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In HCO; -depleted thylakouls in which the basal activity was less than 7% of the lully restored activity after
readdmon of HCO; , the d activity at a half. g HCO; was 1i with the

hyll ion. This i thnttherewassﬁllsome dog HCO; ining in these
thylakmds,eventhoughﬂleyappearedtobewelldepletedofHCQ, . A kineti lysis of the activity curve
for these thylakoids, as a function of HCO;” ion, indi that there are at least two high-affinity
sites of HCO;™ in Photosystem 1I (PS 1I), app ly with cooperative binding. An additional low-affinity
site has been shown to exist earlier (Stemler, A. (1977) Biochim. Biophys. Acta 460, 511-522; Blubaugh,
D.J. and Govindjee (1984) Z. Naturforsch. 39¢, 378-381). Dlumination was shown to convert non-exchang-
ing membrane HCO;™ to an exchanging one. It is suggested that HCO; is an essential activator for PS II

electron transport, and that a complete removal of HCO;™ would result in zero activity.

Introduction

In addition to the role of CO, as the ultimate
electron 1

cently, it seems to have been tacitly assumed that
there is a single major HCO; -binding site in-
volved in the regulation of electron flow though

in photc is, bicarb

the pl ] of PS IL In this paper, we

(HCO;') has been shown to stimulate el

flow at the electron-acceptor side of Photosystem
II (PS II) [1-4]. Little is known about its mecha-
nism of action, although a detailed model has
been presented [4]. Recently, we showed that the
active species is HCO;, not CO, [5]. Until re-

Ahhreviath Chi,

DCIP, 2.6-dichlorophenoli
dophcnol Ky, dassoc' tion constant for the HC03 ‘PSS II
PQ, i PS 11, II; Qa,

primary plastoquinone electron aoceplor of PS II; Qy, sec-
ondary plastoquinone electron acceptor of PS II.

Govindjee, Dx of Plant Biology, 289
Momll Hall, 505 S. Goodwin Avenue, Urbana, IL 61801,
USA.

a ki analysis of a velocity versus
[HCO, ] curve. Our analysis suggests: (1) an en-
dogenous tighily bound [HCO;] exists in
HCOj -depleted membranes; (2) at least two
high-affinity HCOj -binding sites exist in
thylakoids; and (3) preillumination causes a con-
formational change that converts non-exchanging
membrane HCO; to an exchanging one.

Materials and Methods

Thylakoids were obtained from market spinach,
as described in Ref. 6. The Chl concentration was
determined by the spectrophotometric method of
MacKinney [7).
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N, gas, used to purge containers and solutions
of CO,, passed through a drying column of CaCl,
and ascarite to remove any residual CO,, and then
was hydrated by bubbling through distilled H,0.
All solutions were bubbled for at least 10 min
beforeuse The thylakoids were r ded in a

leti di (CO,-dept d 50 mM Na
phoephate /100 mM NaCl/100 mM NaHCO,/5
mM MgCl, (pH 5.5)) to a [Chi] of 40-80 pg/ml,
then incubated with gentle shaking for 5 min at
room temperature in the dark. The depleted
thylakoids were pelleted at 3500 X g for 7 min at
7°C, then resuspended under N, to a [Chl] of 12
pg/ml in the reaction medium (the same as the
depletion medium, but with pH 6.5 and only 5
mM NaHCO,). After restoration of the Hill activ-
ity with a saturating [HCO;'], the electron trans-
port rates were, typically, around 400-600
peqv./mg Chl per h, using DCIP or ferricyanide
as electron acceptor, and were about 60-80% of
the original activity. Rates of electron transport
from H,O to DCIP or ferricyanide were measured
ther polarographlcaﬂy as O, evolution on a Clark
or n.uuy, follwing the
procedure in Ref 5, w1th one P Ithough
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also adds more substrate [10}. For example, the
Michaelis. M.

kplS] .
=% +(S][ i) [4)]

is linear if [S] is constant, but since the endoge-
nous substrate concentration must be equal to
some fraction. ¢, of the to'zl enzyme concentra-
tion, Eqn. 1 becomes

_ _Kp([S)assea+ c[EL) @
Ks+([Slagaeat c[EL) '

which is no longer linear for ¢ # 0. Here, K is the
dissociation for ihe / substrate
complex, k, is a forward rate constant for the
formation of product P, E is free enzyme, S is
unbound substrate, and [E], is total enzyme con-
centration. The above d

HCO; is a substrate or an acuvatot ‘Whatever
form the velocity equation takes, V is propor-
tional to {E], as long as both substrate and activa-
tor concentrations are constant. However, if either

DCIP is itself an uncoupler, 10 mM methylamme
and 100 nM gramicidin D were also added, as
they appeared somewhat to stabilize the initial
rate of DCIP reduction. Other details are reported
in the figure legends.

