Govindjee
University of lllinois, Urbana-Champaign
Urbana, lllinois

Jack J. S. van Rensen

Wageningen Agricultural University
Wageningen, The Netberlands

1 2 Photosystem II Reaction Center

and Bicarbonate

I. Introduction
A. Reaction center II: Structure and composition
B. Comparison with photosynthetic bacteria
C. Function of photosystem I1
D. Bicarbonate effect
II. Photosystem II electron acceptor side and the bicarbonate effect
A. From Q, to Qg and the release of plastoquinol
B. Non-heme iron
C. Comparison with purple and green photosynthetic
bacteria
III. D1 protein and the bicarbonate effect
A. Evidence for interactions of herbicides and bicarbonate
B. Chemical modifications
C. Use of herbicide-resistant mutants
D. Function of the D1 protein
IV. D2 protein and the bicarbonate effect
A. Use of site-directed mutants
B. Function of the D2 protein
V. Mechanism of the bicarbonate effect in photosystem II

A. Back reactions of photosystem II and thermoluminescence
B. Inhibitors used to remove CO; uniqueness of bicarbonate
C. Active species: CO,, HCO;~, or CO,2?
D. Binding affinity and the number of binding sites
E. Muitiple effects
F. Stabilization and protonation reactions
G. Model
VI. Summary and conclusions
References

I. Introduction

All life on earth has been divided into three domains: archea, bacteria, and
eukarya (Woese et al, 1990). True photosynthesis involving redox compo-
nents occurs only in the latter two. Photosynthetic bacteria, such as the well-
known purple bacteria Rhodobacter sphaeroides and Rbodopseudomonas
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viridis, the green bacteria Chlorobium thiosulfatophilum and Chloroflexus
aurantiacus, and the bacteriochlorophyll g-containing bacteriom Heliobac-
terium chlorum, are all anoxygenic: they do not evolve oxygen. On the other
hand, all cyanobacteria (e.g., Synechocystis sp.), algae (e.g., Cblanyydomo-
nas reinbardtii), and other photosynthesizing plants are oxygenic: they
evolve oxygen.

A. Reaction center II: Structure and composition

Cyanobacteria and plants contain two types of reaction centers (RCs)
{d and ID) that operate in series to transfer electrons from water to NADP*
(Govindjee and Govindjee, 1975; Andreasson and Vanngard, 1988). Purple
photosynthetic bacteria and Chloroflexus type green bacteria contain RCs
that are similar in several respects to RC II (Trebst, 1986; Barber, 1988; Michel
and Deisenhofer, 1988; Rutherford, 1988), although a major difference is that
they do not oxidize water and do not contain Mn.

A major breakthrough in photosynthesis research has been the crystalliza-
tion and X-ray structure analysis of RCs of the photosynthetic bacteria Rps.
viridis and Rb. spbhaeroides (Deisenhofer and Michel, 1989; Feher et al,
1989; Norris and Schiffer, 1990). Since the crystal structure of the RC photo-
system II (PSID) is not yet available, the bacterial structure has been exploited
to predict the structure of PSIIL. (For a diagram of the PSII RC, see Fig. 1.) The
smallest complex capable of the primary charge separation on illumination
appears to consist of the 33, 32, 10, and 4-kDa proteins (Satoh, 1988); these
are the D2 and D1 proteins and the two polypeptides of cytochrome bss,. In
addition, an increasing number of low-molecular-mass components is being
found; a 5-kDa polypeptide labeled “T’ has been established to be a compo-
nent of the PSII RC (dkeuchi et al., 1989). Further, the RC of PSII contains 6
chlorophylls (Chls), 2 pheophytins (Phes), 2 plastoquinones (Q, and Qy), and
a non-heme ion (see Kobayashi et al., 1990, for Chls and Phes). Q, sits in the
D2 protein and is suggested, by analogy to photosynthetic bacteria, to remain
bound to specific amino acids between helices IV and V. The non-heme iron
sits in the middie, connected to four specific histidines on the D1 and D2
proteins. The location of Qg is between helices IV and V of the D1 protein
(Trebst, 1986). Table I lists the genes and gene products of PSIL For a review
on the protein components of PSIL see Ikeuchi (1992).

B. Comparison with photosynthetic bacteria
1. Similarities

Since photosystem I (PSD) of green plant photosynthesis is anoxygenic, as
is the photosystem of photosynthetic bacteria, it was thought for decades
that these two photosystems should be comparable. In contrast, Trebst
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FIGURE 1 Schematic of the photosystem II (PSI) reaction center (RC) complex and the asso-
ciated “‘nonessential” 33-kDa manganese stabilizing oxygen-evolving enhancing
(OEE) complex. The RC complex is composed of D1, D2, cytochrome 55, and a
psbl gene product, a 4.5-kDa protein. The functions of ¢yt bsse and “I”” remain un-
known. The RC chlorophyll a P680 and the non-heme iron (Fe) are shared between
D1 and D2. The tyrosine residue (Z; the electron donor to P680), the active pheo-
phytin (Phe; the electron acceptor of PSID), and the secondary bound plastoqui-
none (Qy) are located on D1. D2, however, harbors the primary bound plastoqui-
none (Qy), the “inactive”” Phe, and the slow donor (D; also a tyrosine). Although
four Mn atoms are shown to be located on D1, interaction of Mn with D2 is implicit
in current models. Four additional chlorophyll (Chl) molecules are suggested to be
present on both D1 and D2, functioning in various roles: electron acceptor prior to
active pheophytin, harvester of light energy or excitons, and possible electron do-
nor under special conditions. Finally, one or two bicarbonate ions may be bound to
D1/D2 to aid in the protonation of Q™ or to provide appropriate conformation to
the RCII for its functioning on the electron acceptor side of PSII.

(1986) discussed that the RC of photosynthetic bacteria has many similarities
with that of PSII. He compared the hydropathy index plots and the amino
acid sequences of the L and M subunits of Rps. capsulatus with those of the
D1 and D2 proteins of PSIIL In these proteins, five hydrophobic segments
were detected to be common to all four peptides: These segments are very
hydrophobic and are long enough to span the 35 A of the membrane as a-
helices. The D1 protein is considered to be equivalent to the L and the D2
protein to the M subunit of the bacterial RC.

