided the appropriate acceptor/donor. Action spectra
obtained for all three types of membranes show <sample-
specifac variliations in their contributions to the
photocurremnt.

Having established the photoelectrochemical cell as a
new approach to monitoring pseudocyclic electron transport,

a study using isolated and commercially obtained ferredoxin
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suggests that the site of 1in wvivo oxygen reduction 1s
ferredoxin:NADP* oxioreductase. This result is discussed in

terms of 1ts metabolic consequence.



RESUME

Dans une cellule photoelectrochimique 11 est possible
de générer un photocourant en presence de membranes
thylacoidiennes icsolees de feuilles d'épinard. Ce
photocourant est de nature photosynthétique puisque le DCMU,
un inhibiteur bien connu du transport d'électrons au niveau
du PS I1, inhibe toute phbotoactivite. De plus, 1'oxygéne est
impliqueé dans la production de ce photocourant tel que
démontreé par ca preésence dans les balayages de voltametrie
cyclique et par le fait qu'un barbottage a 1'azote provogue
une perte du photocourant.

Les donneées obtenues & partir des potentiels médians de
la courbe d'oxydation en fonction du logarythme naturel de
la vitesse de «ces balayages indiquent qu'une reéaction
chimique précede les phénomenes eélectrochimigques au niveau
de 1'électrode. L'inhibition présenteée en présence de
catalace démontre que cette reéaction est de type Mehler et,
par le fait meme, que les eélectronsg sont transféres a
l'électrode de travail par 1'intermédiaire d'un transport
impliquant l'oxygéne suivant un mécanisme similaire au
transport pseudocyclique in vivo. 1l a é&té aussi possible de
démontrer gue la catalase est un inhibiteur non-competif de
la génération du photocourant. L 'expérimentation a egalement
gtabli que ce transport subit une inhibition enzymatique
specifique en précsence de la superoxide dismutase et de la

glucose oxydase.
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La production du photocourant est stimulée par le
meéthyl wviologene, un accepteur d'électrons au niveaua du PS
I. Ce phénomene implique la reaction de Mehler.
L'augmertation produlte par cet accepteur est egalement
sensible a8 la catalase. De plus, la correlation entre les
donnees obtenues avec le meéthyl viologen gradce a la cellule
photoeélectrochimique et celles observeées & 1'aide d'une
electrode de type Clark (consommation d'oxygene), démontre
que la cellule photoelectrochimique procure une mesure
quantitative de la réduction de 1l'oxygeéne par les membranes
thylacoidiennes. On peut egalement observer une relation
directe entre 1la concentration de chlorophylle utilisée et
le photocourant produit.

En absence d'un accepteur d'eélectrons, tel gque le DCBQ,
les membranes enrichies en PS Il se révelent 1ncapables de
produire un photocourant. Il en est de méeme pour les
extraits enrichis en PS 1 auxquels 1'ajout d'un donneur
artificiel d'électrons, la duroguinone, permet la geéenération
d'un fort photocourant. Cependant, le voltamogramme cycligue
des fractions membranaires de PS 1 démontrent gque le donneur
utilise, méme s'1l a la possibilité de donner deux
@lectrons, ne semble donner gque celui a faible potentiel,
afin de produire un photocourant sensible aux effets du
méthyl! viologene et de la catalase.

Dans les trois préparations étudiees (thylacoides, PS 1
et PS 11), il a eéte démontré que le gain d'electrons par les

accepteurs constitue l'etape limitante. Les spectres



d'action de ces trois preparations, deévoilent par ailleurs
que les pigments contribuent de fagon spécifigue & la génese
du photocourant.

Les resultats obtenus avec la cellule
photoelectrochimiqgue prouvent sans equivogue qu'elle
constitue une approche nouvelle des plus prometteuses pour
mesurer le transport d'électrons pseudocyclique. Cette

methode nous a amene a entreprendre 1'étude fondamentale de

ce transport d'electrons. Ainsi, deux preparations
distinctes de ferreédoxine dont 1'une, pure, lsoleée au
laboratoire, et 1 autre commerciale, contenant la

ferrédoxine et la ferrédoxine:NADP* reéductase, ont montre
deux reésultats divergents. Ces reésultats suggerent que le
site de reduction de 1’oxygene est situe sur la
ferrédoxine:NADPY réductase. 11 nous permettent de proposer
un modele impliquant les conseéquences métaboliques au nivesu
des plantes possedant un transport d'eéelectrons

pseudocyclique.
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INTRODUCTION
1

Previous to this project, a single chambered
electrochemical cell had been developed in this lab based on
the design priorly presented by Allen and Crane (1976). The
cell was shown to produce microampere currents in the
presence of both 1light and photosynthetically competent
samples. These samples i1included unfractionated thylakoid
membr anes (Lemieux and Carpentier, 1588a; Mimeault and
Carpentier, 1989) and extracted PS Il preparations (Lemieux
and Carpentier, 1988b). Further, the photocurrents produced
were able to be manipulated by exogenously added artificial
electron acceptors that have been known to interact with
photosynthetic systems. Unfortunately, the exact mechanism
by which the photocurrent was propagsted between biological
samples and the electrodes of the photoelectrochemical cell
was not well understood. Thus, this project undertook to
elucidate that mechanism using a number of electrochemical
techniques in conjunction with the photoelectrochemical
cell. Firstly, potentiostatic electrochemistry was used to
study the basic mechanism with the aid of exogenous
amplifiers and i1inhibitors of the photocurrent and also the
details of the effects of these agents. GSecondly, cyclic
voltammetry was wused to examine the electroactive species
involved in the photocurrent and their corresponding

potentials. Lastly, the action spectra were measured to



determine the pigments that were involved with production of

photocurrent.

11

The absorption of solar electromagnetic energy and its
conversion to chemical energy occurs with 1impressive
efficiency within the photosynthetic membr anes of the
multitudes of plant species inhabiting the Earth, including
cyanobacteria, green algae and bhigher plants. In higher
plants, the membranes are localized within the specialized
organelles of epidermal and mesophyll cells, called
chloroplasts. At this level, both structural and functional
compartmentalization are found. The general interior of the
chloroplast is called the stroma and it is here that the so-
called "dark" reactions take place. The stroma’'s multitude
of enzymes catalyze the essential reduction of carbon
dioxi1de (carbon fixation) in utilizing the reducing power of
NADPH and the energetic power of ATP. Also within the stroma
is a membrane system, the thylakoids, folded into flattened
disk-shaped, sac-like vesicles and organized into two
domains: the appressed (granal’) region and the non-appressed
{stromal) region (Fig. 1, below). The vesicles are defined
themselves by an internal compartment, the lumen, separated
from the stroma by the thylakoid membrane. Dimensionally,
they have a diameter of approximately 500 nm, a short axis
of 20 nm and a thickness of 7 nm (Graber, 1987). It is the

thylakoid membranes that anchor the system of pigmented-
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and heme-bearing polypeptides that carry out the "light"
reactions, 1.e. press advantage with specific frequencies of
electromagnetic radiation to effect a series of
oxi1dation/reduction reactions to ultimately produce the
strong reductant NADPH and, indirectly, high energy ATP. The
polypeptides are organized in a manner such that those
active sites performing oxidation reactions are positioned
within the membranme closer to the stromal phase and the
sites performing reductive reactions, the lumen. A logical
consequence of this heterogeneous redox orientation 1is the
generation of a transmembrane electric field upon initiation
of the redox events. Associated with the redox events are
proteolytic reactions characterized by the active
translocation of protons taken up in the stroma and released
into the lumen, resulting in a pH gradient across the
membrane. [t 1s this electrochemical gradient that allows
the passive return flow of protons back to the stroma,
driving the formation of ATP, as proposed originally by the
chemiosmotic mechanism (Mitchell, 1961).

More specaifically, the polypeptides i1involved 1n the
light reactions are arranged into a network of three
components functioning cooperatively 1n series to transport
electrons from water te NADPY during linear electron
transport, according to the classic Z scheme (Hill and
Bendall, 1960): photosystem 1 , cytochrome bgf complex and
photosystem 11, as shown 1in Fig. 1, above. The photcsystems

are composed of a reaction center core, each containing
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their respective sites of primary photochemistry P700 and
P6&BO, with i1its acceptor chain, and the associated antennae
complexes (LHC 1 and LHC 11, respectively) that contain both
Chl-a and Chl-b (for an excellent review of chlorophylls,
see Rudiger and Schoch, 198B) and carotenoids. Spatially,
the three are not distributed equally or homogeneously
throughout the membrane but i1nstead, the components exhibit
the phenomena of lateral heterogeneity {Andersson and
Anderson, 1980; Andersson and Haehnel, 1982; Anderson and
Melis, 198B3) whereby PS5 11 1s predominantly found 1n the
appressed regions of thylakoids and PS I, in the non-
appressed. The cyt bgf 1is thought to be concentrated at the
boundaries of the two regions (CLogdell, 1988). 0Of course,
the components are not stationary within the membrane but
have a lateral mobility as described by the fluid mosaic
model (Singer and Nicolson, 1972).

Functionally, the initial processes occur in the
antennae with the absorption of light guanta by the 200-250
Chl-a/b that make up the structure. The energy migrates
towards the reaction center via a resonace transfer
mechanism (Forster, 1948) and does <0 because P&6BO (or
P700), being the longest wavelength pigment of the set, has
the lowest energy in its excited state and thus, acts as an
energy sink (Rutherford, 1988). This special molecule 1is
iteelf capable of being directly excited by an appropriate
photon but the effectiveness of the LHCs 1s 1n broadening

the absorption cross section by more than two orders of
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magritude (Graber, 1%987). Once P&BO or P700 become excited,
the primary process of photosynthesis Can oCCur ., The
energetics and kinmnetics of these processes are summarized 1in
figure 2 (top and bottom, respectively).

The mnature of P&BO in  higher plants has been
controversially undecided in recent years (Rutherford, 19B8;
Nugent et al, 1989 and references therein! but wvery recent
data seems to indicate P&BO i1is a dimer of Chl-a (Barber,
1990, In any event, upon excitation of P&BO, there follows
two electrogenically distinct steps (Trissl and Leibl,
19891: a charge separation occurs within 3 ps i(Wasielewshkl
et al, 198B%), forming a radical pair consisting of oxidized
P&BOY and a reduced pheo-a” intermediate acceptor and a
charge stabilization by forward electron transfer to the
primary acceptor Up, a plastequinone (Rutherford, 15889,
with a time constanmnt of 450 ps (Schatz et al, 17887 .
Concurrently, on the domnor side of PS5 11, once the charge 1is
stabilized, P&BOT will be reduced by ¥ (also referred toc as
¥ or £} in a rveaction characterized by multiphasic, ns
kinetics {(Andreéasson and WVanngard, 19881 . ¥ has been
identified as a tyrosine residue (Barry and Babcock, 1%987)
whose owxi1dized s=tate 1s a highly oxidizing neutral radical
{Babcock et al, 198%9). This radical 1s reduced by the oxygen
evolving complex (DOEC), a somewhat mysterious entity that
utilizes as 1ts low=-energy electron source water, which 1is
ocxidized to molecular oxygen in the four electronm process:

2 Ha0 -> Dgp + &HY + de”
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Given the stability of water, this 1s an extraordinary
exploit implicating a formidable mechanism. It involves 4
manganese atoms controlably generating 1n a step-wise manner
a reactive, unstable species capable of oxidizing water. The
OEC is capable of five oxidation states designatec 55-S,,
with S, being the most oxidizing (for reviews of the O0OEC,
see Bacock et al, 198%9; Volkowv, 198%9). Also involved are a
rumber of co-facteors, including inorganic Ca* and Cl1-.