Results

A double-reciprocal ploi of the vclocity curve
(rate of Hill reaction as a function of [HCO; ] at
equilibrium) obtained from HCO; -depleted
thylakoids, in which the basal rate of electron
transport was less than 7% of the fully restored
rate, was found to be linear, as has been shown
previously [8,9]. We q d, however, wheth
the 7% residual activity might be due to some
endogenous HCO;™ not removed during the deple-
tion procedure.

In an ion, d sub-
strate can be detected by measuring the velocity as
a function of enzyme concentration, at a constant
but subsaturating concentration of added sub-
strate. If endogenous substrate is present, the curve
deviates from linearity, since adding more enzyme

one i with i g (E],, then a plot of V'
vs. [E], will not be linear.

Fig. 1 shows a plot of rate of DCIP reduction
versus [Chl] (closed symbols). All of the points
were made at a [Chl] at which the light is saturat-
ing; in non-HCO; -depleted control thylakoids,
the velocity as a function of [Chl] was linear up to
a [Chl] of 25 ug/m! (data not shown). The devia-
tion from linearity, when a half-saturating [HCO;']
is added, is evident. Assuming the thylakoid
volume to be 1 mi per 3 mg Chi (the approximate
volume of pelleted thylakoids), we have calculated
that the maximum deviation due to a decreasing
solution volume with increasing [Chl] would only
be 0.3%, whereas the observed devxatmn is of the
order of 25%. Therefore, the of
nous HCOj in these membranes is certain. How-
ever, the residual activity of the HCOj -depleted
thylakoids in the absence of added HCO; ap-
pears to be linear with {Chij, whereas it should
have also deviated from linearity, according to
Eqn. 2 (with [S] 440 = 0). A possible explanation
is that the endogenously bound HCO; was not
exchangeable with the bulk solution until after the
addition of exogenous HCO; and/or preil-
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Fig. 1. The rate of DCIP reduction ( VDC",, c]osed symbols) or

[Slendog = constant). This might suggest a seques-
tered pool of HCO; within the membrane. Fur-
ther experiments suggest that this is indeed the
case.

First, we confirmed that the rate of O, evolu-
tion with 2 uM ferricyanide as an electron accep-
tor gave the same results, with increasing [Chl], as
DCIP photoreduction (Fig. 1, open symbols, nor-
malized to the DCIP rates). In addition, in
HCO; -depleted samples, a non-linear curve was
obtained if the samples were first preilluminated
(open circles). On the other hand, in the absence
of preillumination, the curve with half-saturating
HCO;3 became linear (open diamonds). Thus, the

of O, evolution (Vo,; gpen sy HCOj -depleted
thylakoids, as a function of the [Chl]. The reducuon of DClP
was calculated from the d in absorb at 600 nm. The

e of an endogenous HCO; pool can only
be observed by this method after brief preil-
ination, after which this HCO; can ap-

pH was 6.52. The data are from two separate exp

Expt. 1 (closed symbols): The HCO; -depleted sample used
was the same one used to obtain the data in Fig. 2. At each
[Chl}, the residual rate (a) was measured during a 20 s il-
lumination, then the restored rate (8) was measured during a
second illumination beginniag 3.0 min after the addition of
0.27 mM NaHCO; (0.16 mM HCOj3 after equilibrium). Expt.
2 (open symbols): The residual rates were measured with, (0),
or without, (a), a 20 s preillumination given 3.0 min before the
measurement. The restored rates were likewise measured with,
(Q), or without, (), the preillumination. For i the

parently exchange with the HCO; in the medium.
Less than 7% of the fully restored activity re-

d in these thylakoids after HCOj -depletion

(Fig. 2). It appears likely then, that had all of the
endogenously bound HCO; been removed, the
activity would have been zero, suggesting that
HCO; may be an essential activator. A double-re-
ciprocal plot of the data in Fig. 2, without any

residual and restored rates of Expt. 2 are separately normalized
to the rates of Expt. 1; the ratio of restored to residual rates in
the two preparations differed. The drawn curves are from two
theoretical predictions of the data, based on a model of two
cooperative HCOj -binding sites and an endogenous [HCO;']
of 0.1 mM. The velocity equation is

ko ([HCOS Lusaea* [HCOF Jenion)”
K’ +([HCO5 Juggea+ [HCOT Jendos)

