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We report here the pH dependence of the kinetics of the decay of variable chlorophyll a fluorescence after 
one or two actinic flashes in the absence or the presence of DCMU (3-(3,4-dichloruphenyl).l,l-dimethyl- 
urea) in HCO2--depleted or anion.inhibited spinach thylako|d membranes. All the reported effects o| 
HCOa- removal are reversed by the addition of 5 mM HCO~-. Tlle initial first-order component for the 
oxidation of Q~ (the reduced primary plastoqulnou¢ aceector of Phetosystem II (PS H)) by Qa (the 
secondary plastoqu~none accepter) was reversibly inhibited in a pH-dependent manner in HCOf-depleted 
membranes. Alter a single actinic flash, the half.time of Q~ decay was 630 iLs (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 indlepcodent over 
the same pH range. A similar observation was made alter the second actinic gash. Thus, at alkaline pH 
HCO/-depleted membranes helmve as control membranes with respect to electron flow from QA to Qa or 
to Qg. The time (ts0) at which the IQ~I is 50% of ~ maximum |Q~I during the back reaction between 
Q~ and the S z state of the oxygen-evolving complex, in the presence o[ 5 pM DCMU, was increased from 
1.3 s in control and restored samples to 5.3 s in HCO~"-depleted samples below pH 7.0, lint was mlalfected 
above pH 7.5 (2.3-2.9 s in all cases). Furthermore, a new pathway of Q~. with a half-time of less than 100 
ps was present at pH 8.0 in the presence of DCMU, in approx, one-third of the PS II ¢entels in 
HCO3--depleted membranes. The apparent equilibrium for the sharing of an electron I~tw~n QA and Qa is 
estimated to deccease by a factor of 4 at pH 6.0 In treated membranes (K,~p ~ 16) as compared to the 
restored or control membranes (K,pp ~ 62); there was uo difference in K~pp at pH 7.75. Estimates of the 
operating redox potential for the Q s / Q ~  couple from the results presented here indicated that the pH 
dependence of this parameter is greatly reduced in treated membranes ( - 6 0  mV at pH 6.0 to - 7 2  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 a model that envisages HCO3" to act as a proton donor to the protein 
dissociable group believed to participate in the prototmtion of Qg. Finally, the possibility of HCO3- being a 
ligand to Fe z+ in the QA-Fe-Qa complex of tl,.e PS !1 reaction center is also discussed. 
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Introducdan 

The oxidation of Q~, the reduced primary 
plastoquinone accepter in Photosystem II, is 
markedly inhibited in membranes depleted of 
HCO3- 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 HCO~ is able to restore fully the 
rate of oxidation of Qg to the control value [4-6]. 

QA is an obligate one-electron accepter while 
QB, the secondary plastoquinone accepter, is re- 
duced to plastoquinol (Q~-(2H ÷) or QaH2) by 
two successive turnovers of the PS I1 reaction 
center. QB is readily eachangeab]e with the 
plastoquinone (PQ) pool when it is fairy oxidized 
(QB) or reduced (QBH2), wl'dl¢ the scraiquinone 
form, Q~, exists as a stable bound spcd~s [7]. The 
Q~ binding site is located on the DI reaction 
center protein or the herbicide binding protein 
(see for reviews Refs. 8 and 9). Thus, on consecu- 
tive excitations of the PS II reaction center, Q~ is 
oxidized by either plastoquinoae or plastosemi- 
quinone at the Qa-site (see for a review Ref. I0). 

Both the forward rate constants for QT. oxida- 
tion by Qa or Q~ arc decreased following the 
depletion of HCOf. However, we have re, early 
reported that the extent of the inhibition of QT, 
oxidation exhibits a dependency on both the 
actinic flash frequency and pH [11,12]. Spccifi- 
call),, 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 5 Hz, the extent of the inhibition 
observed at pH 6.5 approached that measured for 
pH "].5 after the 4th or the 5th actinic flash. To 
explain these results we proposed a working hy- 
pothesis where HCOf protonated the dissociable 
protein group thought to participate in Q~ 
protonation [12]. However, we could not discount 
the possibility that HCOf 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 

(by Qn) or two ¢~by Q~) actinic flashes in the 
absence or the presence of DCMU (3-(3,4-dichlo- 
ropheayt).l,l-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 Q~, and allow us to 
extend our knowledge about the mechanism of 
HCOf action in PS II. 

