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Oxidation of the reduced primary electron acceptor, Q. , of Photosystem II (PS ID in fermate-treated spinach
thylakoids, was inhibited more after the second than after the first actinic flash. This indicates a slowing of electron
flow on the acceptor side of PS 11 from Q, to Q,, the semiquinone form of the secondary plastoquinone acceptor,
formed by electron transfer after the first flash. A hypothesis of electron transfer on the acceptor side of PS H is
proposed to accommodate the bicarbonate-reversible formate /formic acid inhibition of electron transfer after
single turnover flashes. We suggest that the large inhibition in Q. oxidation after the second flash reflects a
blockage of the proten uptake that stabilizes Q. Kinetics of onset of inhibition following formate addition were
followed by measuring the chlorophyll a fluorescence yield, reflecting the concentration of Q,, 1 ms after the
second actinic flash as a function of time after the addition of formate. The apparent rate constants for binding and
unbinding, and the dissociation constant of formate were determined in the pH range from 5.5. to 7.5. The rate of
onset of inhibition following formate addition, reflecting formate or formic acid binding, was highly dependent on
the medium pH. Measurements on the initial binding rate, when one of the two (HCO, /HCOOH) equilibrium
species was kept constant and the other varied, suggested that formic acid is the binding species. This conclusion

was consistent with the observed pH dependence of formate binding.

Introduction

Electrons are transferred from Photosystem 11 (PS
1D to the plastoquinone pool through a two-clectron
gate mechanism involving bound primary (Q,) and
secondary (Q) plastoquinone (see reviews [1-3]). Bi-
carbonate (HCOjJ ) has been shown to stimulate clec-
tron transfer in PS 11 depleted of bicarbonate by treat-
ment with formate or nitric oxide, and this effect has
attracted increasing interest in recent years because of
the possible role of bicarbonate in the mechanism of
clectron transfer in the quinone binding region, and in

Abbreviations: Chl. chlorophyll; PQ. plastogquinone: PS 11, Photosys-
tem H: Q. bound plastoquinone. one-electron acceptor of Photosys-
tem H: Qpy. loosely bound plastoquinone, two-electron acceptor of
Photosystem TE RC, reaction center.
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ligation of the non-hemc iron (sce reviews (4-6]). The
bicarbonate effect is observed in green plants [4—6] and
cyanobacteria [7.8], but not in photosynthetic bacteria
[9]. which suggests that there are significant structural
differences between the quinone-binding regions in the
reaction centers (RCs) of oxygenic and anoxygenic
photosynthetic organisms.

Several observations show that a major bicarbo-
nate-reversible formate effect exists on the electron
acceptor side of PS 11 in the D, and D, proteins of RC
II:

(1) There is a dramatic inhibition, particularly after
the sccond and subsequent flashes, of the reoxidation
of the reduced primary quinone acceptor of PS IL, Q,
as mcasured by the chlorophyll (Chl) a fluorescence
yield decay [10-13], or by the abscrbance change at 320
nm [14] in the presence of formate.

(2) Light-induced EPR signals in the g=1.6to g=8
region [15-17], attributed to magnetic interaction be-
tween semiquinone forms of Q. and Qg, and the
non-heme iron of the acceptor complex (QFe?*Qg,



QiFc?*., QiFe®” und Fe*'), and the Mossbauer
spectra of the non-haem Fe?* [18-20], are altered by
formate, NO and bicarbonate.

(3) The binding of several herbicides, known to inter-
act with D1, is drastically affected by the presence or
the absence of bicarbonate and vice versa [21,22].

(4) Various Synechocystis 6714 [23] and Chlamy-
domonas reinhardtii [24] herbicide-resistant mutants,
altered in single amino acids on DI, are differentially
sensitive to subsaturating concentrations of formate.

Several possible roles for bicarbonate in the func-
tion and structure of the acceptor side complex have
been suggested. Bicarbonate may provide a bidentate
ligand to Fe?* in the Q,-Fe-Q, complex [25]. and
keep the DI1-D2 proteins in their proper functional
conformation. thereby facilitating electron transfer
from Q, to Qp or Qy. Experiments with nitric oxide
(NO), that binds to Fe>~ [20], suggest [26] that bicar-
bonate binds to Fe?* in PS Il. Bicarbonate may. pro-
mote protonation associated with PQ reduction at the
Qp site, explaining the larger bicarbonate-reversible
formate effect on Q. decay after the second and
subsequent actinic flashes than after the first one (Refs.
12, 13; this paper). This latter concept is reinforced by
observations on the effects of formate or bicarbonate
on H* exchange related to PS 1I reactions [27,28].