Chl]

with k;, = 230 pmol DCIP reduced/mg Chl per b, K’ = 00613
mM?, find [HCO; 144400 = 0.16 mM (top pair of curves) or
[HCO; 144dea = 0 (lower pair of curves). Solid lines: The mem-
brane HCO;5 is assumed to be non-exchangeable with the bulk
medium, 50 [HCO3 Jenqog i6 constant at 0.1 mM. Broken lines:
The membrane HCOj5 is assumed to freely exchange with the
bulk medium, so that [HCO; Jenaog = ¢[Chl), with ¢=0.1
mM/0.0436 mg Chl (the constant amount of Chl in Fig, 2,
from which the value of 0.1 mM endogenous HCO; was
estimated).

lumination. In other words, each binding site
would initially only see the HCO; accessible
within the membrane, regardless of the presence
of other membranes ([S]euop * ¢[E);, but rather

correction for the endogenous HCO; (not shown),
is linear, as observed by others [8,9]. From this, it
would erroneously appear that the HCO; site
follows Michaelis-Menten kinetics. However, after
a conservative correction for the endogenous
HCO; (assumed to be 0.02 mM after exchange
with the bulk solution, estimated by extrapolation
of the curve in Fig. 2 to zero activity), the devia-
tion of the double-reciprocal plot (Hill activity ™'
vs. [HCO5 ]~ from linearity became evident (data
not shown). However, a plot against [HCO; )4
is linear (Fig. 3), suggesting that the number of
binding sites is at least 1.4; this means the mini-
mum number of binding sites is 2.

Given the heterogeneity of PS 11 (for a review,
see Black et al. [11]), it is conceivable that HCO;
binds to a single site, but with different affinities
in the different types of center. This would be
analogous to a multiple-enzyme system, in which
each enzyme catalyzes formation of the same
product. A double-reciprocal plot for such a sys-
tem is not linear. However, the deviation from
linearity is in the direction opposite to that ob-
served here (fur a discussion of the kinetics of
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Fig. 2. The rate of DCIP reduction (Vpcip) in HCO; -depleted
thylakoids, as a function of the equilibrium HCOj3 concentra-
tion. The reduction of DCIP was d from the d

in absorbance at 600 nm. After a 20 s illumination of the
depleted thylakoids, NaHCO; was added. The rates were mea-
sured during a second illumination beginning 3.0 min later.
The equilibrium HCO;™ concentrations were calculated accord-
ing to Ref. 5. The pH was 6.52, and the [Chl] was 10.9 ug/ml.
The curves are from two theoretical predictions of the data:
Solid line: A single HCOj3 -binding site, with no cad:genous
HCO; , is assumed. The velocity equation is

ko [HCO;5 ]
=—————"—_[Chl
Ks+[HCO; ] Lt
with k= 273 pmol DCIP reduced/mg Chl per h and K =197
M. Broken line: Two cooperative HCO; -binding sites and an
endogenous [HCO; ] of 0.1 mM are assumed. The velocity
equation is

k,[HCO; |
yatolHOOTT ~[Chi]
K’ +[HCO; ]
with &, =230 pmol DCIP reduced/mg Chi per h and K’ =
0.0613 mM?,

such a system, see Ref. 10, pp. 64-71). While
HCO; may psosibly bind with different affinities
to the different types of PS II center, such a model
is not sufficient to explain the data presented here.

Discussion
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Fig. 3. A double-reciprocal plot of the rate of DCIP reduction

in HCO5 -depleted thylakoids as a funcuon ol‘ the equilibrium

[HCO7 1714, d for an [HCO5 ]
of 0.02 mM. The data are from Fig. 2.

where n,,, is the apparent number of sites, and
K’ is a function of the dissociation constants for
each site, as well as of the cooperativity between
them (see Ref. 10, pp. 355-361). For multiple
essential activation sites, the velocity equation is
functionally identical (with [A] in place of [S},
where A = activator; see Ref. 10, pp. 403-404). A
functionally equivalent velocity ion can also
be shown to apply to mixed sites, where the same
compound is both substrate and activator [12].
Since this is the case, it is not necessary to dis-
tinguish between models in which HCO; is an
activator or a substrate. The presence of an inhibi-
tor (e.g., 5 mM formate), assuming that it binds
with much lower affinity than the substrate,/
activator, increases the apparent value of X',
without altering the form of the equation {12].

