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Electron transfer through the quinone acceptor complex of Photosysten 11 after
one or two actinic flashes in bicarbonate-depleted spinach thylakoid membranes
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We report here the pH dependence of the kinetics of the decay of variable chlorophyll & fluorescence after
one or two actinic flashes in the absence or the presence of DCMU (3-(3 4-dichlorophenyl)-1,1-dimethyl-
urea) in HCO; -depleted or anion-inhibited spinach thylakoid membranes. All the reported effects of
HCO, removal are reversed by the addition of 5 mM HCO, . The initial first-order component for the
oxidation of Q. (the reduced primary plastoquinone acceptor of Photosystem H (PS II)) by Qg (the
secondary plastoquinone acceptor) was reversibly inhibited in a pH-dependent manner in HCO; -depleted
membranes. After a single actinic flash, the half-time of Q, decay was 630 ps (amplitude, 29%) at pH 6.5
which changed to a value of 320 ps (amplitude, 66%) at pH 7.75. The rate and amplitude at pH 7.75 were
approximately the same as found in the restored and control membranes which were pH independent over
the same pH range. A similar observation was made after the second actinic flash. Thus, at alkaline pH
HCO; -depleted membranes behave as control membranes with respect to electron flow from Q, to Qg or
to Qg . The time (t5,) at which the {Q, ] is 50% of the maximum [Q, ] during the back reaction between
Q, and the S, state of the oxygen-evolving complex, in the presence of S pM DCMU, was increased from
1.3 s in control and restored samples to 5.3 s in HCO4 -depleted samples below pH 7.0, but was unaffected
abeve pH 7.5 (23-2.9 5 in all cases), Furthermore, a new pathway of Q, with a half-time of less than 100
ps was present al pH 80 in the presence of DCMU, in approx. one-third of the PS 11 centers in
HCO; -depleted membranes. The apparent equilibrium for the sharing of an electron between Q, and Qy is
estimated to decrease by a factor of 4 at pH 6.0 in treated membranes (X, ~ 16) as compared to the
restored or control membranes (K, = 62); there was no difference in K, at pH 7.75. Estimates of the
operating redox potential for the Qg /Qg couple from the results presented here indicated that the pH
dependence of this parameter is greatly reduced in treated membranes (— 60 mV at pH 6.0 to —72 mV at
pH 7.75) as compared to restored or control membranes (25 mV at pH 6.0 to =72 mV at pH 7.75). We
discuss our results in the context of 2 model that envisages HCO; to act as a proton donor to the protein
dissociable group believed to participate in the protonation of Q. Finally, the possibility of HCQ; being a
ligand to Fe2* in the Q,-Fe-Qy complex of the PS II reaction center is also discussed.
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Introduction

The oxidation of Q, the reduced primary
plastoquinone acceptor in Photosystem I, is
markedly inhibited in membranes depleted of
HCO; in the presence of several monovalent an-
ions (see for reviews Refs. 1-3). In particular,
formate and nitrite are effective inhibitors, whereas
the addition of HCOy is able to restore fully the
rate of oxidation of Q to the control value [4-6).

Q, is an obligate one-electron acceptor while
Qy, the secondary plastoquinone acceptor, is re-
duced 1o plastoquinol (Q}~(2H™) or QgzH,) by
two successive turnovers of the PS 1I reaction
center. Qp is readily exchangeable with the
plastoquinone (PQ) poel when it is fully oxidized
(Qg) or reduced (QgH,), whilc the semiquinone
form, Qg , exists as a stable bound spevics [7]. The
Qg binding site is located on the D1 reaction
center protein or the herbicide hinding protein
{see for reviews Refs. 8 and 9). Thus, on consecu-
tive excitations of the P8 T1 reaction center, Q, is
oxidized by either plastoguinone or plastosemi-
quinone at the Qy-site (see for a review Ref. 10).