Since formate behaves as a competitive analogue of
HCOj, a study of its binding characteristics is ex-
pected to provide an understanding of the bicarbonate
effect. In this work, we measured the time-course of
formate binding in spinach thylakoids to gain an insight
into the mechanism of formate-induced inhibition.
Analysis of binding data showed that formic acid, but
not formate, is the binding species. A hypothesis of
electron transfer on the acceptor side of PS 1I is
proposed to accommodate the bicarbonate-reversible
formate /formic acid inhibition of electron transfer af-
ter single turn-over flashes.

In this paper and elsewhere [29,30], we have as-
sumed that the binding of formate/formic acid dis-
places CO,/HCO; bound to PS Il recaction ccnters,
since formate / formic acid (1) behaves as a competitive
inhibitor of HCO; biading [21,29,30], aud (2) releases
CO, from thylakoid membranes [31]. Our work does
not address the question of the naturc of the species
displaced. However, because the pH dependence of
inhibitor binding is sufficiently explained in terms of
the formic acid concentration, it is not necessary to
invoke other changes in protonation state either of the
binding site, or the displaced species, to explain our
data.

Material and Methods

Spinach (Spinacia oleracea) thylakoids were isolated
as previously described [12]. Thylakoids, suspended in

b}
.

0.4 M sorbitol. 15 mM NaCl. 5 mM MgCl, and 20 mM
Hepes (pH 7.8). were frozen rapidly, stored in liquid
nitrogen. and thawed immediately prior to use. Chioro-
phyll concentration was spectrophotometrically deter-
mined in 80% acetone (v /v) extracts of thylakoids {32].

Mes. Hepes, and guinhydrone were purchased from
Sigma. Sodium formate was purchased from J.C. Baker.

To monitor the redox state of Q,, Chi a fluores-
cence vyields after single-turnover saturating flashes
(EG & G FX-124 flash lamp, 2.5 us duration) were
measured by an instrument described elsewhere (Ref.
12. see also Refs. 11, 33). Using weak mcasuring flashes,
the ‘O’ (or F,) level of Chl a fluorescence yicld of 5
min dark-adapted thylakoids, and the decay of the
variable (F,) fluorescence after saturating flashes were
measured at 685 nm. using a 10 nm bandwidth interfer-
encc filter, by a photomutitiplier (EMI 9558). The F,
measures the yield when all the Q,, is in the oxidized
state (see, for example, Ref. 34), and the decay of F,
reflects the reoxidation of Q. to Q,. Assuming that
the probability of the intersystem energy transfer is 0.5,
the concentration of Q, was calculated from the vari-
able Chl a fluorescence yield. as outlined carlier
[12,36,37].

Thylakoids, containing 10 M Chl. were suspended
in 0.4 M sorbitol, 50 mM NaCl and 2 mM MgCl, [12].
80 uM quinhydrone was added to the sample to keep
Q, in its oxidized state. pH of the suspension was
adjusted by using 20 mM Mes (from pH 5.5 to 6.5) or
20 mM Hepes (from pH 7.0 to 7.5).

The kinetics of formate binding in the dark-adapted
thylakoid suspension were measurcd by monitoring Chl
a fluorescence yield changes after an actinic flash at
various times after injecting a known amount of for-
mate (preadjusted to the pH of the suspension medium)
with a syringe. The decay of Chl a fluorescence yield,
reflecting oxidation of Q,, was significantly slowed
only after the second and subsequent actinic flashes.
Those centers in which the Q. oxidation was blocked
v.ere considered to be formate-bound. The concentra-
tion of formate bound PS II RC’s was estimated from
the fraction of centers showing inhibited Q, oxidation
(measured as above) after the addition of formate.