The bacterial and PSII RCs are also very similar in their chromophore con-
tents. The bacterial RC contains 4 bacteriochlorophylls (Bchls), 2 bacterio-
pheophytins (Bphes), two ubiquinones Q, and Qsz, and a non-heme iron (see
Michel and Deisenhofer, 1988). As noted earlier, the PSII RC has 6 Chls,
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TABLEI Photosystem II Genes and Their Products®

Approximate
Location apparent
Gene (eukaryotes) Product molecular mass
PpsbA chloroplast D1 32,000
psbB chloroplast CP47 47,000
psbC chloroplast CP43 43,000
psbD chloroplast D2 32,000
PSbE chloroplast cyt bsso 9000
PsbF chloroplast Cyt Dsso 4000
psbH chloroplast 10,000-M, phosphoprotein 10,000
psbl chloroplast reaction center component 4800
psby chloroplast ? —
PpsbK chloroplast PS II-K 2400
psbL chloroplast PSII-L 5000
psbM chloroplast PS II'M 4700
PsbN chloroplast PS II-N 4700
psbO nucleus 33,000-M, protein (OEE1) 33,000
psbP nucleus 24,000-M, protein (OEE2) 24,000
psbQ nucleus 18,000-M, protein (OEE3) 18,000
PSbR nucleus 10,000-M, protein 10,000

cab nucleus (family) several light-harvesting complexes 21,000-29,000

2 Adapted from Vermaas and Ikeuchi (1991).

2 Phes, 2 plastoquinones Q, and Qj, and a non-heme iron (Kobayashi
et al., 1990).

In both cases, the primary photochemistry involves a rapid (3-ps) charge-
separation step (Feher et al, 1989; Wasielewski ef al., 1989). A remarkable
common feature of PSII and the bacterial RC is the mechanism of reduction
of quinone (Section I,C,1).

2. Differences

In spite of the similarities in the arrangement and function of PSII and pho-
tosynthetic bacterial RCs, significant differences exist between them. A major
difference is that PSII oxidizes water to oxygen, whereas the photosynthetic
bacterial system does not. In bacteria, a cyclic reaction produces a high-
energy intermediate that is used to reduce NAD™" by reversed electron flow
using external hydrogen donors.

Differences also exist in the accessibility and the reactivity of Fe (Petrou-
leas and Diner, 1986; Zimmerman and Rutherford, 1986) and in sensitivity to
various herbicides (Trebst, 1991; Oettmeier, 1992), although most herbicides
act by displacing Qy (Velthuys, 1981; Wraight, 1981). These differences have
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been explained on the basis of the differences in the amino acid sequences
and, thus, of the secondary and tertiary structures of the two systems.

A possible difference between PSII and bacterial RCs lies in the orientation
of the primary donor. Van Mieghem et al. (1991) suggest that P680, the RC
Chl of PSII, may be oriented 30° to the membrane, quite distinct from the
orientation of the RC Bchl (Deisenhofer et al., 1985).

It is important to this discussion that PSII of plants (Diner et al, 1991;
Govindjee, 1991; Van Rensen, 1993) and cyanobacteria (Cao and Govindjee,
1988; Nugent et al, 1988), but not the RCs of photosynthetic bacteria
(Shopes et al., 1989; Govindjee et al, 1991a; Wang et al, 1992), show a
bicarbonate-reversible inhibition of electron flow from Q,~ to the quinone
pool when the samples are treated with formate (Govindjee, 1991; Van Ren-
sen, 1993) or nitric oxide (Diner and Petrouleas, 1990). This difference also
must reflect differences in the architecture of D1-D2 and L-M subunits.

C. Function of photosystem II

PSII can be considered a water- plastoquinone oxidoreductase; using four
photons, it transfers four electrons from two molecules of water to plastoqui-
none, producing molecular oxygen and two molecules of doubly reduced
plastoquinone. The RC proper is described in this section, the electron accep-
tor side in Section I,C,1 and the donor side in Section I,C,2.

The primary electron donor of PSII, P680, appears to be a dimer (Van Kan
et al., 1990), but its triplet is localized on one of the Chls (see review by
Renger, 1992). Although a role for a Bchla molecule preceding Bphe appears
to have become more probable in photosynthetic bacteria (see, e.g., Bixon
et al., 1991), a similar role for Chla preceding Phe remains to be discovered.
By analogy to photosynthetic bacteria (Holzapfel et al, 1990), PSII primary
photochemistry may occur as follows:

P680 Chl Phe + hv ——> P680* Chl Phe e,
P680* Chl Phe —25 P680+ Chl- Phe @
P680+ Chl~ Phe —5 P680* Chl Phe- @)

Wasielewski et al. (1989,1990) have observed that the time for charge
separation, that is, formation of P680* Phe —,is 3 psat 4°Cand 1.4 psat 15 K.
The primary reactants return to their original state after Phe - transfers its
electron to the primary quinone Q, within 200 ps (Nuijs ez al,, 1986; Eckert
et al., 1988) and P680* transfers its positive charge (hole) to the electron
donor Z within 20-200 ns (Van Best and Mathis, 1978; Sonneveld et «al,
1979; Brettel et al., 1984), depending on the flash number that determines
the state(s) of the charge accumulator on the water oxidation side. Z has been
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shown to be a tyrosine residue (Gerken et al., 1988), Tyr 161, in the D1 pro-
tein (see, e.g., Debus et al, 1988a; Metz et al, 1989). However, Phe is
thought to be hydrogen bonded to a glutamic acid, also on the D1 protein
(Moenne-Loccoz et al., 1989; Nabedryk et al., 1990).

1. Electron acceptor side of PSII

A remarkable common feature of PSII and the bacterial RC is the mecha-
nism of reduction of quinone. The reduced Bphe or Phe reduces a one-
electron acceptor bound quinone Q,; normally, Q,~ does not accept an-
other electron. The reduction of the secondary quinone Qg to quinol (QzH,)
occurs according to the following scheme (see, for review, Crofts and
Wraight, 1983):

QaQu + v = Q. Qs @

Qa Qe & QuQu- )

Q\Qu™ + H* © Q,Qu (Y ©
QuQu HY) + 2hv - Q, QY D
Qv Qv (HY) © QQp> HD ®
Q\Qu (") + H © Q,Qy* (2 HY) )
Q\Qu>" (2 H") ¢ Q,Q:H, 10y
QuQ:H, ¢ Q, + Q;H, | an

Q, + Quinone & Q,Q5 (12)

This scheme includes the concept of the two-electron gate (Bouges-
Bocquet, 1973; Velthuys and Amesz, 1974): Q must be doubly reduced be-
fore the quinol, QyH,, can be released from the reaction center. The semi-
quinone form, Q~, binds very tightly to the D1 protein. The protonation
involves initial binding of H* to an amino acid, rather than directly to Qg .
The involvement of Asp 213 on the L subunit of Rb. sphaeroides in protona-
tion steps has been shown by site-directed mutagenesis studies by Takahashi
and Wraight (1990). A role of an amino acid in protonation reactions in PSII
has not yet been demonstrated.

