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Bicarbonate, not CO,, is the species required for the stimulation of Photosystem
II electron transport
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Evidence is presented that the bicarbonate ion (HCO; ), not CO,, H,CO, or CO?", is the species that
stimulates electron transport in Photosystem II from spinach (Spinacia oleracea). Advantage was taken of
the pH dependence of the ratio of HCO; to CO, at equilibrium in order to vary effectively the
concentration of one species while holding the other constant. The Hill reaction was stimulated in direct
proportion with the equilibrium HCO; concentration, but it was independent of the equilibrium CO,
concentration. The other two carbonic species, H,CO, and CO?", are also shown to have no direct
involvement. It is suggested that HCO; ™ is the species which binds to the effector site.

Bicarbonate appears to be an allosteric activa-
tor of the photosynthetic reduction of pilas-
toquinone (PQ) in plant thylakoids. Warburg and
Krippahl [1] demonstrated that the Hill reaction is
impaired when CO, is removed from thylakoid
membranes. It was later shown that this impair-
ment is on the reducing side of Photosystem II (PS
II; for a review, see Ref. 2). A number of anions,
particularly formate and acetate, have been shown
to interact with the binding of bicarbonate (HCO;')
suggesting a more general anion binding site (see
e.g., Refs. 3 and 4). However, only HCO; has
been shown to exert a stimulatory effect on PS II.
Although a partial inhibition of the quinone reac-
tions has been observed in CO,-depleted thylakoids
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Abbreviations: Chl, chlorophyll; [CO,], the CO, concentration;

DCIP, 2.6-dichlorophenolindophenol; [HCO;3 |, the HCO;

concentration; PQ, plastoquinone; PS II, Photosystem II; Q,

and Qg, first and second quinone acceptors of PS 11, respec-

tively.

in the absence of other anions {5], the full inhibi-
tory effect seems to require their presence.

In the presence of formate, electron transfer
from the secondary quinone Qy to the PQ pool is
blocked by HCO, depletion [6-8], and electron
transfer from the primary quinone Q, to Qy is
slowed down [7,9]. Herbicides acting at the Qy site
bind less tightly when HCO;  is removed, support-
ing the conclusion that the site of HCO; action is
at the quinone level [10-12]. It is now generally
accepted that Qy is a bound PQ which, when fully
reduced, exchanges for an oxidized PQ from the
PQ pool [13,14]. Competitive binding between
herbicides and quinones supports this view [15-18].
Our current hypothesis for the HCO; require-
ment, as noted earlier, is that HCO; acts as an
allosteric activator for the reduction of bound PQ,
and induces a conformational change which per-
mits the efficient exchange between the bound
PQH, and an oxidized PQ. Bicarbonate may also
be involved in the protonation of PQH, [19,20].
The exact mechanism of action, however, is un-
known. Before a reasonable mechanistic model
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can be formulated, it must be known whether CO,
or HCOj is the species required.

The anion (HCO; ) had been implicated as the
active species on the basis of competition by simi-
lar anions, such as formate and acetate [3,21].
However, the pH optimum of the requirement falls
closely at the pK, of HCO; /CO, [21,22], and it
has been suggested that both CO, and HCO; are
required [22]. From the effect of pH on the rate of
HCO, binding, it was suggested that CO, is in-
volved [23]. Similarly, measurements of the lag
time between CO, vs. HCO; addition and re-
stimulation of the Hill reaction suggest that CO, is
required, at least for diffusion to the active site
[24,25]. On the other hand, from the concentration
dependence at pH 6.8 vs. that at pH 5.8, it was
proposed that HCO, is the active species [26]. We
have sought to resolve this ambiguity by taking
advantage of the pH dependence of the equi-
librium concentrations of CO, and HCO;, in
order to hold effectively the concentration of one
species constant while varying the concentration of
the other. Here we present evidence that it is the
anion HCO; that is required for restimulation of
the Hill activity in CO,-depleted thylakoids. All of
the other carbonic species (CO,, H,CO, and
COj; ") are shown to have no direct involvement in
the stimulatory effect. This work was presented by
the authors, in a preliminary fashion, at an inter-
national symposium [27].

Broken chloroplasts (thylakoids) were obtained
by grinding fresh leaves of spinach (Spinacia
oleracea L.) in a cold (7°C) grinding medium
(0.5% (w/v) bovine serum albumin/1 mM
EDTA /50 mM sodium phosphate /50 mM NaCl,
pH 7.5) for 10 s in a Waring blender. The filtered
homogenate was pelleted at 3500 X g for 7 min.
The thylakoids in the pellet were washed once and
resuspended in 7°C isolation buffer (50 mM phos-
phate/50 mM NaCl, pH 7.5). The chlorophyll
concentration ([Chl]) was then determined as in
Ref. 28.