Theory

The two electron gate scheme, developed for anoxy-
genic photosynthetic bacteria and for oxygenic PS I
[2], was modified to accommodate formate binding at
PS 11 RC. Both oxidized and fully reduced forms of the
secondary PQ acceptor (Qg4 or QzH,) bind loosely to
the D1 preiein of the RC 11, whereas the semiquinone
form, Qpg, binds tightly (for a review, see Ref. 2).
Complete reduction of the bound quinone, Q, re-
quires not only two electrons but transfer of two pro-
tons to Qé'. The QgH, thus formed exchanges rapidly
with PQ from the pool and completes the clectron flow
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at this site. the so-called “two clectron gate’. Many
inhibitors block the clectron transport beyond Q4 by
competing with Q,, at its binding site (sce review in
Ref. 2). We have assumed here that formate and Qy
binding are independent of cach other.

In this paper. we will demonstrate (for carlier re-
sults. sce Refs. 10, 12. 13) that formate bound at the
PS 11 RC's greatly decreases the rate of electron flow
after the second. but much less after the first actinic
flash in the Q,-Fe-Qy complex. This is most economi-
cally explained by invoking an inhibition of protonation
at the Q site.

Fig. 1 shows a simplificd scheme that explains the
formate ecffect on the two clectron gate. When the
plastoquinone pool is oxidized, the total (T) amount of
the dark-adapted PS 11 RC's. to which formate (F) was
added. are in onc of the following states: Q4 (without
Qy bound). Q.,Q,, (with Qy bound). FQ, (Q, with
formate bound) and ¥FQ,Q4 (Q, with both Qy and
formate bound). The formate-free and formate-bound
RC’s can be represented as:

[RC]=[Q4)+[Q\Qu]1={1 + K, /[POJHO O} hH
and
[FRC] = [FQ. 1+ [FQ,Qu) = {i+ K, /[POB}FQ.Q,] )

Where [PQ] is the in vivo PQ concentration. [RC] and
[FRC] represent the concentration of formate-free and
formate-bound PS 1 RC's respectively. The total
amount of RC, [RC],. is composed of [RC] and [FRC].
Eqgns. 1 and 2 imply that the concentration of each
form of RC (RC and FRC) can be directly determined
by the concentration of the Q, bound complexes
(QAQy and FQ,Qy). K., and [PQI. In our scheme, we
have two branches of clectron flow in the Q,-Fe-Qy
complex: (1) without formate bound (front of the
scheme) and (2) with tormate bound (back of the

scheme). Open arrows indicate reduction of Q follow-
ing the first or second actinic tlash. Solid arrows repre-
sent equilibria in dark rcactions involving clectron flow,
the binding of quinone or formate and protonation. K,
is the dissociation constant for PQ at Qg sitc and is
assumed to be independent of formate binding. Ky
and K, arc dissociation constants for formate at the
PS 11 RC when Qg is absent and when Qy is bound,
respectively. K| = [FQ,Qul/[FIQ Q) Ky =
[FQL]/IFIQL]. The cstimation of kinctic parameters
for formate binding at PS 11 RC's is based on the
above scheme.

The following assumptions were made in the deriva-
tion of equations describing formate binding to PS H
RC’s:

(1) k, and k_p arc defined as the on-ratc and
off-rate binding constant of formate at PS 11 RC's;
their ratio defines the dissociation constant of formate
binding. K. k. is a second-order constant, whereas
k 4 is a first-order constant. We assumc that the
dissociation constant of formate at PS I RC’s with
vacant Q site and that with bound Qy, site are equal,
i.c.. K, =K,. This means that, unlike herbicides, the
binding of formate does not compete with PQ. The two
types of center arc scparate and formate does not
exchange rapidly between them. For the same reason,
K. the dissociation constant of PQ or PQH, for Qg
binding site, is assumed to remain unchanged in the
formate binding process.

(2) Compared to the rates of the reduction of Q,,
the electron transfer from Q. to Qy or Qp. the
binding of Q, at its binding site and the protonation of
reduced Q. formatc binding is assumed to be rela-
tively slow. Therefore, the concentration of [FRC] is
determined only by the formate-binding process. and
other reactions mentioned above can be assumed to be
at their equilibrium poise. Furthermore, the rate of
formate binding is very slow even when compared with
the dark interval (1 s) between two actinic flashes, so
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o N |
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Fig. 1. A working scheme showing the tormate /formic acid (F) binding mechanism which affects the two clectron gate in PS 1 reaction centers.

Open arrows indicate photoreaction of Q, following the first or second actinic flash. Solid arrows represent equilibria for dark reactions

involving (1) electron flow, (2) binding of quinone or formate /formic acid and (3) the protonation of reduced Q. K|, is the dissociation constant

for plastoauinone. K and K are dissociation constants for formate at the Qg binding site or at the Qg vacant site. The heavy cross implies the
blockage of a protonation reaction.



that the fraction of formate bound centers does not
change during the period between the last actinic flash
and the assaying flash scquence.

