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SUMMARY

Rapid ]1ght 1nduced transients in EPR Signal IIf (Fo ) are observed
in DCMU- treated, tris-washed chloroplasts until the state F P680 Q  is
reached. In the absence of exogenous redox med1ators ‘several flashes
are required to saturate this photoinactive state. However, the Signal
Ivatrans1ent is observed on only the first flash fof]owing DCMU ~addi-
tion if an'efticient-donor to Signal IIf, pheny]enediamine or hydro-
quinone, 1is ﬁresent. Comp]ehentary polarographic measurements show
that under these!conditibnsioxidized phenylenediamine is.produced only

on the first flash of a series. The DCMU inhibition of Signal IIf can

*Present address: Department of Biochemistry, ﬁice University,
Houston, Texas 77001 U.S.A.

Abbreviations: CCCP, tarbony] cyanide m-chlorophenylhydrazone;
‘DCMU, 3—(3,4;dich1oropheny15-1,1~dimethy1urea; HQ, hydroquinone; PD,

pheny]enediamihe; PS I, Photosystem I; PS 11, Photosystem II.
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be comp]ete]y relieved by oxidative titration of a one-electron reductant
with F68.0vi: +480 mV. At high reduction potentiéis the decay time of
Signal IIf is constant at about 30C ms, whereas in the absence of DCMU
-the decay time is longer and increases with increasing reduc£ion potential.

A model js proposed in which Q~, the reduced'Photosystem Il primary
acceptor, and D, a one-electron 480 mV donor endogendus to the chloroplast
suspension, compete in the reduction of Signal IIf (F@+). At high poten-
fia]s D is oxidized in the dark,.and the [Q' + F0+]zback reaction régenerates
the photoactive F P680 Q state. The electrochemical and kinetic evidence

is consistentwith the hypothesis that the Signal IIf species, F, is

identical with Z, the physiological donor to P680.

INTRODUCTION

Three kfnefic components of Signal Il in oxygen evolving photosyn-
thetic organisms have been demonstrafed‘recent]y; in this paper they will
be designated Signal Ilu, Signa] Ils, and Signa]jllf. Signal Ilu is
observed in leaves and chloroplasts in the dark [1] and‘;emains in its
free radical state in whole leaves even after several days of dark
storage [2].x'HQhever, treatments such as aging, heat, CCCP, or tris-
washing will induce decay of Signal IIu [3-6].

Signal IIs corresponds to the 100% increase in Signal II magnitude
observed upon illumination of dark-adapted chloroplast samples [1,2].
This 1ight-induced increase proceeds with high quantuhféfficiency,
although the kinetics for both the rise (£]/2 = ] s)'aﬁd decay (‘c]/2 = 4 h)

are sufficieﬁt1y_slow that an integral role for Signa1‘IIs in the transport
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of electrons from water to NADP'can be exc]uded‘[T]. Okayama et al. [7]
and Lozier and Butier [4] have shown that trea@mentg which disrupt reac-
tions occurring bn the water side of PS II acce]éréte the decay of Signal
'IIs, as wefi as that of Signal IIu. Subsequent i]]ﬁmihation‘}hen restores
Signal I1 to a concentration eaqual to the sum of Signals IIs and Ilu.
Esser [5], arguing also from evidence obtained from inhibitor effects,
proposed that Sigha]s I1s and IIu may be on a sidepath connecting the
water side of PS II with the plastoquinone poo];ihoWeVer, the.preciéé
mechanism'df ngna] IT formation is not specified»in his model. F]éshfng
1ight studies in our laboratory [1] on Signal IIé in untreated chloro- -
p]asts demonstrated that the formation of this radical involves oxidation
of its precursor, F, by the states S, and 53 in the Kok et al. model (8]
for oxygen evolution. These ohservations, as we]l as earlier studies
‘with Mn deficient algae and with mutants lacking thé»ability-to evolve
'oxygen [9,10], strongly support a model in which Signals IIs and IIu are
‘associated with reactions occurring on the water side of PS II.

The 'third component of Signal II, Signal IIf, is observed upon

inhibition of oxygen evolution [11]. This species4ha§ rabid rise
kinetics (ti/é S 500 ps) and decays with a halftimggWhich’decreases as
the redugtion poEentia] or the chloroplast suspensioh is decreased.
The spin éoncént;ation of Signal IIf is equal to the sum of the spin con-
centrations of Signal IIs:and Signal 1Iu, which are also present fn these
non-oxygen eVo]vipg ch1or§p1asts. Signal IIf is only marginally observed
in oxygen—ev01vin§ broken'chloroplasts [11,12]. However, Warden and

Bolton [13] have shown reqent]y that a fast risiné_(tT/z 21 ms) component

of Signal II can be obser?ed in intact chloroplasts prepared as described
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by Jensen and Bassham [141. This species is roughly stoichiometric with
Signal I ahdidisappears upon osmotic rupture of the chloroplasts.