The value of n,,, can be obtained by plotting
1/V vs. 1/[S}"»» for various values of n,,, until a
linear plot is obtained. The value for n,,, must be
between 1 and the true number of sites, with n,,,
approaching the true number with increasing co-
operativity between the sites (with no cooperativ-
ity, nupp = 1). The data of Fig. 2, after a conserva-
tive correction for end HCOy, yield a
linear plot with n,,, =1.4 (Fig. 3), suggesting at
least two HCO; sites with some degree of cooper-
ative binding.

Cooperativity will causc the low end of the
velocity vs. [HCO; '] curve to become sigmoidal. If
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sigmoidicity is imposed on the data of Fig. 2, then
the estimate of endogenous [HCO; | is larger than
the 0.02 mM correction applied in Fig. 3, and n,,,
is larger. The degree of cooperativity between the
HCO; -binding sites could, therefore, be high. A
value of 2 is obtained for n,,, if an endogenous
[HCO;'] of 0.1 mM is assumed.

Fig. 2, in addition to the data discussed earlier,
also shows the theoretical curve for a two-site,
cooperative model with an effective endogenous
[HCO;'] of 0.1 mM and the predicted curve for a
Michaelis-Menten one-site model with no endoge-
nous HCO;. It is clear that with only a few
points, clustered around the middle of the curve
(see also Ref. 8, 9), it.is impossible to discriminate
bewween the two models, unless it is known whether
or not there is endogenously bound HCO; .

Since Figs. 1 (closed symbols) and 2 were both
obtained from the same depleted thylakoids, it is
necessary that any model chosen be able to pre-

the HCO,; before the low-affinity pool was
saturated. Similarly, we showed previously [14] the
effects of added HCO; on Chl a fluorescence
induction which did not saturate until 60 mM
HCO; and we concluded that there was a pool of
very-low-affinity sites. Given the size of the en-
dogenous pool of HCO; suggested in this paper,
it is likely that it is this same low-affinity pool.
Although consisting of low-affinity sites, there
appears to be some mechanism capable of pre-
g the excl of prane HCO; with
the bulk solution (Fig. 1, lower curve, without
preillumination). One possibility is a sequestered
pool of HCO; buried within the membrane, with
a hydrophobic lipid/protein barrier preventing
diffusion of the HCO; . Although CO, could dif-
fuse across such a barrier, the exchange rate could
be very slow due to limited availability of H™,
necessary for conversion of HCO, to CO,, within
this sequestered space (see for example, Ref. 15).

dict both sets of data. As d d p ly, a
Michaelis Menten model, while consistent with
Fig. 2, requires the ption of no endog
HCO; and is therefore inconsistent with Fig. 1.
On the other hand, the two-site model is con-
sistent with both sets of data. As shown in Fig. 2,
it is consistent with the velocity curve. The predic-
tion by the two-site model of the activity vs. [Chl]
curve is shown in fig. 1. The broken lines are the
predictions based on the assumption that the en-
dogenous HCO; is freely exchangeable with the
bulk medium. The solid lines are the predictions
based on a non-exchangeable pool of HCO; . The
model predicts the data fairly well if it is assumed
that there was no exchange until after the addition
of HCO; . As discussed earlier, this appears to
have been due to the preillumination.

Although a value of 0.1 mM for the endoge-
nous [HCO;] permits a good fit of the data of
Figs. 1 and 2, this value is quite la:ge in relation to
the concentration of PS II 5 it

Stemler [13] showed that binding of HCOj to the
low-affinity sites in the dark required 30 min to
reach equilibrium, which is an order of magnituds
longer than reported for the high-affinity sites
{5,9,16]. As discussed earlier, preillz:ination ap-
pears to induce changes whick expose the I f-
finity sites to the bulk medium (Fig. 1, lower
curves).

