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ABSTRACT: The effects of various formate concentrations on both the donor and the acceptor sides in
oxygen-evolving PS II membranes (BBY particles) were examined. EPR, oxygen evolution and variable
chlorophyll fluorescence have been observed. It was found that formate inhibits the formation of the S2

state multiline signal concomitant with stimulation of the QA
-Fe2+ signal atg ) 1.82. The decrease and

the increase in intensities of the multiline and QA
-Fe2+ signals, respectively, had a linear relation for

formate concentrations between 5 and 500 mM. Theg ) 4.1 signal formation measured in the absence
of methanol was not inhibited by formate up to 250 mM in the buffer. In the presence of 3% methanol
the g ) 4.1 signal evolved as formate concentration increased. The evolved signal could be ascribed to
the inhibited centers. Oxygen evolution measured in the presence of an electron acceptor, phenyl-p-
benzoquinone, was also inhibited by formate proportionally to the decrease in the multiline signal intensity.
The inhibition seemed to be due to a retarded electron transfer from the water-oxidizing complex to YZ

+,
which was observed in the decay kinetics of the YZ

+ signal induced by illumination above 250 K. These
results show that formate induces inhibition of water oxidation reactions as well as electron transfer on
the PS II acceptor side. The inhibition effects of formate in PS II were found to be reversible, indicating
no destructive effect on the reaction center induced by formate.

Photosystem II (PS II)1 in plants and cyanobacteria
catalyzes the water oxidation and the reduction of plasto-
quinone, which are driven by absorbed light energy. Their
reaction center (RC) consists of 32-34 kDa polypeptides,
D1 and D2, which contain the primary electron donor P680

(dimer of chlorophylla), the secondary electron donors YZ

and YD (tyrosines), the intermediary electron acceptor
pheophytin (Pheo), and two plastoquinone electron acceptors,
QA and QB, along with an associated non-heme iron. Light
absorption produces a charge-separated state, P680

+Pheo-,
which is rapidly stabilized by the reduction of P680

+ through
oxidation of YZ and by the oxidation of Pheo- through
reduction of QA, respectively. Oxidized tyrosine YZ+ is

reduced by an electron transferred from the water-oxidizing
complex. This complex includes a tetranuclear manganese
cluster that is closely associated with the RC and stabilized
by three extrinsic polypeptides (33, 24, and 18 kDa) as well
as calcium and chloride ions. It has been accepted that the
manganese ions in different oxidation states accumulate four
oxidizing equivalents required for oxidation of water through
five successive intermediate states, as denoted by S0, S1, ...,
S4 (1, 2).

Normal functions of PS II require bicarbonate (HCO3
-)

(reviewed in refs3-5). It has been shown that removal of
bicarbonate from PS II membranes either by bubbling with
CO2-free air (6, 7) or by the addition of formate (HCO2-)
(8-10), or nitric oxide (11, 12), etc. resulted in inhibition
of light-induced electron transport in PS II. The inhibition
of PS II, induced by bicarbonate depletion, is restored by
the addition of bicarbonate (6, 7). At least two binding sites
of bicarbonate in PS II were suggested in earlier previous
studies, namely, (1) a high-affinity pool at a concentration
of approximately one HCO3- molecule per 300-400 mol-
ecules of chlorophyll and (2) a low-affinity pool at a
concentration larger than that of the bulk chlorophyll (8).
Shortly later the non-heme iron of the QA

-Fe2+ complex has
been suggested to be the high-affinity site for bicarbonate
and critical for controlling PS II activity (9). As one of the
effects of formate on PS II, it has been shown that formate
competes with bicarbonate for the binding to the non-heme
iron at the acceptor side of PS II and slows the electron
transfer from QA

- to QB (11-15).
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The requirement of bicarbonate for the function of the PS
II donor side has been suggested recently (16-20). The
reversibility of the formate/bicarbonate effects on light-
induced electron transport (16, 17) and the changes in the
absorption of Mn at the UV region were demonstrated for
the oxygen-evolving PS II membranes (18). The function
of bicarbonate was described as facilitating the binding of
Mn2+ to the reaction center since bicarbonate stimulated
rebinding of exogenous Mn2+ to the Mn-depleted PS II
preparations (19). These experiments suggested that the donor
side of PS II is also a high-affinity site for binding of
bicarbonate.