The EPR spectra of the three kinetic componenfé'Qf Signal II-are
identical [2;6,113, indicating that all three origihafe from the same
. chemical species. In this communication this free radical species will
be designafed F-+, and the diamagnetic precursor will be designated F.

DCMU blocks electron transfer from the primary acceptor, Q, of PS II
to the poo1.of secondary acceptors [15,16]. As a resuTt, Q accumulTates
in the light and furtherve1ectron flow through PS II is inhibited. Pre-
viously [11]} we showed that in non-oxygen-evolving Ch]brop]asts Signal IIf
formatioﬁ is inhibited by DCMU provided O'.was generated by illumination
prior to the assay for the radical. In the experiments reported in this
paper we show that transients in Signal IIf persist'until the state
F P680 Q° is obtained. In the presence of suitable electron donors, a
single flash is sufficient to saturate this photoinactive state. We also
report that the DCMU inhibition of Signal IIf is re]ieVed if sufficiently
high reduction potentials (E > +480 mV) are maintained in the chloroplast
suspension. .Fina11y we propose a model suggesting that Signal IIf arises

from Z-+, thé oxidized physiological donor to P680.

MATERIALS AND METHODS

Chloroplasts and reagents

Chloroplasts were isolated from growth ﬁhamber spinach as described
previously tlT]. Tris-washed chloroplasts were preparéd by the method of
Yamashita and Butler [17] as modified by B]ankenship'aﬁdeauer [18] and
were resuspendédvin 0.8 M tris buffer (pH 8.0), EDTA_,(TO"4 M) was added
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to all samples to suppress the hexaquo Mn+ EPR signal invariably present

in treated chloroplasts. Cpntro] experiments show that Signal IIf is also
observed in the ab;ence of EDTA. Ch]érophy]] concentrations in EPR experi-
ments were between 2 and 4 mg/m];ffn experiments in whfch phenylenediamine
or hydroQuinone oxidation was followed polarographically, the chlorophyll
concentratidh_was 200 ug/ml.

SpinacH ferredoxin and NADP were obtained from Sigma, o-phenanthroline
from Calbiochem, and DCMU from duPont. The DCMU wés recrysta]]ized'from
methanol'ahd‘dfssolved in 95% ethanol. Ethanol concentration in all experi-
ments was 1e$$ tﬁan 1%. PD and HQ were pufified by sublimation. Crude
potassium octacyanotungstate (IV) dihydrate, K4W(CN)8-2H20, was the kind
gift of Dr, Richard Malkin. It was purified as described by Heintz [19],
and the tetrapositive tungsten sa]t‘was oxidized to-thefpentapositive salt,
K3w(CN)8; using potassium permanganate as described.by Béadsgaard and
Tréadwe]] [26]5 ‘Concentration and midpoint potential for the tungstate
salt were determined by potentiometric titration with standard ceric sul-
fate. , ,' S .

Light sources, EPR measurements and polarographic detection of

electron donor oxidation

White 1ight flashes (10 us) énd continuous white TTght were.obtaihed
from sources‘as‘desCribed previously [1]. The Varian‘E?é (X-band, 9.5 GH;)
EPR spectrometer and signal averaging techniques have also béen described
[11]. A1 EPR experiments were carried out at room tempgrature Qith a
microwave power of 20 mW. Modulation amplitude of 3.2 G for recording
spectra was increased to 4}0 G in kinetic experimentsltévincreasé the
signa1~to—hoise ratio, The spectrometer scan rate and time constant are

noted in figure legends.
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Po]arographic detection of phenylenediamine or_hydroquinone oxida-
tion by trisFWashed chloroplasts was performed-usihgethe bare platinum
electrode descr1hed prev1ous1y for oxygen evolution [1] The f]owino
electro]yte_1n these exper1ments was 0.1 M KC1, 0.01 M phosphate (pH 7.6).
Piette g;_gl;_[21] and Kolthoff and Lingane [22] have shown that PD and
HO are suitéb]e'for polarographic study at stationary platinum electrodes.
In our system, polarograms for the detection of PD and HQ oxidized by tris-
washed chloroplasts show half wave potentials of -0.2 Vplts (gs;_scf) and
_p]ateau regions between -0.3 and -0.5 volts [23]. The experiments described
in the text were performed at -0.325 volts (vs. SCE) which is sufficiently
separated from the more negative half wave potential of oxygeh (-0.55 volts
in our system) to allow clean separation between PD.or HQ and oxygen sig-
nals. The reécﬁions occurring upon illumination of tris-washed chloro-