Returning to the acceptor side, 1imn the subseguent
electron transfer step, Og assumes the role of intermediary
between one electron and two electron steps in PS 1. Within
4 ms, 0O fully reduces a subsequent plastoguinorne, g, to

plastoguinol (Graber,1987) in a reaction that involves the

uptake of two protons from the stroma. Reduced and
protonated, Qg detaches from the reaction center complex
(Crofts and MWraight, 1983: McPherson et al, 1990) and
laterally diffuses within the membrare bilayer to the cyt
bgf complex (Rich and Bendall, 1980). The complex will
reoxidize the plastoquirol and in doing so, releases 1ts
protons into the lumen (Malmstrom, 198%) and returns it as
plastogquinone to the membrarme moiety. These wvarious redox
forms of shuttling plastoguinone constitute the
plastoquinone pool.

Functionally, the cyt bgf complex is simply a four
component redox system operating as a plastoguinone-
plastocyanin oxioreductase but how this 15 mechanistically

accomplished is not well understood (Joliot and Joliot,
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198653 Adam and Malkin, 1987; Malmstrem, 198%9). The redox
components are two cyt bg, a Rieske FeS center and a cyt f
localized on three polypeptides (Joliot and Joliot, 198¢).
Another protein not associated with redox activity has been
shown to be the site of plastoquinol binding (Doyle et al,
1989). Hurt and Hauska (1982) have suggested other small
polypeptides to be involved 1n the complex as well. Several
mechanisms have been proposed for the functioning of the cyt
bgf complex, including the Q-cycle (Mitchell, 1973) and the
b-cycle (Wikstrom et al, 1981; and others are reviewed 1in
Joliot and Joliot, 1986), though none has been accepted to
the exclusion of the other. The controversy arises in that
only one eletron traverses the complex for the twoc protons
translocated (i.e. two electrons accepted from
plastoquinol). What the models seem to agree on 1s the
division of the redox components 1ntoc two chains: the FeS
center and cyt f, as a pathway to plastocyanin, and the two
cyt bgs, as a separate chain. As to which the plastoguinol
1nitially interacts with 1s not entirely certain but 1t has
been shown that the Rieske protein and 1ts FeS center are
essential, not only for the reduction of plastocyanin, but
also for the reduction of cyt bg (ARdam and Malkin, 1987).
This suggests that the FeS center may oxidize the
plastoquinol and distribute i1ts electrons to the two chains,
making it the intermediary between two- and one-electron

processes 1n the cyt bgf complex.
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Flastocyanin is a small, copper containing redox enzyme
that loosely binds to the lumen surface of the thylakoid
membrane (Droppa and Horvath, 19%0). Immunogold labeling
experiments have shown that plastocyanin is active in
laterally transporting electrons from cyt bgf sites to PS 1
im the nonappressed membranes {(Hashnel et al, 1989} and
further, that reduced plastocyanin can be oxidized by P700
{Wood and Bendall, 19753). More direct evidence has been
provided by Hippler et al (1989}, in demonstating a specific
PS 1 subunit as the binding =ite for plastocyanin that
provides the conformation necessary for rapid electron
transfer to P700%.

The energetic ewvents in P5 1 immediately preceding the
reduction of P700% by plastocyanin are similar to those in
FS 11. Ewcitation ernergy 1s tramsfered to the P700 energy
trap from LHC I (Mimuro, 19%90), This Chl-a‘b containing
antennae (Chl=a/Chl=b = EB.0Q0) has guantitatively relatively
lees chlorophyll but has a more efficient light harvesting
capacity tham 1ts FS 1 counterpart (Chl-a/sChl-b = 1.7 due
to the lower extinction coefficient of Chl-b relative to
Chl-a (Melis, 198%), The nature of P700 1tself had been
generally been accepted to be a Chl-a dimer (Cogdell, 1%88!).
Howewver, ESR and detail-analysed ENDOR data have dissented
in suggesting P700% to be a monomeric cation radical
ireviewed 1in Golbeck, 1987). In fact, the recent picture
seems to indicate P700's neutral ground state to be a dimer

but 1t's exci1ted and triplet states are localized on only
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one of the Chl 1n the loosely coupled pair (Andreéasson and
Vanngard, 1988B; Golbeck, 1987; Cogdell, 1989). Once excited,
there follows a charge separation within 2 ps (Evans and
Bredenkamp, 19%0) involving an intermediate electron
acceptor, Ap, which bhas been i1ndentified as a monomeric
specialized Chl a (Lagoutte and Mathis, 1989). The charge is
stabilized by a subsequent component, Ay, oxidizing Apg~ in a
time of between 32 ps (Shuvalov et al, 1986) and 200 ps
(Evans and Bredenkamp, 1990). The identification of A; has
been tentatively made as phylloquinone (vitamin Kj;; Brettel

et al, 19846; Itoh et al, 1987) but this is tempered with

data that 1s not readily satisfied wilth such a
characterization (see Lagoutte and Mathis, 198%). Thus, the
question is left, according to Hauska (1988), essentially

open. Nonetheless, the most recent data is supporting A
being indeed phyllogquinone (Biggins et al, 1989; Kim et al,
1989; Setif and Bottin, 198%9).

Beyond A, electrons are transfered to a series of two
iron-sulfur complexes denoted Fy and Fp/Fg. Immediately
successive to A;, Fy has been shown to be a single FeS

center composed of a [4Fe-4S] cluster of rather atypilcal

spectrophotometric properties (Scheller et al, 1989;
Guigliarell:r et al, 1989) and 1is reduced with a time
constant of @200 ns by Aj;~ (Evans and Bredenkamp, 1990).
However, the pathway and kinetics of electron transfer

ensuing from Fy to Fn and Fg are poorly understood (Golbeck,

1987). It is known that the latter centers both are [4Fe-45]
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clusters on a common protein within close distance of each
other (Hoj et al, 1987; Wynn and Malkin, 198B8), though only
weakly coupled by magnetic interaction (Guigliarelli et al,
1989) . It is not known if the two centers operate in series
or 1n parallel (Andréasson and Vanngard, 1988), though a
linear sequence of Fy -> Fp -> Fg 1s suggested by their
respective redox potentials (Haehnel, 1984). Furthermore, it

is not known which of the two 15 the electron donor to

ferredoxin (Golbeck, 1987; Rei1lly and Nelson, 1988) ,
considered the terminal acceptor of PS 1. Ambiguities
notwithstanding, once ferredoxin becomes reduced, it can

serve as an electron donor to a8 number of subsequent
metabolic enzymes (see below), including ferredoxin:NADP™*
oxioreductase, which catalyzes the double reduction of NADP?Y
to NADPH. The latter enzyme, therefore, serves as the
intermediary between the one electron processes of PS5 1 and
two-electron reduction (Zanetti:1 and Curti, 1981).

The formation of NADPH reductant 1s the final step in

linear electron transport. However, there are two other
pathways for electrons to be shunted, depending on the
metabolic demands of the «cell: cyclic and pseudocyclic
electron transport. The former 1nvolves electrons being

returned to the cyt bgf complex from the reducing side of PS
1 and recycled back to the donor side. Data from the 19460's
(Tagawa et al, 1963; Arnon et al, 1964) and 1970's (Arnon
and Chain, 1975; Bohme, 19773 Mills et al, 1978) suggested

this pathway was mediated by ferredoxin but more recent data
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insists that FNR is implicated (Clark et al, 1984; Garab and
Hind, 1987; but note that while Clark et al. only showed FNR
bound to the cyt bgf complex, possibly leaving ferredoxin in
the actual mediatory role, Garab and Hind demonstrated
cyclic flow through FNR 1n the absence of detectable
ferredoxin). It remains uncertain whether cyclic flow 1is
physiologically relevant. To wit, 1t "has been observed at
high rates only in broken chloroplasts supplied with
unphysiological cofactors or in the absence of oxygen, (and)
does not lead to a gas exchange reaction" (Egneus et al,
1975) . The other pathway, pseudocyclic electron flow,
involves the reduction of ambient molecular oxygen
ultimately to hydrogen peroxide (see below for detailed
discussion). This option most certalinly occurs in vivo under
conditions of maximum carbon fixatlon and high quantum flux
densities (Salin, 19873 Robinson, 1988). Unfortunately,
while the reducing side cof PS5 1 15 definitely 1mplicated,
the actual site of the reduction 1s not <clear 1n the
literature. Nonetheless, both ferredoxin and FNR have the
potential to reduce dioxygen (Robinson, 1988).

The two alternatives tc linear flow have 1n common the
ability to attenuate the formation of NADPH, while
maintaining ATP synthesis by virtue of constant proton
translocation. However , this reductant is so vital to
cellular metabolism (e.g. the Calvin cycle) that they must
represent either alternative pathways 1in the event of the

NADP pool being over-reduced or true attenuating pathways to
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prevent 1t from becoming over-reduced in the first place.
The basic unresolved Qquestion 1s: glven the apparent
commensurate metabolic outcome, what 1s the advantage of one
over the other? There is some complementary, though
indirect, evidence to indicate the two may occur
simultaneously bBut that cyclic flaw 18 not an alternative to
pseudocyclic flow but 1i1s coupled to and depends on it to
occur at all (Steiger and Beck, 1981; Furbank and Badger,
1983). Also i1important, 1s the pivotal role that ferredoxin
and FNR may play in the distribution and, ultimately, the
fate of electrons acccording to metabolic demands. 1t 1is

this role that merits a further investigation of the two.

