Proc. Natl. Acad. Sci. USA
Vol. 94, pp. 5050-5054, May 1997
Biophysics

Bicarbonate is an essential constituent of the water-oxidizing

complex of photosystem II

(oxygen evolution/manganese /donor side)

S.I. ALLAKHVERDIEV*T, I. YRUELAT, R. PICORELT, AND V. V. KLIMOV*¥

*Institute of Soil Science and Photosynthesis, Russian Academy of Sciences, Pushchino, Moscow Region, 142292, Russian Federation; and TEstacion Experimental
de Aula Dei, Consejo Superior de Investigaciones Cientificas, Apartado 202, 50080, Zaragoza, Spain

Communicated by Martin Gibbs, Brandeis University, Waltham, MA, February 3, 1997 (received for review May 20, 1996)

ABSTRACT It is shown that restoration of photoinduced
electron flow and O, evolution with Mn?* in Mn-depleted
photosystem II (PSII) membrane fragments isolated from
spinach chloroplasts is considerably increased with bicarbon-
ate in the region pH 5.0-8.0 in bicarbonate-depleted medium.
In buffered solutions equilibrated with the atmosphere (non-
depleted of bicarbonate), the bicarbonate effect is observed
only at pH lower than the pK of H,COj; dissociation (6.4),
which indicates that HCO3 is the essential species for the
restoration effect. The addition of just 2 Mn2* atoms per one
PSII reaction center is enough for the maximal reactivation
when bicarbonate is present in the medium. Analysis of
bicarbonate concentration dependence of the restoration ef-
fect reveals two binding sites for bicarbonate with apparent
dissociation constant (K4) of ~2.5 uM and 20-34 uM when
2,6-dichloro-p-benzoquinone is used as electron acceptor,
while in the presence of silicomolybdate only the latter one
remains. Similar bicarbonate concentration dependence of O,
evolution was obtained in untreated Mn-containing PSII
membrane fragments. It is suggested that the K, of 20-34 uM
is associated with the donor side of PSII while the location of
the lower K4 binding site is not quite clear. The conclusion is
made that bicarbonate is an essential constituent of the
water-oxidizing complex of PSII, important for its assembly
and maintenance in the functionally active state.

Bicarbonate was discovered to stimulate electron flow in Hill
reaction in chloroplasts (1). Now is is well established that
bicarbonate ion is essential for the maximal activity of pho-
tosystem II (PSII) (for recent reviews, see refs. 2 and 3 and
references therein). In the early 1970s the water-oxidizing side
of PSII was considered as the acting site of bicarbonate (4, 5).
Later, strong evidence for location of bicarbonate binding at
the acceptor side of PSII between Qa and Qg, the primary and
secondary plastoquinone electron acceptors, was first pre-
sented by Wydrzynski and Govindjee (6). This idea was then
supported by numerous experimental data (for reviews, see
refs. 2 and 3). The nonheme Fe acting between Qa and Qg
seems to play an essential role in bicarbonate binding (7-9).
However, it was shown that bicarbonate depletion may effect
both the electron acceptor and the donor side of PSII (10).
El-Shintinawy and Govindjee found that bicarbonate has two
sites of action: the first accelerates the electon flow beyond Qa,
and the other stimulates it between hydroxilamine donation
site (electron donor Z or D) and Qa. The site between the
primary electron acceptor, pheophytin and Qa, was speculated
for the latter case (11).