In this study we used sodium formate to remove bicarbon-
ate from the binding sites. The EPR signals of the S2 state
manganese cluster and QA

-Fe2+ complex, variable fluores-
cence of chlorophyll, and oxygen-evolving activity were
measured in PS II membranes treated with formate. We
found that the inhibition in the multiline signal formation
and the oxygen evolution are correlated with the formate-
induced QA

-Fe2+ signal observed at theg ) 1.82 magnetic
field position. The results presented here suggest that formate
may also contribute to inhibition in water oxidation reactions
on the donor side as well as in electron transfer on the
acceptor side of PS II.

MATERIALS AND METHODS

Sample Preparations.PS II enriched membrane fragments
(BBY particles) were prepared from market spinach using a
method as described in ref21 with modifications (22). All
steps of preparations were performed under dim green light.
BBY particles at a chlorophyll concentration of 10 mg/mL,
determined according to Arnon (23), were suspended in
solution A [50 mM MES-NaOH (pH 6.0) and 35 mM NaCl]
and stored at 77 K with 50% glycerol added until use. Prior
to the experiment, the membranes were thawed slowly at 2
°C and washed twice with solution B [50 mM MES-NaOH
(pH 6.0), 5 mM NaCl, 5 mM CaCl2, 300 mM sucrose, and
1 mM EDTA] by centrifugation at 30000g for 20 min. In
some experiments another method of preparation (KM
particles (24)) was applied.

Sodium formate treated PS II membranes were prepared
as described for acetate treatment in ref25. The PS II
membranes were washed twice with solution B with supple-
mental addition of sodium formate at varying concentrations
between 25µM and 500 mM by centrifugation at 30000g
for 20 min. Before the last centrifugation, 3% methanol was
added to quantify the multiline signal intensity. Tris treatment
was performed according to ref26 by incubating PS II
membranes at a chlorophyll concentration of 0.3 mg/mL in
0.8 M Tris-HCl (pH 8.4) for 30 min under room light at 2
°C followed by centrifugation and resuspending in buffer
A.

For EPR measurements the final pellet at chlorophyll
concentrations 20-25 mg/mL, which is concentrated at about
5 times the final concentration, was collected and transferred
into Suprasil quartz tubes of 4 mm inner diameter. The
samples were incubated under the dark in ice-water for 60
min to equilibrate PS II in a dark stable S1 state, and then
stored in liquid nitrogen until EPR measurements. To observe
the multiline signal in the S2 state of PS II, the sample was
illuminated by a 500 W tungsten bromide lamp at 200 K

for 10 min, and then frozen rapidly in liquid nitrogen. The
YZ

+ radical was trapped by illumination at 253 K for 1 min
and immediate freezing of the sample in liquid nitrogen as
described in refs26 and27.

For measurement of chlorophyll fluorescence and O2

evolution, the pellet of formate-treated samples was resus-
pended in a small volume of solution A to give a final
chlorophyll concentration of 3 mg/mL, and the homogenate
was stored on ice. Before measurement of fluorescence
intensity and O2 evolution, 10µL of the homogenate was
added to 3 mL of the assay medium with varying formate
concentrations to give a final chlorophyll concentration of
10 µg/mL. All procedures of formate treatment were
performed under dim green light.

Oxygen EVolution. The oxygen-evolving activity was
measured using a Clark-type electrode at 25°C under
continuous illumination at the saturating intensity through a
λ > 650 nm Toshiba R50 glass filter and 5 cm thick water
filter. In the presence of 100µM PPBQ as an electron
acceptor, the rate of oxygen evolution of the control samples
was 400( 20 µmol of O2 (mg of Chl)- 1 h-1.

Fluorescence Measurements.The photoinduced changes
of chlorophyll fluorescence yield FV were measured at 25
°C using a home-built spectrometer at a chlorophyll con-
centration of 10µg/mL. In this spectrometerλ ) 490 nm
weak (0.05 W/m2) measuring light was used for fluorescence
excitation, whileλ > 650 nm (50 or 150 W/m2) actinic light
was used to induce photochemical reaction in reaction
centers.