Plasts in the presence of PD (or HQ) may be represented [23] as

hv, chloroplasts N
> PDox

(1) generation - B PDred

(2) detection PDox dark, electrode N PD

red

Potentiometric titrations

Potent1ometr1c titrations of Signal IIf in the presence of DCMU were
performed using a Corning Digital 110 pH meter in the. potent1ometr1c mode.
‘The electrode’ system con51steq of a platinum e]ectrode and a Corning 476002
saturated calomel electrode previously calibrated vs. saturated quinhy-
drone [24]. The potential of 2.0 ml aliquots of tris-washed chloroplasts
vias adjustedvaerobicalyy at 4°p using various ratios o.f'K3Fe(CN)6/K4Fe(CN)6
or K3N(CN)8/K4N(CN)8. The total concentration of either redox couple was

held constant at 10 mM 1in all experiments.
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Fo]]owing‘equi]ibration at various potentials (approx. 1 min) a
0.3 ml chloroplast aliquot was removed and the flash-induced magnitude
of Signal IIf in the absence of DCMU determined. Sikty—four flashes
were averaﬂed at each potential, The experiment was then reﬁeated with
a second 0,3 m1-a1iquot to which 10'4 M DCMU had been added. At each
potential the extent of Signal IIf formation in the presence of DCMU is
normalized by dividing by the Signal IIf magnitude in the absence of DCMU.
With the ferri/ferrocyanide couple the total change in potential was less
than 2 mV in 10. min; with the cyanotungstate (V)/(IV) couple the total
change was less than 8 mV in 10 min. A1l midpoint and redox titration
potentials'are reported vs. the Standard Hydrogen Electrode (S.H.E.).
RESULTS
DCMU effects on S1gna1 IIs and IIf

Exper1ments performed by us [1] and by Esser [5] have shown that DCMU
does not 1nh1b1t the formation of Signal IIs in dark adapted, untreated
chloroplasts. Th1s is deronstrated in Fig. 1, where we compare the extent
" of Tight-induced Signal IIs formation in the absence (a) and presence (b)
of 10'4 M DCMU. The dark, non-decaying fraction of Signal II shown in
Spectrum 1 is ngna] Ilu. I]]umihation generates Signa] IIs (spectrum 2)
which persists in the dark f0110w1ng illumination (Spectrum 3). DCMU
(Fig. 1b) has no effect on this process. As shown previously [11], there
is only a s]ight (25%) Signal IIf c0mponeht'observed‘in these broken,
untreated ch]orop]asts, |

The results for tris-washed chloroplasts are shown in Fig. 1c and d.
In the dark (spectrum 1) Signal IIu magnitude is low since tris-washing

destabilizes the normal free radical state of this species [4]. In the

absence of DCMU (Fig, 1c) illumination generates both'51gna1 IIf and Ils
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(Spectrum 2); In the dark following illumination Signal IIf has decayed
leaving only Signal IIs and IIu (Spectrum 3). In the presence of DCMU
(Fig. 1d), Signal IIf is not observed in continuous 1ight (Spectrum 2).
However, Signa1 IIs is férmed in the presence of this'inhibifor, although
thére is a 20% decline in total Signal IIs and Ilu spin concentration
(compare spectra 3 in Fig. Tc and d). Similar results have been obtained
with the inhibitor o-phenanthroline.

Flashina 1fght studies on Signal IIf in DCMU-treated, tris-washed chloroplasts

The continuous light illumination for the spect%a_recorded in Fig. 1d
precludes the observation.of any lignt-induced transieﬁts in Signal IIf in
DCMU-treated, tris-washed chloroplasts. Flashing 1fght provides a finer
probe, 1in that Signal IIf can be monitored as a funcfion of flash number
during the transition from oxidized Q, at the onset of 511umination, to
fully reduced Q. The results of this experiment are shown in Fig. 2.

Fig. 2a is a confro] in which we monitored Signal Iif during the first 10
saturating flashes on tris-washed chloroplasts 1n-tﬁe'abSence of DCMU.
Fig. 2b shows. the same experiment in the presence of DCMU. The sample

in 2b was illuminated with continuous light prior to DCMU addition to
saturate Signal IIs (see below). -The first order plot for the data in
these two experiments (Fig. 2c) shows that Signal IIf formation on the
first flash in a sequence is unaffected by DCMU. Howeve?, in the presence
of the inhibitor the effectiveness of later flashes déc]ihes exponentially
with flash numbék, whereas in the absence of DCMU each subsequent flash is
equally effective in generating Signal IIf.