Recently (12-14), bicarbonate requirement for the donor
side of PSII was shown. It was found that in O;-evolving PSII
membrane fragments, bicarbonate reversible inhibition of
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electron flow at the donor side requires much lower (1,000
times) concentrations of formate than that at the acceptor side
(12-14). The bicarbonate effect was especially pronounced in
Mn-depleted PSII preparations—i.e., sufficient reconstitution
of electron flow with exogenous Mn?* (0.1-0.2 uM) was
achieved only in the presence of bicarbonate (12, 13). It was
suggested that bicarbonate takes part in the formation of the
Mn center capable of water oxidation as an obligatory ligand
or through modification of the binding site(s) of Mn (12, 13).
On the other hand, it was recently shown (15) that formation
of the Mn-bicarbonate complexes, Mn(HCO3)* and Mn-
(HCO3),, resulted in a considerable lowering of the redox
potential for oxidation of Mn?* to Mn3™ in solution. There-
fore, bicarbonate converts the aqua-ions of Mn?" into a form
that can be oxidized much more easily by PSII. It is possible
that this effect [rather than formation of the water-oxidizing
complex (WOC)] is responsible for the bicarbonate require-
ment in Mn-depleted PSII (12).

In this paper we provide evidence for a bicarbonate require-
ment during reassembly of the Mn-containing center capable
of water oxidation and O, evolution. These results were
obtained in Mn-depleted PSII preparations that along with the
results obtained in Mn-containing preparations show that
bicarbonate is an essential constituent of the WOC.

MATERIALS AND METHODS

PSII membrane fragments, designated here as DT-20, were
isolated from spinach chloroplasts using 0.4% digitonin and
0.15% Triton X-100 as described (16) with some modifications
(17) (pH 6.5 was used instead of pH 7.8). Under saturating
illumination in the presence of 0.3 mM phenyl-p-benzoqui-
none, the DT-20 fragments evolved 140-220 wmol O,/mg
chlorophyll (Chl) per hour. They contained 1 PSII reaction
center (RC) per 200-220 Chl molecules, and 1 molecule of
P700 per 10,000 Chl molecules (16, 17). The BBY [subchlo-
roplast preparation isolated by the method worked out by
Berthold, Babcock, and Yocum (18)] PSII membrane frag-
ments were prepared as described (18, 19). A complete
(>95%) removal of Mn from the membrane fragments was
carried out using 1 M Tris-HCI (pH 8.0) plus 0.5 M MgCl, (17)
or N,N,N',N’-tetramethylethylenediamine (TEMED) (20, 21)
treatments. The preparations were stored in liquid nitrogen or
at —80°C at a Chl concentration of 10 mg/ml after the addition
of 10% glycerol or 0.4 M sucrose to the medium. Removal of
bicarbonate from DT-20 or BBY preparations was achieved as

Abbreviations: PSII, photosystem II; RC, reaction center; Chl, chlo-
rophyll; Qa and Qs, primary and secondary plastoquinone electron
acceptors of PSII; SiMo, silicomolybdate; DCBQ, 2,6-dichloro-p-
benzoquinone; TEMED, N,N,N’,N'-tetramethylethylenediamine; AF,
photoinduced changes of Chl fluorescence yield; WOC, water-
oxidizing complex of PSII; BBY, PSII membrane fragments isolated by
the method worked out by Berthold, Babcock, and Yocum (18).

#To whom reprint requests should be addressed. e-mail: klimov@i

ssp.serpukhov.su.



Biophysics: Allakhverdiev et al.

described (12, 13), by a 1,000-fold (in case of AF measure-
ments; where AF is the photoinduced change of Chl fluores-
cence yield) or a 250-fold (in case of O,-evolution measure-
ments) dilution of concentrated PSII preparations into a
medium depleted of endogenous bicarbonate by means of
60-min flushing with air (CO, depleted by passage through a
solution of 50% NaOH and a 20-cm layer of ascarite) or with
Nj. The sample was subsequently incubated in this medium for
30 min at 4°C.