EPR Experiments.EPR measurements were performed
using a Bruker-300E X-band spectrometer, and an ST4102
standard cavity. An Oxford-900 continuous gas flow cryostat
and ITC-4 temperature controller were used to regulate the
sample temperature at 6.0 K. To avoid saturation, the
multiline signal was observed at a microwave power of 3.2
mW. The YZ

+ signal was observed at 77 K, using a finger-
type liquid nitrogen dewar. After measurement of YD

+ and
YZ

+ signals in the sample trapped after illumination, the
sample was dark adapted at 0°C for 30 min. The resulting
signal of YD

+ was used as a background signal to obtain the
net YZ

+ signal. To identify the YZ+ and YD
+ radical pair in

the trapped sample, the “2+ 1” pulse sequence ESE method
was applied using a Bruker 380 pulse accessory and a
dielectric cavity as described in ref26. For quantification of
the S2 state signals, the multiline andg ) 4.1 signal
intensities were estimated for control PS II with and without
methanol addition on the basis of the YD

+ radical signal
intensity observed at 6 K.

RESULTS

S2 State Multiline Signal.Illumination of the oxygen-
evolving PS II preparations at 200 K results in formation of
the dark stable S2 state of PS II. The S2 state EPR spectra
obtained for various concentrations of formate at pH 6.0 are
shown in Figure 1. This state is characterized by two kinds
of EPR signals: theg ) 1.98 signal, denoted as the multiline,
and theg ) 4.1 signal (28-33). The spectra consist of at
least 18 well-resolved lines (Figure 1a,e) ascribed to theS
) 1/2 ground spin state of an antiferromagnetically exchange-
coupled Mn tetramer, as described in refs33-35. In addition,
the control sample without methanol produced theg ) 4.1
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signal (Figure 1e) ascribed to anS) 3/2 or 5/2 spin state of
the Mn cluster (30, 32-34, 36, 37). The addition of 3%
methanol to the control PS II inhibited theg ) 4.1 signal
formation from the Mn cluster upon illumination (Figure 1a).
Treatment of the membranes with formate of up to 10 mM
gave no remarkable effect on the spectrum (Figure 1b). This
result is contradictory to the previous suggestions (16, 17)
that the inhibitory effect of low concentrations of formate
on the donor side reactions was found by the measurement
of variable fluorescence of chlorophyll. Inhibition of forma-
tion of the Mn multiline signal occurred in the samples
treated with high concentrations (>10 mM) of formate, as
shown in the spectra at 100 and 250 mM formate (Figure
1c,d), respectively. The inhibition occurred rather drastically
at formate concentrations between 10 and 100 mM and
gradually saturated at above 100 mM formate. In samples
treated with 250 and 500 mM formate, the similar intensity
of the remaining multiline signal of 25( 15% of that in a
control sample was observed. No changes in the hyperfine
splitting in the multiline signal for formate-treated mem-
branes were observed, indicating that the remaining signal
can be assigned to noninhibited sites.

The g ) 4.1 signal gradually developed (Figure 1b-d)
with increasing formate concentrations at 10-250 mM.
Above 100 mM formate concentration an appreciableg )
4.1 signal intensity was observed even in the presence of
3% methanol (Figure 1d). The intensity was comparable to
that in a control sample without methanol as shown in Figure
1e. With an increase in formate concentration up to 250 mM,
theg ) 4.1 signal intensity increased whereas the multiline
signal intensity decreased. However, theg ) 4.1 signal
intensities decreased above 250 mM formate. The sharp
signals around theg ) 5-6 region in Figure 1d,f can be
ascribed to some photooxidized Fe3+, which might be due
to heme or non-heme iron in some nonnative sites of PS II
(38), and whose intensity could be negligble. The small
signals at aboutg ) 3 in the same traces are assigned to a
minor quantity of photooxidized cyt b559 in which some
structural changes might have occurred during preparation.
These signals were not observed in the other method of
prepartion of PS II membranes (24), though most of the
experimental data indicate similar characteristics (data not
shown).

The inhibitory effect of high concentrations of formate
on the multiline signal intensity could be eliminated by
washing the formate-treated membranes with the formate-
depleted buffer. The addition of bicarbonate (5-10 mM)
during 25 mM formate treatment similarly prevented the
inhibition. In some control samples treated with 5-10 mM
bicarbonate, a slight increase in the multiline signal intensity
was observed. Because of alkalization of the assay medium
at high concentrations of bicarbonate, the bicarbonate effect
on the multiline signal intensity in the formate-inhibited PS
II particles could not be determined in further detail.