111

It has only been in the last decade or so that
researchers have began to bring to light the importance of
ferredoxin and FNR in the photosynthetic electron transport
chain. Considered individually, the two enzymes are markedly
different. Ferredoxin 1 & nuclear—-encoded, iron-sul fur
polypeptide (Golbeck, 1987) and considered to be a soluble
protein (Zanetti and Curti, 1981; Forti et al, 1983) of
about 10 kD. It i1s also acidic and its 2Fe-25 center 15 the
major force in defining the structure of the protein (Pagani
et al, 1986). It has been implicated as an electron donor to
several important enzymes 1ncluding the regulatory enzymes
of the Calvin cycle {Wolosuilk and Buchanan, 1977,

thioredoxin reductase (FTR), sulfite reductase (Zanetti and
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Curti, 1981), glutamate synthase (GOGAT; Hirasawa et al,
1989), nitrate reductase (NiR; Hirasawa et al, 1987) and
lastly, FNR (Fig. 3). The last 1s a membrane-bound, flavin-

containing enzyme (Golbeck, 1987; Matthijs et al, 1987) of
about 33-3B kD (Z2anetti and Curti, 19803 Hasumi et al, 1983;
Pschorn et al, 1987) that has been shown to have highly
cspecific sites for both ferredoxin and NADP* (Foust et al,
1969; Sheriff and Herriott, 1981; Karplus et al, 1984).
Considered functionally, a remarkable amount of
complementary data strongly supports a cooperative role for
ferredoxin and FNR, with the former sourcing electrons from
PS 1 and the latter being an intermediary of one- and two
electron processes, as discussed above. Firstly, ferredoxin
has been shown to i1ndeed interact at the two sites: the
reducing side of PS I and with FNR (Fort: and Grubas, 1985).
More specifically, cross—linking studies indicate that
ferredoxin is bound to PS I by a positively-charged 18 kD
peripheral membrane protein (Scheller et al, 1988; Andersen
et al, 1990). It 1s hypothesised that the positive charge
aids in overcoming the electrostatic repulsion between
negatively—-charged ferredoxin and the similarly charged
thylakoid membrane surface (Scheller and Moller, 1990 .
Supporting the cross-linking studies, 1t was found that a
mutant cyanobacteria unable to biosynthesize the 18 kD
protein was also urable to photoreduce ferredoxin (Chitnis
et al, 1989). Further studies of ferredoxin interaction have

shown the formation of a very c=stable electrostatic complex
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with FNR 1n a 1:1 ratio (Zanetti and Curti, 1981). Though
the experiments were performed in vitro, the complex was
formed irrespective of redox state and required 0.5 M NaCl
to separate, suggesting 1t 1s entropically highly favoured
and would exist in vivo. The facts that selective removal of
FNR from the thylakoid membrane completely inhibits NADP*
photoreduction but not reduction of ferredoxin by PS 1
(Forti et al, 1983; Forti and Grubas, 1985) and that
ferredoxin 1s an essential element in NADP* reduction
(Zanetti and Curti, 1981, but Garab et al, 1990 dissent)
give further evidence for the in vivo complex. However, the
complex is not necessarily formed in the stroma,
subsequently binding to PS 1, as ferredoxin interaction with
PS 1 has been shown to be independent of i1ts binding to FNR
(Forti and Grubas, 1985).

Thus, while the roles of the two enzymes have been
clearly defined 1n linear electron transport (Garab et al,
1990, notwithstanding), the involution of their functions 1n

the other electron pathways rests with few clues.

v
The ablility of oxygen to serve as a photosynthetic
acceptor of electrons was originally observed by Mehler
(1951) 1n i1solated chloroplasts. The process 1tself 15 known
as pseudocyclic electron transport or the Mehler reaction
and is characterized by oxygen serving as a Hill oxidant and

accepting electrons from the reducing side of PS 1 (Asada
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and Takahashi, 1987). Along the Mehler reaction pathway, the
reduced oxygen 1s ultimately converted to hydrogen peroxide.
In recent years, the intermediate in the process was shown
by many methods to be superoxide ion (Asada and Takahashi,
1987). This 1on, considered to possess a =small degree of
radical character (Sawyer and Valentine, 1981), is produced
by PS I within the boundary of the thylakoid membrane,
comparatively close to the stromal surface, where it is
relatively stable in the prevailing aprotic environment
(Takahashi and Asada, 19B8B). However, once 1t diffuses to
either side of the membrane, 1t 1s either spontaneously (in
the lumen's acid millieu) or enzymatically (i1n the stroma)
dismutated to hydrogen peroxide by superoxide dismutacse
(Salin, 1987). As mentioned above, pseudocyclic electron
tramsport virtually certainly occurs in vivo under
conditions of 1intense illumination and/or high COp fixation
(Egneus et al, 1975; Heber et al, 19783 Robinson, 1988).
Further, there 15 evidence to suggest that 1t supplies some
ATP to drive the Calvin cycle (Halliwell, 198B1; Steiger and
Beck, 1981) and 1s capable of balancing the energy
requirements of the c¢cell (Furbank et al, 1982). Further
support i1s indirectly provided by the elaborate enzymatic

system found in intact chloroplasts to cope with active

forms of oxygen (Fig. 4). Catalase, the enzyme most
assoclated with HpOp degradation, 1s not present in
chloroplasts in vivo (Halliwell, 1981), unlike superoxide

dismutase. Instead, as has been demonstrated by one research
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Figure 4. Reaction schema for the endogencus scavenging of
hydrogen peroxide in the stroma of chloroplasts.
Abbreviations as given 1n the text. (From Salin, 1987).
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team 1imn an elegant series of papers, hydroger peroxide 1is
scavenged by an ascorbate specific peroxidase, using L-
ascorbate {(AsA) as substrate {Hossain et al, 1984; MNakano
and Asada, 1980, 1981 1. The reaction products are
monodehydroascorbate (MDA} and dehydroascorbate (DHAY. The
former 1s converted to the latter by MDA reductase and the
latter 1s recycled to AsA by DHA reductase in a reaction
oxidizing reduced glutathione (G5HY ., Subseguently,
glutathione reductase regenerates GS5H using MNADPH. These
results have been confirmed by Jablonskil and Anderson (1581,
1¥82). Thus, not only does pseudocyclic electron transport
potentially generate ATP while reducing electron flow to
NaDP*, i1t actually consumes NADPH, suggesting it is an
attenuating pathway with a role 1n regulating the redox
state of the NADP pool.

The detection of pseudocyclic electron transport
usually involwves experiments measuring uptake of o=ygen
manometrically (Mehler, 1931; Good and Hi1ll, 1%35), with a
Clark electrode (Jennings and Forti, 1974) or using a mass
spectrometer in conjunction with labelled (180, oxygen
{Egrneus et al, 19753; Marscho et al, 197%; Furbank et al,
19827 1n 1lluminated chloroplasts. The relative merite and
difficulties of these wvaried technigues will be discussed in
some detail later 1n this discourse.

v
Given the ability of the photosynthetic apparatus to

induce wvectorial electron tranmsport through a chain of redox
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species, a properly configured electrochemical cell can be
utilized to generate photocurrents and photopotentials from
the primary charge separation. More precisely, the
photovoltaic effects observed 1n an electrochemical system
are the result of a combination of photophysical,
photochemical and electrochemical events. The first involves
electronic excitation followed by charge separation, the
second deals with reactions of the excited molecules and
lastly, the electrochemical step 1involves charge transfer
processes at the 1interface between the electrolyte and
electrode (Ghericher, 1977). Electrodes can be directly
involved in exchanging electrons with excited molecules 1if
sulitable acceptors and/or donors are 1in solution or can
function as 1ndicators of photo-induced formation of redox
couples in solution (Agostiano et al, 19220).

Several electrochemical devices of cifferent
architectures have been previously designed to measure
photocurrents and photopotentials occuring 1n the presence
of photobiological samples. They employ different strategies
of either electrodes covered by films of photosynthetic
materials or a suspension of the material, 1in conjunction
with artificial donors/acceptors to mediate 1nteraction with
the electrode. In order to familiarize this approach to the
study of photosynthesis, a sampling of some of the more
recent and innovative eletrochemical cells will be reviewed
here, though the list 1is by no means exhaustive or

definitive.
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Orne type of electrochemical cell developed is a virtual
_i__D vitro model of tre Z-echenme (Agostianoc and Fong, 1987).
The cell utilizes two platinum foil electrodes with PS5 11
and PS5 | deposited separately on them {(such electrodes had
earlier been shown to be wviable in Agostiano et al, 19841,
So prepared, they are placed in the glass body of the cell,
which has three compartments separated by polyacrylamide gel
(Fig. 5, above!: the first compartment holds the PS5 11
electrode in a buffered solution; the middle one holds a Pt
foil counter electrode (for the PS 11 electrode?) and the PS
I electrode, immersed imn a solution of artificial acceptors
(for PS 11) and dorors (for PS [): the third holds a Pt
counter electrode for the PS5 1 electrode in a solution of
NADP*, Simultaneously 1lluminating both electrodes under no
imposed potential produced pHA anodic currents (though PS 1
currents were roughly !/, those of PS I1), a net evolution
of oxygen and a reduction of NADP*. This cell represents an
excellent potential for studying the Z-scheme through
manipulating the separated, individual components.

Another compartmental electrochemical cell has been
developed by the Gross laboratory. This cell has but two
compartments (Fig. S5, below! and has been used in
conjunction with PS5 1 particles (Gross et al, 1978; Pan et
al, 1982; Sanderson et al, 1987} and 1soclated Uwroken
chloroplasts (Bhrardwaj et al, 1981). The bioclogical sample
was deposited onte a porous, cellulose triacetate filter,

then placed so as to be the separation between the two
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compartments (Fig. S, below). Both were filled with buffered
solutions but one additionally contained an electron donrnor
(e. g. potassium ferricyanide or dichlorophenrnol indophenaol)
and the other an electron acceptor (e. g. flavin
mononucleotide or phenazine metho- or ethosulfate). Platinum
electrodes were immersed 1n each compartment and cornnected
to a pH meter to monitor voltage. When 1lluminated through
the donor side, the cell's potential has been measured as
high as 640 mV with PS 1 particles and over 300 mV with
broken chloroplasts and currents of 15 mA and &4 mA,
respectively, were produced under short circuit conditions.
The potential generated 1s 1in the form of a chemical
potential gradient across the cell, by virtue of formation
of a strong reductant on orne side and a weak oxidant on the
other. This 1is the cell's most i1important property: the
ability to store captured 1light energy as a chemical
potential. However , 1ts configuration restrains the
photosynthetic componrnent to suboptimal efficiency compared
to the photochemical component, as demonstrated by kinetic
factors associated with the reactions. Given the stated goal
of divising a source of electric power (as opposed to
photosynthetic research as per se), the authors have
conceded that the cell needs to be redesigned to allow
improvement of the photosynthetic contribution to energy
storage by making 1t independent of the photochemical

contribution. Thus, a better understanding of the
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photoelectrochemical properties and responses of PS 1 1is
needed.