2. Electron donor side of PSII

The major difference between anoxygenic bacterial RCs and PSII lies in
the inability of the former to oxidize water o oxygen. P680/P680~ has a
very high redox potential (+1.2 V; see, e.g., Jursinic and Govindjee, 1977),
whereas P870/P870+ has too low a redox potential (+0.4 V) to oxidize wa-
ter. In addition, the amino acid sequences of D1 and D2 on the lumen side of
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PSII are such that they easily can bind Mn atoms needed for oxygen evolution
(see, e.g., Coleman and Govindjee, 1987), whereas the L and M subunits bind
cytochrome of the c type instead. The oxygen-evolving system of PSII is lo-
cated on the lumen side of the thylakoid membrane and includes extrinsic
proteins of 33, 23, and 17 kDa in higher plants. In cyanobacteria, 17- and 23-
kDa polypeptides are missing (see, €.g., Stewart et al., 1985). The absence of
a 33-kDa polypeptide in a site-directed mutant of Synechocystis sp. PCC 6803
does not eliminate the process of O, evolution (see Burnap and Sherman,
1991; Mayes et al, 1991; Philbrick et al., 1991). For reviews on PSII and
the oxygen-evolving complex, see Ghanotakis and Yocum (1990), Hansson
and Wydrzynski (1990), Andersson and Styring (1991), and Vermaas and
Ikeuchi (1991).

D. Bicarbonate effect

CO, is generally known to be required for photosynthesis. CO, is fixed by
ribulose 1,5-bisphosphate carboxylase and further reduced to carbohydrate.
However, CO, also appears to be involved in photosynthetic electron trans-
port. Warburg and Krippahl (1958) discovered that CO, accelerates the pro-
duction of oxygen on illumination of isolated chloroplasts in the presence of
an electron acceptor such as ferricyanide. This phenomenon was confirmed
by many workers, but there was little agreement on the conditions neces-
sary for observing the dependence of the Hill reaction on CO,, or on the
significance of such dependence. Stemler and Gevindjee (1973) described a
method by which reproducible and large increases in the rate of the Hill re-
action in isolated thylakoids could be observed on addition of bicarbonate to
samples treated in a specific manner. The method depends on depletion of
CO, from thylakoids by flushing acetate- or formate-containing suspensions
(pH 5.6-06) in the dark with COfree air or pure nitrogen gas. The resulting
electron transport rate is then measured at pH 6.5 (usually). The electron
transport rate in such samples is extremely low, but is restored to control
values on the addition of bicarbonate (Fig. 2). In all probability, CO, is the
diffusing species, whereas bicarbonate is the binding species. Since the stimu-
lation is evoked by the addition of a bicarbonate solution to anion-inhibited
CO rdepleted thylakoids, the phenomenon usually is called the bicarbonate
effect. Included in this phenomenon are the stimulatory effects of bicarbon-
ate when the inhjbitor is nitric oxide other weak acid anions (azide, nitrite,
etc.), or even when no such inhibitors are used.

As mentioned earlier, this bicarbonate effect is absent in both purple and
green photosynthetic bacteria, but is present in PSII of cyanobacteria and
higher plants. Thus, it is clear from the outset that CO,/HCO;" is nof a re-
quirement for quinol formation per se. However, it is bound iz vivo in PSII
and, when bound, apparently regulates the protonation events at the Qy site
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FIGURE 2 The bicarbonate effect on electron transfer in spinach thylakoids. The initial rate of
electron transfer from H,O to methylviologen was measured with and without bi-
carbonate in samples treated with 25 mM sodium formate under CO-free air. The
rate of electron transfer in peq/mg Chi/h without bicarbonate was 145; with bicar-
bonate, it was 1074 (pH 6.5). For details, see Eaton-Rye and Govindjee (1984).

and optimizes the formation of plastoquinol. Several reviews are available on
this bicarbonate effect. Older literature can be found in Govindjee and Van
Rensen (1978), and more recent information in reviews by Blubaugh and
Govindjee (1988a), Govindjee (1991), and Van Rensen (1993).

II. Photosystem II electron acceptor side and the
bicarbonate effect

Although Warburg (1964) had argued that CO, must be the source of oxy-
gen in photosynthesis, contrary to the generally accepted idea that water is
the source of oxygen, and although Stemler (1980) had advocated the idea
that the bicarbonate effect was on water oxidation in PSII, all workers now
agree that the major bicarbonate effect is located on the electron acceptor
side of PSII. No bicarbonate effect is observed in PSI nor in photosynthetic
bacterial RCs.

A. From Q, to Qg and the release of plastoquinol

The first indication for the bicarbonate effect to be on the electron accep-
tor side of PSII was obtained by Wydrzynski and Govindjee (1975), who mea-
sured Chla fluorescence induction kinetics in thylakoids in which artificial
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electron donors replaced water and that had been treated specifically to ob-
tain CO, depletion. The variable Chla fluorescence monitors the redox state
of Q,; Q. is a quencher of fluorescence, whereas Q,~ is not. Therefore, a
rapid accumulation of Q,~ due to an inhibition of electron transport beyond
Q. is detected easily by Chla fluorescence induction measurements. CO, de-
pletion treatment in this system caused a fast increase in the variable fluores-
cence yield. This effect was reversed completely by bicarbonate readdition.
The Chla fluorescence induction in the COdepleted sample was similar but
not identical to that observed in normal chloroplasts in the presence of the
herbicide dichlorophenyldimethylurea (DCMU) (Wydrzynski and Govindjee,
1975). DCMU is known to block the reoxidation of Q,~ by the secondary
quinone acceptor Q; by displacing it (Velthuys, 1981).

The decay of Chla fluorescence vield, in the s to ms range, after a single-
turnover brief and saturating flash reflects the reoxidation of Q,~. Under re-
petitive flashes, the half-time of the Q, reoxidation was increased reversibly
on CO,depletion treatment, indicating inhibition of Q,~ reoxidation (Jur-
sinic et al,, 1976). Detailed information about the bicarbonate effect on the
reactions at the Q,Q; complex was obtained by measuring the decay of Chia
fluorescence yvield after various numbers of single-turnover brief and saturat-
ing flashes (see previous text). After even and uneven numbers of flashes, the
following reactions (see Eqgs. 4 - 12) occur:

Qs S Qe Qe © QUQs~ & QuQu EHY
Qs H) 3 Q- Qo (Y © QuQu-EY) © Q,QuH,
QT © QuQs
PQ ™ PQH,