Both the forward rate constants for Q5 oxida-
tion by Qp or Qp are decreased following the
depletion of HCO; . However, we have recently
reported that the extent of the inhibition of Q}
oxidation exhibits a dependency on both the
actinic flash frequency and pH [11,12} Specifi-
cally, we observed that the kinetics of Q, oxida-
tion after one or two actinic flashes in HCO; -de-
pleted membranes were faster at pH 7.5 than pH
6.5. Upon further turnovers of the reaction centers
at frequency of 1 Hz this pH dependency was
reversed: the oxidation of Q became more in-
hibited at alkaline pH. Furthermore, at a flash
frequency of § Hz, the extent of the inhibition
observed at pH 6.5 approached that measured for
pH 7.5 after the 4th or the 5th actinic flash. To
explain these results we proposed a working hy-
pothesis where HCO; protonated the dissociable
protein group thought to participate in Qp
protonation [12). However, we could not discount
the possibility that HCO, also participated in the
second protonation step associated with plasto-
quinol formation.

In the present paper we analyze in detail the
kinetics of Q oxidation, at several pHs, after one
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{by Qg) or two {(by Qp) actinic flashes in the
absence or the presence of DCMU (33 4-dichlo-
rophenyl)-1.1-dimethyl urea). Results, reported
here, are consistent with our current working hy-
pothesis that HCO; may act as a proton donor
group for the protonation of Qg, and allow us to
extend our knowledge about the mechanism of
HCO; action in PS 11,

Materials aid Me %ods

Thylakoid merabranes were prepared from
market spinach and anion-inhibited/ HCO; -
depleted samples (hereafter referred to as treated
membranes) were obtained by a dark incubation
for 60 min in a COy-free buffer in the presence of
sodium formate. Detailed methods and references
for these provedures are given in Ref. 12. The
treatment bufer comtained COy-free 300 mM
sorbitol, 25 mM sodium formate, 10 mM MaCl, 5
mM MgCl, and 10 mM sodium phosphate (pH
6.0). The chlozophyll concentration was 250 pM.
The reaction wedium contained CO,-free 100 mM
sorbitol, 10 mM sodium formate, 10 mM NaCl, 5
mM MgCl,, 20 mM buffer (Mes pH 6.0-6.5;
Hepes pH 6.7-8.0), 100 pM methyl viologen and
0.1 eM gramicidin. All measurements were made
on a sample dilated to contain 5 pM Chl in a final
volume of 100 mi in a dark stirred vat. A flow
cuvette was filled from the vat by computer con-
trol.

Restored membranes were obtained by adding
5 mM HCO; 10 a 2 ml aliquot of the treated
membrane stock. After a 2 min dark incubation
these membranes were transferred to the reaction
medium which also contained 5 mM HCO; . Con-
trol membranes were obtained by omitting for-
mate from the treatment and reaction media and
not CO,-depleting these buffers. In the case of the
control, the incubation pH was 7.5.

The kinetics of decay of variable Chl a fluores-
cence at 685 nm (indicating oxidation of Qj by
either Qg or Qg ) were measured by a weak xenon
flash sampling 1% of the reaction centers after
each xenon actinic flash. The width at half-peak
height for the actinic flash was 2.5 ps (Ref. 12;
also see Refs, 13 and 14).

No significant amount of Qp was detected in
our preparations following the incubation -
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HCO; -depletion treatment when the DCMU-in-
duced variable Chl ¢ fluorescence vieid {15] was
examined in dark-adapted samples. In addition,
our results were unaltcred when samples were
incubated with 20 pM benzoquinone, a procedure
demonsirated to oxidize Qg (see, e.g., Ref. 16),
prior to the experimental measurement (data not
shown). Half-times (2, ) for Q; oxidation were
obtained by employing the equations derived by
Joliot and Joliot [17] relating variable Chl a fluo-
rescence to [Q4]. The relationship is writien as
(see, e.g., Ref, 18):

F-F 1-p
_1-r 1
Fo-F l-pg w

where F is the fluorescence yield at time 1, F, is
the fluorescence yield when all Q. is in the
oxidized state, F,, is the maximum fluorescence
yieid when ail Q, is in the reduced state, p, the
connection parameter, is taken as the probability
of the intersystem energy transfer, and g is the
fraction of the closed reaction centers (ie., ¢=1
when Q is maximum). All times labeled as 1., in
this paper, are times at which [Q,] is 50% of
maximum [Q,] {at ¢ =0), whereas all other times
are given as half-times (f;,) and presented, to-
gether with their amplitudes. These are obtained
from plots of log of [Q] as a function of time
after evaluation into fast and slow components.
Additional details are given in Ref. 12.