Materials oral Me&qds 

Thylakoid membranes were prepared from 
mark¢i spinach and anion-inhibited/HCOf- 
depleted samples (hereafter referred to as treated 
membranes) were obtained by a dark incubation 
for 60 rain in .', CO-free buffer in the presence of 
sodium formate. Detailed methods and references 
for these pro:edures are given in Ref. 12. The 
treatment bu:'fer contained COcfrce 300 mM 
sorbitnl, 25 mM sodium formate. 10 mM NaCl, 5 
mM MgC12 and 10 mM sodium phosphate (pH 
6.0). The chlorophyll concentration was 250 I~M. 
The reaction iredium contained CO:-free 100 mM 
sorbitol, 10 mM sodium formate, 10 mM NaCI, 5 
mM MgCI2, 20 mM buffer (Mes pH 6.0-6.5; 
Hopes pH 6.7-8.0), 100 p.M methyl viologen and 
0.l ~M gramicidin. All measmements were made 
on a sample dilated to contain 5 FM CM in a fina! 
volume of 100 ml in a dark stirred vat. A flow 
cuvette was filled from the vat by computer con- 
trol. 

Restored membranes were obtained by adding 
mM HCO 3- to a 2 ml aliquot of the treated 

membrane stoe.L. After a 2 rain 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 CO2-depleting these buffers. In the case ot the 
control, the incubation pH was 7.5. 

The kinetics of decay of variable CM a fluores- 
cence at 685 m (indicating oxidation of Q~ by 
either QB or Qg) were measured by a weak xenon 
flash sampling 15 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 Q~ w,~s detected i~ 
our preparations following the incubation ..~" 
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HCOj--depletion treatment when the DCMU-in- 
daced variable Chl a fluorescence yield [15] was 
examined in dark-adapted samples. In addition, 
our results were unaltered when samples were 
incubated with 20 JiM benzoquinone, a procedure 
demonstrated to oxidize Q~ (see, e.g., ReL 16), 
prior to the experimental measarement (data not 
shown). Half-times (tl/2) for QA oxidation were 
obtained by employing the equations derived by 
Joliet and Joliet [17] relating variable Chl a fluo- 
rescence to [QTA. The relationship is writlen as 
(see, e.g., Ref. 18): 

F-Fo z - p  
Fro- ~ = l - pq (1) 

where F is the fluorescence yield at time t, Fo is 
the fluorescence yield when all QA is in the 
oxidized state, F~ is the maximum fluorescence 
yield when all Q^ is in the reduced state, p, the 
connection parameter, is taken as the probability 
of the intersystem energy transfer, and q is the 
fraction of the closed reaction centers (i.e., q = 1 
when QA is maximum). All times labeled as 150, in 
this paper, are times at which [Q~,] is 50% of 
maximum [Q,~] (at t = 0), whereas all other times 
arc given as half-times (h/2) and presented, to- 
gcthor 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 Qf in the absence of an inhibitor 
Elect~n transfer through the PS lI plas- 

toquinone acceptors was followed in a step-wise 
manner by monitoring the decay of variable Cbl a 
fluorescence following one or two actinic flashes. 
The results of such an experiment, with a dark 
lime of 1 s separating flash 1 and 2, are presented 
in Figs. 1 and 2. 

After a single flash, the time (tso) at which 
[Qg] is 505 of maximum [Q~] for the treated 
membranes is extended from 550 .~.s to 2.8 ms at 
pH 6.5 and from 400 p.s to 1.5 ms at pH 7.5, but 
the QT. oxidation reaction proceeds to almost the 
same apparent ~i,.fil[bri,mn of the restored and 

control membranes within 100 ms in e.~clJ case 
(Fig. 1). Therefore the fraction of QAQ~ 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 t~0 val- 
ues from Figs. 1 and 2 suggest that the overall rate 
of QT, oxidation is faster at pH 7.5 (1.5 ms (flash 
I)~ 3.6 ms (flash 2)) than pH 6.5 (2.8 ms (flash 1); 
11 ms (flash 2)) in treated membranes. This is also 
true for control and restored membranes after a 
single flash (460 ps (pH 7.5); 550 p.s (pH 6.5)) but 
little or no effect of pH after a second flash (630 
~s (pH 7.5); 600 I~S (pH 6.5)) was observed. Bi- 
carbonate depletion causes a greater slowing of 
QT, oxidation by Qg (flash 2) than by Qs (flash 
1) at both pH values. At pH 6.5 the tso 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 further, we analyzed senti-logarithmic plots of 
[Q~] against time from the experiments in Figs. 1 
and 2. Table 1 summarizes the half-times and 
amplitudes of the initial first-order decay compo- 
nents revealed. At pH 6.5, it is apparent that after 
one or two actinic flashes the forward rate con- 
stants for these components are decreased (the 
half-times are inctv.ased by an approximate factor 
of 2) and the corresponding amplitudes decreased. 
Both effects 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 QT~ to Oe in reac- 
tion centers which have Qs bound before the flash 
while the remainder of the decay represents trans- 
fer to centers which had the Qa-site originally 
unoccupied in the dark [19]. The amplitude of this 
component is, therefore, a measure of the associa- 
tion constant for plastoqninone that hinds to the 
Qs-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 eghibits a liner 
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Fig. 1. Decay of variable chlorophyll a fluorecence after a singte actinic tlash at (a) pH 6.5 and (b) 715. =~O is the CId a fluorescence 
~eld from the measuring flash with all QA oxidized ond F is the yield at the indicated time after the actinic flash, Time is plolted on 