After protonation reactions are complete, QgH, is formed and exchanges
with plastoquinone in the plastoquinone pool. Govindjee et al. (1976) found
no differences in the decay of the Chla fluorescence yield after various num-
bers of flashes (1 through 10) in control and in anion-treated CO,-depleted
thylakoids to which bicarbonate was added. In CO.-depleted anion-treated
thylakoids, however, a very prominent slowing of the fluorescence decay was
observed after three or more flashes, but not after the first or the second flash.
Robinson et al. (1984) showed that, in thylakoids extensively treated under
CO,-depletion conditions, the Q,~ decay, even after the first flash, is about
5-fold slower than in control thylakoids, but after 3 or more flashes the de-
cay is approximately 40-fold slower. These experiments showed a much
smaller inhibition of CO,depletion treatment on Q,~ reoxidation by Qj, but
a very large inhibition after Q,~ Qg*>~ had been formed. Such results suggest a
bicarbonate-reversible block in protonation reactions or the release of QpH,.
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Early suggestions were made that formate may interfere with protonation
reactions near Qg (Govindjee and Van Rensen, 1978). H,CO; is possibly in-
volved in the protonation of Qy~, Q?~, Or its proteinaceous environment,
since the pK, of (CO, + H,0) is 6.4 at 25°C. CO,/HCO; /CO;*~ could, in
principle, serve as a proton shuttle between Q; and the external aqueous
phase. Formate may not be able to function in such a manner, because its pK,
is 3.8. Experimental support for the protonation idea has been provided by
Govindjee and Eaton-Rye (1986) and by Van Rensen et al. (1988). Eaton-Rye
and Govindjee (1988) and Xu et al. (1991) showed that CO, depletion by
anion treatment leads to a significant bicarbonate-reversible slowing of reox-
idation of Q,~ after the second and subsequent flashes, but not after the first
flash (Fig. 3). These results suggest that bicarbonate may function in the pro-
tonation of Q~ needed for efficient formation of plastoquinol (see Egs.
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FIGURE 3 The bicarbonate effect on chlorophyll 2 fluorescence yield decay, monitoring the
decay of [Q, ], after single-turnover psec light flashes (1 through 6) at pH 6.5.
Formate-treated/bicarbonate depleted, ll; 20 mM bicarbonate added, @. Results
with control spinach thylakoids were superimposed on those with bicarbonate.
Note that formate treatment slowed [Q,~ ] decay more after the second and subse-
quent flashes than after the first flash. Further, bicarbonate fully reversed this effect.
For details, see Xu et al. (1991).
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4-10). Blubaugh and Govindjee (1988a) discussed a mechanism in which
bicarbonate at specific arginine residues of the D1 protein protonates a spe-
cific histidine in the D1 protein as part of a mechanism for protonation

of Qy~.

B. Non-heme iron

A kinetic analysis of the electron flow in different concentrations of thyla-
koids with and without a fixed subsaturating concentration of bicarbonate
revealed a best fit that involves 1.4 cooperating binding sites (Blubaugh and
Govindjee, 1988b). More than one binding site is suggestive of two binding
sites or domains. Because the effect of bicarbonate is located on the electron
acceptor side of PSII, the binding is expected to be close to the Q,-Fe-Q;
complex of the D1 -D2 proteins of the PSII RC. We may speculate that, of the
two binding sites mentioned earlier, one binding site is at the non-heme iron
and the other at an amino acid residue.

On the basis that only RCs of PSII, not those of photosynthetic bacteria,
show the bicarbonate effect, Michel and Deisenhofer (1988) suggested that
Glu 232 of the M subunit fulfills the role of bicarbonate in Rps. viridis. Since
Glu M232 forms a ligand to iron, bicarbonate was suggested to form a biden-
tate ligand to iron in PSIL. Several other experiments, for example, those using
a chelator of iron, disulfuram (Blubaugh and Govindjee, 1988c¢), and those in
which the redox potential of Fe was changed (Van Rensen ef al., 1988) were
suggestive of the involvement of iron.

Vermaas and Rutherford (1984) showed that formate addition to thyla-
koids increases the amplitude of the g = 1.82 EPR signal of Q,~ Fe** tenfold
(also see Nugent ef al., 1988). A formate/bicarbonate effect has been estab-
lished clearly by EPR studies on the Q,-Fe-Qy complex (Bowden et al,
1991). The Mossbauer spectrum of Fe is affected significantly by formate, and
is returned to its original on readdition of bicarbonate, indicating that Fe is a
key element in the binding of the formate that is displaced by bicarbonate
(Diner and Petrouleas, 1987; Semin ef al., 1990).

NO has been shown to be able to ligate to the non-heme iron of PSII but
not to that of Rb. spbaeroides RCs (Diner and Petrouleas, 1990). Associated
with iron nitrosylation in PSII is the appearance of a g = 4, S = 3 EPR signal
arising from the antiferromagnetically coupled Fe?*-NO adduct. These ob-
servations imply that, in PSII, unlike in the bacterial RCs, the iron binds a
ligand that is displaced easily by NO (Petrouleas and Diner, 1990). Kinetic
measurements of Q, -to-Qj electron transfer indicate that NO treatment pro-
duces the same pattern of slowing of quinone electron transfer as does for-
mate (Diner and Petrouleas, 1990). Further, bicarbonate addition after treat-
ment with NO leads to a suppression of the g = 4 Fe?*-NO EPR signal and
a restoration of normal electron-transfer kinetics. These observations imply
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competition between NO and bicarbonate for ligation to the non-heme iron.
Reversible binding of bicarbonate to the iron is consistent with its being a
fully dissociable ligand. Diner et al. (1991) suggested two possible binding
schemes: (1) formate binds to the iron at a site not occupied by NO but nor-
mally occupied by bicarbonate in the absence of NO or (2) formate binds
outside the first coordinating sphere of the iron, competing, for example,
with bicarbonate for binding to a cationic site or a hydrogen bond.

C. Comparison with purple and green photosynthetic bacteria

In spite of the known similarities of the D1 and D2 proteins of PSII and the
L and M subunits of the purple photosynthetic bacterial RC, the latter do not
show inhibition by formate or by nitric oxide that can be reversed by addition
of bicarbonate. These differences must be due to differences in the amino
acid sequence and, subsequently, in the architecture of the D1 -D2 proteins
versus the L and M subunits. The photosynthetic RC from the green bacte-
rium Cfl. aurantiacus displays several differences from the purple photosyn-
thetic bacteria: one of the monomer Bchl molecules is replaced by Bphe, Fe
between Q, and Qs is replaced by Mn (see, e.g., Blankenship et al.,, 1987),
and several significant differences exist in their amino acid sequence (Ovchi-
nikov et al, 1988a,b). Chloroflexus RCs centers also appear to lack an H
subunit.

Reaction centers from Cfl. aurantiacus showed, in contrast to PSII but
similar to other photosynthetic bacteria (Shopes et al, 1989), no significant
difference between the control RCs and those treated with 100 mM formate
(Govindjee, 1991; Govindjee et al, 1991a). In addition, no difference was
observed between the NO-treated (anaerobic) RCs and those treated with
both NO and 10 mM bicarbonate. Thus, the differences between the amino
acid sequence of the L and M subunits of (fl. aurantiacus and those of purple
photosynthetic bacteria appear not to be sufficient to bring about the binding
of formate or NO.

To test the hypothesis of Michel and Deisenhofer (1988) that Glu M232
(Glu M234 in Rb. sphaeroides) is the equivalent of bicarbonate, Wang et al.
(1992) replaced it with glutamine, glycine, and valine by site-directed muta-
genesis and tested the mutants for electron flow from Q,~ to Qp and for the
effects of formate. Since all mutants showed normal behavior of the electron
acceptor complex in the presence or the absence of formate/bicarbonate,
Glu M232 (234) appears not to be the equivalent of bicarbonate. Further,
Glu M232 (234) may not be essential to the function of the electron acceptor
complex.