Results and Discussion

Oxidation of Q7 in the absence of an inhibitor

Electron transfer through the PS II plas-
toquinone acceptors was followed in a step-wise
manner by monitoring the decay of variable Chl 4
fluorescence following one or twe actinic flashes.
The results of such an experiment, with a dark
time of 1 s separating flash 1 and 2, are presented
in Figs. 1 and 2.

After a single flash, the time (25,) at which
[Qx] is 50% of maximum [Q7] for the treated
membranes is extended from 550 45 to 2.8 ms at
pH 6.5 and from 400 ps to 1.5 ms at pH 7.5, but
the Q;; oxidation reaction proceeds to almost the
same apparent equilibrium of the restored and

control membranes within 100 ms in ezch case
(Fig. 1). Therefore the fraction of Q,Qp centers in
treated and restored or control membranes when
the second flash is spaced 1 s after the first
appears unchanged in each instance. The ¢5, val-
ues from Figs. 1 and 2 suggest that the overall rate
of Q4 oxidation is faster at pH 7.5 (1.5 ms (flash
1); 3.6 ms {{lash 2)) than pH 6.5 (2.8 ms (flash 1);
11 ms (fiash 2)) in treated membranes. This is also
true for control and restored membranes after a
single flash (460 ps (pH 7.5); 550 ps (pH 6.5)) but
little or no effect of pH after a second flash (630
ps (pH 7.5); 600 ps (pH 6.5)) was cbserved. Bi-
carbonate depletion causes a greater slowing of
Q. oxidation by Qg (flash 2) than by Q (flash
1) at both pH values. At pH 6.5 the t,, value is
extended from 2.8 ms (flash 1) to 11 ms (flash 2)
and at pH 7.5 from 1.5 ms (flash 1) to 3.6 ms
(flash 2).

To investigate the effects of bicarbonate deple-
tion furiher, we analyzed semi-logarithmic plots of
{Q4] against time from the experiments in Figs. 1
and 2, Table 1 summarizes the hali-times and
amplitudes of the initial first-order decay compo-
nents revealed. At pH 6.5, it is apparent that after
one or itwo actinic flashes the forward rate con-
stants for these components are decreased (the
half-times are increased by an approximate factor
of 2) and the corresponding amplitudes decreased.
Both efiects were found to be reduced at pH 7.5.

In the case of flash 1 the initial first-order
component, for restored membranes, is thought to
reflect electron transfer from Q; to Qp in reac-
tion centers which have Qg bound before the flash
while the remainder of the decay represents trans-
fer to centers which had the Qp-site originally
unoccupied in the dark [19]. The amplitude of this
component is, therefore, a measure of the associa-
tion constant for plastoguinone that binds to the
Qg-site. This analysis may apply to control and
restored membranes but the interpretation does
not readily account for the kinetics observed here
for the treated case, although we have considered
this possibility earlier [20]. In this instance both
the rate and the amplitude are affected. This phe-
nomenon is shown, as a function of pH, for flash
1 and 2 in the experiment in Fig. 2. In both cases,
the amplitude and rate for the initial first-order
component in treated membranes exhibits a liner
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Fig. 1. Decay of variable chlorophyll 2 flucrescence after a single actinic flash at (a) pH 6.5 and (b) 7.5. F, is the Chi a fluorescence
vield from the measuring flash with all Q, oxidized and F is the yield at the indicated time after the actinic flash. Time is plotted on
a logarithmic scale. The insets show the decays of Chl a fluorescence on a linear scale over the first 5 ms.

dependence on pH between 6.5 and 7.75. In treated
membranes, at pH 6.5, and after flash 1, we have
an amplitude and ¢, , of 29% and 630 s and at
pH 7.75 61% and 240 ps, respectively. In control
and restored membranes, at pH 6.5, we have an
amplitude and , , of 65% and 320 ps and at pH
7.75 66% and 230 s, These data indicate fittle or
no pH dependence in the restored case. However,
below pH 6.5, the amplitude for the initial rate of
Q, oxidation does appear to be pH dependent in
control and restored membranes.