We have compared the multiline signal intensity of the
control PS II samples with and without methanol addition.
In the PS II sample without methanol (Figure 1e) the
multiline signal intensity estimated by the peak-to-peak
height was about half that with methanol (Figure 1a). This
decrease can be considered to correlate with the increase in
theg ) 4.1 signal intensity, since the addition of methanol
up to 5% did not inhibit oxygen-evolving activity. However,
a small difference was found in the line width and the shape
of the multiline signals in PS II samples with and without
methanol. We have estimated the intensities of both signals
by double integration and have shown the values divided
by the YD

+ signal intensity in each sample in Table 1. In PS
II with 3% methanol, the multiline signal intensity was
estimated to be 96% and the weakg ) 4.1 signal intensity
to be 4% on the basis of the YD

+ signal intensity. From the
values of both samples the decrease in the multiline signal
intensity was estimated to be about 43% for PS II without

FIGURE 1: EPR spectra of untreated (a) and 10 mM (b), 100 mM
(c), and 250 mM (d) formate treated BBY PS II samples in the
presence of 3% methanol and the control PS II without methanol
addition (e) and in the presence of 250 mM formate (f) at pH 6.0.
All spectra have been normalized by a YD

+ radical signal observed
at a microwave power of 0.8µW and field modulation amplitude
of 3.2 G. The difference (200 K illuminated- dark) spectra were
obtained with PS II membranes at pH 6.0 in the buffer of 50 mM
MES-NaOH, 300 mM sucrose, 5 mM NaCl, 5 mM CaCl2, and 1
mM EDTA. Experimental conditions: microwave frequency 9.42
GHz, microwave power 3.2 mW, modulation amplitude 10 G,
temperature 6 K. Each of the spectra is a result of two scans of
field sweep.

Table 1: Intensity Relation between the Multiline andg ) 4.1
Signals Divided by the YD+ Signal Intensitya

integrated intensity

sample multililne g ) 4.1 sum

PS II with 3% methanol 0.96 0.04 1.0
PS II without methanol 0.53 0.47 1.0
methanol+ 250 mM formate 0.34 0.87 1.21
250 mM formate 0.29 1.30 1.59

a The errors in calculation were about( 0.1 for the multiline signals
and 0.04 for theg ) 4.1 signals, respectively.
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methanol. Therefore, the intensity of theg ) 4.1 signal can
be considered to correspond to 47% of the S2 state. If we
assume theg ) 4.1 signal to be ascribed to the active S2

state in the formate-treated PS II, the quantitation shows that
the summation of the multiline andg ) 4.1 signal intensities
reaches values of almost 120% and 160% at 250 mM formate
with and without methanol, respectively. These values should
decrease with increasing formate concentration. Therefore,
we have to consider the formate-inducedg ) 4.1 signal to
be ascribed to an inactive site. In PS II with 3% methanol
we took the multiline signal site only into consideration as
the active center. We could not estimate the active S2 state
in the control sample without methanol, because the formate-
treated sample included both active and inactiveg ) 4.1
signal sites that could not be separated. The formate-induced
g ) 4.1 signal may be ascribed to a different spin state of
the Mn cluster with a modified structure, though the line
shape was quite similar to that for the activeg ) 4.1 signal.

QA
-Fe2+ Signal. It has been reported that binding of

formate stimulated the EPR signal atg ) 1.82 due to the
photoinduced QA-Fe2+ state of the PS II acceptor complex
(39). In this experiment, the signal due to the QA

-Fe2+

acceptor complex in theg < 2.0 region was not observed at
the low microwave power of 3.2 mW in a control PS II
sample. This signal developed in formate-treated samples
illuminated at 200 K for concentrations of more than 10 mM
and was accompanied by a decrease in the Mn multiline
signal intensity as seen in Figure 1b-d,f. The signal
increased as the formate concentration increased and seemed
to be saturated at formate concentrations over 250 mM. The
signal disappeared after depletion of formate from the treated
membranes.