a logarithmic scale. The insets show the decays of Ckl a f l u o ~ c e  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 tile of 295 and 630 Its and at 
pH 7.75 615 and 240 l~S, respectively. In control 
and restored membranes, at pH 6.5, we have an 
amplitude and tl/2 of 655 and 320 I~S and at pH 
7.75 665 and 230 its. These data indicate little 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 ampfitude, following a single 
actinic flash, in treated membranes,  exhibits an 
approximate factor of  2 slowin 8 from pH 6.5 

( t t / 2  - 5 ms) to pH 7.75 ( t1 /2  ~ 9 ms). These 

TABLE I 

HALF-TIMES AND CORRESPONDING AMPLITUDES 
OF THE INITIAL FIRST-ORDER COMPONENT OF Q~ 
OXIDATION FROM THE EXPERIMENT SHOWN tN 
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 1 s 

Half-time (~s) Amplitude (%) 

pH 6.5 pH 7.5 pH 6.5 pH 7.5 

Raskl 
for treated membrar~s 5~0 460 30 54 
{or rc~tored mcmbra.a~s 285 250 70 71 

Rash 2 
for Ireated membran~ 665 465 2I 37 
for restored membranes 330 330 75 70 
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Fi 8. 2. Decay of variable chlorophyl] ,7 fluorcseen¢.¢ at (a) pH 6.5 and (b) 7.~i a|ter two actinic flashes spaced at I s. OIhet delails are 

as in the legend of Fig, 1. 

kinetics, however, are expected to incorporate a 
contribution from the QB association constant 
and possibly further complexity arising from PS 1I 
heterogeneity [21]; also see ReL 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- 
tivdy independent of pH below the pg,  estimated 
as 7.9 [24], for a dissociable protein group associ- 
ated with Q~ profanation [t9,24]. This rate then 
slows above the pK. Oar results in Fig. 3d) appear 
consistent with this observation. He~e, slowing of 
Q~, oxidation above pH 7.5 is observed 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 
flashes, in treated membranes, had a l ] /  2 of 14 ms 
at pH 6.5 which was slowed to 21 ms at pH 7,75 
in the experiment shown in Fig. 3. Again, as with 
the slower phase after the first flash, tiffs decay 
contains additional contributions from kinetic 
components in the 0.1-10 s range. 

Previous data on the HCO; effect support the 
conclusion that the PS I! plastoquinone accepter 
complex undergoes a conformational change in 
treated membranes (see, e.g., Refs. 25-27). We 
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Fig. 3. Plot of d~ amplitudes and half-tlmcs for the initial first-order component of Qg oxidation as a function of pH after I and 2 
flashes. In a) the data arc for the amplitude after a single actinic flash and in b) for t5¢ rate after a single flash. In c) and d). the data 
me for the amplit~le and rate respecliw~ly following two actinic flashes spaced at ! s. The lines ate drawn du'ough the data for the 

trcat~ and resEorcd m©mbranes only. 

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

In brief, our data show that, after one ,~r two 
actinic flashy, the amplitude and rate of the ini- 
tial first-order component of Q£ oxidation show 
very little dependence on pH in HCOf 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 QT~ oxidation are pH 
dependent in treated membranes. We ascribe this 
behavior to a pH-dependem conformational 
change on the DI and /o r  D2 reaction center 
proteins (for a discussion of D1 and D2, see Ref. 
g) 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 control samples. 

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

Oxidation of Q~ in the presence of 3-(3,4-dicMoro- 
phenyl)- l , 1-dimethylurea 

The back-reaction of Q~ with the $2 siam (for 
a discussion of the S-states, see Reg. 29) of the 
oxygen-evolving complex, in the presence of 5 ~M 
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Fig. 4. Decay of variable chlorophyll a fluorescence after a 
single actinic flash at (a) pH 6.5 and (b) pH 7.5 in the presence 
of 5 )~M diuroa (DCMU). F o is the Ch] a fluorescence yield 
from ihe measuring flash w~th all QA oxidized and F is the 

y/e]d at the indicated time after the actinic flash. 