The remaining amplitude, following a single
actinic flash, in treated membranes, exhibits an
approximate factor of 2 slowing from pH 6.5
{ti2=5 ms) to pH 7.75 (4,,,= 9 ms). These

TABLE

HALF-TIMES AND CORRESPONDING AMPLITUDES
OF THE INITIAL FIRST-ORDER COMPONENT OF Q,
OXIDATION FROM THE EXPERIMENT SHOWN IN
FIGS. 1 AND 2 FOR TREATED AND RESTORED MEM-
BRANES AT pH 6.5 AND 7.5 AFTER ONE OR TWO
ACTINIC FLASHES SPACED AT 15

Hali-time (ps)  Amplitnde (%)
pH65 pH75 pH6S pHTS

Flash 1
for treated membranes 550 460 30 54
for restored membranes 285 250 70 T
Flash 2
for treated membranes 665 465 2 7
for restored membranes 330 330 75 i
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as in the legend of Fig, 1.

kinetics, however, are expected to incorporate a
contribution from the Qp association constant
and possibly further complexity arising from PS 11
heterogeneity [21]; also see Ref. 12. Slow compo-
nents in the 0.1-10 s range have been routinely
observed {22,23].

Semi-logarithmic plots for Q, oxidation after
two actinic flashes have been reported to be rela-
tively independent of pH below the pK, estimated
as 7.9 [24], for a dissociable protein group associ-
ated with Qp protonation [19,24]. This rate then
slows above the pX. Our results in Fig. 3d) appear
consistent with this observation. Here, slowing of
Q, oxidation above pH 7.5 s ohserved in control,
restored and treated membranes. We conclude

from the pH dependence (Fig. 3) of the initial
first-order decay, after one or two actinic flashes,
that treated membranes tend to behave as control
and restored membranes at alkaline pH,

The remaining amplitude, after two actinic
Mashes, in treated membranes, had a ¢, ,, of 14 ms
at pH 6.5 which was stowed to 21 ms at pH 7.75
in the experiment shown in Fig, 3. Again, as with
the slower phase after the first flash, this decay
contains additional contributions from kinetic
componenis in the 0.1-10 s range.

Previous data on the HCO; effect support the
conclusion that the P§ 11 plastoquinone acceptor
complex undergoes a conformational change in
treated membranes (see, e.g., Refs. 25-27). We
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Fig. 3. Plot of the amplitudes and half-times for the initial first-order component of Qz oxidation as a function of pH after I and 2

flashes. In a) the data are for the amplitude after a single actinic flash and in b) for the rate after a single flash. In c} and d). the data

aie for the amplitude and rate respectively following two actinic flashes spaced at | 5. The lines are drawn through the data for the
treated and restored membranes only.

suggest from our data in Figs. 1--3 that this change
is pH dependent, the extent of the inhibition
increasing with decreasing pH. We have suggested
that one consequence of this is an inhibition of the
protonation steps associated with plastoquinol
formation (Ref. 12 and see Refs. 20 and 28).

In brief, cur data show that, after one ~r two
actinic flashes, the amplitude and rate of the ini-
tial first-order compenent of )5 oxidation show
very little dependence on pH in HCO; restored
and control membranes. This is in agreement with
earlier published work [19,24]. In contrast, we find
that both the rate and amplitude of the initial
first-order component of Qy oxidation arc pH
dependent in treated membranes. We ascribe this
behavior to a pH-dependent conformational
change on the D1 and/or D2 reaction center
proteins (for a discussion of D1 and D2, see Ref.
8) such that at alkaline pH, particularly after a

single turnover, the treated membranes tend to
behave in a fashion similar to that in the restored
and controf samples.

However, in treated membranes, in Fig. 3(c) the
amplitude for the initial first-order component,
after flash 2, does not recover to the same extent
as observed after a single flash at alkaline pH.
This would be consistent with Qg remaining un-
protonated in a significant fraction of centers even
though 1 s elapsed between the two actinic flashes,
Although this interpretation is speculative, evi-
dence to support a role for HCOy in the protona-
tion of Qp is presented below.