After the first actinic flash, all the PS 11 RC’s have
transferred onc clectron to form Q, in most centers.
We suggest that the protonation of Q, is prohibited in
the formate-bound PS 11 RC’s (sce bold cross in Fig.
1). Therefore, althoug!: the second photorcaction can
take place in the formate bound PS I} RC's and
FQ, Qg can form, further reoxidation of Q. will be
hamperced after the second flash since protonation is
necded for fast plastoquinol (Q4H,) formation. This
brings about the large increase of the Chl « fluores-
cence yield measured at 1 ms after the second actinic
flash. We shall use the fluorescence yield at | ms after
the second flash to calculate the fraction of the for-
matc-bound PS Il RC’s. The protonation steps during
QgH . formation have not yet been fully deciphered.
However, Wraight [38] showed that in bacterial reac-
tion centers, electron transfer from Q, to Qi (H ") was
rapid compared with the transfer from Q, to Q,;, and
Crofts ¢t al. [39] interpreted their results in chloro-
plasts as showing a similar cffect. From our present
results we cannot decidec whether the first or the sec-
ond or both protonation steps arc hindered in
formate-bound RC’s.

On the basis of the assumptions above, we cquate
the formate-bound reaction centers detected after the
second flash with the fraction of formate-bound recac-
tion centers before the assaying flash sequence. so that
[FRC] = [FQ;Q,]. Changes in the concentiation of
the formate-bound PS II RC’s are given by Eqn. 3 and
monitored by the Chl a fluorescence yield after the
second actinic flash:

d[FRC}/dr = & [F][RC)~ & {FRC(]

=k [FIURCH ~[FRChH -k (IFRC] (3
Under initial conditions. its normalized solution is:
[FRCI/[RCh = K [FIC1—exp{ - ¢k [F)+ A )/ (ke [Fl+ A o)

h

The time course of formate binding 1n line with Eq.
4 is obtained by plotting [FRC]/[RC], against time.
[FRC]/[RC}; will reach a constant level when the
incubation time is long enough. Its first derivative is:

J(IFRCY/[RCly)/dr = k [Flexp{ = (k ([FI+ &k g1} 5

The initial on-rate binding constant of formatc.
{d(FRC]/[RCl,)/dt), . is equal to &k {F] when ¢
approaches () and is dcfincd ws C. C is Gependuiit on
the formate concentration in the initial condition and
is directly measured from the initial slope of the time

3s
coursce. After plotting C against formate concentration,
Ky is thereby determined. as defined.

The dissociation constant of formate. K, . was calcu-
lated by using the formate concentration and the ratio
between formate bound or unbound RC's. This ratio
was determined from the constant level reached during
the time-course of formate binding. The off-rate bind-
ing constant. & . was obtained from the ratic of &,
and K.

Results and Discussion

Flash number dependence of the PS H electron flove:
basic binding property of formate

Formate-induced inhibition of the oxidation of Q.
at pH 6.5, is shown in Fig. 2. In comparison to the
carlier experiments [12.13], in which tormate treatment
lasted for hours. we measured Chl o fluorescence
intensity after direct injection of formate into spinach
thylakoid suspensions followed by a 15 min dark adap-
tation. A modecrate slowing of electron flow was found
following the first flash. but considerably greater slow-
ing occurred after the second and subscquent flashes
in formate-treated thylakoids at pH 6.5 (Fig. 2). Exper-
iments at pH 6.0 and pH 7.0 confirmed this conclusion
(cf. data in Refs. 12, 13). In all cascs, addition of 20
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Fig. 2. The effect of formate sformic acid binding en the decay of
[Q4 ] calculated from Chl o fluorescence yield at pH 6.5, The
number in each panel reters to the flash number of the actinic flash.
The added formate concentration was 1000 mM. The dark-adaptation
time was 15 min. In the reaction medium. 0.4 M sorbitol, 50 mM
Nat i 2 mnd Mz7? and 80 uM quinhvdrone were included. Open
circies, formate-treated: closed cndios. cort=b open squares fore
mate-treated to which 20 mM bicarbonate was added.
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mM bicarbonate totally reversed the above-mentioned
inhibitory cficcts to match the data in the controls
(date at pH 6.5 is shown in Fig. 2).