The quantitation of the QA-Fe2+ signal intensity was
carried out on the Tris-treated PS II with 500 mM formate
concentration to determine the ratio of the formate-induced
signal in formate-treated samples. The QA

-Fe2+ to YD
+ signal

intensity ratios are shown in Table 2. On the basis of value
of 97% for Tris-treated PS II with 500 mM formate, the
dependencies of the decrease in the multiline and evolution
of the QA

-Fe2+ signal intensities on formate concentration
are shown in Figure 2A, indicating a stoichiometric propor-
tionality between their dependencies as drawn in a different
way in Figure 2B.

YZ
+ Signal. Figure 3A shows the appearance of the YZ

+

signal observed at 77 K in the KM particles in the presence
of 250 mM formate trapped after illumination at 253 K. Trace
1 shows the YD+ signal observed in the dark-adapted sample.
Trace 2 shows the YD+ and YZ

+ in the trapped sample after
illumination, in which the signal intensities increased as
compared to those of the trace 1. This is in contrast with
that obtained for untreated PS II membranes. The subtracted
signal in trace 3 can be ascribed to the YZ

+ signal that gives
evidence that electron donation from WOC toYZ

+ became
slower in the presence of formate. The intensity of the

trapped YZ
+ radical signal was about 50% that of the YD

+

signal, which was almost the same quantity as the decrease
in the multiline intensity (Figure 1f). To confirm that the
trapped signal could be assigned to the YZ

+, we carried out
a “2 + 1” pulse sequence ESE experiment as described
earlier (26, 27). The dark-adapted sample corresponding to
trace 1 in Figure 3A shows no oscillatory behavior (Figure
3B (a)), which indicates there is only YD

+ radical in PS II.
On the other hand, an oscillating time profile of the primary
echo signal is observed in the 253 K illuminated and trapped
sample (Figure 3B (b)), which shows the dipole interaction
between the trapped YD+ and YZ

+ pair in the same reaction
center.

O2 EVolution Measurements.As an alternative test of
formate inhibition, we measured the rate of oxygen evolution.
In this experiment the membranes treated either with or
without formate after centrifugation were resuspended in the
same buffer as used for EPR. The results are illustrated in
Figure 5, where low concentrations of less than 1 mM
formate caused no appreciable changes in the rate of O2

evolution. The effective inhibition of oxygen-evolving activ-
ity induced by formate developed at formate concentrations
of more than 5 mM. A drastic inhibition of oxygen-evolving
activity started from 10 mM, and about 50% inhibition was
accomplished at 40-50 mM formate treatment. Such drastic
inhibition was continued until 100 mM formate treatment,
which was followed by a gradual increase of inhibitory effect
of up to 20% of the initial value at a range of formate over
100-500 mM. These results are in agreement with those

Table 2: Intensity of Formate-Induced QA
-Fe2+ Signals in PS II

with 500 mM Formate Concentrationa

PS II with methanol PS II without methanol Tris-treated PS II

0.66 0.50 0.97
a The values are given by division by the YD

+ signal intensity. The
error in estimation is about(0.1.

FIGURE 2: (a) Dependence of S2 state multiline (squares) and
QA

-Fe2+ (circles) signal intensities on the concentration of sodium
formate in BBY membranes obtained from the measurements shown
in Figure 1a-d and for other concentrations. (b) A correlation
between the loss of multiline (x-axis) signal intensity and the yield
of formate-induced QA-Fe2+ (y-axis) signal intensity obtained from
(A). Approximate 10% errors are shown in each data curve.
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observed with EPR both for inhibition in S2 state multiline
formation and for evolution of the QA-Fe2+ signal as
described above. The values of the decrease in the multiline
signal intensity and in the degree of inhibition in O2 evolution
coincide only qualitatively, because the differences in the
conditions of the measurements and illumination tempera-
tures might have affected the degree of inhibition. In fact
we observed no appreciable multiline andg ) 4.1 signals
in the 90% YZ

+-trapped PS II caused during illumination
(data not shown).

The inhibitiory effect of formate on O2-evolving activity
was shown to be reversible. Almost complete restoration of
O2 evolution activity of more than 90% of the value for a
control sample was observed in formate-treated samples after
being washed or resuspended with formate-free media. This
indicates that even an extended treatment by formate did not
cause any structural damage to the oxygen-evolving complex
in PS II. Given these, the inhibitory effects may be due to a
blockage in electron transport paths in PS II by specific
binding of formate not only to the acceptor side but possibly
also to the donor side.