Oxidation of Q4 in the presence of 3-{3,4-dichloro-
phenyl)-1,1-dimethylurea

The back-reaction of Qj, with the S; state (for
a discussion of the S-states, see Ref. 29) of the
oxygen-evolving complex, in the presence of 5 WM
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Fig. 4. Decay of variable chlorophyll « fluorescence after a

single actinic flash at {2) pH 6.5 and {b) pH 7.5 in the presence

of 5 uM diuron (DCMU). &, is the Chl a fluorescence yield

from the measuring flash with all Q4 oxidized and F is the
yield at the indicated time after the actinic flash,

DCMU, is seen in Fig. 4 to exhibit a similar pH
dependence tc that seen for the forward reaction
in Figs. 1-3. The times (¢5,), at which [Q) is 50%
of the maxirmum [Q3], for the $,Q back reaction
were 5.2 s for the treated membranes and 1.3 s for
both restored and control membranes at pH 6.5.
However, at pH 7.5 this back reaction has a 1
value of 2,9 5 in the treated membranes, 2.3 s for
the restored membranes and 2.0 5 for the control.
The plot (Fig. 5) of the reciprocal ¢4 values for
Q, oxidation against pH (6.0-8.0) shows good
agreement with that oblained in unireated pea
thylakoids [24]. From pH 6.0 to 6.75 the ¢y, value
for the 5,Q4 back reaction in treated membranes
remains pH independent but a transition to a
pH-dependent portion of the curve is observed at
pH 7.0. The treated and restored samples give

identical results at alkaline pH, the differences
only being observed below pH 7.5. The slight
difference between the contrel and restored (or
treated) point at pH 7.75 is due to the low r:l
treatment of the Iatter samples to achieve the
HCOj -reversible inhibition.

The data point for the treated (HCO; -de-
pleted) sample at pH 8.0 was omitted in Fig, 5
because of the existence of a fast decay compo-
nent. At pH 8.0 the treated membranes exhibit a
rapid oxidation of Q, with an apparent ¢, of
less than 100 ps which cannot be resolved with
our instrumentaton. Fig. 6(a) shows that this can
be reversed by the prior addition of HCO;, and
Fig. 6(h) dernonstrates that this phenomenon is
not seen when a second flash is given, in this
instance, 1 s after the preceding flash. The elec-
tron acceptor responsible for this phenomenon is
not known,

The apparent equilibrium constant (K ;) for
sharing an electron between Q4 and Qp is given
by Eqn. 2 (see Ref. 19)

[Q.Q5 1+[Q4Q& (H*)]
Kaww == (@R 1+10z Q] @
K,,, can be measured from the ratio of the ap-
parent half-times for the back reaction with 8, in
uninhibited compared to DCMU-inhibited centers
[14). Chl a fluorescence measurements to de-
termine the back reaction in unirnhibited centers

T T T T 1

Q Control
10| © Restored -

[tgp ¥ (s)

I=3
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)
:3”
-~
]
L

al ] 1 1 1 [l
pH
Fig. 5. The reciprocal of the time (154} at which [Q ] is 50% of

the maximum [Q | in the presence of 5 pM diuron (DCMU)
plotted as a function of pH. For additional details, see text.
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Fig. 6. Decay of variable chlorophyll @ fluorescence at pH 8.0

in the presence of 5 1M diuron (DCMU). Other details are as

in Fig. 4. In (a) the decay after a single flash is shown for

treated, restored and control membranes. In (b) the decay after

two actinic flashes, spaced at 1 s, is shown for contro) and

treated membranes. The decay for the treated sample after one
actinic flash is also shown for comparison.

require quantitation of the characteristic flash pat-
tern observed due 1o the differential kinetics of
Q; oxidation by either Qg or Qp [14]. This ap-
proach was not possible here, since the treated
membranes exhibit an extremely distorted flash
pattern and the restored and control cases exhibit
a damped oscillation due to the necessary incuba-
tion involved in these expetiments [12]. However,
Vermaas et al. [30] have shown that the back
reaction, as measured by O, evolution kinetics, in
the absence of DCMU at pH 6.0 is of the order of
100 s and insensitive to HCO; -depletion or an
anion inhibitory treatment. This value for the
uninhibited back reaction, and the value for the
back reaction in the DCMU-inhibited case in Fig,
5, allow us to calculate a value for K, of 16 in
the treated membranes and 63 in the restored and
control samples. The contrel value is in agreement
with that obtained by Robinson and Corfis [24].
Our datp indicate that the apparent equilibrium
for the sharing of an electron between Q, and Qg
experiences a 4-fold shift toward Qj at pH 60.
This value is a factor of 2 larger than that reported
by Vermaas et al. [30]. The difference may par-
tially lic in the fact that the latter authors had
used the decay of the uncomrected Chl 2 fluo-
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rescence rather than that of Q oxidation to
estimate K.