AF values were measured in a closed (sealed) 10-mm cuvette
at 20°C using a phosphoroscopic set-up as described (12, 13).
The rate of O, evolution was measured in a tightly closed 3-ml
cell using a Clark-type electrode under continuous illumina-
tion with white light (2500 wE/m?ss) in the presence of 0.5 mM
2,6-dichloro-p-benzoquinone (DCBQ) or 0.1 mM silicomolyb-
date (SiMo). The slope for the initial 20 s of illumination was
used for determination of the rate of O, evolution. Restoration
of O evolution in TEMED-treated (Mn-depleted) BBY mem-
brane fragments was done as described (21): after addition of
MnCl, to a sample suspended in the medium containing S mM
CaCl,, 35 mM NaCl, 0.4 M sucrose, and 50 mM Mes-NaOH
(pH 5.0-7.0) or 50 mM Tris-HCI (pH 7.0-8.0) at Chl concen-
tration of 40 pg/ml, it was incubated in a glass tube for 5 min
at 4°C in the dark, then 3 ml of this suspension was put in the
O;-evolution measuring cell and incubated for 3 min at 20°C
(in the presence or absence of NaHCOj3). O, evolution was
measured under the first 1-min illumination by the continuous
actinic light. Therefore, we did not separate the process at
photoreactivation of the WOC [including the steps of Mn?*
binding, its photooxidation, ligation of the formed Mn3*, and
assembly of tetranuclear complex (22-24)] and revealing of its
capacity to evolve oxygen. The photoinduced AF were mea-
sured in buffer containing 50 mM Mes-NaOH (pH 5.0-7.0) or
50 mM Tris'HCl (pH 7.0-8.0), 35 mM NaCl, and 2 mM MgCl,.

RESULTS

Dependence of Mn-Restored Q4 Photoreduction on pH and
Bicarbonate. Fig. 1 shows that nearly 15% of the initial
photoinduced AF related to photoreduction of Q4 remains
after removal of Mn from PSII membrane fragments. At pH
7.0-7.5, MnCl, added alone (curves 1) at a concentration of 0.1
uM or 0.2 uM (which corresponds to a ratio of 2 Mn/RC or
4 Mn/RC) restores nearly 30% and 80-85% of AF, respec-
tively, while at pH 5.0-5.5 only an additional 10-15% of AF is
restored in both cases. If MnCl, is added together with 0.4 mM
NaHCO3, a 80-90% restoration is observed at all pH for both
2 Mn/RC and 4 Mn/RC conditions (curves 2). Therefore, the
stimulating effect of NaHCO; addition (“bicarbonate effect”)
is clearly seen even without special procedures for bicarbonate
depletion, and it is especially pronounced at pH lower than the
pK for H,CO; dissociation which is near 6.4. If the Mn-
depleted PSII preparations were reactivated with MnCl; in a
medium previously depleted of bicarbonate, then the bicar-
bonate effect was significant regardless of the pH. In other
words, at any pH, the photoinduced AF remains equally small
if MnCl, is added in the absence of NaHCO; and it becomes
maximal if MnCl, is added jointly with 0.4 mM NaHCOs; (Fig.
1, curves 3 and 4).

Dependence of Mn-Restored O, Evolution on pH and Bi-
carbonate. Quite similar effects were found for restoration of
the O,-evolving activity in the PSII membrane fragments (Fig.
2 A and B) that had lost this activity as a result of Mn removal.
In non-bicarbonate-depleted medium, the restoration was
maximal at pH 6.5-7.0 (curves 1); nearly 25% and 30% of the
initial activity is restored upon the addition of 2 Mn/RC and
4 Mn/RC, respectively. [These values correspond to a resto-
ration of nearly 70-80% of the activity if the rate of O,
evolution in the BBY membrane fragments that lack the
extrinsic proteins 18, 23, and 33 kDa as a result of 1 M CaCl,
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Fic. 1. Effect of bicarbonate on the amplitude of AF in Mn-
restored PSII membrane fragments. The membranes (DT-20) were
depleted of Mn by washing in 1 M TrissHCI/0.5 M MgCl, (17). The
fragments were then suspended in media at different pH before
(curves 5) and after (curves 1-4) addition of MnCl, at 0.1 uM (2
Mn/RC) (4) or 0.2 uM (4 Mn/RC) (B). For curves 1 and 2, the PSII
membranes were suspended in non-bicarbonate-depleted medium. AF
was measured before (curves 1) and after (curves 2) addition of 0.4
mM NaHCOs;. For curves 3 and 4, the membranes were placed in
bicarbonate-depleted medium. AF was measured before (curves 3) and
after (curves 4) addition of 0.4 mM NaHCOs. [Chl] = 10 ug/ml; 20°C.
The value of photoinduced AF in untreated preparations at a given pH
is taken as 100%.

