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Abstract

Herbicide-resistant mutants of the eukaryotic green alga Chlamydomonas reinhardtii, that are altered in
specific amino acids in their D-1 protein, show differential bicarbonate-reversible formate effects. These
results suggest the involvement of D1 protein in the ‘bicarbonate effect’. A 25 mM formate treatment of
mixotrophically or photoautotrophically grown wild type cells results in a slower rise of chlorophyll a
fluorescence transient followed by a dramatically slowed decline during measurements in continuous
light. These effects are fully reversed upon addition of 10 mM bicarbonate. The mutant BR-202 [L275F]
is, however, highly insensitive to 25mM formate suggesting that a significant change in formate
(bicarbonate) binding has occurred in helix V of the D1 protein near histidine involved in Fe binding.
With the exception of DCMU-4 [S264A], which is considerably more sensitive to formate than the wild
type, five other different [V2191, A251V, F255Y, G256D and cell-wall deficient CW-15] mutants display
a relatively similar response to formate as wild type. Absence of formate effect on a PS II-lacking
[FuD-7] mutant confirms the sole involvement of PSII in the ‘bicarbonate effect’.

Introduction Crofts and Wraight 1983, and Govindjee and
Wasielewski 1990).
It has been suggested that one of the functions

of bicarbonate is to regulate the reduction of

Photosystem II (PSII) acts as a water-plasto-
quinone oxido-reductase; using four photons it

transfers four electrons from 2 molecules of
water to plastoquinone producing molecular O,
and two molecules of doubly reduced plasto-
quinone (see a review by Hansson and Wydrzyn-
ski 1990). During this process, water protons are
released into the lumen. Additional protons are
taken up into the thylakoid membrane from its
stromal side and utilized to produce plastoquinol
from the doubly reduced plastoquinone (see re-
views by Vermaas and Govindjee 1981, and

plastoquinone beyond Q,, the one-electron pri-
mary plastoquinone acceptor of PSII, observed
most clearly after the third and subsequent
flashes in isolated thylakoids from higher plants
(see e.g., Govindjee et al. 1976, Robinson et al.
1984, van Rensen et al. 1988, Eaton-Rye and
Govindjee 1988a,b). In addition, a bicarbonate-
reversible formate effect has been observed in
spinach leaf disecs and in Chlamydomonas
reinhardtii that is suggested to occur prior to Q,
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(El-Shintinawy and Govindjee 1990, El-Shin-
tinawy et al. 1990, cf. Govindjee et al. 1989).
These bicarbonate effects in oxygenic photo-
synthesizers including cyanobacteria (Cao and
Govindjee 1988) are assumed to occur through
the binding of HCO; to the reaction center II
complex (Blubaugh and Govindjee 1988). The
Fe between Q, and Qg has been shown to play
an important role in this bicarbonate-reversible
formate effect (Diner and Petrouleas 1990).
Such effects, however, do not exist in purple
photosynthetic bacteria (Shopes et al. 1989) and
in green bacterium Chloroflexus aurantiacus
(Govindjee, J. Trost and R. Blankenship, un-
published, 1990). This may be due to differences
in the architecture of the reaction center proteins
D1 and D2 of plants and cyanobacteria and of L.
and M subunits of photosynthetic bacteria
(Michel and Deisenhofer 1988). Recently, we
have shown (Govindjee et al. 1990) that differ-
ent D1 mutants of the prokaryotic cyanobacteria
Synechocytis 6714 are differentially sensitive to
bicarbonate-reversible formate effects, suggest-
ing a possible interaction of HCO; with the D-1
protein. The availability of similar, yet different,
herbicide resistant D1 mutants of the eukaryotic
alga C. reinhardtii (see Erickson et al. 1989) has
allowed us to test the idea of these possible
interactions of bicarbonate with the D-1 protein
in an eukaryotic system. C. reinhardtii has been
extensively used as a tool for studying photo-
synthesis (Whitmarsh and Togasaki 1986). Since
it is amenable both to genetic and biochemical
analysis (Harris 1988), it is a choice organism to
study the bicarbonate-reversible formate effect.