The midpoint potential of the O, /Q, couple
has been shown to be unaffected by HCO; deple-
tion [25]. Thus, it is possible to estimate the oper-
ational redox potential for the Qp/Qp couple
from the following relationship:

B _ RTinK,,
En(Qs/Qp)— En(Qa/Qa) = '_F_

3
where R is the gas constant, F is the Faraday
constant and 7 is the absolute temperature. Using
the value of —130 mV (see Ref. 31) for the
working redox potential (E;) of Q,/Qx, and
assuming this to be unchanged in treated mem-
branes, our estimates of K, (see above) give a
value of —25 mV for the E,, of Qp/Qp couple at
pH 6.0 in restored and control membranes and
— 60 mV in the treated membranes. In control pea
thylakoids [24] an identical value of —25 mV was
obtained at pH 6.0 and a value of —77 mV at pH
775, 1f we assume that the back reaction of Qg
with S, at alkaline pH is also unaffected by HCOy
depletion, our data in Fig. 5 then suggests a more
than 50 mV shift in the operating redox potential
of the Qp/Qz couple in restored and control
membranes, between pH 7.75 and pH 6.0, while
only an approx. 17 mV shift is evident in the
treated samples over the same pH range.

The above estimates support the notion that the
protonation of the dissociable protein group asso-
ciated with Q5 reduction is reduced in treated
membranes. In addition, estimation of the redox
midpoint potential for the Qg /Q4™ couple (see
Rel. 19) from the above values suggested only a
minor shift in the equilibrium constant for the
teansfer of an electron from Qz to QgH, in
treated membranes. However, further experimen-
tal stdies are required before a conclusion can be
drawn regarding the participation of HCO; in the
second protonation step accompanying this reac-
tion.

Bicarbonate binding

Although our data does not address the guestion
of the site of HCO; binding in PS 11, there are
several lines of evidence to support the hypothesis
that HCO; is a ligand to iron in the Q,-Fe-Qq
complex of PS IL
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(a) The iron in the reaction center of the pho-
tosynthetic bacterium Rhodopseudomonas viridis is
liganded to four histidines and to a glutamate. In
PS I this glutamate is not present on D2 and
HCO; has been suggested to serve as the ligand
in its place [32). In addition, no HCO; -reversible
anionic inhibition was observed on quinone-medi-
ated elecrron transfer in the reaction center pre-
parations from anotier bacterium Rhodospirillum
rubrum: (Shopes, R.J., Blubaugh, D. and Govind-
jee, unpublished observations).

(b) In PS II particles, prepared from spinach,
the Q;-Fe** EPR signal at g=1.82 increased
10-12-fold upon HCO; removal in the presence
of formate [26]. No such effect was observed in
chromatophores from R. rubrum [33,34].

(¢) The redox midpoint potential of the Q, /Q,
couple is unaffected by HCO; depletion [25], This
may suggest that HCO; does not bind directly to

Qh'

(d) The Fe?*/Fe** couple has been identified
as the Q/Qaa couple by Petrouleas and Diner
[35). Oxidation of this couple by exogenous oxi-
dants in the presence of DCMU is dependent on a
strict order of addition. Addition of DCMU prior
to the exagenous oxidant prevents Fe?* or Quq
oxidation {25-37]. Complete reversal of the inhibi-
tion seen by HCO; depletion in the presence of
formate is only possible in Fig. 5 when HCO; is
added before the DCMU (s¢e also Ref. 40).

(¢) The oxidation of Fe’* to Fe®* by high
potential quinones is blocked in the presence of
formate [39).