treatment (25) is taken as 100%. The treatments we use for Mn
depletion also result in removal of these proteins and we did
not add them in the reconstitution experiments.] At pH 5.0-5.5
this activity was nearly 2 times lower than that at pH 7.0.
However, if 0.4 mM NaHCOj is added to the medium, the rate
of O, evolution increased (curves 2) and the bicarbonate effect
was again especially clear at pH lower than 6.5. Preliminary
depletion of bicarbonate from the medium significantly sup-
pressed the restoration of O evolution with Mn?* at any pH,
while subsequent addition of 0.4 mM NaHCOs; again increased
it to the nearly same maximal level (curves 3 and 4). On the
other hand, in agreement with our earlier data (12), an
increase of NaCl concentration in the medium up to 240 mM
(instead of NaHCOj addition) did not cause any restoration of
the PSII activities (data not shown).

Similar effects were observed for O, evolution in untreated
O,-evolving PSII membranes (Fig. 2C). In the medium equil-
ibrated with air, the rate of O, evolution was maximal at pH
6.5 [in agreement with a previous observation for PSII prep-
arations (26)], dropped at pH 5-5.5, and it was significantly
restored by NaHCO3 addition in this region of pH (curves 1
and 2). In bicarbonate-depleted medium, the stimulating effect
of bicarbonate was seen at all pH values (curves 3 and 4).
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FiG. 2. Effect of removal and readdition of bicarbonate on the rate
of Oz evolution in Mn-restored PSII membrane fragments as a
function of pH. BBY membranes were depleted of Mn by TEMED
treatment (20, 21). In 4, 0.4 uM MnCl, (2 Mn/RC) was added. In B,
0.8 uM MnCl, (4 Mn/RC) was added. All samples were given 0.5 mM
DCBQ before illumination. Curves 1 and 2, bicarbonate-nondepleted
medium, before and after addition of 0.4 mM NaHCO3; curves 3 and
4, bicarbonate-depleted medium, before and after addition of 0.4 mM
NaHCOs. [Chl] = 40 pg/ml; 20°C. The rate of O evolution in
untreated control preparations at pH 6.5 (400 umol/mg Chl-h) is taken
as 100%. The rate of O, evolution in the Mn-depleted preparations
was near zero if MnCl, was not added to the medium. (C) The same
pH dependence for O»-evolution rate in untreated (Mn-containing)
BBY membrane fragments.

Dependence of Mn-Restored O, Evolution and AF on Bi-
carbonate Concentration. Bicarbonate concentration depen-
dence on PSII activities at pH 5.5 (where the effect was most
pronounced) showed that a 50% and nearly 100% recovery of
both O, evolution and AF are achieved after addition of 250
and 800 uM NaHCOs, respectively. If the equilibrium con-
centrations of bicarbonate at pH 5.5 were used, these values
corresponded to 30 and 100 uM HCOg3, respectively. Fig. 3
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FiG. 3. Double reciprocal plot of bicarbonate concentration de-
pendence for the Os-evolution rate measured in the presence of 0.5
mM DCBQ (4) or 0.1 mM SiMo (B) as electron acceptors and for the
photoinduced AF (C) in TEMED- treated (Mn-depleted) BBY mem-
brane fragments after addition of MnCl, at ratio of 2 Mn/RC at pH
5.5 in non-bicarbonate-depleted (O) and previously depleted (V)
medium (right scales). The same plot for O, evolution in untreated
(Mn-containing) BBY membrane fragments in bicarbonate-depleted
medium is given on 4 and B by B (left scales). A component with Kq4
lower than 10 uM (we could not determine its definitive value) is
designated as K3 in C. The equilibrium bicarbonate concentration
after the addition of an aliquote of NaHCO3 and 3-min incubation at
20°C in the dark in a tightly closed cell was calculated using the
equation for the equilibrium between carbonic species in aquous
solution at a given pH (27).