Fluorescence Characteristics. Figure 6 shows the photo-
induced changes of variable fluorescence FV related to
photoreduction of the QA electron acceptor at different
concentrations of formate in the assay medium. The yield
of fluorescence is believed to be proportional to the
concentration of photochemically accumulated QA

- and is
sensitive to the state of the PS II WOC. Here, low-intensity
actinic light of 50 W/m2 was used to measure the change of
the yield and rise of FV, revealing inhibition of the PS II
donor side due to replacement of bicarbonate with formate
anion. If we used saturated actinic light intensities, the
electron transport in PS II would be limited by the photo-
accumulation of the QA- state, and quick establishment of a
maximal level of fluorescence might take place before the
measurement of FV. As shown in curve 3 of Figure 6 the
inhibition of variable fluorescence was not observed at a low

FIGURE 3: (A) Appearance of the YZ+ signal in the KM PS II
particles with 250 mM formate concentration at pH 6.0 and without
methanol (see the sample for Figure 1f) trapped in liquid N2. Before
(1) and after (2) illumination for 1 min at 253 K and the difference
(3) ) (2) - (1) that shows about 50% intensity of (1). Measurement
conditions: microwave frequency 9.3 GHz, power 12.5µW, field
modulation frequency 100 kHz, field modulation amplitude 3.2 G,
temperature 77 K. (B) The YZ+ signal was identified by a “2+ 1”
pulse sequence ESE. (a) The nonoscillating time profile indicates
YD

+ only in the dark-adapted PS II. After illumination and
immediate trapping, the oscillating behavior indicates that there were
two kinds of radical signals in the sample shown in part A (2).
The curve is fitted with a simulation for the distance of 30 Å
between the radicals that has been determined for YZ

+ and YD
+

radicals in ref 26. Measurement conditions: microwave frequency
9.61 GHz; the first 16 ns 90° and third 24 ns 180° spin rotation
pulses with a separation of 1000 ns give a spin-echo signal; the
second 24 ns 180° pulse produces dephasing of the spin-echo
signal depending on the time of applicationτ′, resulting in the
oscillating time profile. The magnetic field was fixed at 3440 G
corresponding to the lower field peak of the YD

+ signal in part A
(1).

FIGURE 4: YZ
+ signal kinetics observed in 253 K illuminated 250

mM formate-treated (A) and Tris-treated (B) KM PS II particles.
The magnetic field was fixed at the lower field peak of the YD

+

signal shown by an arrow in the inset. The arrowsv and V show
light on and off, respectively. EPR conditions are the same as in
Figure 3A except for a microwave power of 0.8 mW and
temperature of 253 K.
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concentration of formate (10-50 µM) in the assay medium
in contrast with the results obtained in the digitonin-extracted
membrane fragments (16, 17). However, the increase of FV

intensity took place upon the addition of formate at concen-
trations of more than 1 mM (curves 4 and 5). The extent of
stimulation of chlorophyll fluorescence by formate was
similar to the well-known effect of DCMU that inhibits
electron transfer between QA and QB electron acceptors (43).
In this experiment a slight increase in the chlorophyll
fluorescence occurred for the F0 level with long-term
measuring light in the presence of formate at concentrations
of more than 25 mM, due to blockage of the electron transfer
beyond QA. In this case, weak measuring light induced
electron transfer in the RC, and therefore QA

- accumulated
gradually. These data do not coincide with the EPR data nor

with the results on FV in refs 16 and 17 that the low
concentration of formate inhibited the donor side electron
transfer.

DISCUSSION

The importance of bicarbonate for oxygen-evolving activ-
ity was reported in the earlier studies (6, 7), and a model for
water oxidation that takes bicarbonate into account as a
mediator had been suggested (8). Later the acceptor side of
PS II was shown to be responsible for bicarbonate binding
(44). It is established that the binding site of formate is the
non-heme iron located between QA and QB, and its inhibitory
effect occurs in the competition with bicarbonate. It has been
suggested that bicarbonate is one of the labile ligands to the
non-heme iron (11-12, 15). The electron flow from QA- to
QB at normal velocities requires the binding of this anion to
the non-heme iron.