Conclusion

HCO, depletion in the presence of inhibitory
anions inhibits the oxidation of Q. in PS Il
reaction centers [4-6]. The mechanism for this
pheromenon is not vet understood, In this paper,
we have presented new observations on the pH
dependence of Q. oxidation after one or two
actinic flashes in treated membranes. Between pH
6.5 and pH 7.75 our results show that the rate and
amplitude of the initial first-order component of
the kinetics of Q5 oxidation are pH dependent.
The oxidation is slowed at acidic pii, but resem-
bles that in the control at basic pH. A similar,
although quantitatively different, pH dependence
was observed for the slow Q, oxidation, by a

back reaction with the S, state, in the presence of
diuron (DCMU). From these results it appears
that the equilibrium constant for Q, Qg = Q.Qs
is almost pH independent in treated membranes.

In contrast, we found that both the rate and
amplitude for these reactions were independent of
pH across the same pH iange in restored and
control mémbranes. In addition, the equilibrium
for Q;Qpu = Q.Q; was pH dependent, These re-
sulis are in agreement with other published work
[19,24).

We suggest that replacement of HCO; by
HCO; introduces a conformational change in the
PS II guinone acceptor complex that is pH depen-
dent. In addition, the protonation of Q3 may be
inhibited as a consequence of the conformational
change or because HCO; has been replaced by
formate. In our working model HCO; is sug-
gested to be a ligand to Fe?* while the hydroxyl
group of the bound HCO; (also see Refs. 38 and
42) protonates a dissociable protein group that is
functional in the protonation of Qg (also see
Refs. 19 and 41). Formate lacks such a hydroxyl
group that could provide a proton, Furthermore,
we do not discount the possibility that HCO;
may participate in the second protonation step
associated with plastoquinol formation or that
more than one HCO; may be bound per PS 11
[42).

We have suggested that the rate-limiting step of
photosynthetic electron transport, in treated mem-
branes, may be at the level of the protonation
steps accompanying plastoquinol formation (see
Ref. 12).

Acknowledgements

We are grateful to Drs, AR. Crofis and H.H,
Robinson and our reviewers for helpful com-
meats. This work was supported by a NSF grant
(PCM 83-06061) 10 Govindjee, We are indebted to
Dr. Don Ort for encouragement and support dur-
ing this research,

References

1 Govindjee, and Van Rensen, JJ1.8. (1978} Biochim. Bio-
phys. Acta 505, 183-213.

2 Vermaas, W.F.J. and Govindjee (1931) Proc. Indian Nad.
Sci. Acad. B47, 581-605.



3 Van Rensen, I.1S. and Snel, J.F.H. (1985) Photosynth. Res.
6, 231-246.

4 Jursinic, P, Warden, J. and Govindje¢ (1976) Biochim.
Biophys. Acta 440, 322-330,

5 Eaton-Rye, JJ.. Blubaugh, D.J. and Govindjee (1986) in
Ion Interactions m Energy Transfer Biomembranes
(Papageorgion, G.C., Barber, J. and Papa. S., eds.) pp.
263-278, Plenum Publishing Corporation, New York.

6 Jursinic, P. and Stemler, A. (1988) Photosynth. Res. 15,
41-56.

7 Yelthuys, B.R. (1981) FEBS Lett. 126, 277-281.

8 Trehst, A, and Draber, W. (1986) Photosynth. Res. 10,
381-352,

9 Kyle, D.J. (1985) Photochem. Photobiol. 41, 107-116.

10 Crofts, A.R. and Wraight, C.A. (1983) Biochim. Biophys.
Acta 726, 149-185.

11 Eaton-Rye, ).3. and Govindjee (1987) in Progress in Photo-
synthesis Research (Biggins, J., ed.), Yol. 1, pp. 433-436,
Martinus Nijhoif. Dordrecht.

12 EBaton-Rye. JJ. and Govindjee (1988) Biochim. Biophys.
Acta 935, 237-247.

13 Joliot, A. (1974) in Procsedings of the 3rd International
Congress on Photosynthesis {Avron, M., ed), Vol. 1, pp.
315-322, Elsevier, Amsterdam.

