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INTRODUCTION

Bicarbonate (or COZ) was shown by Warburg and Krippahl [1] to stimulate
electron transport during the Hill reaction. This phenomenon has been
referred to as the bicarbonate (HCO3") effect. The electron transport chain
can be dissected into a number of clearly defined partial reactions through
the addition of specific inhibitors and electron donors and acceptors. By
applying this approach (see e.g., [2,3]) the HCO,  effect has been shown to
be associated with the acceptor side of Photosystem II (PS II):

H,0 —>0EC —> Z P680 —— Pheo —>Q, —> Qz —>PQ (1)

The electron donor side of PS II contains the oxygen—-evolving complex
(OEC), and a bound plastoquinol "Z" that supplies electrons to the reaction
center chlorophyll (Chl) a P680. The electron acceptor side contains a
pheophytin (Pheo) molecule and two plastoquinones, Q and Qp- Electrons are
transferred from Pheo™ to Qs which can only be reduced to the semiquinone
form. After two such events, Qg 1s reduced to plastoquinol. The plasto-
quinol, QBH , i1s then able to exchange with the plastoquinone (PQ) pool to
provide a second Qp, molecule for subsequent reduction. This two-electron
transfer step at gﬁ level is known as the two-electron gate (see e.g.,
[4D. St01chiometr1ca1%y, two PQH, molecules are formed and two water
molecules oxidized for each 0, evolved. The resultant PQH, molecules are
oxidized at the plastoquinol-plastocyanin oxidoreductase or cytochrome b /f
complex. The oxidation of H20 and PQH2 supply protons to the internal
thylakoid space for chemiosmotic coupling.

The oxygen-evolving mechanism has been described by a kinetic model which
recognizes 5 separate oxidation states or S-states [5]:

SoE 8o 2SI 8] > 5, T 8, > S3 D5, ——> 5, -—g»s o (@
2

’

A single photoact advances an S-state from Sn to while the transition
from Sn' to S ., represents a recovery reaction begére a center is able to

utilize a second photon. Molecular 05 is released during the S, to 80
transition. For a recent review of PS II the reader is referred to [6] and
of the OEC to [7].
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The Bicarbonate Effect ) -

Although it has been suggested [8,9] that HCO3— plays a role on the ~—
water oxidation side of PS II, as yet no firm evidence is available to show a
significant, large, and direct effect of HCO,  before P680. On the other
hand, a role of HCO, on the PQ reduction side of PS II, at least in the
presence of HCOZ_, %as been firmly established (see reviews [10-13]).

Fig. 1 shows the scheme of electron flow from Q to the PQ pool via the
two electron acceptor QB’ also shown are the steps that are affected by
HCOZ—/HCO3_: the major effect of HCO, , at least in the presence of HCOZ s
is to facilitate the passage of electrons through the two-electron gate. The
specific effect may involve mediation in the protonation reactions. The
principal arguments to support the action of HCO shown in Fig. 1, are:

(1) the reoxidation of Q , as measured by the Ch% a fluorescence yield decay
[15,16] or by the absorbance change at 320 nm {17,181, is stimulated ten~ to
twenty-fold by HCO, in HCO4 “~depleted membranes; (2) in PS II particles, a
light- and chemicall —1nduced EPR signal (g = 1.82), attributed to the Q
Fest complex, is reversibly increased in amplitude by a factor of about %0 by
HCO3_—depletion [19]; (3) The Chl a fluorescence yield [20] and thermolumi-
nescence [21] after a series of single flashes of light suggest a dramatic
slowing down of electron flow after the third and subsequent flashes
following'HCO3"—dep1etion, which is totally reversed upon HCO3'—additioné
this suggests that there is a drastic HCO; effect on the exchange of Q

with PQ at the Q,~apoprotein and (4) HCO, —depletion causes a several-fold
change in the ag%lnlty of the binding of C-atrazine, which binds in the QB
apoprotein region [22; cf. 23]. In contrast, attempts to observe a HCO
effect on (a) the OEC to z% electron transfer kinetics, EPR signal 1T, [15];
(b) Z to P680T electron flow by the kinetics of the fast Chl g_fluorescence
rise [15]; (c) the H,0 to Qu reaction with ferricyanide as an electron
acceptor in trypsln—treated thylakoids [24]; and (d) the kinetics of 0,
evolution after the third flash [12], have failed thus far.