A more unconventional approach has been taken by
Greenbaum (1985,1989,1990). Instead of a compartmentalized
electrochemical cell, 1i1solated ruptured chloroplasts were
metalized by precipitating colloidal platinum onto the
sur face of the thylakoid membranes. The platinized
chloroplasts were then entrapped on fipberglase filter paper
and contacted with a platinum gauze electrode. A simillar
gauze was placed on the other side of the paper to serve as
a counter electrode (Fig. &6). Operating in a pure He
atmosphere and with no external voltage applied,
illumination resulted in nA currents and caused the Pt
electrode in contact with the chloroplast to swing negative
relative to the counter electrode. This photocurrent
orientation 1is consistent with the model of vectorial
photosynthesis presented above and led to the conclusion
that the colloidal Pt served as a acceptor to PS 1. However,
this technology is being pursued more as an eneragy
generation apparatus than an approach to fundamental

research.
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MATERIALS AND METHODS

Isolation of thylakoid membranes - Thylakoid membranes
were prepared from the deveined leaves af market spinach
homogenlized 1n 330 mM csorbitol, 20 mM TES-NalOH pH 7.5 and 5
mM MgClz. The resulting slurry was filtered through ten
(4+5) layers of cheesecloth gauze and the filtrate
centrifuged at 4500 x g for 1 min, The supernatant was
decanted and the remaining pellet was resuspended in a l/zg
dilution of the homogenizing soclution. =] second
centrifugation at &E000 = g for 1 min followed. The
supernatant again decanted, the second pellet wWas
resuspended in a solution of 230 mM sorbitol, S0 mM TES-NaCOH
pH 7.5, 5 mM MgClgz, 1 mM NaCl and 1 mM NHLCl. The
chlorophyll concentration of the 1solated membranes was
determined wusing the acetone extraction method of Arnon
(1949) and the thylakolids were diluted to the appropriate
experimental concentration, usually 250 uq'mL'l in the case
of photeoelectrochemical measurements. This entire procedure
was carried out at 0-4°C and the thylakolids were either used
immediately or stored at 77K in ligquid nitrogen wuntil
needegd.

Isolation of PS Jl-enriched membranes - Membranes
enriched in PS [l were prepared according toc the method of
Berthold et al {(1981! by homogenizing market spinach leaves
in 50 mM Tricine-NaOH pH 7.6, 10 mM NaCl ang 5 mM MgClz and
centrifuging the cheesecloth-filtered (as above! slurry at

4500 = g for 7 min. The supernatant was decanted and the
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pellets resuspended 1n S50 mM Traicine=NalOdH pdH 7.8, 10 mM
NaCl, 5 mM MgCls and 0.001 g-'mL-! fresh ascorbate. After
homogenizaticn, the suspension was recentrifuged at 4500 = g
for 7 min and again, the supernatant was decanted. The
pellets were resuspended and homogenized in a washing buffer
composed of 20 mM MES-MNalOH pH &.2, 12 mM Nall and 10 mM
Mallz. The Chl concentration of homogenate was determined as
above and the sample diluted to a Chl concentration of 1
mgeml -l with &4 % Triton X-100 in the washing buffer, added
very slowly while the mixture was magrnetically stirred.
After 20 min, the liguid was poured into 2 centrifuge tubes,
diluted by % again the wvolume with the washing buffer and
centrifuged at 5500 = g for 10 min, The supernatant was
decanted to fresh tubes and recentrifuged at 17500 x g for
30 min. The resulting pellets were resuspended and
homogenized 1n the washing buffer and Chl concentration was
again determined. Oxygen evolution rates were determined as
described below and only samples with strong activity (1. e,
300 umol Oz'mg Chl-l:Ar~ly  were further used for
exper imentation. PS5 Il enriched membranes were always used
freshly prepared.

DCBL preparation - The PSS I1 acceptor DCEBE  was
dissolved 1n dimethyl sulfoxide, wused at room temperature
but protected from exposure to ambient light.

I=zsolation of PS l-enriched membranes = Spinach
membranes enriched itn PS5 1 were prepared using digitenin

according to the method of Feters et al (1¥B3). Leaves
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homogenized in 50 mM Tricine-KOH pH 7.8, 700 mM sorbitol, 10
mM  KC1, 10 mM  NaCl, 5 mM MgClp and 1 mM  phenazine
methosulfate were filtered through 12 layercs of cheesecloth
gauze and centrifuged at 3000 x g for S5 min. After
decanting, the pellets were resuspended and homogenized in
20 mM Tricine-KOH pH 7.8, 20 mMm MgClp, 1 mM phenazine
methosulfate. This was left toc 1ncubate several min on ice
in the dark, diluted with an equal volume of 20 mM Tricine-
KOH pH 7.8, 500 mM sorbitol, 20 mM KCIl, 20 mM NaCl and 1 mM
phenazine methosulfate and then recentrifuged at 3000 x g
for 5 min. Again after decanting, the second pellets were
resuspended and homogenized to a8 Chl concentration of &2
mg'mL"1 (determined as above) 1n a buffer of 20 mM Tricine-
KOH pH 7.8 250 mM sorbitol, 10 mM KCI1, 10 mM NaCl, 5 mM
MgCle and 0.2 % digitonin. The mixture was left for 30 min
on ice with constant magnetic stirring. Before being
centrifuged at 36 000 x g for 30 min the sample was diluted
three fold with the <came buffer minus digitonin. The
supernatant was retained and pooled, followed by
centrifugation at 100 00C x g for 60 min. These final
pellets were resuspended and homogenized 1in 20 mM Tricine-
KOH pH 7.8, 20 mM NaCl, 20 mM KCl and 5 mM MgClz to a CHI
concentration of 3.3 mg'rnl__1 {determined as above). PGS 1
enriched membranes were always used immediately subsequent

to preparatian.

DO preparation - The PS 1 donor tetramethyl-p-

benzoqQuinone (duroguinone) was dissolved i 1:1
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ethanol /ethylene glycol and reduced according to the method
of lzawa and Pan (1978B). Thus, 2 mg NsBHy was added to 1 mL
dissolved DO and the mixture was wvigorously mixed. After
sitting 5 min, 35 uL HC]1 (conc) was added to stabilize the
hydroD0 and decompose any remaining NaBH,. So prepared, D@
was protected from light exposure and used at room
temperature.

Electrochemistry, the photoelectrochemical cell - The
photoelectrochemical cell (PEC) used 1s a modified wversion
of the design originally proposed by Allen and Crane (1974),
fs shown 1n Figure 7, 1t consists of a stainless steel bacse
and a plexiglass cover, separated by a 1 mm thick rubber
gasket. The rubber gasket has a 1 cm=diameter hole in 1ts
middle constituting the cell chamber. The three are tightly
secured together with four screws and, assembled, the
chamber has a wvolume of 80 pL. The chamber 1s filled wia a
small! diameter charnnel connecting to a & mm opening i1n the
cover., It 1e evacuated wia a 3 mm opening 1mmediately
superior to the chamber.

The PEC functionally operates with a three electrode
system., A flat, platinum (0.025 mm trick 599.99 % Pt foil,
Johnson Matthey Electronics) working eiectrode 1s positioned
between the base and gasket, covering the entire surface
area of the chamber, Between the gasket and cowver 15
positioned a platinum (0,05 mm thick) counter electrode,
projecting only a corner into the chamber. Finally, a

cstandard calomel electrode (Fisher 5Scientific Co., porous
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plug type, # 13-639-51) 15 1nserted into the 4 mm opering in

the circuilt to apply and maintain potential. A standard
redox couple (ferri1/ferrocyanide) was used 1in order to
control the system. A reversible, diffusion—-controled
current was monitored. The potential of ferricyan:de was

shifted by about 100 mV 1n comparison with standard wvalues
reported in the literature (Bard and Faulkner, 1980) because
of the high 1nternal resistance and the particular design of
the cell (1,e. the relatively distant placement of the
reference electrode compared to the two others) that does
not allow complete compensation of the IR drop acress the
distance between the platinum electrodes.

The PEC 1s 1lluminated by white light (220 mWecm 2 at
the cell chamber) from a @250 W quartz halogen source
directed onto the top of the cell by a glass fibre optic
gulde. The temperature was controlled at 22°C by a Haake AG
model ABO thermostated water bath circulating water through
the base of the cell.

Electrochemistry, potentiostatic operation - When
operated potentiostatically, the cell was connectec to an
EG&G PARC Model 362 scanning potentiostat wor king in
conjunction with a Linear Co. model 5355 chart recorder. A
constant potential of 750 mV was applied to the PEC and a 3
min equilibration period was allowed before illumination of
the sample.

Electrochemistry, cyclic voltammmetry - To obtain

cyclic voltammetry curves for thylakoid membranes, the PEC
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wWas connec ted to an EG&LE FARC mode ] 273
potentiostat/galvanostat. Separate scans were performed with
potential ranging from -3200 toc 1000 mV for samples in the
dark and illuminated samples. Oxidation curves were always
measured first, followed 1mmediately by reduction curwve
return  scans. Initial potential was applied and scans
imitiated after a 30 s delay. Results were recorded on a
Recorder Co. model 200 X-¥ recorder.

Oxygen ewvolution - Measurements of oxygen evolution/
uptake were performed wusing a water-jacketed Clark-type
electrode maintained at 22°C. Thylakoid membramne samples at
a concentration of 250 Hg'mL‘l were measured in  the
homogenization solution described above. Samples wWere
illuminated at an intensity of 75 mW-cm~S by a Fiber-Lite
high intensity projection lamp after a short eguilibraticon
period. Oxygen consumption was allowed to occur for 1 min
when illumination was turned off and 1000 wunits-mL~!
catalase was injected i1nto the sample by Hamilton syringe.
This resulted in opposite slope oxygen evolution, directly
corresponding to the oxygen consummed by PS 1 and free of
background PS 1] oxygen evolution.

Spectroscopy, absorption spectra - Samples of 10 ug
ChlmL ™! had absorption measured on a Perkin-Elmer model 533
FastScan UV/Vis spectrophotometer manipulated by a Perkin-
Elmer model 3600 data station. The spectrophotometer slit
was set at a width of 1.0 nm., Data was measured over a range

of 420 - 720 mm at 1 nm i1ntervals and at a rate of 120



nmemin "L, Fecponse time was 0.5 s. Spectra were recorded on
a Perkin-Elmer model R100 chart recorder.

Spectroscopy, action spectra - The actiom spectra of
thylakold membranes were obtained using the FEC comnected to
a home-made potentiostat imposing & potential of =140 mV wvs
SCE in the case of thylakoid- and PSS Il enriched membranes
and O m¥ vs SCE for PS5 1 enriched membranmnes. The differerce
in potential relative to potentiostatic measurements was due
to limitations of the home-made potentiostat (i1t could rnot
reliably impose potentials higher tham + 300 - 350 mV vs
SCEY. Therefore, photocurrent signals were ocptimized from a
range of lower potentials and the above-mentioned potentials
represent the optimal photocurrent generation of esach type
of membrane. Samples were measured at a concentration of 10
Hg-mL_l to avoid the light scattering effects, manifested as
a distorted spectrum, observed at higher concentrations,
Samples were i1lluminated by fibre optic guilde (as above!
wWilth light from TE0=420 nm provided By an Applied
Photophysicse f374 monochrometer with a stepping motor
control unit. The light source was an ICL Techroleogies bulb
powered with % A DC lamp curremt by an ICL Technologies
mode! Illuminator power source. Exposure time was regulated
by arm Ilex Optic Co. Mo. 1 synchro electreonic shutter and
was optimized at & = exposure and 1 5 dark interval. The
entire apparatus was 1interfaced and controlled by an 1BM
PS/2 PC model 30 running “"Photoelectrochemicstry, wersion

&4.3" dewveloped by A. Paguette, A&. Tessier and Dr. F.o Fu
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Blanchet. Spectra obtained were corrected for the lamp
emission spectrum and filtered to smooth curves.