14 Robinson, H.H. and Crofts, A.R. (1983) FEBS Let1. 153,
221-226.

15 Velthuys, B.R. and Amesz, J. (1974) Biochim. Biophys.
Acta 333, 85-94.

16 Taoka, S., Robinson, HH. and Crofts, A.R. (1983) in
Oxygen Evolution System of Plant Photosynthesis (Inuoe,
Y., Crofts, A.R., Govindjee, Murata, N. Renger, G. and
Satoh, K., eds.), pp. 369-381, Academic Press. Tokyo.

17 Ioliot, A. and Joliot, P. (1954) Compt. Rend. Acad. Sci.
Paris 258D, 4622-4625.

18 Mathis, P, and Paillotin, G. (1981) in: The Biochemistry of
Plants (Haich, M.D. and Boardman, N.K., eds.), Yol. 8,
97-161, Academic Press, New York.

19 Crofts, A.R., Robinson, HH. and Snozi, M. (1983} in:
Advances in Photosynthesis Research {Sybesma, C,, ed.),
Vol. I, pp. 461-468, Martinus Nijhoff/Dr. W. Junk Pub-
lishers, Dordrecht,

20 Govindjee and Eaton-Rye, J.J. (1986) Photosynth. Res. 10,
365-379.

21 Ciylla, R.G., Garab, G. and Whitmarsh, J. (1987) Biochim.
Biophys. Acta §%4, 562-571.

257

22 Jursinic, P. and Stemler A. (1982) Biochim. Biophys. Acta
631, 419.-428.

23 Robinson, HLH., Eaton-Rye, JJ.. Van Rensen. J.J.S. and
Govindjee (1984) Z. Naturforsch. 39C, 352-385.

2} Robinson, HH. and Crofts. A.R. (1983) in: Advancess in
Photosynthesis Research (Sybesma, C., ed.), Vol. 1, pp.
477-480. Martinus Nijhoff/Dr. W. Junk Publishers.
Dordrecht.

25 Vermaas. W.F.J. and Govindjee (1982) Biochim. Biophys.
Acta 680, 202-209,

26 Vermaas, W.F.J. and Rutherford, A.W. (1984) FEBS Laui.
175, 243-247.

27 Govindjee, Nakatani, FLY.. Rutherford, AW. and Inoue,
Y. (1984) Biochim. Biophys. Acta 766, 416-423.

28 Ealon-Rye, J.J. and Govindjee (1984) Photobiochem. Pho-
tobiophys. 8, 279-288.

29 Wydrzynski, T.J. (1982) in Photosynthesis: Energy Conver-
sion by Plants and Bacteria {Govindjee, ed.), Voi. I, pp.
469-506, Academic Press, New York.

30 Vermaas, W.F.J., Renger, G. and Dohnt. G. (1984) Bio-
chim. Biophys. Acta 764, 194-202.

31 Knaff. D.B, (1975) FEBS Lett, 60, 331-335.

32 Mickel, H. and Deisenhofer, J. (1987} in Progress in Photo-
synthesis Research (Biggins, J., ed.). Vol I, pp. 353-362,
Martinus Nijhoff, Dordrecht.

33 Rutherford. A.W. (1987) in Progress in Photosynthesis Re-
search (Biggins, J., ed), Vol. 1, pp. 277-283, Martinus
Nijhoff, Dordrecht.

34 Beijer, C. and Rutherford, AW (1987) Biochim. Biophys.
Acta 890, 169-178.

35 Perculeas, V. and Diner, B.A. {1986) Biochim. Biophys.
Acta 849, 264-275,

36 lkegami. I. and Katoh, §. (1973) Plant Cell. Physiel. 14,
829836,

37 Wraight, C.A. (1985} Biochim. Biophys. Acta 809, 320-330,

38 Blubaugh, D. and Govindjee (1986) Biochim. Biophys. Acta
848, 147-151.

39 Zimmerman. J-L, and Rutherford. A.W. (1986) Biochim.
Biophys. Acta 851, 416-423.

40 Blubaugh, D.J. and Govindjee (1934) Z. Natorforsch 39C,
378-381.

41 Wraight, C.A, (1979) Biochim. Biophys. Acta 548, 309-321.

42 Blubaugh, D.J. and Govindjee (1988} Photosynthesis Re-
search. in press.