DCMU, is seen in Fig. 4 to exhibit a similar pH 
dependence to that seen for the forward reaction 
in Figs. 1-3. The times (t~0), at which [Q~) is 50~ 
of the maximum [QT.], for the S2Q~ 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 re0 
value of 2,9 s in the treated membranes, 2,3 s for 
the restored membranes aM 2.0 s for the control. 
The plot (Fig. 5) of the reciprocal q0 values for 
Q~ oxidation against pH (6.0-8,0) shows good 
agreement with that obtained in untreated pea 
thylakoids [24]. From pH 6.0 to 6.75 the t~0 value 
for the S2Q,~ back reaction in treated membran¢~ 
remains pH independent but a transition to a 
pH-depeudent portion of the curve is observed at 
pH 7.0. The treated and restored ~amples give 

identical results at alkaline pH, the differences 
only being observed bdow pH 7.5. The slight 
difference between the control and restored (or 
treated) point at pH 7,75 is due to the low ~:t 
treatment of the latter samples to achieve the 
HCO~'-reversible inhibition. 

The data point for the treated (HCO~-de- 
pleted) sample at pH 8.0 was omitted m Fig, 5 
because of the existence of a fast decay compo- 
nent. At pH 8.0 the treated membranes exhibit a 
rapid oxidation of QA with an apparent tl/2 of 
less than 100 ps which cannot be resolved with 
our instmmentaton. Fig. 6(a) shows that this can 
be reversed by the prior addition o; HCOf, and 
Fig. 6(b) demonstrates that this phenomenon is 
not seen when a second flash is given, in this 
instance, ] s after the preceding flash. The dee- 
~ron acceptor responsible for flus phenomenon is 
not known. 

The apparent equilibrium constant (K~pp) for 
sharing an electron between QA and Qa is given 
by Eqn. 2 (see Ref. 19) 

[QAQ; ! + IQ^QB ( H~" )] 
K~pp IQ.~ I+[QA Qe] (2) 

/~'npp can be measured from the ratio of the ap- 
parent half-times for the back reaction with $2 in 
uninhibited compared to DCMU-inhibited centers 
[14]. Chl a fluorescence measurements to de- 
termine the back reaction in uninhibited centers 

. .  I 

O.g 

g 

O.2 

r~ Control 

o Resloced 
~ Treated 

I i • 
02 ~ ~ 7 s 

~H 
Fig, 5. The reciprocal of the time (t~o) a~ which [QA ] is 50~ of 
t h e  m a x i m u m  [ Q ~  ] i n  I h e  p Tesen ce  o f  5 p M  d i u r o n  ( D C M U )  

p l o t t e d  as  a f u n c t i o n  o f  p H .  F o r  a d d i t i o n a l  d e t a i l s ,  s e e  zex.t. 
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treated, restor~ and control membranes. In (b) the decay after 
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t reated membranes.  The  decay for the treated sample after one 

af t in ie  flash is  also shown for comparison, 

rescence rather than that of Q;, oxidation to 
estimate K~,. 

' The midpoint potential of the O J Q ~  couple 
has been shown to be unaffected by r i ce r  deple- 
tion [25]. Thus, it is possible to estimate the oper- 
ational redox potential for the QB/QB couple 
from the following relationship: 

& 

RT In K=¢¢ 
Em(Q~/Q~ ) - E.(Q^/Q~, ) F (3) 

where R is the gas constant, F is the Faraday 
constant and T is the absolute temperature. Using 

l0 the value of -130 mY (see Ref. 31) for the 
working redox potential (Era) of Qa/QA, and 
assuming this to be unchanged in treated mem- 
branes, our estimates of K ~  (s¢¢ above) give a 
value of -25 mV for the E,  of Qw/Qg couple at 
pH 6.0 in restored and control membranes and 
- 60 mY in the ta~ated membranes. In control pea 
thylakoids [24] an identical value of - 25 mV was 
obtained at pH 6.0 and a value of -T /mV at pH 
7.75. If we assume that the back reaction of Q; 
with ~z at alkaline pH is also unaffected by HCOf 
depletion, our data in Fig. 5 then suggests a more 
than 50 mV shift in the operating redox potential 
of the Qa/'Qm 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 Q~ reduction is reduced in treated 
membranes. In addition, estimation of the redox 
midpoint potential for the Qg/Q~- couple (see 
ge l  19) from the above values suggested only a 
minor shift in the ¢quifibtium constant for the 
transfer of an dectmn from Q~ to QsHz in 
treated membranes. However, farther experimen- 
tal stMies 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 question 

of the site of HCO~- binding in PS II, thee are 
several lines of e~deace to support the hypothesis 
that HCOf is a ligand to iron in the QA-Fe-Qs 
complex of PS II. 