shows the double reciprocal plots of this dependence at pH 5.5.
For O; evolution, it reveals two components with two different
apparent dissociation constants (Kd) corresponding to 34 uM
and 2.5 uM (Kg and K§) if DCBQ is added as an electron
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acceptor and bicarbonate-depleted medium is used (Fig. 34).
When the electron acceptor SiMo and/or the medium equil-
ibrated with the atmosphere are used, then only one compo-
nent corresponding to Kg = 34 uM is revealed (Fig. 3 4 and
B). The effects were essentially the same for both Mn-depleted
(in the presence of 4 uM MnCl, corresponding to 2 Mn/RC)
and untreated (Mn-containing) PSII membrane fragments
(Fig. 34 and B). The double reciprocal plot of AF dependence
on bicarbonate concentration clearly reveals a component with
Kqy of 20 uM (Fig. 3C) in the medium both depleted and
nondepleted of bicarbonate. Similar Ky (21.4 uM) was found
if AF were measured after addition of 5 mM CaCl, and 0.4 M
sucrose to the medium (data not shown). A component with
a lower (<10 pM) Ky value (Kg) was also seen in the medium
previously depleted of bicarbonate (Fig. 3C), although we
could not determine its definitive value.

Dependence of O, Evolution and AF on Concentration of
Added Mn?*. The number of Mn atoms per PSII RC required
for maximal restoration of both AF and O, evolution depends
on the presence of bicarbonate in the medium (Fig. 4). At pH
6.0 even 10 Mn/RC restore less than 50% of the maximal
activity in the absence of NaHCOs; while after the addition of
0.4 mM NaHCOj; just 2 Mn/RC is enough for maximal
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Fic. 4. Magnitude of photoinduced AF (A4) and the rate of O2
evolution (B) in Mn-depleted (see Figs. 1 and 2) PSII membrane
fragments as a function of concentration of added MnCl; at pH 6.0.
Curves 1 and 2, non-bicarbonate-depleted medium, before and after
addition of 0.4 mM NaHCOs3; curves 3 and 4, bicarbonate-depleted
medium, before and after addition of 0.4 mM NaHCOs;.
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reactivation of both AF and (what is especially important) O,
evolution. The bicarbonate effect is especially accentuated in
the medium previously depleted of bicarbonate.

DISCUSSION

The results on reactivation of photoinduced AF with Mn?* in
Mn-depleted PSII (Figs. 1 and 4) are in a good agreement with
previous suggestions (12, 13) that bicarbonate is an essential
component for reconstitution of the Mn center at the donor
side of PSII. Our data also show that the stimulating effect of
bicarbonate cannot be explained simply by converting Mn?*
into an easier oxidizable form as a result of formation of
Mn-bicarbonate complexes, Mn(HCO3)* or Mn(HCOj3),,
[which is accompanied by both lowering the redox potential of
Mn?* oxidation (15) and decreasing or losing its positive
charges]. This conclusion is drawn from the data (Figs. 2-4)
showing that the reactivation of AF upon combined addition
of Mn?" and bicarbonate is accompanied by restoration of O,
evolution. This means that bicarbonate is required to assemble
or activate the Mn cluster capable of water oxidation and O,
evolution.