If the difference of Q, concentration between for-
matc-treated  and  control samples, [QA Jyonnmer —
[QA Jcontron- Was plotted (data not shown), a maximal
incrcase was found after the second and subsequent
flashes. The largest increase of [Q 4] was found at 1 ms
after the actinic flash. Thereforc, the change of
(O Jyormueey = TQA Jcontron @t 1 mis was chosen through-
out our study. The fact that two actinic flashes arc
necessary to produce the biggest inhibitory effect oa
the electron flow can be explained by assuming that
formate binding limits the availability of protons for
the formation of Q H,. Since H™' binding has a rela-
tively weak effect on the kinetics and equilibrium of
clectron transfer after the first flash (Robinson, H.H.
and Crofts, A.R., unpublished data). this results in the
greatest slowing of electron transfer after the sccond
actinic flash. as indicated in Fig. 1 (sce top horizontal
linc).

In order to control the effect on surface potential
resulting from addition of sodium formate, 100 mM of
NaCl was added to spinach thylukoid suspensions in-
stcad of sodium formate in expcriments otherwise
identical to those used in Fig. 2. No cffect was ob-
served on the decay of [Q] after any of the six actinic
flashes (data not shown). Therefore, the effcct ob-
served on addition of sodium formatc cannot be at-
tributed to changes in the surface potential of thyla-
koids.

The determination of the rate constants for binding and
unbinding, and the dissociation constant of formate at
the plastoquinone reductase site

The timc-course of formate binding to spinach thy-
lakoids at pH 6.5, as measurcd at different formate
concentration, is shown in Fig. 3. At pH 6.5, the initial
rate of formate binding increased as the concentration
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Fig 3. The concentration- and time-dependence of formate/formic

acid binding at pH 6.5, as measured by [Q4 1 1 ms after the second

actinic flash. Different symbols indicate the different concentration

of added formate (see key in the figure). The other experimental
details were the same as in the legend of Fig. 2.
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Fig. 4. Dependence of the initial rate constant, C, calculated from
the clope of [O. 1 versus mixing time, for formate/formic acid
binding on formate concentration in spinach thylakoids after the
second actinic flash. Different symbols indicate the medium pH (see
key in the figure). The other experimental conditions were the same
as in the legend of Fig. 2. Number of experiments to obtain error bar
was 4 tG 6.

of formate was raised. This result can be explained by
the second-order binding process indicated in Eqn. 4.
Furthcrmore, the higher plateau for [QL] at higher
formate concentration is also in agreement with Egn.
4. Thus, our experimental results are consistent with
the binding scheme in Fig. 1.

In Fig. 4, the initial on-rate binding constant of
formate, C, calculated from the slope of [Q.] as a
function of mixing time, and at different pH values,
was plotted against formate concentration. The shape
of the curves can be described by the Michaelis-Menten
equation, implying a saturation effect. C increased
with increasing formate concentration at all pH values
(5.5-7.5) examined (Fig. 4; Egn. 5). The initial slope of
C, reflecting the initial binding rate of formate when
the formate concentration approaches zero, was also
dependent upon the suspension pH. Its value was
relatively larger at lower than at the higher pH levels.
Since the second-order on-rate constant for formate
binding, A, is obtained from the initial slopes in Fig.
4, the pH dependence of the initial slope of C also
demonstrates the pH dependence of k., the on-rate
binding constant of formate.

The dissociation constant, K, was obtained under
constant binding conditions. k_g, the first-order rate
constant for the release of formate from its binding
site, was derived from the ratio between k¢ and K in
each case. The dissociation constant for formate was
calculated to be 94 mM at pH 6.5. The rate constants
for binding and unbinding, and the dissociation con-
stant of formate are listed in Table I. The on-rate
binding constant of formate, k¢, was highly pH depen-
dent (top panel of Fig. 5) it is 18, 14, 5.6, 1.7 and
050-1072 s7! M~! at pH 5.5, 5.7, 6.0, 6.5, and 7.0,
respectively (Table I): & decreased with decreasing



TABLE 1

The on-rate (k. ), the off-rare binding constant (k). and the dissoci-
ation constant {K ) of the binding species (considered to be formate
herel in spinach thylakoids

n = number of experiments: + indicates standard error.

pH kg k_p K, n
(0 *s "M D (ae s b (mM)

55 18 +6 0.2140.04 12+ 4 6

5.7 14 +5 0.18+0.05 13+ 5 4

6.0 56 +3.0 0.17+6.03 30+ 1o 4

6.5 1.7 +0.93 0.16£0.03 94+ 51 4

7.0 0.50+0.25 0.13+0.01 260+ 130 4

proton concentration. However, the off-rate constant,
kg, is independent of pH. K also shows a pH depen-
dence. It changes from 12 to 260 mM in the pH range
of 5.5 to 7.5.

