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ABSTRACT. The proposed role for bicarbonate (HE®Pas an intrinsic cofactor within the water-oxidizing
complex (WOC) of photosystem Il (PSII) [Klimov et al. (199B)ochemistry 361627716281] was

tested by investigation of its influence on the kinetics and yield of photoactivation, the light-induced
assembly of the functional inorganic core (M®)CaCl,) starting from the cofactor-depleted apo-WoOC

PSII center and free M, Ca&*, and CI. Two binding sites for bicarbonate were found that stimulate
photoactivation by accelerating the formation and suppressing the decay, respectively, of the first light-
induced assembly intermediate, ifapo-WOC-Mn(OH),*]. A high-affinity bicarbonate siteKp < 10

uM) stimulates both the rate of recovery of €volving centers and decreases (by a factor of-B)Zag,

the time for formation of IM. This stimulation involves enhanced binding of the initial Mm@and occurs

only at concentrations of M at or below the stoichiometric requirements for water oxidatied Mn/

PSII) and disappears above 4 Mn/PSlII. The absence of an effect from added bicarbonate on photoactivation
kinetics and yield at saturating concentrations of?Mand C&"™ may be due to the availability of
atmospheric bicarbonate dissolved in the bufferd (M at pH 6.0) sufficient for photoactivation. The
second bicarbonate site also stimulates the rate of formation fblM has much lower affinityKp
approximately millimolar) and becomes observable only at low concentrations?oftiat are limiting

for photoactivation. This stimulation effect appears to occur by complexation of fige tBareby reducing

its activity in competing with MA" in the formation of IM. Bicarbonate had no effect on the calcium
effector site responsible for the rate-limiting dark step of photoactivatioA™(6mding to IM,). Four
interpretations of the high-affinity bicarbonate effect may be advanced as testable hypotheses: bicarbonate
may (1) act as an integral cofactor within the WOC (possible ligand to the first Mn), (2) act as a Bronsted
base to accelerate proton release during formation of either the dark precursor [apeM/QTH)*] or

IM; [apo-WOC-Mn(OH),"], (3) directly deliver one or more hydroxide ions during formation of the
latter two species (with release of @Qor (4) act as a membrane-soluble anion that electrostatically
elevates the local concentration of krin PSII. These results support a possible biogeochemical role for
bicarbonate in the evolution of the first oxygenic photosynthetic organism. An improvement in the
illumination method for photoactivation is presented in which light flashes of increasing duration are
used to extend the pre-steady-state lag phase and to suppress photoinhibition, thereby improving the accuracy
of ti,g determination.

Carbon dioxide and its hydrolysis products in water, the on the evolution of biological function. Particularly, the
carbonate anion and bicarbonate, most likely had importantinfluence that bicarbonate had on the speciation of manga-
biogeochemical roles in influencing the solubility and nese and calcium in the archaean oceans may have altered
speciation of metal ions during the pre-Cambrian epoch, the course of biological evolution by permitting the chelation
owing to the much higher atmospheric €€boncentration of these cofactors in the first successful mutation that
that is predicted to have existed thenl(?>—10* above the produced an @evolving photosynthetic organism on earth.
current level at 3-4 billion years ago)J). This considerably Bicarbonate is known to be required for expressing the
higher concentration would have had profound influences maximum activity of photosystem Il (PSH)(for recent

review see ref2). However, the variety of effects that
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bicarbonate exerts on PSII (“bicarbonate effect”) appear to volume covered with a silicone-type membrag#)( All the

be diverse, as well as the identity of the bicarbonate-specific experiments were conducted in the standard assay medium
binding sites within PSII. Initially, the site of bicarbonate containing 1uM apo-WOC-PSII membranes (on a per
action on PSII was ascribed to the water-oxidizing complex reaction center basis) and 0.8 mMR€(CN) as an electron
(WOC) on the donor side of PSII3(4) and a model acceptor, as well as MnglCaCl, and NaHCQ and other
including bicarbonate as a mediator for photosynthetic water salts at concentrations indicated in the text or figure legends.

oxidation has been suggestet] §), which, however, was Oxygen-evolving PSII core particles were prepared from

in contradiction with the results of isotopic experimeris ( spinach as described in réf5. When illuminated with
Later, however, strong evidence for the action of bicarbon- saturating light in the presence of 0.5 mM DCBQ, these

ate on the electron acceptor side of PSIl and its requirementparticles evolved oxygen at typical rates of 8@DO xmol

for electron transfer between the primanuj@nd secondary  of O,/(mg of Chth).