QA Q B ! hy =
T ;(QACQB

v

PQ PQ Fa 4(3&1 PQ

-1 “ho

,‘i PQH +HCO3
\/ s
+HCO3

2Ht )
QA B
3hul—HCO§

” In the Presence of Formate

Qa QB

Fig. 1. A Scheme for the Effect of Bicarbonate in the Presence of Formate
on the Electron Transfer on the Acceptor Side of Photosystem II.
In this scheme, I stands for Inhibitor/herbicide, Q, for the
first bound-quinone electron acceptor, Q for the second bound-
quinone electron acceptor, PQ for the plastoqulnone pool, "hv for
the nth flash. (The scheme is self-explanatory, and is modified
after the scheme presented earlier [13,14].)
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Recently it has been reported that HCO3— is able to reverse the
inhibition of PS II by a number of monovalent anions [25]. 1In addition to
reversing the inhibition by formate, HCO3_ was also effective when Noz_,
NO,”, F~ and acetate were used as inhibitory anions. This work confirmed and
extended the earlier findings of Good [26] by including NOZ_ and supports the
notion that HCO3" is binding to a more general anion binding site [27]. All
of these anions exhibit competitive inhibition of HCO,  binding to the anion
binding site [25,27]. The binding constant of HCO, has been determined and
is approximately 0.08 mM [27]. Although it has been suggested [27-29] that
some electron transport proceeds when the anion binding site is empty, only
HCO3_ facilitates electron transfer through the two-electron gate.

THE ACTIVE SPECIES

To determine whether CO, or HCO3_ is the species required, advantage was
taken of the pH dependence o% the ratio [COZ]/[HCO3"] at equilibrium. This
ratio increases with lower pH, because an increase in [H+] drives the
following reaction toward the left:

K, Ky K,
€O, + Hy0 ~——=H,C05~——>H" + HCO5 ~——>20" + C042" (3)

K;, Ky, and Ky are known equilibrium constants (K1 = (l.4 +0.2) x 10_3;
K, = B2 + 0.5 x 10~ Ky = 470 x 1071M [28]), from which the relative
ratios of reactants to products can be calculated. When [H+] and the total

concentration of all carbonate species are known, then [COZ] and [HCO3_] at

equilibrium can be calculated:

[HCO3™1;
[HCO3 1o = (4)
(¥ (5] Ky
+ + 1+
K .K, Ky et]
()
{co,] [HCO, ] (3)
2°eq R, K, 3 ‘eq

The subscripts "eq" and "i" refer to equilibrium and initial conditions,
respectively.