The binding species: formate or formic acid?

It has been tacitly assumed thus far that formate is
the binding species that produces bicarbonate-reversi-
ble inhibition of electron flow between Q, and the PQ
pool. However, the pH dependence of the on-rate
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Fig. 5. Top: The pH dependence of the on-rate (k) and the off-rate

(k _¢) binding constants after the second actinic flash when formate

is considered to be the binding specics. Bottom: The pH dependence

of the on-rate (k¢) and the off-rate (X ) binding constant after the

second actinic flash when formic acid is considered to be the binding

species. Number of experiments 1o obtain error bar was 4 to 6. Open
circles: kg; open squares: Kk _g.
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constant (top panel of Fig. 5} and of the initial binding
rate (Fig. 4} of formate icads to a new insight into the
binding species provlem. In the medium, formate cqui-
librates with formic acid. The p A of formatce is 3.75. In
the 5.5 to 7.5 pH range, uscd in this study, the change
of formic acid concentration with the pH change is far
greater than that of formate. At pH 6, 99.4% of the
total amount of the two cquilibrium species is formate,
changing only to 99.94% at pH 7.0. It is obvious that
the change in formate concentration is negligible when
the medium pH changes from 5.5 to 7.5. In contrast,
the change in formic acid concentration is highly de-
pendent on the medium pH in the pi! range of this
study. Results (Fig. 4 and the top pancl of Fig. 5)
indicating the high pH dependence of the initial on-rate
binding constant, C, and the second order rate con-
stant, &k, imply that formic acid, rather than formate,
may be the binding species in PS IL

Since formic acid, not formate, appears to be the
binding species, all the data in Table 1 were recalcu-
lated using the concentration of formic acid. Using the
pK wvalue of formate (3.75) and the medium pH, the
ratio between concentrations of formate and formic
acid was derived. At pH 5.5, 6.0. 6.5 and 7.0, the
concentration of formate is 56-, 178, 563- and 1778-
times the concentration of formic acid, respectively.
The actual concentration of {ormic acid was calculated
and replaced with that of formate in previous [F] in all
calculations. New results listed in Table Il are based
upon the assumption that formic acid is the binding
species. A remarkable result is observed (bottom panel
of Fig. 5, also sec Table II): the on-rate constant, k.
(around 10 s™! M~} becomes pH-independent in the
pH range 5.5 to 7.5. The off-rate constant of formate,
k _g, however, still remains pH independent as before.
The dissociation constant, K, that was larger than 10
mM when formate was thought to be the binding
species, becomes 200 uM and relatively independent
of pH. It is satisfying that the concentration of formic
acid required to inhibit Q,-to-Qy reaction is in the
micromolar range, not in the 10 millimolar range as
would be the case if formate were the inhibitory species.

TABLE I

The on-rate (kg }, the off-rate binding constant (k _ ;), and the dissoci-
ation constant (K ;) of the binding species (considered to be formic
acid here) in spinach thylakoids

n = number of experiments: + indicate; s:andard error.

pH kg k_g Kg n
(s"'M™D (1072571 (uM)

5.5 10 +3 0.21+0.04 210+ 66 6

5.7 12 +4 0.17+0.05 140+ 50 4

6.0 10 +6 0.17+0.03 170 + 100 4

6.5 9.6+5 0.16 £0.03 170+ 90 4

7.0 89+4 0.1340.01 150+ 70 4
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cquilibrium formate concontration at several ditfferent medium phl
The drawn line was obteined by the least-squares method. One point
at 0.9 mM formic acid €50 mM formate) was not included in the
analysis,

By taking advantage of the pH dependence of the
cquilibrium ratio of formate to formic acid to effec-
tively hold one species constant while varying the other.
we further probed the chemical nature of the active
specics of the inhibitor. Mcasurements of the initial
on-rate binding constant. €. over a pH range from 5.5
to 7.5 indicated that the initial binding rate i1s propor-
tional to the concentration of formic acid, but indepen-
dent of formate concentration at constant formic acid
concentration (Figs., 6 and 7). These results demon-
strate that formic acid is the active species involved in
the inhibitory process.