Etienne [25] has observed that several f]thes are necessary to
exhaust the NHZOH oxidizing capability in DCMU-treated,_broken chloro-

plasts. She and also Ducruet and Lavorel [26] have interpreted these
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results in terms of a model in which NHZOH, as a donor to PS II, competes
only moderately well with a back reaction in the PS II reaction center
which regenerates oxidized Q followind a flash. The results.of the
experiments in Fio, 2b can be explained similarly in terms of a model in
which endogénous donors to Signal I1If (Foh) compete fhefficient]y with Q°
in the rereduction of the freé radical. Thus, following a flash, the
reaction

0"+ Fe' —— Q+F | .
regenerates 0-and the Signal IIf precursor (F) in a sizable fraction of
the reaction centers, o

We have tested this model in a number of ways. In the experiments
of Fiag., 2 the'ch1orop1asts vere prei]]uminated; prior‘to DCMUvaddftion,
to saturate Signal IIs. We have repeated these experiments with dark-
adanted, tris-washed chloroplasts in which the Signal Ilu and IIs con-
centration is low prior to illumination. The results of this experiment
in the absence (a) and presence (b) of DCMU are showh in Fig. 3. Samples
were from the same ch]orop]ast preparation that was uSed in the experi-
ments in Fig, 2, Under conditions where Signal IIs is generated during
the flash seauence (Fig. 3b), transients in Signal IIf are quenched with
.fewer flashes. than if Signal IIs is fully formed prior to flash initia¥
tion (Fig,. 2b); These exneriments also demonstrate a fundamental dis-
tinction between Sional IIf and Signal Ils: back rééctions between Signal
IIf and Q proceed efficiently, whereas back reactidns betwéen Q" and
Signal IIs proceed only slowly, if at all. N
| We have shown previously [11] that pheny]enediamiﬁe is a good donor
to Signal IIf and, in the model proposed above, may bé able to compete

more effectively with the [Q™ + F0+] back reaction than endogenous donors
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in the chlbrop1ast suspension. Fig. 4 shows the results of experihents
in which Signal IIf transients were monitored in DCMU~-treated, tris-washed
chloroplasts in the ahsence (a) and presence (b) of 10 uM PD and 5 mif
-ascorbate. Fig. 4a shows similar results to those obtained for Fig. 2b,
i.e., decfeaSing effectiveness for each successive'flash in Signal IIf
generation. In Fig. 4b, with PD/asc present, on1y tﬁe first flash
generates Sighal‘IIf and the decay for this transient, in agreement with
our earlier observation [11], is markedly accelerated compared to Signal
ITf transients in the absence of PD/asc. The non-decaying Signa] IT com-
ponent in Fig. 4b is due to Signal IIs. The f]ash—induced increase in
this componenf is large, even though the sample was prei1]uminated imme-
diately prior to DCMU addition. This effect can‘be attributed to the
acce]erated*Sigha] IIs decay caused byfthe donor system [4] during the
time between preillumination and initiation of the flash sequence.

- The résu1ts of Fig. 4 sugogest that PD oxidation should be observed
on only the firét flash in DCMU-treated, tris*washedﬂphloroplasts. To
test this hypothesis we have followed PD oxidation in tris-washedd
chloroplasts polarographically. .Fig. 5a shows the_péttern of PD oxida-
'tion in tris,washed chloroplasts in the absence of‘DCMU; each flash is
equally effective in oxidizing PD. Hith DCMU added (Fig. 5b), only the
first.f1ash.generates oxidized donor; PD oxidation oﬁ all subsequenf
flashes is inhibited, Therefore both techniques, obgerVation of Signal
IIf via EPR and polarographic detection of PD oxidatfqn;‘indicate that,
in the presehte of an effective donor to Signnal IIf, electrons are trans-
ferred throughléé 11 on only the first flash fo1]owihg DCMU addition.
We have repeated these experiments with HQ, which is also an effective

donor to Signal‘IIf [11], and observed the same effects.
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Removal of NCMU inhibition of Signal IIf generation at high redox

potentials

The re#u]ts presented ?bove demonstrate that a donor, endogenous to
the chloroplast suspensicn, is ahle to compete with the [Q” + F0+] back
reaction and, with sufficient flashes, to generate the photo-inactive
F PESD O stgte. This model prediéts that at sufficjently high reduction
potentials the oxidation of this donor will occur in the dark and a per-
sistent Signal IIf will be observédveven in the présence of DCMU. Fig. ba
is a control in which the DCMU inhibition of Signal 1If is shown, Fié. 6b
is ah experiment withvan identical sample of chloroplasts to which 10 mM
K3Fe(CN)6 has been added. The addition of the oxidant restores Signal IIf.