Spinach thylakoids were depleted of €0, to inhibit the Hill reaction,
following a procedure similar to [31]. The percentage of control activity
restored to these thylakoids was then measured as a function of the total
[HCO,™ ] that was added, and the experiment repeated at a variety of pHs,
Figures 2 and 3 show the same data plotted against the equilibrium [HCOB_]
and against the equilibrium [COZ]’ respectively. When plotted against
[HCO3_]e there is no apparent pH dependence; even though the [COZ]/[HCO3—]
ratio varies four-fold over the pH range, each curve falls on top of the
others. This means that [COZ] q has no apparent effect on the degree of
restoration. On the other hanéi when plotted against [COZ]e , the curves
become steeper with increasing pH. From equation (5) it is obvious that the
ratio [HCO3']eq/[C02]e is constant at any given pH, but changes proportion-
ately with any change %n [H']. Therefore, at any given [COZ] , the
[HCO," ] is greater at higher pH. Thus, the pH dependence ofqthe curves in
Fig. 3 and the lack of such dependence in Fig. 2 is evidence that HCO3', not
€0y, is respongible for restoring the Hill reaction. The inset to Fig. 3
shows the effect of [HCO, ] _ on the Hill activity, with [COZ]e held
constant, The [HCO3_]eq was calculated from equation (5), and The percent
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Fig. 2. The Percentage of Control Activity Restored to CO,—depleted
Spinach Thylakoids as a Function of the Equilibrium [HCOB_]. The
Hill activity was measured by following the reduction of
2,6~dichlorophenolindophenol (DCPIP) as the decrease in absor-
bance at 600 nm. Illumination began 3 min after the addition of
NaHCO,. Symbols: closed circles, pH 6.30; closed triangles,
pH 6.53; open circles, pH 6.7; open triangles, pH 6.91. Inset:
The effect of [COZ]eq on the Hill activity, with [HCO3_] held
constant at 0.2 mM, taken from the curves shown in the main
portion of the figure (Blubaugh and Govindjee, 1984, unpublished)
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Fig. 3. The Percentage of Control Activity Restored to COz—depleted
Spinach Thylakoids as a Function of the Equilibrium [COZ]' The
symbols and protocol are the same as in Fig. 2. Inset: The
effect of [HCO3']e on the Hill activity, with [C02]e held
constant at 0.1 mM, taken from the curves in the main'portion of
the figure (Blubaugh and Govindjee, 1984, unpublished).
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control activity was taken from the curves of Fig. 3 at the point on each
curve where [COZ] eq = 0.1 mM. TFollowing the same method, the inset to Fig. 2
shows the effect of [COZ]e on the Hill act1v1ty with [HCO held constant
at 0.2 mM. It is clear that the effect of HCO3 is independeé& of [C02]

In the analysis thus far, no consideration has been given to the possi-
bility of H2C03 or 0032— as the active species, primarily because both exist
at extremely low concentrations in the system described here. However, both
species can be ruled out from the data presented. The [H,CO,] /[COZ] ratio
is equal to K,y (1.4 x 107 3) and is independent of pH. Thus, a §lot 58
activity versus [H CO 1 would qualitatively appear identical to the data in
Fig. 3. Since [H200 ] %s directly proportional to [CO ] at all pHs,

identical arguments can be made for H,CO0, as were made COZ' Thus, HZCO3
cannot be the requlred species. 0032_ exists at only 10~ —10 times the
concentration of HCO3 at the pHs used here. The ratio of [CO3 ] to

[HCO3 ]e is equal to K /[H+] Since this ratio is inversely propogtlonal to
[H+], the curves in Flg. 2 would be expected to show a pH dependence if CO
were involved in restoration of the Hill activity. As was the case with COZ’
the lack of such pH dependence in Fig. 2 suggests that C0,“” is not involved.
Only if the system was not at equilibrium at the time of each measurement
could the curves in Fig. 2 show no apparent pH dependence if C0,“” was
involved. However, from a time course of the restoration after addition of a
half-saturating [HCO3"], we have concluded that equilibrium is reached in 2~
2.5 min (data not shown). Since the measurements in Figs. 2 and 3 were made
3 min after HC03‘ addition, CO4 " can be ruled out as having any involvement.

The possibility that CO, (with perhaps some contribution from H2C03) is
required for diffusion to the active site is not disputed by the data
presented here. These measurements were made under equilibrium conditions
and do not reflect the kinetics of bicarbonate binding. Some experiments,
done under non-equilibrium conditions, indicate that CO, is required. For
example, when,HCO3_ is added to HCO3 “~depleted thylak01§s, a lag is observed
before the Hill reaction is stimulated, whereas CO, stimulates the Hill
reaction sooner [32,33]. Presumably the initial [CO,] determines how quickly
bicarbonate is able to reach the binding site. Simi%arly, from the effect of
pH on the rate of HCOS_ binding, it was suggested that CO, is required [34].
While the equilibrium [HCO5™ ] in the vicinity of the binding site is shown
here to be a critical factor, the [CO,] could be an important kinetic
consideration if the binding site is buried beneath a hydrophobic domain.