Table 1. Description of D-1 mutants used in this paper

In this paper, we have studied the bicarbonate-
reversible formate effect on several herbicide-
resistant D1 mutants of C. reinhardtii cells in
order to understand the relationship of the her-
bicide-binding niche with possible formate and,
thus, of bicarbonate binding sites. Since formate
slows down the chlorophyll a fluorescence rise
from the characteristic point D to P in the fluo-
rescence transient (suggestive of a block prior to
the plastoquinone pool; low Chl a fluorescence is
related to the concentration of Q,, not Q,,
Duysens and Sweers 1963), followed by a high
yield of fluorescence in the P to S decline region
(suggestive of a block beyond Q,, ), we have used
fluorescence transients to characterize the bicar-
bonate-reversible formate effect in this paper.

Materials and methods

Cultivation of algae. Chlamydomonas reinhardtii
wild type, several herbicide-resistant mutant
strains (see Table 1) and two others (a cell-wall de-
ficient mutant CW-15 and a PS II-lacking mutant
FuD-7) were used in this study. These strains were
grown either mixotrophically in Tris-acetate
phosphate (TAP) or photoautotrophically in
Tris-phosphate  (TP) medium (Gorman and
Levine 1965). Mixotrophic cultures were grown
for 24h in continuous light (Lumiere Silvana
coolwhite 4300 F30W/TB/CW; light intensity,
5 W m™?). Photoautotrophic cultures were grown
for 2—4 days in a 12:12 h light/dark cycle at 20°C
in a culture chamber fitted with Phillips lamp
(TLD 36W/33; light intensity, 5 W m 2).

Mutant* Name of the mutant Resistant to herbicides
Atrazine Bromacil Diuron

V2191 Dr-2, Dr-18 2X 2X 20X
A251V MZ-2 25X 1000** 5X
F255Y AR-207 15X 1X 0.5X
G256D AR-204 15X 10X 3X
S264A DCMU-4 100 X 250 X 20X
L275F BR-202 1X 5X 5X

* Mutants are listed with the original amino acid followed by codon number and the mutated amino acid. Data on all mutants,
except MZ-2, are from Erickson et al. (1989); data for MZ-2 is from Johanningmeir et al. (1987).

** Data for metribuzin, not bromacil.



Fluorescence transient measurements. Chloro-
phyll a fluorescence transients were measured by
a home-built spectroflurometer equipped with a
three-armed fiber-optics light guide (Strasser and
Sironval 1972). Chlorophyll a fluorescence was
excited by 50 Wm ™ 632.8 nm light from a He-
Ne laser. Front surface fluorescence, that passed
through a combination of a red cut-off Corning
CS 2-64 glass and a Balzer B40 interference filter
transmitting 690 nm (full width at half height,
10 nm; 35% transmission at the peak), was moni-
tored by a red-extended S-20 Hama-
matsu R928 photomultiplier tube. The time
course of fluorescence was displayed on a
10MHz storage oscilloscope (Tektronix T912,
Tektronix Guernsey Ltd, C.I.) When needed,
fluorescence transients were plotted on a X-Y
recorder (Servogor XY-733 recorder, BBC
Goerz). A basic earlier version of this spec-
trofluorometer is described by Karapetyan et al.
(1983).

A 300 ul sample was placed between two discs
of 0.7mm thick plexiglas (diameter, 17 mm)
separated by a 2mm teflon spacer (diameter,
14 mm) that constituted part of a vertical
cuvette.

Chlorophyll concentration of the sample was
adjusted to 1 to 2 ug/ml suspension. Samples
were dark-adapted, as described later, before
fluorescence transients were monitored. The
shutter of the instrument was fully open at 4 ms;
fluorescence intensity at 4 ms is F initial, and is
estimated to be close to the F, level within 5%
(i.e., fluorescence intensity when all Q,, is in the
oxidized state).

Measurements of fluorescence in modulated light.
Chl « fluorescence emission (at 685 nm) from C.
reinhardtii cells was measured at room tempera-
ture using a Hansatech modulated twin channel
instrument attached to a micro-processor power
supply (Electro-Automatik, model EA-3040), as
described by Havaux et al. (1991). Excitation
was with a modulated yellow light (peak wave-
length, 585 nm; modulation frequency, 870 Hz)
provided by an array of yellow light-emitting
diodes combined with an Ealing Beck 35-5404
filter. Fluorescence, that passed through a
685 nm interference filter, was detected with a
photodiode. The intensity of the modulated light
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was low enough as not to induce any significant
variable fluorescence, so that the fluorescence
level recorded was close to the fluorescence level
F,. Short (1s) pulses of intense blue light
(500 W m~?) were used to measure the maximal
level F_, of modulated Chl fluorescence. Chl a
fluorescence transient was measured in a non-
modulated (actinic) beam of blue light, the inten-
sity of which was adjusted to 45Wm™> This
non-modulated light was supplied by a Schott
KL1500 light source combined with a 320 to
620-nm broad-band blue filter; it was delivered,
via fiber optics, to the bottom of the vial contain-
ing the cells, fitted to the Hansatech ‘leaf-clip’.
The fluorescence signals were displayed on a
potentiometric chart recorder or stored on dis-
kettes.