N, gas, used to purge containers and solutions
of CO,, was passed through a column of CaCl,
and ascarite to remove any residual CO,, and then
bubbled through distilled H,O to prevent solution
evaporation. The thylakoids were depleted of CO,
following the procedure in Ref. 22. Under N,,
aliquots of the CO,-depleted thylakoids were di-

luted to [Chl] of 12 pg/ml using reaction medium
(50 mM phosphate/100 mM NaCl/5 mM
NaHCO,/5 mM MgCl,) of appropriate pH.
CO,-depleted thylakoids at four separate pH val-
ues (6.3, 6.5, 6.7 and 6.9) were thus prepared, all
having identical [Chl], and having gone through
the same isolation and CO,-depletion procedures.
The samples were kept on ice, under N,,
throughout the experiment.

The Hill reaction was measured as 2,6-dichloro-
phenolindophenol (DCIP) reduction at 600 nm
[29], using a Cary-14 spectrophotometer. A cuvette
with 60 uM of the anionic form of DCIP was
flushed with N,, then 4.0 ml of the CO,-depleted
thylakoid suspension was added, and the cuvette
tightly stoppered. The gas space left in the cuvette
was approx. 150 pl. This volume is small enough
that we could ignore the escape of CO, into the
gas space after HCO, addition. The samples were
illuminated with 1.5 - 10° W - m~2 red light (Corn-
ing CS2-59 filter). The photomultiplier was
shielded with a 595 nm interference filter. The
HCO; /CO, was added after 1 min of dark adap-
tation, and the mixture was allowed to equilibrate
for exactly 3 min before measuring the Hill reac-
tion. At room temperature, the equilibration be-
tween carbonic species in aqueous solution is com-
plete within 1 min [30], and the diffusion into the
membrane and re-equilibration at the binding site
was estimated to be over within 2.5 min by follow-
ing the time-course of restoration by a half-
saturating [HCO; .

At equilibrium, the ratio of CO, to HCO; in
solution is dependent upon the pH, according to
the reaction:

K K, K
€O, +H,0 & H,C0; & H' +HCOy © 2H* +CO3~ (1)

where K (=(1.4+£02)-107° M), K,(=(32+
0.4)-107* M) and K,(=4.70-10""" M) are equi-
librium constants [31]. CO,, in Eqn. 1 refers to
dissolved, not gaseous, CO,. Thus,

_[H0,]

_[H"][HCO; ] [H'][cOi" ]
[co,] " 7°

[H,cOo,] ~ 77 [HCO; |

K,

(2)

From these equations, the equilibrium (eq) con-



centrations of CO, and HCO; can be calculated if
the pH and the initial (i) total concentration of
carbonic species are known:

. [HCO; ],
[HCO; ] = ] (1] ra 3)
+ +1+—=
KK, K, [H™]
(H'] -
[€CO:)ea= kg [HCO; ], 4

Fig. 1 shows the rate of DCIP reduction, ex-
pressed as a percentage of the fully restored rate,
by CO,-depleted thylakoids as a function of
[CO, ] It is apparent that [CO,], at which the
restored rate is a half maximal, is dependent on
the pH. On the other hand, when the same data
are plotted against [HCO; '], (Fig. 2), there is no
apparent pH dependence; although the ratio of
CO, to HCO; at equilibrium varies nearly 4-fold
over the pH range of the experiment, each curve
falls on top of the others. From Eqn. 4 it is
obvious that the ratio of CO, to HCO; is constant
at any given pH, but changes proportionately with
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Fig. 1. The rate of DCIP reduction in CO,-depleted thylakoids,
expressed as a percentage of the control rate, as a function of
the equilibrium CO, concentration. The reduction of DCIP was
calculated from the decrease in absorbance at 600 nm. II-
lumination began 3 min after the addition of NaHCO;. The
control rate was determined separately for each curve by
adding a saturating amount of HCO; (2.5 mM) to the CO,-de-
pleted samples. The control rates, in pmol DCIP reduced per
mg Chl per h, for each pH, were: pH 6.31, 209 (O); pH 6.54,
212 (O); pH 6.67, 191 (O); and pH 6.87, 192 (a). Inset: the
effect of the equilibrium HCO;3 concentration on the Hill
activity, with the CO, concentration held constant at 0.1 mM.
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any change in [H"]. The lack of pH dependence in
Fig. 2 means that [CO,] has no apparent effect on
the degree of restoration, whereas the pH depen-
dence in Fig. 1 indicates that [HCO;] is im-
portant. The inset in Fig. 1 shows that the Hill
activity increases with increasing [HCOy ], with
[CO, ], constant at 0.1 mM. From the inset in Fig.
2, which shows the effect of [CO,],, on the Hill
activity, with [HCO; ] constant at 0.2 mM, it is
clear that the stimulatory effect of HCO; 1s in-
dependent of the CO, level.