THE ANION BINDING SITE

Recently the possibility has been raised [27-29] that the stimulatory
HCO3_ effect is a simple reversal of the inhibitory HCO2 effect [26]. Snel
et al. [28] and Snel and van Rensen [29] entertain the possibility that both
the HCO, and the HCO3 effects may be of physiological significance, since
formate is produced in peroxisomes. The binding constant for HCO, , calcu-
lated by these authors, is about 0.08 mM, whereas the [002] in photosynthe~
sizing chloroplasts is estimated to be only 0.005 mM [35]. Thus, one may
argue that under normal conditions, all binding sites are empty, and there
may not be any real role for HCO, in vivo. However, since it is [HCO 1 and
not [CO,] which determines the dégree of functioning, there is no good reason
to assume that the sites are empty. For example, if, in the vicinity of the
binding site, the pH is 8, then the [HCO3 ] in equilibrium with 0.005 mM GO,
is 0.22 mM, well above the binding constant. The location of the HCO3
binding site is, therefore, an important question to answer.

It is also possible that the binding constant has been overestimated,
because of the salt concentration at which it was determined. This possi-
bility 1is discussed later. The key question of whether HCO3_ is required
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for electron flow in a normal system needs to be tested. Experiments must be
done with totally HCO3"—-dep1eted samples, with the HCO3_ concentration
measured, since a tightly bound HCOB_ may have been present in many exper-—-._ .
iments. Furthermore, experiments should be done to see if the HCO, effect
can be obtained without the use of HCOZ—; this is a definite way to test if
HCO3— stimulation is a reversal of the HCOz_ effect,
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Fig. 4. The Percentage of Hill Activity Remaining after Incubation in a
COz—free HCO, ~depletion Medium at pH 5.8. The depletion medium
contained 300 mM sorbitol, 10 mM NaCl, 5 mM Mg012 and 10 mM
sodium phosphate (pH 5.8). The Hill activity was assayed in a
reaction medium containing 300 mM sorbitol, 10 mM NaCl, 5 mM
MgC12 and 25 mM sodium phosphate (pH 6.5). 25 mM HCO, was also
present in both the depletion and reaction media in &J). The
spinach thylakoids used in this experiment had been stored in
liquid N,. The electron acceptor was methyl viologen. For other
experimental details, see [3]. In (a) 100% = 896 pequiv./mg

}N Chl/hr and in (b) 100% = 584 pequiv./mg Chl/hr (Eatron—Rye and
Govindjee, 1985, unpublished)
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The Bicarbonate Effect in the Absence of Formate