He have carried out a study in which the fractiohﬁof Signal IIf
generated in response to a flash was assayed usinggbCMUAtreated, tris-
washed ch]ordp1asts noised at various reduction potentié]s; Typical data
at three differént potentials are shown in Fig. 7. On the left side of
the figure we show the flash induced response of Signal IIf at each poten—l
tial in the absence of DCMU. As the potential is increased, the decay time
for Signal IIf increases; this will be discussed beiow. ‘0n the right,
the results for the same exnerirent, now in the preééhce of DCMU, are
shown., At E = +437 mV (7a) virtually no Signal IIf:iS:observed with DCMU
present; at E = +487 mV (7b) about half the Signal I intensity is |
restored, while at E = +519 mV (7c) there is virtually no effect of
DCMU on the magnitude of Signal IIf formed. It is also seen (compare
7b and 7c) fhat the decay time for Signal IIf fo]]owfng a flash in the
presence of DCMU is not affected by the redox pbise'ofvthe chloroplast
suspension. | ‘

Fig. 8.shows‘the complete redox titration (a) and Nernst plot (b)

for Signal IIf generatioh in DCMU-treated, tris-washed chloroplasts. -
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In Fig. 7 and also Fig, 8 we have used both the ferrf/ferrocyanide (E0 =
+0.35 v) and cyanotungstate (V)/(IV) (E0 = +0.57 v) [27] redox couples
for these titrations. Although there is some scatter in the data obtained

with the higher midpoint potential counle (due to diffitu]tyﬁ}n obtaining
redox stabi]ity, especially at the lower potentia]s{where buffer capacity
is slight, See MATERIALS AND METHODS), the results obtained with either
couple can 5e feasonab]y well fit with n=1, Eég . = +478 mV. These results
indicate that an endogenous, one-electron donor withva midpoint potential
of +478 mV is able to compete with the [Q + Fo+] ba;k,reaction and quench
Signai IIf generation in tris-washed ch]orop]asts;{hdwevef, upon oxidafion
of this donor, Signal IIf transients in the presence of DCMU appear.

This conclusion is supported by the data of Fig. 9, which shows the
redox potential dependence for the Signal 1If decay time. In the absence
of DCMU, the'decay time increases markedly as the redox boise of the
chloroplast susrension is increased. For example, at +437 mV in the

absence of DCMU, t = 500 ms, whereas at +538 mV, t]/é = 1200 ms. In

1/2
the presence of DCMU, however, the decay time for SighaT IIf shows only

a slight dependence on potential (which may reflect ch]d;oplast damage

at higher potentials [28]); for example, at +470 mV, f]/z = 300 ms, while
at +575 mV, t1/2 = 380 ms. These aata demonstrate the two alternative
mechanisms by which Signal IIf is reduced. In the ébsence of DCMU, re-
reduction chufs princinally by endogenous donors in the chloroplast
_suspensibn. The rate of this reaction depends on the concentration of
these reductahts. Since this concentration de;reases upon going to

higher potentials, the lifetime of Signal IIf is increased. In the

presence of DCMU, the Q” species is available to back react with Signal
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IIf via a reaction whose rate is redox potehtia]vinsensitive. At Tow
reduction potentials, the endogenous donor concentration is high and
rereduction of Signal IIf by this species is favored,_thus quenching
Signal IIf transients. However, at higher potentia]s fhe endogenous
donor cohcentration is low and the [Q™ + Fo+] back reaction proceeds more
efficiently. Under these conditions, persistent Signal IIf transients

are observed.

DISCUSSION
Previously we demonstrated that inhibition of»oXygen evolution by
treatments Which act on the water side of PS II allows the observation
of rapid and reversible 1light induced transients in a-Signa]vII com-
bonent which Qe have designated Signal IIf [11]. We proposed that Signal
IIf is generated by reactions occurring at the PS Ii‘reaction center,
which can be schematically represented as : |
DF P620 Q A
(1) l hv
DF Psgot Q7 A , .