All light intensities were measured with a YSI-
Kettering 65A radiometer.

Cells and their treatment. We recognized at the
beginning of our study that it was important to
keep C. reinhardtii cells shaking prior to mea-
surements. If they were kept in stationary condi-
tions, chlorophyll a fluorescence transients were
lost. We also recognized that addition of 25 mM
formate to C. reinhardtii cells in their mixo-
trophic growth medium (Tris-acetate phosphate,
TAP, buffer) at pH 7.0 or 7.5 gave no effects in
any of the cells examined. This is due to the pH
optima of the effect being at pH6.5, and a
possible competition between formate and ace-
tate (cf. Blubaugh and Govindjee 1988). Fur-
thermore, addition of 100 mM formate to cells
usually inhibited chlorophyll a fluorescence that
could only be partially recovered by bicarbonate
addition. Thus, in this study, we treated C.
reinhardtii cells, suspended in half-diluted tris-
phosphate (TP) medium, with 25 mM formate at
pH 6.5, unless otherwise stated. This treatment
gave the most reproducible bicarbonate-revers-
ible formate effect.

Chlorophyll determination. A standard curve re-
lating chlorophyll concentration, obtained by
80% acetone extract of cells, to the absorbance
at 680 nm was obtained for C. reinhardtii cells.
This curve was perfectly linear up to 12 ug
Chl/ml, used in this study. Afterwards, absorb-
ance at 680 nm (A680) provided information on
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[Chl] of samples; in all measurements Perkin-
Elmer Lambda 3 UV/VIS Spectrophotometer
was set at zero absorbance at 800 nm. The em-
pirical relationship for wild type cells was: ug
total chlorophyll/ml suspension = 29.43 X A680.

Results and discussion

Wild type cells. Figure 1 shows the chlorophyll a
fluorescence transients of wild type (WTd ™) cells
of C. reinhardtii that were grown photoauto-
trophically in TAP medium at pH 7.0 and re-
suspended in half-diluted TP medium at pH 6.5.
The normal OIDPS fluorescence transient (Gov-
indjee and Papageorgiou 1971, Spalding et al.
1984, Govindjee and Statoh 1986) is observed in
the control cells. After 6 min of dark incubation
with 25 mM formate, the P to S decay is replaced
by the fluorescence locked at the ‘P’ level (not
shown). After 4 min of further incubation, the I
to P rise is also slowed (Fig. 1). Both of these
effects are restored upon the addition of 10 mM
bicarbonate. These results indicate that either
the reduction of Q, is slowed and/or the reduc-
tion of the plastoquinone pool occurs more slow-
ly upon formate treatment. Although the de-
layed decay of P to S is usually more difficult to
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Fig. 1. Chlorophyll a fluorescence transient of wild type C.
reinhardtii cells suspended in tris-phosphate medium at
pH 6.5. C for photoautotrophically grown cells (see text for
details), +F for 25 mM formate treated cells, and +F + B for
25 mM formate followed by 10 mM bicarbonate treated cells.
Dark adaptation, 4 min but see text for further details. The
ratio of variable fluorescence level (F—F,) at 1s after illumi-
nation, with and without formate was 1.4 £ 0.05 (n =3).

interpret because it may be related to several
phenomena (Briantais et al. 1986, Govindjee
and Satoh 1986), it is, in our sample, due to
inhibited (or slowed) Q, to Q, reaction based
on fluorescence decay measurements (El-Shin-
tinawy et al. 1990) and on fluorescence measure-
ments in modulated light (see below).