We have already shown [3] the existence of a stimulatory effect of HCO,
on QA_ to Qp electron flow, when HCOZ— was omitted from both the depletion
medium and the reaction medium. This determination was made by following the
decay of the Chl a variable fluorescence. As was observed in formate-
containing membranes [16,20], maximal inhibition occurred after the third
actinic flash. However, in the absence of formate, the extent of this
inhibition was decreased (t for HCO3_—dep1eted in the presence of HCO, ,
~ 15 ms; for HCO4 —depleted in the absence of HCO,”, ~ 2.5 ms; for HCO3_—
resupplied and control, ~ 0.35 ms.). In the formate-free case we found that
after approximately a 60 min depletion the half-time of QA' reoxidation did
continue to increase but the effect became increasingly irreversible. Fig, 4
demonstrates a similar observation in the Hill reaction. Thus it appears,
under these conditions, that if the anion binding site is empty, irreversible
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Fig. 5. The Effect of CO,-depletion, in the Absence of HCO, , on the
Variable Chl a Fluorescence Transient. (a) The fluorescence
transient at the start of incubation and after 4 hr of incubation
under a stream of normal air. (b) The fluorescence transient at
the start of incubation and after 4 hr of incubation under a
stream of CO,~free air. The area above the curve for the CO,~-
depleted sample is approximately 607 of that for the non-CO,-
depleted sample. Spinach thylakoids were suspended in 50 mM
phosphate, pH 6.4, 15 mM NaCl, and 5 mM MgCl2 (Blubaugh and
Govind jee, 1985, unpublished).
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Fig. 6. The Time Course of CO,-depletion in the Absence of HCOZ_, by
Incubation under COy-free air, under Low and High Salt Concen-
trations. The area above the fluorescence transient is plotted
as a function of time under CO,-free air. Area , _ , is the area
above the transient at the start of the incubation, and Area_ is
the area at the time indicated. Symbols: circles, 100 mM NaEl;

triangles, 15 mM NaCl (Blubaugh and Govindjee, 1985, unpublished).

inactivation of PS II occurs. Fig. 4b shows that the presence of 25 mM
formate actually acts in a protective role. In addition, raising the pH to-_-
6.5 also prevented the irreversible loss of activity shown in Fig. 4a. A
two~fold HCO, effect was observed under the same experimental conditions as
in Fig. 4a after 120 min in the depletion medium at pH 6.5. The electron
transport rates (H,0 to methylviologen (MV)) were: for HCO, —depleted,

162 Pequiv./mg Chl%hr; for HCO3 -resupplied, 368 pequiv./mg Chl/hr.

Similarly, merely passing CO,-free air over a formate-free sample of
thylakoids at pH 6.4 is enough to alter the kinetics of the variable Chl a
fluorescence (Fig. 5b) in a manner similar to HCO, ~depletion. Passing
normal air over an identical sample had no such effect (Fig. 5a). The level
of maximum fluorescence was equally diminished for both samples; this effect
was probably due to aging of the thylakoids. Fig., 6 shows the time course of
this effect for spinach thylakoids suspended at two different salt concen-
trations, determined from the relative areas over the curves. It is apparent
that HCO, is removed more readily at higher [NaCl]. This could be due to
ionic strength effects on the HCO,  binding site, or to the charge density at
the membrane surface, which would alter the pH in the vicinity of the
membrane. The value of 0.08 mM, mentioned earlier, for the binding constant
of HCO3— had been determined at a salt concentration of 200 mM [25]. Since
at lower [NaCl] the HCO3— appears to be held more tightly, the binding
constant may be much lower at physiological ionic strength.

Formate has been shown to be competitive with the HCO,  binding site
[16,27,36]. This conclusion can now be extended to a number of anions which
inhibit the Hill reaction and which also increase the dissociation constant
for HCO, . The most effective anion that has been tested is nitrite (NOz_)
[25]. We have repeated the experiment shown in Fig. 4b, but we replaced the
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Fig. 7. The Decay of the Variable Chl a Fluorescence after Three Actinic
Flashes Spaced at 1 s. FO is the Chl a fluorescencae yield from
the measuring flash when all Q, was oxidized and F was the yield
at the indicated time after the actinic flash., The reaction
medium (see Fig. 4) was supplemented with 25 mM HCOZ_, 0.1 mM
methyl viologen and 0.1 mM gramicidin. Pea thylakoids were used
and the half-times were determined as in [16] (see text). The
figure is redrawn from [16].

25 aM HCOZ_ with 25 mM NOZ_' Our results indicate that nitrite behaves in a
similar way to formate and prevents the irreversible loss of activity shown
in Fig. 4a. A 7-fold HCO, effect was observed in the presence of 25 mM NOZ—
after 30 min in the depletion medium at pH 5.8, The electron transport rates
(H,0 to MV) were: for HCO; -depleted, 75 pequiv./mg Chl/hr; for HCO3 -
resupplied, 539 Pequiv./mg/ Chl/hr.