In conclusion, the existence of bicarbonate-reversible formate and NO ef-
fects in PSII lies strictly in the unique amino acid sequence of the D1 and D2
proteins.
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. D1 protein and the bicarbonate effect

Studies on interactions of PSII herbicides and bicarbonate have provided
important information about the site of the bicarbonate effect. More detailed
knowledge was obtained from studies in which the thylakoid membrane was
modified chemically, and from the use of herbicide-resistant mutants. All this
knowledge has increased our insight into the function of the D1 protein of
PSII. Figure 4 shows a model of the D1 protein.

A. Evidence for interactions of herbicides and bicarbonate

Interaction of diuron-type herbicides with plastoquinone was proposed
first by Van Rensen (1969). Velthuys and Amesz (1974) suggested that diuron
alters the midpoint potential of Q, in such a way that it increases the diffi-
culty with which Qj can be reduced. The mechanism of herbicide action is
now widely accepted to be a displacement of Q, from its binding site (see
Velthuys, 1981, for the PSII complex, and Wraight, 1981, for the RC of purple
photosynthetic bacteria). The binding of herbicides appears to be competi-
tive with plastoquinone; the rate of release of the inhibitor from the site is
many times slower than the rate of release of plastoquinone (Vermaas et al.,
1984), implying that the inhibitor stays rather long at the binding site on the
D1 protein in comparison with Q; (Naber and Van Rensen, 1991). The in-
hibitory herbicides cannot be reduced by Q,~ and electron transfer beyond
this point is thereby prevented.

Interaction of herbicides with bicarbonate was shown by measurements
of herbicide binding in the presence and absence of CO, and vice versa
(Khanna et al., 1981; Van Rensen and Vermaas, 1981; Vermaas et al., 1982;
Snel and Van Rensen, 1983). By adding different concentrations of bicar-
bonate to COdepleted thylakoids, different rates of restoration of the Hill
reaction were obtained. Plotting these reactions in thylakoids against bi-
carbonate concentration showed Michaelis-Menten kinetics that could be
treated like an enzyme-versus-substrate system. From double reciprocal plots
of the rate of the Hill reaction as a function of the bicarbonate concentration,
the apparent dissociation constant (K,) of the thylakoid-bicarbonate com-
plex could be calculated. When 100 mM formate is present in the reaction
medium, the apparent K, appears to be about 1 mM bicarbonate. In the pres-
ence of low concentrations of formate, the apparent K, decreases, approach-
ing 80 pA of total NaHCOj; in the absence of formate (Snel and Van Rensen,
1984). When equilibrium concentrations of bicarbonate are used, this K,
drops to 40 wM bicarbonate (Blubaugh and Govindjee, 1988a). The K, for
bicarbonate depends not only on the presence of formate, but also on the
presence of herbicides. In the presence of urea, triazine, or phenol-type her-
bicides, the K, for bicarbonate increases at least 2-fold, meaning that these
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FIGURE4 Schematic of a possible folding model of the D1 polypeptide of Synechocystis sp.
PCC 6803, based essentially on the diagram by Nixon ef al. (1992). Modifications
include conserved amino acids (circled; see Andersson and Styring, 1991); loca-
tions of mutations leading to herbicide resistance; region where Q, may be located.
+, herbicide-resistant; (1, PS*+; O, PS -,
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herbicides decrease the apparent affinity of the thylakoid membrane for bi-
carbonate. These arguments lead strongly to the suggestion that the binding
site of bicarbonate is located on the D1 protein of PSII, since herbicides are
known to bind to this protein (Oettmeier, 1992).

B. Chemical modifications

Trypsin-treated thylakoids lose the sensitivity of the Hill reaction to PSII
herbicides; also, Q, becomes accessible to ferricyanide (Van Rensen and
Kramer, 1979). Such thylakoids show a lack of the bicarbonate effect in ferri-
cyanide reduction (Khanna et al., 1981; Van Rensen and Vermaas, 1981), in-
dicating that the bicarbonate effect lies past Q, and that the binding sites for
bicarbonate and PSII herbicides may lie close to each other.

In thylakoids in which surface-exposed arginines or lysines were modi-
fied by treatment with phenylglyoxal or pyridoxal 5-phosphate, the rate of
modification was faster in the presence than in the absence of bicarbonate.
Vermaas et al. (1982) suggested that surface-exposed lysine or arginine resi-
dues are not involved in binding of bicarbonate to its binding protein, but
that bicarbonate influences the conformation of its binding environment so
the accessibility to amino acid modifiers is changed. These results could not
answer questions regarding the role of arginines and lysines in the interior of
the protein.

C. Use of herbicide-resistant mutants

The involvement of the D1 protein in the bicarbonate effect was first sug-
gested from interactions with PSII herbicides. An additional indication was
obtained using herbicide-resistant mutants. Khanna et al. (1981) observed an
increased binding constant for bicarbonate in thylakoids of triazine-resistant
Amarantbus bybridus, in which Ser 264 is changed to glycine in the D1
protein. In the presence of 100 mM formate, the binding constant of bicar-
bonate increases from 1 mA in the sensitive thylakoids to about 2 mM in the
resistant ones, that is, the affinity for bicarbonate is lowered in the resistant
membranes.

Using wild-type and herbicide-resistant mutants of the eukaryotic green
alga Chlamydomonas reinbardtii, Govindjee ef al. (1991b) demonstrated
differential sensitivity of Chla fluorescence transients to 25 mM formate treat-
ment. The most sensitive mutant was D1-S264A and the most resistant mutant
was D1-L275F (see Fig. 4). The order of resistance (highest to lowest) was

L275F > A251V >> wild-type = G256D = F255Y = V2191 >> S264A

These results show clearly the involvement of the D1 protein in the
bicarbonate-reversible formate effect in vivo. This conclusion was confirmed
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through studies on herbicide-resistant mutants of the cyanobacterium Syne-
chocystis PCC 6714, with known amino acid changes in the D1 protein
(Etienne et al., 1990). Govindjee et al. (1990) measured oxygen vield in a
sequence of flashes, Chla fluorescence transients, and Chla fluorescence yield
decay (Q,~ to Q, reaction) after a single-turnover brief saturating flash. The
resistance of cyanobacterial cells to formate treatment was in the following
(highest to lowest) order:

double mutant D1-A251V/F211S > D1-F211S = wild-type > D1-S264A

(see Fig. 5). Bicarbonate addition restored all formate effects. Cao et al
(1992) showed that, in D1 mutants of Syrechococcus sp. PCC 7942 in which
D1-F255 was co-mutated with D1-S264, the hierarchy of the dissociation con-
stant for bicarbonate (highest to lowest) was:

D1-F255L/S264A (46 wM) > D1-F255Y/S264A (31 wM)
~ DI1-S264A (34 wAM) ~ D1-F255Y (33 wM) > wild-type (25 piD)

100
o 80F
(4]
g L
o S$264-A
(7]
g
o
=
i Wild-type
= F211-S
3
T
>

F211-S/A251-V

0 10 20
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FIGURE 5 Chlorophyll ¢ fluorescence as a function of formate concentration in cells of Syne-
chocystis sp. PCC 6714 wild-type and mutants D1-5264A, D1-F211S, and D1-F211S/
A251V. (See Fig. 4 for location of these mutations). Note the differential sensitivity
of the mutants to bicarbonate-reversible formate effects. For details, see Govindjee
et al. (1990).
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These data suggest the importance not only of D1-S264, as before, but also of
its environment in the bicarbonate-binding niche.