In recent studies by Klimov et al. (16-20) the requirement
of the bicarbonate for the donor side activity of PS II was
suggested. They indicated that the inhibition of electron
transport on the donor side requires much lower (1000-1

times) concentrations of formate than that on the acceptor
side (16, 17) in the PS II membrane fragments used. The
positive effect of bicarbonate was confirmed on recovery of
electron transport by exogenous Mn2+ (16, 17), on protection
of the donor side of PS II against photo- and thermoinacti-
vation (45), and on the flash-induced changes in absorbance
at the 295 nm, which relates to oxidation of manganese (18).
It was suggested that bicarbonate probably took part in the
formation of the functional Mn cluster or in regulation of
its redox capacities as an essential ligand by itself or through
modification of the binding site of Mn. Another investigation
(46) has shown that the dark stable S1 state of the oxygen-
evolving complex is modified by formate in the presence of
sodium ascorbate and 2,6-dichloro-p-benzoquinone, which
resulted in a high yield of the S0 state of PS II.

Thus, two alternative sites for formate and bicarbonate
competition, which regulates the function of PS II, have been
proposed by different groups, the non-heme iron of the
acceptor complex (3-5, 11-15) and the donor side of PS
II, probably at the Mn cluster (16-20). In the present study,
the results are summarized as follows: (1) inhibition of the
S2 state multiline signal formation and oxygen-evolving
activity with formate; (2) evolution of the QA-Fe2+ signal
in the g ) 1.82 region; (3) absence of PS II inhibition at
low concentrations of formate; (4) an appearance of the YZ

+

radical; (5) a total restoration of the PS II activity after
removal of formate. This might suggest that the bicarbonate
binds more strongly to the putative binding site than the
formate. It should be noted that (1) and (2) are well correlated
with each other as shown in Figure 2B.

There may be two different views as follows to interpret
the results obtained in this study.

(1) One possible explanation for the inhibitory effect by
formate may be its interaction with the donor side compo-
nents of PS II, presumably with the Mn cluster. This
assumption was confirmed by the inhibition of the oxygen-
evolving activity of PS II membranes and by the formation
of the YZ

+ radical induced by formate, which inhibited
electron transfer from WOC to YZ+. However, a rather high
concentration of formate (10-100 mM) that is comparable

FIGURE 5: Dependence of oxygen-evolving activity on concentra-
tions of sodium formate in BBY membranes: (a) membranes after
formate treatment resuspended in the same medium with different
concentrations of sodium formate and (b) membranes after treatment
resuspended in the formate-less medium. An assay medium includes
50 mM MES-NaOH (pH 6.0), 300 mM sucrose, 5 mM NaCl, 5
mM CaCl2, 1 mM EDTA, and 3% methanol. PPBQ (100µM) was
used as an electron acceptor. The rate of oxygen evolution of control
samples was 400( 20 µM O2 (mg of Chl)-1 h-1.

FIGURE 6: Effect of formate on the photoinduced changes of
chlorophyll fluorescence related to QA photoreduction at actinic
light intensities of 150 W/m2 (1) and 50 W/m2 (2-5): 1 and 2, for
the control without addition of formate; 3-5, in the presence of
formate at concentrations of 25µM, 25 mM, and 250 mM,
respectively. Chlorophyll concentration: 10µg/mL. An assay
medium consists of 50 mM MES-NaOH (pH 6.0), 35 mM NaCl,
and 2 mM MgCl2. 4, measuring light (0.05 W/m2) on; v (V), actinic
light on (off).
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with formate concentration to inhibit the electron transfer
between QA and QB was required for inhibition of the
multiline signal formation. This concentration is different
from that suggested in refs16 and 17. We also could not
find any effects of lower than 1 mM concentrations of
formate on the variable fluorescence intensity and the rate
of oxygen evolution. These disagreements might arise from
the difference between membrane preparations used for the
experiments. BBY particles were used in this study, whereas
digitonin-extracted fragments of thylakoid membrane were
used in refs16and17. Oxygen-evolving activity of digitonin-
extracted particles was reported to be 120-150µM O2 (mg
of Chl)-1 h-1 (16), which shows that these particles consist
of different sizes of polypeptides and probably include some
defective oxygen evolving site. The inhibition of the PS II
donor side occurred at rather high formate concentrations
compared to that reported in refs16 and 17. The result
obtained in this work is similar to that in the acetate
treatment, where a high concentration (hundreds of milli-
molar) of acetate was used for inhibition of the donor side
reaction (25, 41, 42, 47). Formate binding affinity for the
donor side seems to be comparable to that of the acceptor
side in PS II. The difficulties in discrimination of the
affinities on these two sides by spectroscopic methods
probably originate from the similarity of the mode of binding
to PS II from bicarbonate to formate. Since replacement of
chloride by acetate has been suggested in previous works
(25, 42, 47), a possibility for formate to replace chloride in
PS II may be considered. It will be further necessary to
determine whether the manganese cluster or YZ is responsible
for formate binding.