The Relationship Between the Anion Binding Site and the Acceptor Side
Bicarbonate Effect

Data are presented in Fig. 7 from an earlier study [16], in which the
effect of HC03_—depletion in the presence of HCOZ— and the effect of HCOZ_
incubation in the presence of atmospheric 002 were compared. The decay of
the variable Chl a fluorescence after one or three actinic flashes was nearly
identical with either HCOZ_—incubated or HCO, —~depleted samples. With both
preparations, the addition of 10 mM HCO3' restored the decays to the pattern
seen with control thylakoids. Twenty-five mM HCO, was present in these
experiments. A similar observation has been made for the Hill reaction [37],
but in this instance 100 mM HCO,” was required to observe a HCO; -reversible
inhibition in HCO, —-incubated samples [cf. 16]. The results in Fig. 7
suggest that HCO, and HCO, compete for a site on the reducing side of
PS II. It is evident that if HCOZ_ is present at a low HCO, concentration,
forward electron flow is slowed; if HCO, is present in excess, or at
physiological concentrations in the absence of formate, the normal flow is
restored. It was also reported in [16] that during HCOZ_—incubation the
transition from a fast to a slow decay of the variable Chl a fluorescence was
accelerated under any of the following conditions: a) the concentration of
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HCOZ~ was increased; b) the pH was lowered; or c) when the CO concentration_
was lowered. These observations all support the hypothesis that HCO,  and
HCO3_ compete for a site on the reducing side of PS II, aund they further «_~
support the conclusion that HCO3—, not C02, is the active species.

In a recent study of the Chl a fluorescence transient, Blubaugh and
Govindjee [38] found that addition of excess HCO3“ to non-depleted thylakoids
resulted in an enhanced rate of Chl a fluorescence rise in the presence of
3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU). This result indicated that
addition of excess HCO3— to these thylakoids either inhibits a back-reaction
with the donor side or prevents some reoxidation of Q, by auxilliary
acceptors of PS II (see e.g., [39]). It has also been shown that addition of
excess HCO, to non-~depleted thylakoids inhibits the Hill reaction in the
presence of silicomolybdate (SiMo) [40-42], which is thought to accept
electrons at the level of Qa- This result and the work of Blubaugh and
Govindjee [38] suggest that two HCO3' binding sites exist. We therefore
asked if the HCO, binding site that gave rise to a dissociation constant of
0.08 mM for HCO4 ~ was the specific site for HCO, that facilitates electron
transfer through the two-electron gate. Since the most effective competitor
of HCO3— binding so far studied is NOZ_ {251, we studied the effect of NOZ_
incubation on Q,” reoxidation. As in the presence of HCO, , we observed a
maximum inhibition after the third actinic flash (Fig. 8). The half-time for
the NO, -incubated sample was ~ 15 ms, which is nearly identical to the
result obtained from the data of Fig. 7. A similar result was obtained for
NOZ"—incubated samples in the presence of 10 mM hydroxylamine (HA) (data not
shown), as was earlier shown with HCO,” in the presence of HA [3].

Therefore, our data strongly support the hypothesis that the anion binding
site is the site where HCO3_ binds and facilitates electron transfer through
the two-electron gate.
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Fig. 8. The Decay of the Variable Chl a Fluorescence after Three Actinic
Flashes Spaced at 1 s. Spinach thylakoids were used. Other
conditions were as in Fig. 7 except that 25 mM HCO,  was replaced
by 25 mM NOZ_ (Eaton-Rye and Govindjee, 1985, unpublished).
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THE ACTION OF BICARBONATE AT THE LEVEL OF THE TWO-ELECTRON GATE