In order to test if the formate-induced absence
(or decrease) of the fluorescence decay in the P
to S phase is due to the accumulation of Q,, or
due to other causes (such as non-photochemical
effects), we measured fluorescence yield by a
weak moduiated light (for details, see Materials
and methods, and the legend of Fig. 2). The
weak modulated light alone measures a level
close to F, that is independent of photochemistry
as almost all Q, remains in the oxidized state
here. However, this weak modulating light mea-
sures F_ during excitation of the actinic pulse
(FL in Fig. 2). Results with control C. reinhardtii
cell suspension show (Fig. 2, top left) that the
ratio of F_/F_ is 2.7, and that even during P to S
decay during 12 s of non-moduiated illumination,
almost the same F, is reached when the actinic
pulse is given. Thus, the P to S decay in C.
reinhardtii cells during the 10s time range is
mostly photochemical and due to conversion of
Q, to Q. Formate treatment (Fig. 2, top right)
causes a reduction in F_/F,, as expected due to
a partial blockage prior to Q, (see El-Shintinawy
et al. 1990). Also, the fluorescence rise during
exposure to non-modulated beam is slower.
However, fluorescence remains high and the
exposure to actinic light causes only a slight
increase. The fluorescence level, F,, measured
during the P to S phase is the same as before the
transient measurement. This shows the existence
of the second effect, the block after [Q,]; it
remains high as formate treatment causes ac-
cumulation of [Q,]. After the non-modulated
light was turned off, the fluorescence decay was
extremely slow. This conclusion was confirmed
by observing that addition of 0.3 uM diuron,
that is known to block electron flow beyond Q,,
shows similar results (Fig. 2, bottom right].
However; the fluorescence rise in non-modulated
light is faster in the diuron case than in the
formate case since there is no blockage prior to
Q, in the case of diuron. It is important to point
out that the measured F_ level in the diuron
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Fig. 2. Modulated fluorescence experiments with wild type C. reinhardtii cells. Data on control cells are shown on the top left
corner; + Formate samples (top right) are those to which 25 mM formate was added; + formate + bicarbonate (bottom left) are
those to which 10 mM bicarbonate was added after the formate treatment; and +Diuron samples are those to which 0.3 uM
DCMU was added with or without formate. Each experiment had the same following protocol: First, F, was recorded with a
weak 583 nm modulated (870 Hz) measuring beam only; this light remained ‘on’ throughout the experiment; at ‘FL’, a pulse of 1 s
500 W m~* blue light was given to measure F_; after 1 min darkness at ‘ON’, a 45 W m > non-modulated blue light was given for
12's; during the last seconds of this light, F,, was again measured; the non-modulated light was turned off for 2 min before F,, was

measured for the last time.

sample is definitely distorted™ due to the faster
accumulation of Q, even in the weak light used
in this experiment. Addition of 10 mM bicarbon-
ate (Fig. 2, bottom left) to the formate treated
sample restores the sample to the control case.
Addition of diuron to this sample gave the same
curve as that obtained when diuron is added to
control cells. The above experiments establish
that a dual bicarbonate-reversible formate effect
exists in C. reinhardtii cells, one before and one
after Q,.

L275F mutant. Since it has been suggested that
bicarbonate may bind to Fe (Michel and

* The measured F, is above the true F, and points out the
difficulty of measuring true F, when the rate of reduction of
Q,, is fast as is also the case in inactive PS II centers {cf. Cao
and Govindjee 1990); under such conditions, even the use of
far red light to measure F, is not an adequate procedure!

Deisenhofer 1988, Blubaugh and Govindjee
1988, Diner and Petroulaes 1990), we chose a
mutant affected in helix V of D1 (Trebst 1987) in
which leucine 275, that is quite close to histidine
suggested to bind Fe, is changed to phenylala-
nine. This mutant, Br-202, is 5 times more resis-
tant to bromacil and diuron than the wild type
(Erickson et al. 1989; also see Table 1), and it
did not display the bicarbonate-reversible for-
mate effect when treated with 25 mM formate
(Fig. 3). The data suggest that the environment
of the Fe-binding region has a strong influence
on formate binding. It appears that in this mu-
tant either formate (and/or HCOy;') is unable to
bind or bicarbonate is very tightly bound. In
either case, this result is supportive of the hy-
pothesis that a binding site near Fe on the D-1
protein may play a significant role in the regula-
tion of electron flow from Q, to Qp by bicar-
bonate.
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Fig. 3. Chlorophyll a fluorescence transient of L275F [Br-202] C. reinhardtii cells. The ratio of F -F, at 1s after illumination with

and without 25 mM formate was 1.00 £ 0.02 (n = 3).