Isolation of ferredoxin - The procedure of Yocum et al.
(1973) was wused to 1solate pure ferredoxin from spinach
leaves. Approximately 2 kg of washed, deveilned market
spinach leaves were homogenized in 2.5 L of a 0.02 M Tris
(pH B.O) buffer containing 0.4 M cgucrose and 0.015 M NaCl.
The homogenate was passed through 4 layers of cheesecloth
gauze and centrifuged at 1000 x g for 2 min, after wrich the
supernatant was collected and recentrifuged at 5000 x g for
10 min. The accumulated supernatants vyielded about 2.7 L of
pale green, opaque liquid. To this was added 8 L of -20° C
acetone during continuous magnetic stirring to precipitate
the proteins in solution. The stirring was continued several
min before allowing the resulting precipitate to settle for
30 min. At the end of this period, 80 % of the acetone was
removed by vacuum suction and the precipitate was
resuspended in the remaining sclvent by gentle swirling. The
suspension was then centrifuged for 5 min at 4000 x g and
the supernatant decanted. A 0.1 M Trais (pH 8.0} buffer was
used to resuspend the pellets and thils suspensicn  was
homogenized in a homogenization tube, followed by
centrifugation at 20 000 x g for 10 min., The coilective
supernatants totaled approximated 450 mL and were dialyzed
in membrane tubing with a & 000 - B8 000 molecular weight
exclusion limit against 10 volumes of C.03 M Tris (pH 8.0)

for 12 hr to remove residual acetone. The solvent-free
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protein solution had solid NaCl added to it to a
concentration of 0.2 M and was loaded onto a 3 x 60 cm DERE-
cellulose chromatography column equilibrated with .05 ™
Tris (pH 8.0) and 0.2 M NaCl. The resulting dark brown band
was washed with 0.3 M Tris (ph B8,0)-0.25 M NaCl, causing the
band to start migrating. True elution was effected by 0.05 M
Tris (pH B8.0)-0.8 M NalCl. The eluate was treated with 0.6
g/mL ammonium sulfate, maintaining pH 8.0 by adding several
drops of unneutralized 1.0 M Tris. The treatment prcduced a
precipitate of unwanted protein that was allowed toc settle
for 30 min and was then removed by centrifugation at 10 000
x g for 135 min. The pooled supernatants were dialyzed 1in
membrane tubing as above for 12 hr against 40 volumes of
0.0 M Tris (pH 8.0), with the buffer renewed after 6 hr.
Now exempt of ammonium sulfate, the remaining protein (now
impure ferredoxin) was loaded onto a second 3 x 60 cm DEARE-
cellulose column, eauilibrated with 0.05 M Tris (pH 8.0},
and moved down to the lower !/3 of the column by washing
with 0.05 M Tris (pH 8.0)-0.2 M Nall. The flow was stopped
and the upper 8/3 of the colunm was then removed by vacuum
suction to accelerate the elution after i1ncreasing the
buffer's ionic strength. Once the gel had resettled and a
smooth top surface waes acheived, flow was reinstated and the
protein eluted with ©0.05 M Tris (pH 8.0)-0.35 ™ NaCl.
Analyzed spectrophotometrically, the pure ferredoxin was
found to have a Aupp/Rp7e ratio of > 0.48 and a spectrum

characteristic of oxidized ferredoxin (Fig. B), as compared



4

Loy

~

L,

-

1 1 1 1 1 t 1 [ E

e e e~ -t < o 61
e &~ =2 e = )
= - = < =] —

ABSORBANCE, a.u.

I, nm

LIENG

Al
F

WAV

Figure 8. Absorption spectrum of biochemically isoclated
spinach ferredoxin. This spectrum is consistent with
the oxidized state of ferredoxin, as s&hown in the
literature (Buchanan and Arncn, 1971}
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te the literature (Buchanan and Arnon, 1971). Concentration
was determined using Beer 's law based on A,zp absorbance and
a molar extinction coefficient of 9.7 wmg-mL™leecm™1)
(Buchanan and Arnon, 1971), Purity was alsc wver:ified by
electrophoresis gel chromatography, described immediately
subsequent.

Electrophoresis - The purified ferredoxin extract and a
commercially obtained "ferredoxin" product were amalyzed by
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SD5-PAGE) using a Pharmacia LKB Biotechnology PhastSystem
unit. This highly automated system uses pre-made gels -
PhastGel Gradient 10-15 - with dimensions of S0 mm = 43 mm

0.45% mm, composed of a 13 mm stacking zome and a 32 mm
continmous 10 = 13 % gradient zone havinmg &€ % cross linking.
The gel is buffered with 0.112 M acetate and 0.112 M Tris
{pH &.4), The rumning buffer, in the form of a 2 % agarose
lEF spolid strip, consisted of eguimolar guantities 0.2 M
tricine and Tris (pH B.1), as well as 0.3 W ©5SDS
tanalytical grade). Once "assembled” the gel electrophoresis
is fully automatic. Samples were electrophoresed against
Bio-Rad mclecular weight standards (range: 10 000 - 100 QOO
Da! consisting of phosphorylase, bovine serum albumin,
ovalbumin, carbonic anhydrase, soybean trypsin inhibitor and
lysozyme. The standards are supplied as a 2 ug-uL”!
suspension in S0 % glycerol.

The gel was stained with Coomasie brilliant blue after

being transfered to the Development Unit of the apparatus.
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The unit, also fully automated, uses a fixing solution of 20
Y trichloroacetic acid, a washing/destaining solution of 30
% methanol, 10 % acetic acid and distilled water mixed 3:1:6
(viviv) and a staining solution of 0.02 % PhastGel Blue R in
30 % methanol and 1C % acetic acid in distilled water (again
3:1:6) and 0.1 % CuSO04 (w/v). Finished gels were analyzed
using an LKB-Bromma Ultrascan XL Enhanced Laser Dencitometer
interfaced with a microcomputer.

Addendum: A brief list of products used - The following
provides a partial listing of the products used during the
course of the experiments performed, the supplying company
and the quality, where available.

1) Buffers -
TES, N-trislhydroxymethyllmethyl-2-aminoethanesulfonic acid:
Sigma Chem. Co., grade not specified (gns).

Tricine, N-trislhydroxymethyll-methylglycine: Sigma Chem.

Co., gns.
Tris, tris{hydroxymethylJaminomethane (commercilal name,
Trizma): Sigma Chem. Co., reagent grade.

Sorbitol, D-glucitol: Sigma Chem. Co., gns.

Sucrose: Fisher Scientific Co., ultra centrifugation grade.

2) Enzymes -

Catalase, from bovine liver: Sigma Chem. Co., thymol-free
purified powder.

Ferredoxin, from spinach: Sigma Chem. Co., lyophilized

powder, containing approx. 25% ferredoxin, balance
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reported as trizma buffer (but see HResuits and
Discussion).

Glucose oxi1dase, from Asperigillus niger, type 1I1-5: Sigma
Chem. Co., product appraximately 20 % pure,
balance being potassium gluconate.

Superoxide dismutase, from bovime erythrocytes: Si1g-s Chem.
Co., product approximately % » pure, balance
being primarily potassium phosphate buffer salts,

3! talts -

Ammonium chloride, NHECl: Sigma Chem Co., gns.

Magnesium chloride, MgClz: Sigma Chem Co., gns.

Sodium chloride, MNaCl: Fisher Scierntific Co., enzyme grade.

Methy! wiologen, 1,1'=-dimethyl-4,4" '~bipyridinium dichloride:
Sigma Chem, Co., gns.

fi-Nicotinamide adenine dinucleotide phosphate, NADFT: Sigma
Chem. Co., approx. Q8 A pure tprecaration
dependent .

4) Miscel laneous -

Acetone: Anachemia (Carnadal) Co. Ltd., 9%9.59 % pure.

DEAE-celilulose (commercial name, DEAE-Sephacell: Fharmacia
LKE Biotechnology AB, pre-swollen 1n 20 % ethanol.

g,9-Dichloro-p-benzoguinone, DCBO: Eastman Kodak Co., gns.

Digitonin: Sigma Chem. Co., approx. 20 W pure.

Tetramethyl-p-benzoguinone, Durocguinone: Sigma Chem, Co.,
gns.
Triton X-100, octyl pheroxy polyetho=yethanol: Sigma Chem

Co., gns.
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RESULTS AMND DISCUSSION

The photocurrent generated by whole thylakoid membranes
in trne photoelectrochemical cell operating under
potertiostatic conditions 15 shown in Fig FA4&. The magnitude
of the photocurrent obtained without the addition of
exogenous electron acceptors comsistently ranged between 4
and 7 4fA, depending on the preparation wsed. Figure 50 shows
the effect of 10 pM DCMU, a competitive i1nhibiter of PE 11
at the site of QB (Pfister and Arntzern, 1979; Kyle, 19835).
The photosynthetic erigin of the photocurrent generated 1is
demonstrated by the strong i1nhibitory effect of DCMU. The
remailnlng prhiotoactivity 1s a result of a measurable
photoeffect oetween the strong illumimating light and the
platimum working electrode. It 1s observed even with the
photoelectrochemical cell working in the abserce of
thylakoids and produces traces similar 1n magnitude to the
one srown in Fig 2D.

There are twD poszible hypotheses to explain the
gerneration of strong photocurrents by the thylakoid
membranes, both processes 1nvolwving oaxygen. [ the first
process (Fig. 10, abovel, the excited photosyestems adsorbed
orn the surface of the platinum electrode could exchange
electrons directly with the electrode 1tself ard be
subsecuently reduced by a donor 1n solution. In the absence
of expgencous donors, this rele would be performed by water.,

On the other hand, the second process would involve the
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Figure 9. Photocurrent generation by thylakoid membranes
(Chl conc. = 250 pg+'ml~l) in the photoelectrochemical
cell operating potentiostatically (+750 mV vs. SCE). A,
membranes alorne; B, with 10 uM methyl wviologen; C,
bubbled with Nz gas; D, with 10 gM DCMU. Up and down
arrows indicate light on and off, respectively.
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Figure 10. Two potential mechanisms for the generation of
photocurrent. Above, electrons are passed directly to
the working electrode by photosystems in contact with
it; below, electroms are mediated to the working
electrode by a preceding chemical reaction, the Mehler

reaction.
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uptake of oxygen by PS5 1, following along a Mehler reaction
pathway. Thus, photocurrent would be due to the oxidation of
hydrogen peroride at the electrode and its magnitude, in
direct proportion to the guantity of Ho02 reactimg. In this
case, the electrode works as an indicator of a photochemical
reaction 1n solution, as shown 1n Fig 10, below. The effect
of methyl wviolcgem on photocurrent generation would lend
initial support to the latter hypothesis. This compound has
been shown toc be an exclusive electron acceptor of PS5 1
whose reduced form will wunivalently reduce ambient o=ygen
and 1s further krown to accelerate a Mehler type reaction
{lzawa, 1980). Its additicn to thylakoids causes a large
increase 1n photocurrent (Fig. %9B), typically 1BO-220 %,
Further supporting the hypothesis, 1f dissolved oxygen is
displaced by bubbling nitrogen gas through the sample before
photoelectrochemical measurements are taken, photocurrents
are reduced on the order of 50 % (Fig. 9C) relative to
untreated thylakoids.