The operation of the two—-electron gate of PS II, neglecting the precise
nature of the protolytic steps, is summarized in equations 6-10:

Qu0p T==p Qy0p =~ QuQ5” (6)
Qx5 I Qu Q5" ~—> Q%" ¢!
Q,Qp%" =~ q, + PCH, (8)
Qy + PQ <> Q,Q 9
Qa0 T=> Qu Qp ~ Qu05~ (10)

Following a short, single-turnover actinic flash given to dark-adapted
thylakoids, an electron is placed on Q,. This electron is then transferred
to Qp with a half-time of ~ 0.15 ms (see e.g., [43]; Eq. 6). The equilibrium
estagllshed for the sharlng of an electron between Qa and Q g §reatly favors
centers in the state Q,Qp [43]; these centers are open and able to undergo a
second photoact (Eq. 7). The second electron is transferred to QB with a
half-time of ~ 0.3 ms (see e.g., [43]). The resulting plastoquinol is then
able to exchange with a plastoquinone from the PQ pool at the Qg binding site
(Eqs. 8 and 9). If a dark-time of sufficient duration is given before a
third actinic flash, the kinetics of electron transfer from Q A— to Q
equation 10 will resemble those obtained after the first flash (Eq. 6 The
minimum dark-time between flash 2 and flash 3 where the kinetics of Q,
reoxidation resemble those observed after the first actinic flash is defined
here as the turnover time of the two-electron gate. This measurement has
recently been made by HH. Robinson and AR, Crofts (personal communication)
and found to have a half-time of < 2.5 ms in control thylakoids.

We have varied the dark-time between the second and third actinic
flashes in HCO3_—dep1eted (with HCOZ_ present) and HCO, —incubated thyla-
koids. The dark-times were: 30 ms, 50 ms, 100 ms, 250 ms, 500 ms, and 1 s,
In each case maximal inhibition of QA— reoxidation occurred after the third
flash and exhibited a t; 2 of ~ 15 ms (data not shown). These findings
suggest that even after s, centers that have been depleted of HCO, or
inhibited by HCOZ“ are unable to exchange with the PQ pool at their Q
binding site. In each case the effect is fully reversible and contro%
kinetics are completely restored upon the addition of HCOB—.

The rate of Q,  reoxidation after the third actinic flash in HCO5 -
depleted samples is identical to all subsequent actinic flashes (Fig. 9, also
see [16,20]). The same result is obtained with both HCOZ - and NO
incubation (data not shown). The decay kinetics after the second ffash are
intermediate between those following flash 1 and 3 (see [16]).

A possible explanation for these observations is that the binding of
inhibitory anlons to PS II may alter the association constant, Kys for Qp.
From equation (9):

KO = [QA'QB]/([QA] + [PQ(pool)]) (11)

Although there is no direct measure of the value for KO, a number of
methods for estimating a value are available [44]. One method is to analyze
the decay kinetics of QA by monitoring the variable Chl a fluorescence after
a single flash. Biphasic kinetics are observed for this “decay; 60-70% of
centers undergo oxidation by a first-order process with a half-time of ~ 0.15
ms and the remainder by slower processes of indeterminate order [44]. If it
is assumed that the centers exhibiting first-order kinetics represent centers
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Fig. 9. The Effect of HC03_—dep1etion, in the Presence of 25 mM HCOZ—,
on the Fluorescence Flash Pattern. The times indicated are when
the measuring flash was fired. Spinach thylakoids were used;
other details are as in Fig. 7 (Eaton-Rye and Govindjee, 1984,
unpublished)

in the state Q QB before the flash, a value of 500 M_1 for K, can be
calculated [Mﬁ. We have analyzed our earlier data for HCO4 —depleted and
HCOZ_-incubated thylakoids [16] and found that K, is reduced to 200 ML in
these samples. A second effect is also evident grom this analysis. The
half-time of the fast phase is increased approximately 3-fold (i.e., from
~ 0.2 ms to ~ 0.6 ms) 1in these samples [cf. 16]. The mechanism of this
second effect cannot be explained from the available data.