Fig. 4. Chlorophyll a fluorescence transient of V2191 [Dr-18] C. reinhardtii cells. The ratio of F-F,, at 1s after illumination with

and without 25 mM formate was 1.48 £0.05 (n=3).

Fig. 5. Chlorophyll a fluorescence transient of S264A [DCMU-4] C. reinhardtii cells. The ratio of F ~F, at 15 after illumination

with and without 25 mM formate was 2.00£0.02 (n =3).

Fig. 6. Chlorophyll a fluorescence transient of A251V [MZ-2] C. reinhardtii cells. The ratio of F~F,, at 1 s after illumination with

and without 25 mM formate was 1.10 £ 0.05 (n =3).

V2191 mutant. Two of these mutants, Dr-2 and
Dr-18 carry this mutation which changes valine
219 to isoleucine (Erickson et al. 1989). These
mutants are 2 X as resistant to atrazine, 0.4 X as
resistant to bromacil and 4X as resistant to
diuron than L275F [Br-202]. The changed amino
acid is in helix IV, located close to the other
histidine (215) suggested to bind to Fe (Trebst
1987). In contrast to the L275F mutant, the
V2191 mutants (both Dr-2 and Dr-18) were
found to be almost as or more sensitive than wild
type (Fig. 4 for Dr-18). Fluorescence transients
for Dr-2, obtained at three different pHs
(pH 5.8, 6.5 and 7.0), confirmed that the op-
timum bicarbonate-reversible formate effect was
indeed at pH 6.5 (data not shown).

S$264A mutant. This mutant, DCMU-4, is the
most resistant of all herbicide resistant mutants

examined (100 X to atrazine, 250 X to bromacil
and 20 X to diuron). The changed amino acid is
in the loop between helix IV and V. Its chloro-
phyll a fluorescence transient is quite different
from all the others used (Fig. 5). The ratio of
OP/OI level is lowest (1.3 to 1.6), whereas the
others showed a ratio of 2.0 to 3.0. In spite of
these differences, this mutant was very sensitive
to formate. It is more sensitive than the wild
type for the effect beyond Q,. The ratio of
fluorescence level at 1s after illumination with
formate to that without formate was highest in
DCMU-4 than in any other mutant or wild type.

A251V mutant. To test if the high sensitivity of
S264A [DCMU-4] is simply due to the location
of the altered amino acid in the exposed loop
between helix IV and V, or is a more specific
phenomenon, we chose the mutant A251V [MZ-



2] (Johanningmeir et al. 1987) where alanine at
position 251 is changed to valine in a helix
parallel to the membrane. The 25 mM formate
effect was much less pronounced here than for
the S264A mutant and even for the wild type
(Fig. 6). Chlorophyll a fluorescence continued to
rise beyond the P level of the control suggesting
a block beyond Q,; the effect prior to Q, was
also visible in A251V [MZ-2] mutant.

F255Y mutant. In continuation of our tests for
the role of amino acids in the loop between helix
IV and V, we used the mutant F255Y [Ar-207]
that was much more sensitive to diuron than the
A251V [MZ-2] mutant. This mutant seems to be
more sensitive to 25 mM formate than A251V,
but as sensitive as V2191 [Dr-18]: DP rise was
slowed and the S level was high (Fig. 7).

G256D mutant. Changes at amino acid 256 in
mutants Ar-204 and Br-24 are right next to
F255Y [Ar-207] mutant; G256D mutant is much
more resistant to bromacil than F255Y, but is
equally resistant to Atrazine (cf. Table 1). Al-
though it has a lower variable fluorescence than
F255Y, it has similar sensitivity to formate. Thus,
results on F255Y and G256D (both mutations in
the loop between helix IV and V) show no
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significant difference with the wild type with
regard to formate sensitivity. This suggests ab-
sence of formate/bicarbonate binding site in this
region. However, binding of HCO, to arginine
269, that is close to leucine 275 (low formate
effect in L275F mutant) and serine 264 (large
formate effect in S264A mutant), is a possibility
(discussions in Blubaugh and Govindjee 1988).
We suggest that such a possibility should be
tested through site-directed mutagenesis of this
R-269.