D. Function of the D1 protein

Helices D and E and the interhelical loop between them in both D1 and
D2 proteins contain a rather high number of conserved amino acid residues
(Svensson et al., 1990). Therefore, it is quite logical that this part of the two
proteins is most important to its function. The binding niche of the D1 pro-
tein for the physiological electron carrier Qg and the PSII inhibiting herbi-
cides is located between the D and E helices and the parallel DE helix, which
is located in the stroma. This helix involves the amino acids 211 (Phe)-275
(Leu) of the D1 protein (Fig. 4). Our results suggest that formate and bicar-
bonate also bind in the same niche. To examine the involvement of specific
amino acids in the D1 protein, studies of the bicarbonate effect in specific
site-directed mutants must be made: D1-K(or R)235 and D1-R269 are strong
contenders for such mutagenesis studies.

IV. D2 protein and the bicarbonate effect

On the basis of homologies with the RC of purple bacteria, the D2 protein,
like D1, is thought to contribute to the binding of the reaction center P680
and the non-heme iron (Fig. 6). D2 is suggested to create most of the binding
niche for Q, and a Phe, whereas D1 harbors Q; and another Phe (Trebst,
1986; Michel and Deisenhofer, 1988). Site-directed mutagenesis has led to the
identification of the D1-Y161 residue as Z, the physiological electron donor
to P680* (Debus et al., 1988a; Metz et al., 1989), and of the D2-Y160 residue
of Symechocystis 6803 as the accessory slow PSII donor, D (Debus et al.,
1988b; Vermaas et al., 1988). D2-H214 and D2-W253, which presumably in-
teract closely with Q,, are essential to the stability of the entire RC. Further,
the E69 residue of D2 has been suggested to be a potential ligand to an Mn
ion involved in photosynthetic oxygen evolution (Vermaas ef al, 1990).
However, the role of the D2 protein in the bicarbonate effect was obscure
until recently.

A. Use of site-directed mutants

A role for an arginine residue in bicarbonate binding was suggested first by
Shipman (1981). The involvement of the D2 protein in the bicarbonate-
reversible formate effect was established by the use of two site-directed
Synechocystis sp. PCC 6803 mutants carrying mutations in two arginine resi-
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FIGURE 6

Schematic of a possible folding model of the D2 polypeptide of Synechocystis sp.
PCC 6803, based essentially on the diagram by Nixon et al. (1992). Modifications
include conserved amino acids (circled; see Andersson and Styring, 1991); loca-
tions of mutations affecting the bicarbonate-reversible formate effects; locations of
some of the mutations studied by W. F. J. Vermaas and co-workers (see Pakrasi and
Vermaas, 1992); region where Q, may be located. [, PS*; <>, PS —; *, bicarbonate
effect.
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FIGURE7 Steady-state oxygen evolution rate of Synechocystis sp. PCC 6803 cells of the wild-
type and D2-R233Q and D2-R2518 mutants at pH 6.8. (See Fig. 6 for location of
these mutations.) The electron acceptor was a combination of dimethylquinone
and ferricyanide. Note that the wild-type cells were inhibited 50% by ~50 mM for-
mate, whereas the R233Q and R2518 mutants by ~5 mM formate. For details, see
Cao et al. (1991). However, the D2-R139H mutant behaved like the wild-type (Go-
vindjee, J. Cao, S. Carpenter, and W. F. J. Vermaas, unpublished data), highlighting
the specificity of R233 and R251 residues.

dues in the D2 protein (Cao et al,, 1991). The D2-R233Q and D2-R251S mu-
tants are about 10 times more sensitive than the wild-type in the bicarbonate-
reversible inhibitory effect of formate on the steady state rate of oxygen
evolution (Fig. 7). This sensitivity was confirmed by measurements on Chla
fluorescence decay and on oxygen evolution in flashing light. D2-R233 and
D2-R251 were suggested to contribute to the stabilization of bicarbonate
binding in PSII. The specificity of these arginines is confirmed when we ob-
serve that D2-R139H behaves exactly the way wild-type Synechocystis sp.
PCC 6803 does in response to formate treatment (Govindjee, S. Carpenter,
J. Cao, and W. F. J. Vermaas, unpublished results, 1990).

Diner et al. (1991) independently have constructed mutants in Lys 264 and
Arg 265 in the D2 protein of Synechocystis 6803 (see Fig. 6). These D2-
K264X and D2-R265X mutants had a slowed rate of electron flow from Q, -
to Qg and were very resistant to formate and NO treatment. Further, they
showed a several-fold higher requirement for bicarbonate to increase the rate
of electron flow from Q,~ to Qg, as though the binding sites for formate/NO/
bicarbonate had been removed. These data suggest a significant role of D2-
K264 and D2-R265 in the binding of CO,/bicarbonate. The involvement of
lysine opens up the question whether CO, also may be a binding species,
forming a carbamate. This suggestion, of course, does not rule out a signifi-
cant role of bicarbonate in either binding or function at another or at the
same site.
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B. Function of the D2 protein

The D2 protein, like the D1 protein, has five hydrophobic membrane-
spanmning helices of which the D and E helices appear to be the most im-
portant ones for its function on the electron acceptor side of PSII. The non-
heme iron and Q, are suggested to be bound here. The mutants D2-R233Q,
D2-R2518, D2-K264X, and D2-R265X, discussed earlier, have alterations in
the region between the D and E helices. This region may be in close contact
with the comparable region in the D1 protein. Bicarbonate is likely to sit in
the “‘cavity,” making a bidentate ligand to Fe and H-bonds to neighboring
amino acids (see Govindjee, 1991; Fig. 8, C. Gibas and Govindjee, unpub-
lished results).