Based on these 1nitial indications, the technigue of
cyclic voltammetry was employed to identify the
electroactivity of oxygen species implicated in the
photocurrent. The behavior of oxygen at a smooth platinum
electrode has been the object of constant research; 1ts
evolution from water, to give PtO, gives rise to two peaks
{Tarashewvich and KRadvyushkina, 19701 corresponding to the
reactlons:

HoO + Pt -> (Pti0H 34¢ *+ H™ + e (1)
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(Pt)OH: 54 -> PtO + HY + e~ (2)

and its reduction can proceed by two different steps

(Koryta et al, 1970) corresponding recspectively to:
Op + 2HY + 2e” -> Hp0p (3)
HoOs + 2HY + 2e” -> 2Ho0 (4)

If PtO 1s formed, 1ts reduction proceeds quickly toward
the formation of water. The inset of Figure 11 shows the
cyclic voltammetric current-potential curves of a smooth
platinum electrode. As expected (Bard and Faulkner, 1980),
the peaks respectively corresponding to the formation of a

platirum oxi1de layer (0Op), the begimming of oxygen evolution

from bulk water electrolysis (0Og) and the reduction of the

adsorbed oxygen (0¢) are clearly in evidence. In the
photoelectrochemical cell, the presence of wunilluminated
thylakoid membranes (Fig. 11A) results in a relevant

inhibition of the current due to the formation of adsorbed
oxygen, perhaps due to the adsorption of thylakoids on the
surface of the electrode. Accordingly, the corresponding
peaks are now poorly displayed 1n the polarographilic curve.
However , the 1llumination cf the thylakoilid sample (Fig. 11B)
15 marked by the appearance of a strong photocurrent,
starting at a potential greater than 2530 mV. The current-
potential curve no longer shows a peak 1n the region of
oxygen formation and the photocurrent tends toward the
limiting value of 20 pA, which remains constant unti1l the
bulk oxygen evolution starts. The flat polarographic wave

observed 15 characterized by a half-peak potential (more
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Figure 11. Cyclic wvoltammograms o©of thylakocid membranes (Chl
conc. = 250 pug*ml~!). A, unilluminated; B, illuminated.
Inset: cyclic wvoltammo-gram of the buffer solution at
the platinum electrpde. Scarm speed = 10 mv-s~ 1,
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convenlient to wuse than the peak potential wher a current
plateau 1s observed) cf 380 mV. Furthermore, the data
summarized 1n Table 1 shows the photocurrent i1ndependent of
scan rate up to 20 my-s~1 but dramatically decreases when
the scan rate reaches values of S0 mV:s~1 or greater.

These data firmly reinforce the oxygen uptake
hypothesis for <ceveral reasons. First of all, the anodic
photocurrent is no longer shaped as a peak but as a flat
wave, 1ndlicating that a process other than reactions (1) and
(2) is taking place. Moreover, the presence of a constant
limit photocurrent evirnce=z a preceding chemical reaction 1is
coupled wilth the electrode reaction (Bard and Faulkner,
1980). If the dependence of the value of Ep/a on the scan
rate 1s plotted (Fi1g. 12), the resulting straight line;, with
a slope of 17 mv, allows the calculation of the number of
electrons involved 1n the electrochemical process, using the
equation (Bard and Faulkner, 1980):

d Ep/e = R T
d 1In V enkF

where, R 1s the gas constant, T 15 temperature (K), n
1s the number of electrons and F 1s Faraday's constant. The
soclution shows that two electrons are i1involved and 1t 1is
reasonable to assume that the phcotocurrent 1s due to the
reduction of the electrode by hydrogen peroxide as per
reaction (4)., In turn, the peroxide 1s continuously provided

at the electrode by the preceding uptake of oxygen by PS 1,
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Table 1. Photocurrent generated by thylakoid membranes during cyclic
voltammetry at various scan speeds. Scans were performed from -300
mV to 1000 mV imposed potential. Photocurrents were measured at
500 mV.

SCAN SPEED PHOTOCURRENT
(mV-s-1) (HA)
5 200
10 18.0
15 19.0
20 17.5

30 3.5
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Figure la2. Plot of half-peak potential values (Ep,p) of the
oxidation curves recorded with 1illuminate thylakoid
membranes against the natural logarithm of the scan
rate (v) used toc obtain the voltammograms.
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The concomitant supply of oxygen by the OEC of PS 1l can
account for the steady behavior of the photocurrent.

Figure 13 shows the inhibition of photocurrent
production by the three enzymes glucose oxildase, superoxide
dismutase and catalase. Glucose oxl1dase produces an
intermediary inhibitory effect relative to the other two, an
attenuation consistent with a previous report (Mimeault and
Carpenrtier, 1989). When added wlth a small amount of
glucose, this enzyme removes dissclved oxygen during the
course of 1ts reaction and thus, 1ts 1nhibition redundantly
implicates oxygen's role 1in the photocurrent. Since the
immediate product of oxygen reduction by PS 1 1s superoxide,
the photocurrent should be inhibited by superoxide
dismutase. In fact, this enzyme did 1nhibilt, though only
poorly, with less thanmn 40 % inhibition 1n the presernce of
1500 units'mL~!. The enzyme's action does not change the
overall oxygen stoichiometry of the superoxide dismutation
reaction relative to proton—-induced dismutation but
accelerates the resulting formation of peroxide (rate
constant for the latter is 10° M l.571 vs, 2 x 107 m~1.5-1
for the enzymatic process). As 1t has been shown that the
production of photocurrent is limited by diffusion (Mimeault
and Carpentier, 1989), such a sudder concentraticon increase
leaves some peroxide molecules free to participate 1n other
reactions, damaging the thylakoids. In fact, hydrogen
peroxide 1s well known to inhibit photosynthesic at elevatec

concentrations thus, the weak i1inhibition of pheotocurrent by
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superoxide dismutase could stem from the toxic effects of
excess peroxide. Alternatively, another mechanism hacs been
proposed (Allen, 159753) and 1s more likely responsiblie for
the observed 1nhibition. It suggests that oxygen 1s reduced
by ferredoxin 1N a two-step process. Reduced ferredoxin
would first produce superoxide and, on beling re-reduced by
PS I, would have a sufficiently low redox potential to
reduce superoxide to hydrogen peroxide 1n conj)unctiorn with
two protons. The addition of superoxide dismutase would, by
way of 1its reaction, reduce the formation rate of oxidized
ferredoxin, thus 1nhibiting oxygen uptake (and electron
transport) competitively. Such 1nhibition would obviously
reduce the photocurrent generation 1in the presence of the
enzyme. Unfortunately, the mechanism proved difficult to
confirm unambiguoucsly and was less than fully accepted in
the literature (Halliwell, 1981). However, more recently,

the mechanlism was corroborated by in vitro experiments with
lsolated ferredoxin <(Hosein and Palmer, 1983). For this
mechanism to be i1mplicated 1n the present case would suggest
a significant presence of ferredoxin assoclated with the
thylakoid membranes. QRuantitatively, this 1s difficult to
ascertain, given the nature of the protein itself, the fact
1t 1s a weakly bond extrinsic component of thylakoids and
the number of other co-enzymes 1involving ferredoxin as a
source of reductive power. Nonetheless, even the weak

inhibition clearly 1mplicates supercr.de in photocurrent

production.
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Lastly, if the assumption above that HzOz 15 the
electroactive s=species thenm catalase should be the best
inhibitor of photocurrent. Indeed, catalase was the most
potent, reaching almost S0 % 1mhibition with aonly 295
units'mL")! and over 90% with 2000 units-mL—1. Experiments
were performed to 6000 units-mL~! and more than 95 %
inhibition could pe achieved (data not  shownd. Thus,
hydrogen peroxide is the end of the reductive pathway that
mediates electrons between PS | in solution and the working
electrode.

In order to fully characterize the amplification of the
photocurrent by methyl viologen, several tvpes of
experiments were performed. The cyclic woltammogram of
thylakoid membrames 1i1n the presence of methyl wviologen is
shown in Fig. 1l4. When added on its own, the extent of the
photocurrent does not exceed the wvalue found in thylakoids
alone but the steady wvalue of 22 pA 1s reached at a
potential 130 mV lower (Fi1g. 14B). This shift in potential
is consistant with the Nermst eguation by wirtue of the
action of methyl! wviclogen: 1t has a greater affinmity to
accept electrons from PS 1 (k = 1.7 x 108 m~l.e-!; Acada and
Takahashi, 1987) than does oxygen (k ~ 107 M~1.5-1; Asada
and Nakanao, 1978) and 1t can better reduce oxygen (k = 7.7 x
108 M_l-s_l: Asada and MNakarno, 1978) thamn can the acceptor
side of the photosystem, Its virtually catalytic effect
results in an increased guantity of HpUz production, though

not as high as in the case of superox:ide dismutase (see
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kinetic rates above!), that results in the shift in potential

according to the eguation:

ED/E = Eg’ - 0.039 pH + 0.059 log PO
c e (H021
(See Appendix A for derivation of this equation). If methyl

viologen 1s wused 1n cornjunction with the uncoupling agent
NH,Cl, the photocurrent i1s strongly i1ncreased up to a value
of 32 wA (Fig. 14C)., This wvalue 1s consistent with the
increases observed potentiostatically and 1i1ndicates the
well-coupled cstate of the membranes. Conseguently, all
measurements reported in this work invoiving methyl vioclogen
were performed in combination with NH4CL.

Figure 15 further characterizes the activation effect
of methyl viologen 1N showing that, with increasing
concentration, a sigmoidal relationship with photocurrent
magnitude 1s remarked. Although even small concentraticns of
methyl wviologen can 1ncrease the photocurrent significantly
and large concentrations can virtually triple it, there 15 a
range of concentration where the thylakoid membranes are
particularly sensitive to the effect of the agent. The
si1igmoldal shape of the curve i1ndicatecs that there mav be a
cumulative action of methyl viologern 1n this range. The
figure also shows measurements of oxygern consumption as a
function of 1ncreasing concentration of methyl viologen
taken with a Clark-type electrode. The resulting curve shows
a streng resemblance toc that cof photocurrent. Given that

conditions are the same for both types of measurements (with
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Figure 15. Effect of increasing methyl viologen
concentration on photocurrent generation (--8-=) and on
oxygen uptake rates (--0--). Chlorophyll concentration
was 250 pg'ml~! in both cases.
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the notable exception of the different geometries of the
oxygen uptake- and photoelectrochemical cells?, the
relationship gives evidence that the photoelectrocremical
cell provides a comparable quantitative measure of the
reduction of oxygen by thylakoid membranes.

Regardless of the magnitude of activation effects
produced by thylakoids 1n the presence of methyl viologen,
the photocurrents are also 1nhibited by catalase, as 1is
shown 1n Fig. 16. The shape of the inhibition curve 1is
1identical to that shown 1in Fig. 13, with large measures of
inhibition already achieved at relatively low concentrations
and over ?5 % inhibition at 3000 units-mL~1. This
demonstates that reduced methyl viologen is not an
electroactive species with the working electrode and 1is
1tself not sufficient to generate photocurrents. Thus, the
reduction of oxygen to HoOp 1s cbligate even in the presence
of methyl viologen.