Mutant lacking PS II or PS I. Using FuD-7 mu-
tant, that lacks the PS II complex (Bennoun et
al. 1986), we have tested if any of the formate
effects observed in this paper is unrelated to
active PSII reaction center complex. As expec-
ted, this mutant had no variable fluorescence,
and, thus, showed no effect of formate (Fig. 8).
Using the FuD-3 mutant, that lacks the PSI
reaction center complex, we observed a pro-
nounced variable fluorescence from the O to the
P level where it reached a plateau. Addition of
25mM formate slowed this rise kinetics, and
further addition of 10 mM bicarbonate reversed
this effect (data not shown). This clearly estab-
lishes that both bicarbonate-reversible formate
effects are located in PSII.
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Fig. 7. Chlorophyll a fluorescence transient of F255Y [Ar-207] C. reinhardtii cells. The ratio of F-F, at 1s after illumination with

and without 25 mM formate was 1.47 £ 0.05 (n = 3).

Fig. 8. Chiorophyll a fluorescence transient of photosystem II —lacking C. reinhardtii (FuD-7}) cells. See text for details. There

was no variable fluorescence and no effect of formate.

Fig. 9. Chlorophyll a fluorescence transient of V2191 [Dr-18} C. reinhardtii cells with and without long-term formate treatment
(see text for details). The initial F level was raised upon formate treatment as in the case of DCMU treatment, and the
fluorescence reached and stayed at the P level suggesting a block in electron flow beyond Q,. Wild type cells gave almost

identical results.
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Cell-wall deficient mutant (CW-15). In order to
test if there was any barrier to formate due to
the cell walls, we used the cell-wall deficient
mutant CW-15 (Davies and Plaskitt 1971). No
significant difference was observed between the
results on CW-15 (data not shown) and the wild
type suggesting the absence of barrier for the
entry of formate into the cells.

Long-term formate treatment. Although we have
not studied long-term formate treatment in this
paper, it was necessary to check if our samples
showed the well known effect of formate beyond
Q, (Blubaugh and Govindjee 1988). This oc-
curred (see Fig. 9) for data from V2191 [Dr-18]
cells that were treated for a couple of hours with
30 mM formate under CO,-free N, gas. Here,
formate-induced increases in the initial F levels,
as is often the case when the Q/Qj ratio is high
in cells in dark and under anaerobiosis (Gov-
indjee et al. 1990).

Concluding remarks

On the basis of variable chlorophyll a fluores-
cence level at 1s after illumination (F,,-F),
sensitivity to formate followed the order (highest
to lowest): S264A [DCMU-4]> V2191 [Dr-2,
Dr-18] ~ F255Y (Ar-207) ~ G256D (Ar-204) ~
wild type > A251V [MZ-2]>L275F [Br-202] in
C. reinhardtii cells. A 25 mM formate treatment
failed to elicit any effect in L275F mutant sug-
gesting the importance of an amino acid near
Fe-liganding histidine in helix V in the formate/
bicarbonate effect. These results clearly establish
the importance of D1 in bicarbonate-reversible
formate effect in PSII.

It is important to point out that, at air levels,
there is plenty of HCO; at pH of the stroma to
remain bound in the native membrane
(Blubaugh and Govindjee 1988). Furthermore,
Govindjee et al. (1991) have established that, at
pH 6.5, formate does indeed release CO, from
thylakoid membranes and cause inhibition of
electron flow in the minute range. We expect the
same to be true for C. reinhardtii cells. Further
research is necessary to unravel the molecular
mechanism of the bicarbonate effects in C.
reinhardtii cells.

Our current hypothesis for the bicarbonate
effect is that bicarbonate binds to more than one
entity (Fe/specific arginine/lysine) at the re-
action center II proteins. The binding involves
both D1 (Govindjee et al. 1991, this paper) and
D2 (J. Cao, W. Vermaas and Govindjee, un-
published) proteins and affects the stability of
the PS II reaction center and, thus, electron flow
and protonation on the electron acceptor side in
a complicated manner (Blubaugh and Govindjee
1988), the nature of which still needs to be
discovered. Nitric oxide (Diner and Petrouleas
1990) and formate access different but overlap-
ping bicarbonate binding niches. Site-directed
mutagenesis of both D1 and D2 proteins is ex-
pected to aid in our understanding of the
molecular basis of this ‘bicarbonate effect’ that
may include protection against photoinactivation
(see e.g., Sundby et al. 1989).
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