The restoration of O, evolution and AF reactivation by
added Mn?*, as measured in non-bicarbonate-depleted media,
is pH-dependent (Figs. 1 and 2). It is optimal at pH near pH
6.5-7.0 and considerably decreases at lower pH, in agreement
with a previous observation (28). What is new in our present
work is that (due to a considerable stimulating effect of
bicarbonate) this pH dependence is practically eliminated in
the region pH 5.0-7.0 if NaHCOs is added to the medium. So,
bicarbonate stimulates more significantly at pH lower than the
pK of H,COj dissociation. This indicates that HCO3 (rather
than CO,, H,COs3, or CO3) is the essential species for the
reassembly of the Mn cluster. It is noteworthy that similar
effects are observed for O, evolution in untreated (Mn-
containing) membrane fragments (Fig. 2C). This shows that
the effects are also characteristic of already-assembled O»-
evolving complex that loses its activity as a result of bicarbon-
ate removal. Therefore, bicarbonate is necessary for keeping
the Mn-containing WOC in the functionally active state. In
earlier work done with chloroplasts (29) or Synechocystis cells
(30), the bicarbonate effect was much lower at pH 5.0-5.5 than
at pH 6.5. It can be explained by the use of high (25-100 mM)
concentration of formate in those experiments that evidently
can outcompete HCOj3 for its binding sites (especially at lower
pH values) (31).

Analysis of the bicarbonate concentration dependence of
O;-evolution restoration at pH 5.5 (Fig. 3) reveals two binding
sites for bicarbonate with K4 of 2.5 uM (high-affinity site) and
34 uM (lower-affinity site). The Ky value of 20 uM revealed
from the AF reactivation (Fig. 3C) is close to the K4 value of
34 uM found from the O,-evolution measurements and evi-
dently both of them are related to the same (“lower-affinity”)
binding site for bicarbonate. This site (with Kq of 20-34 uM)
is evidently associated with reactivation of the donor side of
PSII since its filling is accompanied by restoration of AF (with
little or no change in the F, level). Furthermore, it remains
(and its value is not changed) when DCBQ [taking electrons
from Qa and Qg (19, 32)] is replaced by SiMo [accepting
electrons from pheophytin and probably from Q4 (33)]. The K4
value of 80-100 uM (which corresponds to 40-50 uM if
equilibrium concentrations of bicarbonate at a given pH are
used) was found earlier (34, 35) for bicarbonate binding to the
acceptor side of PSII [although the electron transfer between
Qa and Qg seems to occur even when this binding site is empty
(36)].

The high-affinity binding site (with Kq4 of 2.5 uM) is not seen
in non-bicarbonate-depleted medium (Fig. 34). This is con-
sistent with the value of HCO3 concentration in the medium
equilibrated with the atmosphere at pH 5.5 (near 2 uM) which
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is enough to occupy this binding site while the site with a K4
of 20-34 uM can be “filled up” with HCO3 only at higher pH
values. This is why the bicarbonate-stimulating effect is clearly
seen at low pH even without special procedures to remove
bicarbonate from the medium (Figs. 1 and 2). The high-affinity
(2.5 uM) binding site revealed from the O;-evolution mea-
surements (Fig. 3) is eliminated upon SiMo replacement for
DCBQ (in contrast to the lower-affinity one) which may
indicate that this site is related to the acceptor side of PSII
(although we realize that the SiMo effect cannot be considered
as a strong evidence for this conclusion due to complicated
interaction of SiMo with PSII (for review, see refs. 2 and 3 and
references therein). A possibility for the existence of such a
high-affinity bicarbonate binding site in PSII was suggested
earlier (35). The difference in the Ky values, 20-34 uM vs. 2.5
uM, can be responsible for the difference in formate concen-
trations required for revealing the bicarbonate effects on the
donor and acceptor sides of PSII reported earlier (12-14). On
the other hand, a binding site for bicarbonate with Ky less than
10 uM (K3) is revealed during the AF reactivation (Fig. 3C),
which can imply that it is associated with the donor side. It is
possible that this site is different from the site with Ky of 2.5
uM revealed from the O;-evolution measurements.

It has been shown earlier (21, 28) that 3-4 Mn/RC are
required for the photoreactivation of the WOC in Mn-depleted
PSII preparations while 2 Mn/RC is enough for reactivation of
photoinduced AF (12, 17, 21). In our experiments the addition
of near 2 Mn/RC is enough to recover both O, evolution and
AF (Fig. 4), which is evidently due to a more efficient
assembling of the WOC in the presence of bicarbonate.
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