In order to characterize the inhibition by catalase,
ites effect on the relationship between the production of
photocurrent and the chlorophyll concentration was examined
in the absence and presence of catalase f(at two different
concentrations of catalase). Figure 17 shows that the
photocurrent increases essentially linearly with chlorophyll
concentration until reaching a plateau. In the presence of
catalase, the enzyme clearly reduces the absolute magnitude
of the photocurrent but also changes the shape of the curve;

the plateau 15 reached more quilckly (500 units-mL—1
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catalase) or immediately (2000 units-mL~l), Trans‘orming
this data to a double reciprocal (Lineweaver —Burke® plot
(Fig. 18), shows the lines converging on the negati.e cide
of the x—-axis. This manifests catalase to exert & non-

competitive type of inhibition and thus, does not 1rterfere
wilth the production of H0p. This conclusion, though
seemingly moot 1n the face of conclusions already drawn,
shows that catalase does not inhibit photocurrent by
repressing peroxide diffusion nor by restraining the
thylakoids themselves in some way.
11
Up to this point, the photocurrents generated have been
exclusively by thylakocid membranes containing both PS5 I and
II. In order to better understand how they cooperatively
function in thylakoids, it would be useful to separate the
two and assess their indiviual functioring. Filgure 19 shows
the cvclic voltammogram of PS ll-enriched membranes. It is

quite clear that in the absence of a suiltable accegctor, PS

11 1se wvirtually 1incapable of producing photocurrert. The
miniscule amount observed (Fig. 19, solid line) :s most
likelv due to PS I contamination. This 15 a reasonable

assumption given that the samples are not pure PS 11
particles but enriched membranes where PS5 1 has been remcved
by detergent treatment. However, if the PS Il acceptar DCBQ
is added to the sample, the result 1s the onse: of a
photozurrent at approximately SC mv and an increase of

appraximately 30 HA 1n the photocurrent at the pctential



69

.
0.020

I
0015

e 4
| =
) x
8 o
..cq Eg
|c}—-I
X
QO
T 1 o
© O o o \© =
© o o « =
O o
s <
Fro —
o
|
o
- O
Q

yr XVRdT

Figure 18. Double reciprocal plot of ne data fraom Fig. 17.
Lines of best fit were produced by SRAPHE v,.3, Tun on o a

CYBER computer. Symbols are trs same as in the

mreceding figure.



70

Figure 19. Cyclic voltammograms of PS 11 enriched membranes
(Chl conc. = 250 pg-ml~L)y., —---, unilluminated; —,
illuminated; <-+-, illuminated in the presence of 0.6 mM
DCBG@. Inset: cyclic voltammegram of 0.6 mM DCBQ 1in
buffer sclution. Scan speeds = 10 mv-s~l,
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corresponding to the oxidation of DCEBO, whose woltammogram
in a buffer sglution 1s reported 1n the 1nset of the =same
figure. MNo further 1ncrease 1n the photocurrent 1s recorded
at higher potentials. The DCBEY peak 1is slightly positively
gshifted imn the PS5 11 woltammogram relative to the 1nset due
to the i1increase 11 the =solution resistance caused by the
presence of low conducting membranes. The peak 1= aleo much
broader in the PS 1] sample because of the "redox recycling”
of the acceptor by the electrode/sP5S 11. In other words, FS
Il-reduced DCEBQ, once oxidized by the electrode, will be re-
reguced by tnhe photosystem. Most 1mportantly, the combined
evidence of an early photocurrent onset potential relative
to thylakoids, a well defined peak rather tharm a plateau
talso indicating a one electron process! and a negative
slope of the curve 1n the region corresponding to HzZ0s
processes in thylakoids i1nexorably bar the involwvement of
hydrogen peroxide 1n the photocurrent generaticn. [t 1e DCHO
that 12 the electroactive species In this case.

Turmning to PS5 1 enriched membranes, the =samples are
presumed to be incapable of producing nocteworthy
photocurrent 1n the absernce of a suitable dornor and thus,
the cyvclic wvoltammograms presented in Figure 20 all contain
the PS5 1 donor OO0, wnose cyclic wvoltammogram inm buffer
solution is  shaown in the inset of the figure. This
artificial agent donates electrons at the level of the
plastoguinone-binding site of the cyt bef complex (Nanba and

Katoh, 19B5). In unillumimated PS 1 enriched membranes, tTwo
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Figure 20. Cyclic wvoltammograms of PS | enriched membrarnes
(Chl conc. = 250 ug-ml~l), , unilluminated with 0.1
mM reduced DR; ---, illumimnated with 0.1 mM DQ@j; =---,
illuminated with 0.1 mM DG and 1.3 mM methyl wviologen;
-+*=-, as preceding with 3C00 units'mL~! catalase. Inset:
cyclic wvoltammogram of Q0.1 mM D@ in buffer solution.
Scan speeds = 10 mv.s~1,
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oxldation peaks at approximately 2320 and 700 mV,
correspondling to the potentials of DO oxidation as shown in
the 1nset, are observead, along with a large, broad reduction
peak at - 130 mV. Upon 1llumination, the disappearance of
the lcwest potential DG oxidation peak 1s accompanied by a
photocurrent starting at potentials somewhat lower than 300
mVY anc reaching a maximum of 18 pA. The addition of methyl
viologen does not significantly i1increase the magnitude of
photocurrent produced by the uncoupled membranes. Yet, even
in the presence of methyl viologen, the addition of catalase
results 1n 1nhibition of B85 % of the photocurrent but a
maintainance of the 700 mV oxidation peak. These results
show that, although DG by 1tself 1s 1involved in two one-
electron oxidations with the electrode, only the low
potential electron 1s donated to PS 1 and commuted to
photccurrent 1n a manner similar to thylakoids, i.e. via PS
I recuction of oxyger. The high potential electron 1is
donated to the electrode in all the displayed situations as
evidenced particularly by the catalase curve. Indeed, as
this electron’'s potential 1s even higher than the peroxide
oxldatlon potential, 1t 15 not electrochemically possible
for this electron to participate 1in photosynthetically
relevant redox reactions.

Especially notable 1in these curves 1s the failure of
methy! viologen to produce s large increase 1 photocurrent,
even in uncoupled membranes. This is 1nterpreted as proof

that the electron donation by DR 1s the rate limitinmg step
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in PS 1 enriched membranes. However, in PS 11 enriched
membranes, <since the addition of acceptor caused a large
increase 1n photocurrernt, the electron donation step (1.e.
water oxidation) cannot be rate limiting 1in the production
of photocurrent. By corollary, 1n the context of thylakoid
membranes, the rate limiting step 15 ultimately the
reduction of oxygen because if the reaction rate 1s
increased by a more efficient, faster acceptor, the reaction
on the donation side (either PS I or I1) seemingly does not

saturate.

111

A photosynthetic action spectrum reflects the
efficiency of different wavelengths of light in promoting
photosynthesis. In correlating 1t to a corresponding
absorption spectrum, the relative activities of pigments can
be established. For these reasons, the action and absorption
spectra were measured for thylakoid membranes and PS I- and
PS 11 enriched membranes. From these results, while not
definitively guantitative, there emer ge a number of
noteworthy points.

The spectra of thylakoid membranes are shown 1n Figure
21. The absorption spectrum 1i1s characterized by bands for
Chl a (681 and 440 nm), Chl b (653 and 475 nm), their
associated minor bands (622 and 984 nm) and a carotenoid
peak at 486 nm. The spectrum 15 conslistent with classic

spectra In the literature (see Lehninger, 1982, p. &55, for
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quick reference). In compariscn, the action spectrum of
thylakoids 1n the photoelectrochemical cell 1s not only
similar in shape to the absorption cspectrum but evidences
most of the same peaks (the exception being 475 nm), though
they now show slight red shifts. It should be noted that the
sharply increasing photocurrent at the shortest wavelengths
1s considered to be an artifact, perhaps related to the
photoeffect of platinum mentioned earlier. This 1s a
reasonable inference because of the relatively high energy
of these wavelengths angd magnltude of photocurrent
generated. The consistency of form and position of the
action spectrum indicates that the strongly absorbing
pigments of thylakoids are also ultimately 1nvolved 1n the
reduction of oxygen. The cooperative functioning of PS 1 and
I 1s displayed in the broadness of the long wavelerngth Chl
a action peak relative to 1ts absorption, not only in its
red shift but also i1n the vague, poorly defined shoulder at
approximately 700 nm. Further remarkable, is the rather
large contribution of carotencids to the photocurrent,
reflecting that these pigments have well coupled energy
transfer to the reaction centers. This 1s conslistent with
their secondary role of broadening the avallable spectral
energy range for photosynthetic organisms (Logdell, 1988).
In PS 11 enriched membranes (Fig. 22y, the action
spectrum also corresponds well to the absorption
counterpart. Essentially the same peaks are produced as 1n

the case of thylakoide but the long wavelength Chl a peak 1s
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narrower, more 1n proportion with the absorpticn bsnd, and
the general red shift effect 1s less pronounced, mirroring
the more direct production of photocurrenrnt by the PS I1/DCBG
system. Moreover, the carotencids agailn play a sigrnificant
role 1n energy transfer, as in thylakoids.

However , PS 1 enriched membr anes exhibit guite
different behavior than PS 1I1. In this case, the absorption
spectrum (Fig. 23) 1s void of indentifiable Chl b bands and
shows only Chl é peaks (680 and 438 nm, with minor peaks at
624 and 592 nm) and that of carotenoids at 470 nm (though
the magnitude of the 438 nm band skews this peak and makes
ldentifying 1ts exact maximum difficult). This absence 1is
consistent with the 1ncreased Chl a:b ratios of PS5 I given
in the literature (Melils, 1989). The action gspectrum 1is
invariliant in this attribute but reveals a PS I-unique
splitting of the long wavelength Chl a action peak (696 and
670 nm). This seemingly shows a reaction center photocurrent

generation efficiency comparable to PS Il but also evinces a

separate antennae Chl a component. Since the antennae
1tself canncot be directly 1involved 1n oxygen (or methyl
viologen, for that matter) reduction, 1ts distinct peak
would confirm 1ts 1increased light harvesting capacaity

relative to PS5 11 antennae (Melis, 1989) and further, a very
strongiy coupled energy transfer to the reaction center.
Furthermore, the relatively small photocurrent contribution
of carotencids observed i1in PS5 I, as measured by the relative

peak heights of the carotencid vs long wavelength Chl a
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peaks 1n the three membrane preparatiaone, 15 equable with
the larger set of carotencide 1n PS 11 and associated

antennae than 1n the PS5 1 system (Goodwin and Britton,

1988) .