The two cooperative sites of HCO; binding
suggested here are separate from the low-affinity
pool since they are detected kinetically under con-
ditions in which the low-affinity sites are exposed
to the builk solution and are largely empty. A very
low percentage of these low-affinity sites would be
filled at the [HCO; ] at which V,,,, was reached in
these experiments.

On the other hand, the low-affinity pool may
serve an important function in vivo by buffering
the [HCO;'] in the vicinity of the high-affinity
s:tes if one or both of the HCO; g:oups is

requires several thousand HCO; molecules per
PS 1I. Although quite large, such a number is not
without preced Stemler [13] demc d, by
H'CO; labelling of chloroplasts, the existence of
a low-affinity pool of HCO; , with a concentra-
tion at least as high as the bulk [Chl). The con-
centration of this pool may be much higher, since
he reported encountering solubility problems with

Ived in protonatmg Qg and/or Q}~, with
release of CO?~, the low-affinity pool would pro-
vide a ready source of new HCO; molecules for
rapid binding to the high-affinity site(s). The
sequestering of this low-affinity pool might also
provide a ing h as follows:
during illumination, the consumption of H* within
this sequestered space by PQ reduction would
drive the CO,/HCO; equilibrium towards




HCO;, increasing logarithmically as the pH in-
creases ([CO,) would remain constant, since CO,
would be free to diffuse into this sequestered
space). With a large number of low-affinity sites
in equilibrium with this [HCO;}, a large number
of HCO; molecules could be stored. When the
intracellular {CO,] drops during photosynthesis,
the efflux of HCO; from this pool would be very
slow due to the limited availability of H* ions to
convert HCO; to CO,. Thus, the low-affinity
pool couvld provide 2 mechanism for keeping the
high-affinity sites loaded during rapid ternover of
the reaction centers, even when the intracellular
[CO,] is low.

It has long been known that low pH and high
salt concentrations facilitate HCO; depletion of
thylakoids. We speculate that they may do this, in
part, by causing the loss of the stored pool. Proto-
nation of an ijonizable group and/or charge
shielding of this samc group could induce a con-
formational change that exposes the low-affinity
sites to the bulk phase, with consequent unloading
of the pool. Consistent with this model is the
observation by Stemler [13] that H*CO; bound
to the high-affinity site(s) does not exchange read-
ily with the bulk solution, except at low pH.

The pH optimum for the HCO; requirement is
6.5 [17,18]. The rising arm of this pH profile is
undoubtedly due to the pK, of CO,/HCO; . The
declining arm, on the other hand, may reflect the
pK, of the ionizable group just proposed. At the
pH of these experiments (6.5), the integrity of the
sequestered pool was perhaps tenous, so that
structural changes during illumination were suffi-
cient to expose the low-affinity sites to the bulk
liquid.

The two most likely candidates for the high-af-
finity sites are: a species liganded to Fe**, as
previously proposed by Michel and Deiseniofer
[19], and the other complexed with an arginine
residue, as suggested by Shipman [20). The ligand
bound to Fe?* would account for several observa-
tions: the large increase in the light-induced EPR
signal at g=182, atuibuted to the Qj - Fe?*
complex, upon HCO, depletion {21]; the mablhty

of high-p to oxidize the Fe?*
the presence, but not in the absenee, of l'ormate
[22]; and the app lack of a homol

quence in PS II which would correlate wn.h a
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region of the b ial ion center subunit M
that carried a glutamate residue liganded to the
Fe* [19). The possibility that HCO; binds to
arginine-257 of the Qg protein was discussed pre-
viously by us [4,5] and les a viable candid
for the second high-affinity site.

‘We have proposed a detailed working model [4]
incorporating the ideas reported here. In this
model, the HCO; bound to Fe?* is structural
only, providing a salt bridge between the Fe?* and
the D, protein of the PS Il reacticn center, analo-
gous to the glutamate ligand io Fe’* in the
bacterial reaction center [19]. This salt bridge may
be disrupted by low pH and high ionic strength to
expose the low-affinity sites to the bulk solution.
The HCO; bound to arginine is suspected by us
to be the HCO; involved in the protonation of
Q; and/or Q3 (see for example, Refs. 23, 24).
The two sites appear to be ¢ooperative. Release of
CC}~ from the arginine dusing illumination (see
Refs. 4, 5) may, therefore, weaken the binding of
HCO; at Fe** sufficiently at pH 6.5 to account
for the effect of preillumination in exposing the
low-affinity sites to the bulk phase.
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