(2) | l' /2

pFet P6gn 0 A

1.A

500 us (ref. 11)

i

typ = 600 us (fefs; 29,30)

(3)

o+ Y -
DFe P680 Q A
. v .
4y tyjp= 1s (Fig.9)
ot FPeso q A"
where D represents endogenous reductants in the ch]orpp]ast suspension;

F is the (diamagnetic) precursor to Fo+, the Signal IIf free radical;
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P68) is the PS7II reaction center chlorophyll; Q is: the primary acceptor’
and A is the Targe acceptor pool on the reducing sidé of PS II. Reac-
tion (1) corresponds to primary charge separation, reaction (2) to the
generation of Signa] IIf‘(F0+); reaction (3) to reoxidation 6% Q", and
reaction (4) to the rereduction of Signal IIf by ehdogenous reductants.

In the'éxperimenfs reportéd here we have carriéd.oht an analysis of
flash-induced ngna] IIf transients in DCMU-treated, tris-washed chloro-
. plasts. Tris—wéshihg was used as the inhibitory techhique because Ehis_
method has been well characterized and because the Signal IIf decay times
are generally Tonger in these washed chloroplasts than, for example, in
heat-treated chloroplasts [11]. When we have repeafed.ana]ogous experi-
ments with_héated (51°C, 159 sec) or chaqtropic ageﬁtfwashed chloroplasts
[31], we found:resu1ts similar to those observed with tris-washed chloro-
plasts. |

In the presence of DCMU, only reaction (3) above is inhibited, and our
propbosed mode1.predicts that Signal IIf transients_will‘be observed until
the photoinactfve state, F P680 Q7, is produced. The results of Fig. 2
~show that this predicted result is observed. The ekpoﬁehtia]]y decreasing
magnitude 6f'$igna1 IIf with flash number shown in Fig} 2b indicates.that
either of two mechanisms is possible: (a) the accepfor‘pool in the presence
of DCMU is large, and more than a single equivalent per reaction center must

be transferred from F to fill it, or (b) the acceptqripool is fiiledby each

| flash, but a back reaction between Q@  and Signal IIf occurs rapidly enough
to compete ﬁith_the relatively 1'ne1’1’1'c1‘ent'r*educ'cion'‘61‘:.".!:0'+ by D. The
results with the exogenous donor, PD (Fig. 4), and obsérvation of Signal

IIs (Fiq. 3) show that model (b) is the better hypothesis.
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PD oxidizing capability is exhausted on a single flash in tris-washed

chloroplasts treated with DCMU (Figs. 4 and 5). This demonstrates conclusive]y
that the site of this act1on of DCMU is located on the acceptor side of

PS IT and that~the photoinactive state produced by DCMU treatment in tris-
washed ch]oroplasfs is F P680 Q°, Our observatioh‘on PD oxidation is in
marked contrast with a recent report by Etienne [25], who found that
multiple flashes are required to exhaust NHZOH ogidizing capability in
DCMU-treated NHéOH—extracted chloroplasts. However,.we have found that
there are ét least two distinct sites for electron doﬁation on the water
side of PS II,ione involving donation through the Signa] IIf species and
the other at a second non-Signal IIf site [32]. For example, PD and HQ
are doners to Signal IIf, whereas Mn+2 donates through_the second site.
We are cUrrent]y exnloring the behavior of Signal IIf in NHZOH—extracted
chloroplasts and also attemetinngvto determine the site of NHZQH donation
in inhibited chiorop]asts. |

The behavior of Signal IIf in DCMU-treated, tris-washed'chiorop]asts
at high potential is consistent with the model presehfed;above. Upon
oxidation of D, competition with the [Q™ + Fo+] back reaction is elimi-
nated, and quna] IIf transients in the presence of DCMU are observed.
The redox titration revea]s that D is a one- e]ectron donor with a mid-
point potential of’+480 mV.  In perfoem1ng redox t1trat1ons it is neces-
sary to establish fhat the redox character1st1cs of-the component titrated
are independenf oflthe specific mediator used in the titrations. For
example, ff K4Fe(C!\i)6 is able to reduce Signal IIf directly, then the
midpoint poténtia] in a tiﬁration in Which only the fefri/ferrocyanide

couple fis used might reflect the redox properties of:this couple rather
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than thosevpf a specific component tn the ch]oroplést'suspension. How~
ever, the resu]ts’of Fig. & show that we observe the same midpoint |
.potentia1‘f0riD using either’the ferri/ferrocyanide_coup]e or the cyano-
tungstate (V)/(IV) coupie. Since the midpoint potential of'tpese two
couples differ by 200 mV [27], these results demonstrate that the true
potential of D.is +480 mV (n=1). A component with‘identical redox
properties has ‘been titrated by Bearden and Malkin [33]. They charac-
terized th1s component as a secondary donor to the PS II reaction center
Chl at low temperatures. The results of Butler g___l__[34] and Vermeg]io
and Mathis [35] also suggest the existence of a secondary donor to P680,
with a potent1a1 somewhat higher than that of cyt b559 (El = +375 mV) [36],
although nelther study characterized its reduct1on potent1a1