We could not find any destructive effect of formate on
the WOC in PS II. The O2-evolving activity of the treated
samples after depletion of formate was the same as that in
control samples, which shows WOC had not been destroyed.
The decrease in the S2 state multiline signal intensity might
be due to some reversible structural changes induced by
formate ligation during illumination or in the dark to a site
close to the manganese cluster. The increase of theg ) 4.1
signal intensity (Figure 1c,d) with increasing formate con-
centration shows that formate may repel methanol coordi-
nated to the site of the manganese cluster (48). Further
increased formate might enter into the water coordination
site, resulting in a decrease in theg ) 4.1 signal. The
formate-inducedg ) 4.1 signal produced in this way in PS
II with 3% methanol was ascribed to an inactive site,
suggesting that the inhibition was not totally derived from
the replacement of the methanol-coordinated site.

(2) Alternatively, formate-induced inhibition of the mul-
tiline signal and oxygen-evolving activity of PS II mem-
branes is ascribed to the interaction of formate to the acceptor
side of PS II. The redox state of the QA

-Fe2+ complex may
be important for the S state configurations of PS II, and the
changes in the structural properties of this complex may
affect the stability of the S states. The results in this work
show that the enhancement of the QA

-Fe2+ signal is well
correlated with the inhibition of the multiline signal. The
linear relation between the increase in the formate-induced
QA

-Fe2+ and decrease in the multiline signal intensities
suggests that the formate inhibition on the donor side may
be induced by the inhibition at the acceptor side. On the
other hand, it is not neglected that the binding constants

happen to be almost the same for the donor and acceptor
sides, resulting in a linear relation. Therefore, the results
obtained here from EPR measurements may give rise a to
controversy that the inhibition of the S2 state multiline signal
formation and oxygen-evolving activity was caused by the
binding of formate to either the PS II donor side or the PS
II acceptor side. The dependence of the inhibition of the S2

state multiline signal on the acceptor side agrees with the
investigation (49) in newly prepared D1 mutants ofChlamy-
domonas reinhardtii, in which the site-directed mutagenesis
of arginine 257 in the D1 polypeptide into glutamate (D1-
R257E mutant) or methionine (DQ-R257M mutant) was
engineered. Kinetic fluorescence studies of these mutants
have shown a reduced sensitivity to formate as well as a
significantly reduced rate of oxygen evolution. This finding
shows the responsibility of the PS II acceptor side for formate
and bicarbonate effects in the above-mentioned mutants. The
detailed mechanisms of regulation of the donor side by the
acceptor side remain to be studied.

The results obtained in this study have suggested that
formate inhibits the donor side reaction of PS II by slowing
electron transfer on the donor side of PS II through a weak
binding to some site in the WOC. This is confirmed by the
absence of any destructive effect by formate and total
restoration of activity of the PS II donor side from the
inhibition induced by formate. The appearance of the YZ

+

signal indicates that the electron transfer from the Mn cluster
to YZ

+ has been retarded. The conversion of the S2 state
multiline signal to theg ) 4.1 signal in the presence of
formate suggests that the electron transfer to YZ

+ is slowed
possibly in the S2 state of the WOC. However, it is still
unclear whether the inhibitory effect of formate in the PS II
donor side is a consequence of the regulation by the acceptor
side due to its binding with formate or merely due to a direct
effect of formate on the donor side of PS II. These two
possibilities are to be discriminated by further studies.
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