Considered collectively, the action spectra have shown
that, in the photoelectrochemical cell, the maj)or
photosynthetic pigment components of the membr ane

preparations are 1intact and functioning 1n a cooperative,
coupled marnner, such as would be expected 1n vivo or at
least, in other comparable 1n vitro systems. Thus, the
usefulness of the photoelectrochemical cell as a tool for
studylng photosynthesis may extend to 1nvestigating agents
or circumstances that affect the intramembrane (or intra-

photosystem) energy transfer events.

v

As a mechanistic model, the photoelectrochemical cell
monitors the activity of PS 1 while 1n thylakoid membranes,
where PS 11 1s the donor and ambient dissolved oxygen {(or
methyl viologen) 1s the acceptor. Electrons are mediated tc
the working electrode via a Mehler reaction pathway. This
opens up the pocssibility of monitoring pseudocyclic electron
transport more directly thanm has previously been possible.
As mentioned 1n the Introduction, this process 15 usually
detected by mass spectrometer or Clark electrode experiments
measur ing oxygen uptake 1n 1lluminated chloroplaste.

However, such measurements are complicated by the uptake of
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oxygen by other metabolic pathways. The contribution of

glycollate synthesis can be effectively eliminated Egneus

et al, 1973) but the oxygen consumptlien by metabolism of
phenolic compcunds remalne a problem (Halliwell, 1981). The
photoelectrochemical cell overcomes these types of

difficulties by directly monitoring the reduction of oxygen

in thylakoid f(or enriched) membranes. This system, by 1its
nature, allows oxygen to compete more proficiently for
electrons because, owling to the 1solation procedures, the

membranes have lost the inherent enzymes that protect
chloroplasts 1n wvivo from the otherwise toxic products of
the Mehler reaction. Thus, the pathway proceeds largely
unhindered.

The data demonstrate the potential application for
manipulating the reducing side of PS 1 and further
investigating both the role of the pseudocyclic eiectron
transfer pathway and such endogenocus post-PS [ acceptors
such as ferredoxin and FNR. In fact, a preparation of
spinach ferredoxin was commercially obtained and the effect
of 1ts concentration on the photocurrent generated by
thylakoid membranes in shown In Fig. 24. Its activity 1s
marked by a gradual increase of photocurrent until a plateau
is achieved at &C pM concentration. It produced a maximal
increase of 40 % over control thylakoids and had arn Ig; =
16.2 M. Curiousiy, when ferredoxin was biochemically
prepared according to the method of Yoccum et al (197%), the

icolate caucsed a decreacse in photocurrent, as alsoc shcwr™ 1n
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Figure 24. Effect of isoclated pure ferredoxin (-@-) and

commercially obtained ferredoxin (=0-)] on photocurrent
generat:on of thylakoid membranes (Chl comnc. = 220
pg'ml'li. Fhotocurrents were mnormalized to 4.7 uA

control photocurrent.
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Fig. Z24. The shape of the curve produced, ite plateau
attained at 950 pM, was remarkably similar to that of the
commercial product and Iso = 11.9 HM. Ite max1lmaum
inhibition was 59 % of control. Further, the 1solate’'s

absorption spectrum and 1te ALpp/Pp7g rTatlo were consistent

wilith the literature, identifying 1t as pure ocx1dized
ferredoxin. Yet ferredoxin 15 known to form a strong,
electrostatically bound complex with FNR (csee above!), so an

electrophoresis gel was used to analyze the constituents of
each ferredoxin. Figure 235 shows the densitometer scan of
the resulting Coomassie stained gel arnd clearly shows the
biochemically 1solated ferredoxin to have but one absorption
band (Fig. 25B), evincing its purity. The commercial
product, however, displays two absorption bands (Fig. 25A4).
The band of farthest migration 1s most certainly egquivalent
to the single band on the lower scan and, therefore,
ferredoxin and the other band corresponds to the molecular
weight of FNR, based on 1ts migration distance. Haowever,
nelther of the proteins migrated to the exact pocsitions

appropriate to their molecular weight; ferredoxin because 1t

possesses an overall neqative charge (Scheller et al, 19883
Andersen et al, 1990) due to aminoc acid composition that
somewhat 1mpedes ite migration and FNR, in this case,

because of the presence of a high quantity of Nall (0.3 ™M)
necessary to cleave the complex with ferredoxin (Zanetti and

Curta, 1981). Molecular standardes are not displaved for
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Figure 25. Densitommeter scans of SDS-polyacrylamide (10-135
% gradient) electrophoresis gels of the commercially
obtained ferredoxin (A) and the isolated pure

ferredoxin (B). Smallest polypeptides have the farthest

migration distance.



ABSORBANCE , rel. units

MIGRATION DIRECTION —»

/8



88

thece reasons. However , further evidence of the
identification of FNR i1s provided immediately below.

Table 2 summarizes the results of two series of
experiments per formed using the commercilally obtained
ferredoxin 1In conjunction with catalase and NADP™. The
results show that the physiological acceptor constitutes a
formidable inhibitor of the photocurrent, even accentuating
the 1nhibition of catalase. Since the activity of FNR 1is
cpecific for NADP* (Forti et al, 1983; Karplus et al, 1984),
this acceptor would be expected to be preferentially reduced
over oxygen, 1f 1t 1s availlable. That 1t 1s able to inhibit
photocurrent to the same extent whether or not catalase is
present, suggests that oxygen competes with the
physiological acceptor for PS I electrons. Direct evidence
of this relationship 15 difficult to gather because of the
nature of the acceptores: dissolved oxygen concentration 1g
difficult to control and the guantity of NADPY reduced would
be dependent on 1ndividual thylakoid preparation activity,
which wvarieg for ovious reasons. Nonetheless, the direct
competition between the two at the same site 15 a defensible
presumpticn, given the NADP* inhibition data and that the
presence of FNR produces a catalase-sensitive 1ncrease 1n
photocurrent, as shown in Figure 24 and Table 2B. As further
indirect proof, X-ray crystallography data of the structure
of FNR showed only two active sites for the enzyme, at the
carboxy-terminal end (for NADP*) and the amino-terminal end

for interaction with ferredoxin (Karplue et al, 1984).



Table 2. Effect of NADPT on photocurrent under different conditions.

CONDITIONS PHOTOCURRENT
(HA)

A Control 5.4

+ 50 uM Ferredoxin 6.5

+ 50 uM Ferredoxin

and 100 uM NADPT 0.2
B Contol 5.0

+ 4000 units-mL-1 Catalase 0.8

+ 4000 units-mL-1 Catalase

and 50 uM Ferredoxin 1.3

+ 4000 unitss-mL-1 catalase, 50 uM

Ferredoxin and 100 uM NADP+ 0.1

Data obtained using thylakoid membranes having a Chl concentration
of 250 pg-mL-! under 750 mV imposed potential.
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Furthermore, although 1t has been showrn 1In 1n vitro

exper iments involving artificially reduced icolated
ferredoxin an 1ts OWTl, that ferredoxin can 1ndeed
univalently reduce oxygen (Hosein and Palmer, 1983, the

results In Filg. 24 suggest that ferredoxin added to the
thylakoids did not possess this ability. This might have
been due to the ferredoxin not becoming involved with the
membr anes at all but this is imconsistent wilth the
inhibition produced. Moreover , 1ts absorption cpectra
indicated that, not only was the 1solated ferredoxin
oxidized, but that its Fe-S center was intact and therefore,
able to be reduced by PS I.

Overall, the data strongly 1mplicate FNR providing the
site of oxygen reduction 1in the thylakoid membranes in the
photoelectrochemical <cell. By extension to an 1in vivo
context, the pseudocyclic electron trancfer pathway competes
directly with NADPY reduction, as is summarized in Fig. 26.
If so, this would have a number of advantageous metabolic
conseguences for chloroplast physiology. Firstly, the
pseudocyclic electron transport pathway would reprecent a
true attenuvating mechaniem for the redox state of the
NADP* /NADPH pool. Invoking 1t would, as already mentioned,
not only abate the formation of NADPH but alsc consume 1t
due to the scavenging apparatus of chloroplasts (Figs. 26
and 4). Relatedly, this pathway could be used to raise the
ratio of ATP/NADPH produced during the course of electron

transport 1f metabolic demands reguired more ATP, 1.e. to
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enhance carbon diocxide assimilation. Secondly, as such, 1t
would also constitute amn excellent coping mechanism in the
case of elevated electron transport rates, l.e. during
conditionse of high photon flux densities. Lastly, 1t 1is
undoubtedly a faster response to any of the above strecsses
or demands than cyclic electron transport would be, simply
based ©on the obligate diffusion component inherent in the
latter pathway. This, of course, does not 1n any way rule
out the occurrence of the cycliic pathway (nor would the data
support such conjecture) but 1t ic consistent with the
conclusicon of GSteiger and Beck (1%981) that the «cyclic
pathway does not inhere an alternative to the pseudocyclic

pathway but 1s, in fact, dependent on 1it.
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CONCLUSIONS
The results of this study of a unichambered
photoelectrochemical cell lead to the following conclusions:

- the observed photocurrent 1is generated by PS I-reduced
oxygen, mediated to the working electrode by a Mehler
reaction type pathway, analogous to the pseudocyclic
electron transport pathway observed in plant cells. The
photoelectrochemical cell thus constitutes an excellent
tool for studying the reducing side of PS 1.

- the pbotoelectrochemical cell has been shown to be
directly comparable to conventional technigues of
measuring photosynthetic oxygen reduction. Further, the
photocurrent can be both amplified and inhibited by
exogenously added agents.

- the reducing site of FNR has been suggested to be the site
of oxygen reduction by PS 1. Given the elaborate in
vivo scavenging mechanism of hydrogen peroxide, the
site has distinct advantages in terms of the plant

cell's ability to balance its NADP/ATP requirements.
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APPENDIX A

To calculate thne half-peak potential shift causeg by the
increased production of hydrogen peroxide due to the
addition of methyl wviologen, the Nernst equation is used:

Epr = Eg' + 2.303 R T log @
n F

where E,,p = observed half-peak potential,
Ep’ = standard potential for the reaction at STP,
R = gas constant 1.987 cal'mol~}l-k"1
T = absolute temperature 297 K,
n = number of electrons involved in half reaction,
F = Faraday's constant 23 060 cal*Vv 1-(mol e 171,
Q = reaction quotient [oxidizedl/[reduced] species

Expressed with the constants calculated in:

Ep:"E = Eg" + 0.0392 log o=l
n (red]

Given the reaction for the degradation of hydrogen peroxide
at a platinum electrode:
@ Hg0gp 2 Hz0 + Oz,
the half reactions are:
HoOz + 2HY + 2e” 2Hp0 (red. egl)
Ho Oz Oz + 2HY + 2e” (oxi. egl)
arnd substitutinmg into the Nernst equation:

Epsp = Eg' + 0.0592 log (W] POs
2 [(Ha0z]

where POs = partial pressure of Og. Separating the terms
gives:

Eps2 = Eg' + 0.0592 log (H*] + 00,0592 log PCa
= = (Ha0z]



Lastly, since - log [H*) = pH, then:

Epsz = Eg' - 0.0592 pH + 0.0592 log __POp
2 2 tHpO0a]
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