Our results allow us to characterize D in more-deta11 Al previpus
~work has been done at low temperatures [33 35], whereas the results
reported here were obtained at 20°C, 1nd1cat1ng that this donor is also
~ functional at phys1o1og1ca1 temperatures. Fig. 7 and particularly Fig. 9,
which show that in.the absence of DCMU -the decay time*tor Signal IIf |
increases as D3be¢omes more oxidized, suggest that at‘ro;m temperature
this reductant donates electrons through Signal IIfetQ.P680+. Our
results aiso~show that D {s present in relatively hiéh cbncentrations,
since all of the flashing light results have been obtained by signal .
averaging Signai IIf trénsients under repetitive f]ashes. Finally, we
showed earT{er [11] that the Signal 1If decay time cpqu_be Tengthened
by washing thé’ch]orop]ast preparation, which suggests that D can be
solubilized: Thus the picture emerges that an endogenous one-electron
reductant, present in relat1ve]y h1gh concentration and with a midpoint

potential of +480 mv, functions as a moderately efficient electron donor
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to Signal IIf, In the absence of DCMU and exogenous donors, D is the
principal Signal IIf reductant, since the lifetime of Q7 (600 ws) [29,30] is
two to three orders of magn{tude shorter than its baek:reactien time with
Fo© (300 ms, Fig. 9). When DCMU is present this back reaction occurs rore
readily, because the 1ifetime of Q  has been extended by this inhibitor.

At low reduetion potentials D and Q  compete as reductants for Signal IIf;
however, Signe] IIf transients are eventually quenched since reaction»with

D leads to'tHe"bhotoinactive F P680 Q state. At higher reductfon Eoten—
tial D becomes oxidized, the [Q™ + F¢+] back reaction predominates, and

bCMU inhibition of Signal IIf transients is relieved.

In our'previous cormunication [11] on Signal IIf we favored a model in
which this free radical species represented a second electron donor path-
way to P680+, which was activated as oxygen evolution was inhibited. This
model was constructed in analogy with the a]ternategeleefron donors to
ubiquinone, succinate dehydrogenase and HADH dehydregenase, fn mitochondria
[37]. Hewever, a simpler model is also compatible with our results: the
Signal ‘1If precursor (F) is Z,.the immediate piysiological donor to P680" .

- In oxygen evolving chloroplasts, both the oxidation (tA/; = 35 us) [38]

and rereduction of Z by the water-splitting enzyme (t]/z S 600 us) [8,39]
are too rapid to be obserVed via EPR. Only upon inhibition of oxygen evolu-
tion’does it remain in its Earamagnetic state for a‘sufficient time to be
observed. fﬁe;properties of Signal Iif described earlier [11], i.e., rapid
rise kinetics, high quantum;efficieney for formation and concentration, are
‘consistent with this hypothesis, The|resu1ts reported here also support

the identification of Signal IIf with Z*. Me have demonstrated that Signal

1I1f has a high midpoint potential, since it is redueed‘by a species which
|
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has a midpoint potential of +480 mV. Furthermore, wé have observed no‘
decrease in the flash-induced increase in Signal IIf hagnitude.at externaf
potentials ofhchloroplést suspensions as high as +575me (Figs. 8 and 9),
and even under these conditions Signq] IIf is rereduced with a halftime on
the order of 1 sec, Finally, we havé shown that Signal IIf is capable of

a back reaction with the reduced primary acceptor Q , a reaction which has
been recently pfoposed for 2% [25,26]. Therefore both:the kinetic and con-
centration_parameters demonstrated for Signal IIf in our previous cémmunica-
tion [11] aﬁd tﬁe electrochemical properties described.here are consistent
with the identification of Signal IIf (Fo+) vith Z-+. Hoﬁever, we are con-

tinuing to test both this model and the one presented previously [11].
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Figqure Cantions

Fig. 1. EPR spectra of Signal II 1in dark;adapted,'ﬁntreated (a,b) and
tris-washed (c,d) ch1orop1a§ts under various i]]umfﬁation conditions:

(1) in the dark pribr to i11uminétion, (2) during cbhfiﬁuous iltumina-
tion, and (3) ih the dark following illumination. The instrument time
constant was 0.3 s with a scan rate of 25 G/min. The dark-adapted chloro-

-4

plast sample in (b) was identical to that in (a) except that 107" M DCMU

4

was added; the tris-washed sample in (d) simi]ar1y_had 1077 M DCMU added.

v

Chloroohy11 concentration in (a,b), 3.6 mg/ml; chlorophy11l concentration

in (c,d), 2.7 mg/mi.