require quantitation of the characteristic fl~b pat- 
tern observed due to the differential kinetics of 
Q~, oxidation by either Qs or Q~ [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 experiments [12]. However, 
Vermaas et at. [30] have shown that the back 
reaction, as measured by O2 evolution kinetics, in 
the absence of DCMU at pH 6.0 is of the order of 
100 s and insensitive to HCO~'-d@letion or an 
anion inhibitory treatment. This value for the 
uninhibited back reaction, and the value for the 
back reaction in the DCMO.inhibited case in Fig. 
5, allow us to calculate a value for Kapp of 16 in 
the treated membranes and 63 in the restored and 
control samples. The control value is in agreement 
with that obtained by Robinson and Corfts [24l. 
Our dat0 kadicate that the apparent equilibrium 
for the sraaring of an electron between Q^ and Qs 
experiences a a-fold shift toward QT~ at pH 6.0. 
This val,¢ is a factor of 2 larger than that reported 
by Vermaas et at. [301. The difference may par- 
tially lie in the fact that the latter authors had 
used the decay of the uncorrected Chl a flue- 
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(a) The iron in the reaction center of the pho- 
tosynthetic bacterium Rhodepseudomonas oiridis is 
liganded to four histidines and to a glutamate. In 
P$ II this glutamate is not present on D2 and 
HCO~- has been suggested to serve as the ligalld 
in its place [32]. In addition, no HCO~--rcversible 
anionic inhibition was observed on quinone-medi- 
ated electron transfer in the reaction center pre- 
parations from another bacterium Rhodospirillum 
rubrura (Shopes, R.J., Bhibaugh, D. and Oovind- 
joe, unpublished observations). 

(b) In PS II particles, prepared from spinach, 
the QA-Fe 2+ EPR signal at 8 = 1.82 increased 
10-12-fold upon HCO~- removal in the presence 
of formate [261. No such effect was observed in 
chromamphores from R. rubrum [33,341. 

(e) The redox midpoint potential of the QA/QA 
couple is unaffected by HCO~- depletion [25]. This 
may suggest that HCO~- does not bind directly to 
QA. 

(d) The FeZ+/Fe 3+ couple has been identified 
as the Q~/Q~o couple by Petrouleas and Diner 
[35]. Oxidation of this couple by exogenous oy._i. 
dants in the presence of DCMU is dependent on a 
strict order of addition. Addition of DCMU prior 
to the exogenous oxidant prevents Fe :+ or Q400 
oxidation i~5-37], 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 (see also Ref. 40). 

(e) The oxidation of Fe 2+ to Fe 3+ by high 
potential quinones is blocked in the presence of 
formate [39]. 

Conclusion 
HC03 depletion in the presence of inhibitory 

anions inhibits the oxidation of Q~ in PS II 
reaction centers [4-6]. The mechanism for this 
phenomenon is not yet understood, In this paper, 
we have presented new observations on the pH 
dependence of QA 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 QA oxidation are pH dependent. 
The or2dation is slowed at acidic pH, but resem- 
bles that in the control at basic pH. A similar, 
although quantitatively different, pH dependence 
was observed for the slow QA oxidation, by a 

back reaction with the $2 state, in the presence of 
diuron (DCMU). From these results it appears 
that the equilibrium constant for QAQB ~ QAQ~ 
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 |ange in restored and 
control membranes. In addition, the equilibrium 
for QAQI~ ~ QAQ=~ was pH dependent. These re- 
sults are in agreement with other published work 
[19,241. 

We suggest that replacement of HCO~" by 
HCO~" introduces a conformational change in the 
PS II quinone accepter complex that is pH depen- 
dent. In addition, the protonation of Q~ may be 
inhibited as a consequence of the eonformational 
change or because HCO~" has been replaced by 
formate. In our working model HCO~- is sug- 
gested to be a ligand to Fe 2+ while the hydroxyl 
group of the bound HCO3- (also see Refs. 38 and 
42) protonates a dissociable protein group that is 
functional in the protoaation of Q~ (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 protoaation step 
associated with plastoquinol formation or that 
more than one HCO~- may be bound per PS II 
[42]. 

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