In order to test further the nature of the inhibitor
binding site, we attempted to match our &, data with
theoretical acid-base titration curves using The Hen-
derson-Hasselbalch cquation. If a fit were to be ob-
tained. we could explain it by simply supposing the
existence of a binding site in the RC protein containing
a residue that undergoes protonation. In the anionic
form, this residue wouird impede the binding, but in the
ncutral form it would facilitate its binding. The fitting
could indicate that formatc is the more logical binding
species because of its negative charge. However., our
k¢ data did not fit any of the theoretical curves with
pK valucs of 5. 5.5, 6, 6.5 or 7 (data not shown). Thus,

1.2 i} :
[Formic Acid], pM
| 100 1
® 50
-~ 020 ]
D) a1o
e 0.6 - ' . '
o 1 e
S . 4
L LT, .
S 1
/ N ) Gammm—
hee The Toop
0 i}t .
0 10 50 100

Formate Concentration, mM
Fig. 7. The formate concentration dependence of the initial on-rate
hinding constant of formate /formic acid binding in spinach th-
viakoids. The data were obtained from Fig. 4. Ditferent symbols
indicate four different equilibrium formic acd concentrations at
several different medium pH.

we take this information as opposing formate as the
binding spccics.

It has been suggested that bicarbonate and formate
bind to Fe~ ', to D1-R26Y (Ref. §; sce also Ref. 40) and
to D2 arginine [41]. If this is the case, formic acid
would have to diffuse a certain distance (10-50 A from
stroma) before reaching the binding site. It is therefore
neeessary to consider the influence of diffusion when
analyzing the binding kinctics. First, the dependence of
the initial binding rate constant. C. on formate concen-
tration (Fig. 4). docs not show a linear characteristic at
low concentration. as is expected for diffusion, but
saturation. This is best scen from the set of straight
lincs obtained after the data in Fig. 4 were replotted as
a double-reciprocal (Linewcaver-Burk) plot (Fig. 8).
This implies that the effect of formate/formic acid
follows saturation characteristic of binding at a specific
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Fig. 8. A double-reciprocal (Lineweaver-Burk) plot for the initial

bhinding constant, (. when formate (left paael) or formic acid (right

panel) is considered to be the binding specics. The data was calcu-

lated from that in Fig. 4. Different symbols represent different pH
values (see key in the right pancel).



sitc on the protein. Sccond. the time-scale (minutes) of
the formate /formic acid binding is much slower than
the diffusion-limited rate constant calculated from typ-
ical diffusion cocfficients for small organic molecules
in water [42). Therefore, we conclude that the binding
dominates the time-course of formic acid inhibition,
and the effect of diffusion can be ignored in the
analysis.

When formate was considered to be the binding
species, a pH dependence was found for the double-re-
ciprocal lines in the left panel of Fig. 8. Intercepts on
the [concentration] ™! line indicated that the Michaelis
constant, K, related to dissociation constant, is pH-
dependent. K, is 16, 19, 56 and 100 mM when pH is
5.5, 6, 6.5 and 7, respectively. The double-reciprocal
linc became pH indcpendent when formic acid was
taken as the binding species (right panel of Fig. 8). K,
is 91 uM in this case. The K, values fit K. values in
Tables 1 and 11 within error, as expected from the
above conclusion that formic acid is the binding specics.
The intercepts on the 1 /C axis indicated a maximal
initial binding rate of about 1.5-10°% s~ ! for both
formatc and formic acid.

In conclusion, this study shows that formic acid. but
not formate, is the binding species that inhibits elec-
tron transfer at the Qy site in PS II. This finding
allows new insight into the binding niche of CO,/bi-
carbonate; we need not consider only positively charged
amino acids as binding components. This paper also
provides a working scheme for formic acid binding at
the electron acceptor side of PS Il RC. Furthermore,
results presented here strongly support the protonation
hypothesis for the bicarbonate effect. Future experi-
ments will help us to understand the relationship be-
tween the binding species and the protonation steps
leading to QzH, formation, and to refine the scheme
for the action of bicarbonate-reversible inhibitors.
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