D2:K264*

FIGURE 8 A possible site for bicarbonate (HCO, ~) binding near the non-heme iron between
the D1 and D2 polypeptides of the reaction center II. In this diagram, certain key
amino acids (histidine, H; arginine, R; and lysine, K) are shown also (C. Gibas and
Govindjee, unpublished data).
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V. Mechanism of the bicarbonate effect
in photosystem II

The major site of impairment by CO, depletion and formate or NO addi-
tion is now well established to be on the electron acceptor side of PSIL. In the
two preceding sections, evidence was summarized that indicated that the
binding niche of formate or bicarbonate is located between helices D and E
and the parallel helix DE of the D1 and D2 proteins. In this section, results
are discussed that give additional information on the mechanism of the bicar-
bonate effect.

A. Back reactions of photosystem II and thermoluminescence

Thermoluminescence reflects mainly PSII reactions and has proved to
be a useful technique to probe these reactions in thylakoids and in leaves
(Rutherford et al, 1984; Demeter and Govindjee, 1989). Govindjee et al.
(1984) measured thermoluminescence from isolated thylakoids to probe the
recombination reactions of the redox states of the water oxidation complex,
for example, S, (or possibly S;) with Qi or Q,, after CO,-depletion treat-
ment and readdition of bicarbonate. The effects of prolonged CO,-depletion
treatment on the $,Q;~ (or S;Qg ) thermoluminescence band were: (1) a
6-10°C shift to a higher temperature; (2) a reduction in intensity; and
(3) elimination after the first few flashes of the characteristic period four os-
cillations in its intensity as a function of the flash number. These effects were
fully reversible on addition of bicarbonate. Addition of diuron (DCMU) pro-
duced the same thermoluminescence band, at about +20°C, and was as-
signed to $,Q,~ recombination in both CO,depleted and reconstituted
samples. The initial effect of CO, depletion was concluded to be an increase
in the activation energy for S,(5;)Qg~ recombination. With further depletion,
the incidence of this recombination decreases so the cycling of S,Qg~ and
$;Q;p~ recombination is inhibited through effects on the D1 protein. Ther-
moluminescence data obtained after continuous light illumination suggest an
increase in S,Q,~ recombination at the expense of S,Q~ recombinations on
removal of CO, from leaves (Garab et al., 1988). A retardation in the electron
flow between Q, and Qg may suffice to explain these data.

B. Inhibitors used to remove CO,; uniqueness of bicarbonate

The inhibitor most often used to remove bicarbonate from its binding site
is formate. Govindjee ef al. (1991c) showed that formate removes bound CO,
from thylakoid membranes. Stemler and Murphy (1985) reported inhibition
of PSII electron transport by F~, HCO,~, NO,~, and CH,CO,~. All these in-
hibitions were reversed by the addition of bicarbonate. This class of anions
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competitively inhibited bicarbonate binding to PSII. All the anions tested re-
duced bicarbonate binding more in the light than in the dark (Jursinic and
Stemler, 1988). Cao and Govindjee (1990) found that a weak acid anion azide
also inhibits PSII electron flow and that this inhibition is reversed by bicar-
bonate addition as well.

Diner and Petrouleas (1990) introduced nitric oxide (NO) as an inhibitor.
They showed that, in spinach thylakoids, NO, like formate, slows electron
transfer between the primary (Q,) and secondary (Qj) electron acceptors of
PSII. In a series of saturating flashes given to dark-adapted thylakoids treated
with NO, this electron transfer is slowed by at least a factor of 10 after the
second and subsequent saturating flashes, compared with untreated thyla-
koids. This slowing effect is reversed completely by the addition of 10 mM
bicarbonate, suggesting that bicarbonate displaces NO, like formate, from its
binding site.

In all mentioned cases of inhibition of electron flow, reactivation of the
PSII electron flow was possible by addition of only bicarbonate. Thus, this
compound appears to have a special function on the reducing side of PSII
when bound.

C. Active species: CO,, HCO;™, or CO3%~?

Because formate and acetate were particularly effective in evoking a bicar-
bonate effect, Good (1963) suggested that the bicarbonate ion, not CO,, is
the important species. This idea was supported by Stemler and Govindjee
(1973), who demonstrated a larger stimulation of the Hill reaction at pH 6.8
than at pH 5.8. The pH profile of the bicarbonate dependence shows an op-
timum around pH 6.5 (Khanna et al., 1977; Vermaas and Van Rensen, 1981).
Because of the close proximity of the pH optimum to the pK, of HCO;~/CO,
(pK, = 6.4), one could consider the possibility that both CO, and bicarbon-
ate are involved.

Since CO, is uncharged and nonpolar, it is expected to be a diffusing spe-
cies (Sarojini and Govindjee, 1981). However, it would not be expected to
bind to an active site other than by covalent attachment, whereas the ob-
served interaction between inhibitory anions and bicarbonate is more consis-
tent with an anionic binding. Thus, bicarbonate is thought to be more likely
to be the active species. Observations by Xu et al. (1991) that formic acid,
not formate, could be the inhibitory species challenges this premise and
raises additional questions about the nature of the binding niche. CO, can
form relatively unstable carbamate complexes with protein amino groups,
which decompose readily. Such carbamate formation, for instance, has been
demonstrated for the regulation of ribulose 1,5-bisphosphate carboxylase by
CO, (Lorimer et al., 1976). However, that bicarbonate is the active species at
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equilibrium was demonstrated by taking advantage of the pH dependence of
the equilibrium ratio of [CO,] to [HCO;~] to effectively hold one concentra-
tion constant while varying the other (Blubaugh and Govindjee, 1986). The
restoration of the Hill reaction was shown to be dependent only on [HCO;~)
and was apparently independent of [CO,], [H,COs], or [CO;2~] over the pH
range studied (6.3-6.9), which spanned both sides of the pH optimum. Al-
though these results indicate that bicarbonate is the binding species under
equilibrium conditions, they do not disprove a possible role for CO,.

D. Binding affinity and the number of binding sites

Stemler (1977) measured binding of H*CO;~ to isolated thylakoids and
determined that there were two pools of bicarbonate: a high-affinity pool at
a concentration of approximately 1 bicarbonate per 300 ~400 Chl molecules
and a low-affinity pool at a concentration as large as or larger than that of the
bulk Chl. Depletion of the high-affinity pool was correlated with the loss of
Hill activity, whereas the role of the low-affinity pool, presumed to be largely
empty under physiological conditions, remained undetermined.

In the high-affinity pool, two cooperative binding sites were suggested for
bicarbonate binding, as mentioned earlier (Blubaugh, 1987; Blubaugh and
Govindjee, 1988b).

E. Multiple effects

Punnett and Iyer (1964) observed that, by adding relatively high concen-
trations of bicarbonate to non-CO depleted chloroplasts, they could accel-
erate the Hill reaction as well as the rate of phosphorylation. One of the
effects of added bicarbonate appeared to be improved coupling between
electron transport and phosphorylation. This bicarbonate effect is different
from that on uncoupled PSII electron transport discussed earlier in this chap-
ter. Differences between these two effects were reviewed by Govindjee and
Van Rensen (1978) and by Blubaugh and Govindjee (1988a).