In addition to the slowing and reduction of the fast phase of QA—
reoxidation, a shift in the equilibrium for the sharing of an electron
between Q, and Qy (see Eq. 6) has been reported in thylakoids that have been
HCO "—dep%eted in the presence of formate [45]. A two-fold shift in this
equilibrium towards Q, was observed by comparing the rates of the back-
reaction with S, both in the presence and absence of DCMU. In the absence of
DCMU, the back-reaction from QB— to S, was unaffected by HCO3_—dep1etion, but
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in the presence of DCMU the back-reaction of QA with 82 was inhibited two-
fold [45].

The equilibrium for the sharing of an electron between Qp and Q, is pH
dependent [46]. It has therefore been suggested that the presence of a
proton in association with the Qp site stabilizes the electron on Qs “ah. a
possible explanation for the observed shift in this equilibrium may be that
HCO4 “—depletion inhibits protonation at the Q, site. In addition, the
fraction of centers decaying through the rapid first—order process has been
shown to be proportional to the fraction of centers in which QB'G{ is
present before the second flash [46]. Therefore the inhibition on the
Qg (H+) protonatlon suggested above may also account for the inhibited
klnetics of Q, reoxidation observed after the second flash in HCO4 “—depleted
membranes [16,20]. By analogy, the maximal inhibition observed after the
third flash may result from QB “not becoming protonated and therefore not
able to exchange with the PQ pool. This interpretation suggests that the
rate-limiting step introduced by HCO3 “~depletion and/or anion inhibition is
the rate of protonation of QB2 .

Recently the ability of carbonic aunhydrase inhibitors to inhibit PS II
has been reported [25,42]. This approach to the bicarbonate problem has also
led to the suggestion that HCO, functions as a proton donor/acceptor at the
anion binding site [25,47]. These workers have also reported an inhibitory
effect of HCO,” on PS II at pH 8.0 [34,42]. However, the reoxidation of Q,
was unaffected by the addition of HCO,  in these samples [42]. On the other
hand, a slowing of the S,” > §, transition was shown, but this phenomenon
appears to be distinct from the,HCO3" effect under consideration here.
Addition of 10 mM HCO3_ to non—-depleted thylakoid membranes at pH 6.0 and 7.0
did not inhibit the Hi1l1l reaction supported by K3Fe(CN)6 or MV [48].

The inhibition of the back-reaction of QA with S2 in the presence of
DCMU [45] presents other interesting possibilities arising as a consequence
of HCO, —-depletion. The apparent increase in the stability of QA is not
reflected in a shift in the mid=-point potential of the QA/QA couple [49].
Therefore the observed inhibition of the back-reaction between Q and Sy in
HCO, —-depleted thylakoids may indicate an additional effect of HCO
dep%etlon and/or anion incubation on the donor side of PS II . However, this
result mag also be explained by HCO4 “-depletion altering the redox potential
of the Fe /Fe couple associated with PS II. This interpretation may also
explain the increased EPR signal (g = 1.82) attributed to Q ~—Fe?¥ observed
in PS II particles [19].

/
CONCLUSIONS M JLee

Our findings here support the following conclusions: él) the active
species of the bicarbonate effect is HCO3—, not €O, or C0,°7; (2) NO,” (as is
the case with HCO, ) inhibits the electron acceptor side of PS II; this
inhibition is also reversed by HCO, ; (3) both HCO,” and NO,” protect PS II
against irreversible damage at pH %B and (4) in the complete absence of
inhibitory anions, HCOg—depletion st111 inhibits the electron acceptor side
of PS II. Furthermore, we suggest that the unique ability of HCOB— to
stimulate electron transport may arise from its ability to participate in the
protolytic reactions of the two-electron gate.
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