Fig. 2. Flash-induced response of EPR Signal IIf in preilluminated chloro-
plasts in the absence (a) and presence (b) of 10'4 M bCMU. Instrument

time constant, 50 ms with 2.5 s between each saturatﬁﬁg;flash. Signal IIf
vas monitored at 3381 G, the low field peak of SignéT IT in Fig. 1. Each
samp]evwas preilluminated with white light for 30 s, aﬁd'in (b) 1074
DCMU was added fb]]owing this preillumination. The response from 10 dif-
ferent chloroplas. samples was averaged for each experimental trace shown.

In (c) first order plots for the data of Fig. 2a (o)-ahd 2b (o) are shown.

Fig. 3. Repeatvof the EPR experiment shown in Fig. 2 except that the
' chloroplast samples were not.preilluminated prior to the flash sequence.

Each experimentaT trace is the'average of 10 chloroplast samples.

Fig. 4. EPR response of Signal IIf in tris-washed chloroplasts which were
preilluminated prior to DCMU (10'4 M) addition in the absence (a) and

presence (b) of 10 uM PD, 5 mM ascorbate. Instrument time constant, 20 ms;
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Figure Cantions (Cont.) .

saturating flashes spaced 2.5 s apart. Each experimental trace shown is
the average from 14 samples. Recorder gain in (b) is twice that in (a).
Signal IIf intensity monitored at the magnetic field position described

in Fig. 2,

Fig. 5. Polarographic detection of PD oxidation in tris-washed chloro-

5 M DCMU. PD con-

plasts in the absence (a) and presence (b) of 2 x TO'
centration, 1 x 10'4 M; saturating flashes spaced 1 s apart; polarizing

potential applied to the e]ectrode; -0.325 V (vs. S.C.E.). Peduction of
oxidized PD at the electrode surface results in an eTectrode current (i)

increase which is subsequently amplified and recorded as a positive-going

signal.

-

Fig. 6. EPR spectra of Signal II in DCMU-treated, tris-washed chloro-

plasts in the absence (a) and presence (b) of 10 mi K3FeIII(

CN)6. Spectra
for the sample in the dark prior to illumination, during illumination, and
in the dark following illumination are labeled (1), (2); and (3), respec-

tively. Instrument time constant, 0.3 s; scan rate, 25 6/min.

Fig. 7. F]asﬁ-fnduced SiQna] IIf EPR response at various reduction poten-
fia]s in tris-washed chloroplasts in the absence (left side of figufe)

and presence (right) of 10°% M oMU, The ferri/ferrocyanide couple (FeCN)
was used to obtain potentials of +437 mV (a) and +519°mY (c); the cyano-
tungstate (V)/(IV) couple (WCN) was used to obtain the +487 mV potential
in (b). The same chloroplast preparation was used fb?ithe experiments in
(a) and (c); a second preparation was used for (b). Instrument time con-
stant, 10 ms; each trace is the average of A4 Signal IIf f]ash responses.

Signal IIf response was monitored at the field position described in Fig.

2,
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Figure Captions (Cont.)

Fig. 8. Redox titration data (a) and Mernst plot (b) for the magni-
tude of EPR Sféna] IIf f]as? response in DCMU-treated, tris-washed chloro-
plasts. Each point on the titration curve in (a) is the avef?ge of 64
scans, as in Fig. 7, and norma1iz$tipn was carried out as described in
MATERIALS AND'METHODS. In (b) the ratio [oxidized/reduced], corresponds
to [Sig 11f/Sig 1If(max) - Sig IIf)] where Sig IIf i_s,'_the Signal IIf forma-
tion at the measured potential and Sig IIf(max) is the Signal IIf forma-
tion at £ = +528 mV. Data obtained with both the ferfi/ferrocyanidé

coupte (o) and cyanotungstate (V)/(1V) couple (o) are shown.

Fig. 9. Reduction potential dependence of the’decgy halftime for
Signal IIf transients following a flash in the absgnce.(o) and presence (0)
of DCMU (10'4 M). Only the ferri-ferrocyanide coup]évwas used in this
experiment, although analogous results have been obtained with the cyano-
tungstate (V)/{IV) counle. Instrument time constant 10 ms; each experi-
ment is the average of 64 scans; Signal IIf monitored as described in

Fig. 2.
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