Although most of the experiments on PSII electron flow mentioned thus
far suggest an effect of bicarbonate beyond Q,, some experiments suggest
that a bicarbonate-reversible inhibition also occurs prior to Q, (see, e.g., El-
Shintinawy et al, 1990). Whether this effect is between the electron donor Z
and the reaction center P680 or between Phe and Q, remains to be seen.

F. Stabilization and protonation reactions

The steps at which protonation of Qj occurs are not yet fully elucidated.
Fowler (1977) observed a rather weak binary oscillation in proton uptake
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during the production of plastoquinol (see also Van Rensen et al, 1988). To
account for an unprotonated Qg ~, Forster et al. (1981) proposed the proton-
ation of a protein group to stabilize Qy~, as was proposed earlier for photo-
synthetic bacteria (Wraight, 1979). It is tempting to assign a role to bicarbon-
ate in this protonation since absence of bicarbonate slows the reduction of
Q; and the pK, of CO,/HCO;- is about 6.4. Such a speculation was made
earlier (Govindjee and Van Rensen, 1978; Blubaugh and Govindjee, 1988a;
Van Rensen et al,, 1988). However, bicarbonate is not likely to be the group
that undergoes the pK, shift observed by Crofts et al. (1984). For one thing,
at pH values below 6.4 the putative protein group must be protonated already
before Qg formation, and Q,~ to Qg™ electron transfer must not be impaired
(Crofts et al., 1984). If bicarbonate itself were protonated, it would decom-
pose to form CO,, which would leave the bicarbonate site empty, so electron
transfer from Q,~ to Q- would be impaired. However, bicarbonate could be
responsible for providing a ready proton to an amino acid residue, as sug-
gested by Blubaugh and Govindjee (1988a). Since bicarbonate-reversible in-
hibitors (e.g., formate) show a much smaller effect on the Q,~ to Qg reaction
after the first flash than on Q,~ to Qg™ reaction after the second flash, it is
logical to assume that this effect is on the protonation that leads to the stabi-
lization of Q™ (Eaton-Rye and Govindjee, 1988; Xu et al., 1991, Fig. 9).

iQ;Q5(H*) (NOT FORMED)

Thy Hﬁ ’hv

~, ~ - - slo
K, _1Q,Qp 2 16,0 =— 1Q,Qy 7 1Q,Q, 1Q,QgH,
Q Ql% Tl ~ 'Q/Tr—>0 //4- ~ ./‘/_ slow -
AYB u ZAYB u A™B > Q,0p QaQgH,
2H*
Kojl k10, —> 10, H* T
Fe I‘// I/ - “~ fast
Q— 3 q; Q,Qp(H) ——>Q,Qg(H*)™ 1> Q,QgH,

H+

FIGURE 9 Scheme showing an inhibitor (I) binding mechanism that affects the two-electron
gate in PSII reaction centers. This inhibitor effect is reversed completely by bicar-
bonate. Inhibitors include formate/formic acid, azide, nitrite, and nitric oxide. Bold-
face arrows denote light reactions after first flash (*hv) or after second flash (?hv).
The pathway with Q, and Qj boldfaced represents the pathway in the presence of
bicarbonate or when H is plentiful. The reversible arrows represent equilibria for
dark reactions. K,, K,, and K, are association constants for plastoquinone (PQ)
and inhibitors in the absence and the presence of Qg. The X implies the blockage
of a protonation reaction of Qz~. (Redrawn from Xu ez al,, 1991.)
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G. Model

As a working model, one bicarbonate (site A) may be proposed to be a
bidentate ligand to the non-heme iron between Q, and Q;, forming a salt
bridge that is necessary for the functional configuration of the RC. Perhaps
this bicarbonate is also H-bonded to appropriate amino acid residues (still to
be deciphered) on the D1 and D2 proteins. Disruption of this salt bridge,
obtained under prolonged CO,-depletion treatment, is suggested to alter the
distance between Q, and Qg, resulting in a slower electron transfer that
makes Q,~ more accessible to direct oxidation and that alters the binding
affinity of plastoquinone to the Qj site.

A second high-affinity bicarbonate (site B) may be involved also; bicarbon-
ate may bind to positively charged amino acids such as arginines in the D1
and D2 proteins (Blubaugh and Govindjee, 1988a). This binding may be in-
volved in protonating a histidine near the Qg binding site. The histidine could
contain the group whose pK, has been observed to shift from 6.4 to 7.9 on
formation of Q,~ (Crofts et al., 1984). This pK, shift, induced by the negative
charge on Qg ™, encourages protonation of the histidine by the bicarbonate,
whose own pK, is lowered by the electron-withdrawing effects of the argi-
nine. Three possible Arg/His pairs were suggested to be involved (Blubaugh
and Govindjee, 1988a). In two of these (D1-R257/H252 and D1-R269/H272),
the arginine and histidine would be separated by a single helical turn whereas
in the third (D1-R225/H215) they would be separated by two helical turns.
An examination of D1 and D2 amino acid sequences (Figs. 4, 6) and a possible
model of the Q,-Fe-Qjy binding niche (Fig. 8) may suggest other possibilities
for HCO;~ binding. Bicarbonate jons at sites A and B may bind cooperatively.
Results of site-directed mutagenesis of selected conserved amino acids be-
tween helix D and E of both D1 and D2 proteins are expected to provide the
final working model.

VL. Summary and conclusions

At physiological pH, bicarbonate appears to H-bond to several amino acids
on both D1 and D2 proteins, the RC subunits of PSII. Bicarbonate may form
a ligand to the non-heme iron that lies between Q, (bound to D2) and Q,
(bound to D1). Bicarbonate, at physiological pH, is suggested to play a dis-
crete and unique role(s) in PSII: its function may involve stabilization, by con-
formational means, of the RC protein that allows efficient electron flow and
protonation of certain amino acids near Qz~. When the main function of
HCO,~ is to act as a proton conduit, it may become unnecessary at low
pH value.
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Data on differential sensitivity of the bicarbonate-reversible formate effect
on the D1 protein mutants of Chlamydomonas reinbardtii and of Synecho-
cystis 6714 strongly support the idea that the binding domains of bicarbonate
are located between helices D and E and in the connecting DE loop of D1.
Data on the sensitivity of D2-R233Q, D2-R251S, D2-K264X, and D2-R265X
mutants to bicarbonate-reversible formate inhibition of electron flow in Sy-
nechocystis sp. PCC 6803 suggest that positively charged amino acids argi-
nine and lysine may stabilize bicarbonate on the RC 1.

Absence of the bicarbonate effect in purple photosynthetic bacteria and
in green bacteria suggests that we should concentrate on the unique differ-
ences between the PSII (D1 and D2) and the bacterial (L. and M) proteins to
unravel the binding niche of bicarbonate and, thus, its function.
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