The other two carbonic species, H,CO; and
CO;~, present at extremely low concentrations,
can be ruled out as having any involvement. The
H,CO;-t0-CO, ratio at equilibrium is equal to K,
of Eqn. 1 and is independent of pH. Since [H,CO;]
is directly proportional to [CO,] at all pH values,
identical arguments apply for H,CO,; as made
above for CO,. Thus, H,CO; cannot be the re-
quired species. The ratio of CO;~ to HCO; at
equilibrium, on the other hand, is equal to
K,/[H"]. Since this ratio is inversely proportional
to [H*], the data in Fig. 2 would be expected to
show a pH dependence if CO;~ were involved in
stimulating the Hill reaction. As was the case with
CO,, the lack of such pH dependence suggests
that CO?"~ is not involved.

The conclusion that CO, (or to a lesser extent,
H,CO,;) may be required for diffusion to the
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Fig. 2. The rate of DCIP reduction in CO,-depleted thylakoids,
expressed as a percentage of the control rate, as a function of
the equilibrium HCO; concentration. The symbols and the
protocol are the same as in Fig. 1. Inset: the effect of the
equilibrium CO, concentration on the Hill activity, with the
HCOj; concentration held constant at 0.2 mM.
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active site [24,25] is not disputed by the data
presented here, since our measurements were made
under equilibrium conditions and do not reflect
the kinetics of HCO; or CO, binding. While
[HCO; ], is shown here to be a critical factor,
[CO,] could be an important kinetic consideration
if the binding site is buried beneath a hydrophobic
domain.

The binding constant for HCO; has been de-
termined to be 80 pM [32,33]. Since [CO,] in
photosynthesizing chloroplasts is estimated to be
only 5 uM [34], it was suggested that under normal
conditions all of the binding sites are empty, and
there may be no real role for HCO; in vivo [32].
However, since HCO; , not CO,, is the activating
species, there is no good reason to assume that the
binding sites are empty. For example, if, in the
vicinity of the binding site, pH = 8 (as it is in the
stroma), then [HCO; '] in equilibrium with 5 uM
CO, is 220 uM, well above the binding constant.

It is apparent from the data presented here, that
HCO; , not CO,, H,CO, or CO; ", is the species
required for PS Il electron transport. This conclu-
sion is consistent with the observed competition by
anions, such as formate (HCO, ) and acetate
(CH,COy; ), which closely resemble HCO; [3]. In
fact, HCO, , by itself, has been shown to inhibit
electron transport in a manner similar to CO,-de-
pletion, presumably by outcompeting HCO; for
its binding site [35]. This effect of HCO, was
most pronounced at lower pH values, where the
[HCO;] is diminished. Recently, nitrite (NO;),
but not nitrate (NO; ), has been shown to be as
effective as formate at inhibiting PS I, apparently
by competition with HCO; [4,27]. It appears that
the charge density on the oxygens may be an
important parameter affecting the affinity of an
anion to the HCO; binding site. NO; and CO?~,
which resemble each other in this respect, are both
ineffective in stimulating electron transport. The
effective NO, , on the other hand, has the same
degree of charge delocalization as does HCO;™ and
HCO, .

Both HCO, and HCO; have a carboxyl group.
However, only HCO; has an hydroxyl group,
which may be the functional moiety, while the
carboxyl group could be involved in binding. The
hydroxyl group, we speculate, could be involved in
H ™ mediation during electron transfer from Q, to

Qg and subsequent release of PQH,, or it may be
important as a source of H bonding to effect a
conformational configuration necessary for effi-
cient electron transfer.

Shipman [36] has suggested, as one possibility,
that CO, may be complexed with a lysine residue
to form a carbamate. However, the Q, apoprotein,
whose primary sequence has recently been eluci-
dated (for a review see, e.g., Ref. 37) and where
HCO; /JHCO; seem to act [2,6,7,8,10,35], con-
tains no lysine. The absence of lysine in the Q,
apoprotein is thus consistent with the conclusion
that CO, is not the activating species. In view of
our earlier results [2,6,7,8,10,35] the Q, apoprotein
seems to be a likely binding site for HCO; . From
the secondary structure of the Q, apoprotein,
based on hydropathy plots, arginine-257 appears
to be within the hydrophobic matrix [37], and its
positive charge is uncompensated by any nearby
counter charge. Shipman had suggested [36] that
HCO; complexes with an arginine residue and
provides a suitable binding environment for some
herbicides that interfere with electron flow from
Q. to Qg. Thus, we speculate that arginine-257
may be the binding site for HCO; .
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