(Qe) plastoquinone molecules was presenfgdafid further A new approach has been used to initiate and observe the

confirmed by a number of data (for review see 2fThe  ppotoactivation process. Instead of pulses with constant light

non—heme Fg located bet_wegm end @ was shown to be  qyration tignt = 40 ms) @3), we applied light pulses of

the site for bicarbonate binding on the acceptor s&J&). gradually increasing duration from 5 to 205 ms (each step
On the other hand, the bicarbonate effect on the donor of the pulse duration increases by 0.5 ms). The dark time

side of PSII has been demonstrated comparatively recentlybetween flashestfq) was equal to 3 s, which as shown

(10—15). The most pronounced stimulating effect of bicar- earlier @2) is optimal for the photoactivation yield. The

bonate is revealed during reconstitution of the Mn cluster voltage signal from the preamplified measuring cell passed

after a complete removal of manganese and calcium fromthrough a precision low-noise current-to-voltage converter,

PSII preparationsl(, 11, 13—15). However, it was unclear  was further amplified after filtering by adjustable high-and-

what specific step(s) during reconstitution of the Atuster low-frequency filters, and then was digitized by a 16-bit data

were stimulated by bicarbonate ions. The reconstitution acquisition interface under an original program written in

process is a natural process that occurs during biogenesis othe LabView acquisition and analysis software for Windows.

the inorganic cluster, as well as following the repair of The program served also to regulate the duration and the

damaged PSII protein subunits. This process is called number of pulses.

photoactivation and involves multiple steps that require both

light-induced M@+ oxidation and dark binding of a €a RESULTS

ion for reactivation of @ evolution (L6—23). Recently, ) N

progress has been made in examination of the mechanism_ (1) Comparison of the Two Photoagition Procedures

of photoactivation due to new experimental developments, The new method of photoactivation by increasing the flash

which have enabled kinetic resolution of the first three duration diminishes the possibility of photodamage, known

intermediates formed during assembly of the c@@-23). to be especially _problematlc when the manganese cluster is

Evidence was presented that demonstrated the essential rol@Psent such as in the early stages of photoactiva@én (

of C&* in the assembly of the Mrcore @2). This approach 28). F_|gure 1A shows that the new method with increasing

has been used here to examine the particular step(s) ofduration pulses (curve 1) lengthens the pre-steady-state lag

photoactivation that may use bicarbonate. phase f(zg), Which enables more accurate measurement of
the time period before Dis produced compared to the
MATERIALS AND METHODS method with fixed-duration pulses (curve 2). Additionally,

the use of shorter light pulses during the initial stage of

PSll-enriched membrane fragments were prepared fromassembly helps to reduce the flash artifact from the LED
market spinach by the method of Berthold et &4)( pulse, thereby increasing the accuracy efy@ld measure-

Samples (at 4 mg of Chl/mL) were stored with 0.4 M ment when the yield is low. Another advantage of the new

sucrose-MES/NaOH buffer (pH 6.0) in liquid bluntil they  method is the possibility of direct graphical determination
were slowly thawed and washed in a medium containing 300 of the lag time by extrapolation of the linearized second

mM sucrose, 35 mM NaCl, and 25 mM MES/NaOH buffer phase of the photoactivation. [Clear demonstratiortgf

(pH 6.0) (assay medium). Under saturating continuous determination is presented in Figure S1 (Supporting Informa-
illumination, the oxygen evolution rate of untreated PSIl tion), where a semilogarithmic plot (fraction of inactive
membrane fragments with 0.8 mMsRe(CN} and 0.5 MM centers vs time) was used.] The second or rate-limiting phase
2,5-dichlorop-benzoquinone (DCBQ) as electron acceptors in which O, evolution is restored was previously found to
was 400-450 umol of O/(mg of Chth). be governed by a dark process that obeys a single-exponential
Manganese and calcium were removed from PSII mem- rate law when fixed-duration pulses are used. The convolu-
brane fragments (apo-WO€PSII) at a concentration of tion of the exponentially increasing population of photo-
0.25-1 mg of Chl/mL in the normal assay medium along activated centers (fixed total population), along with the
with 25 mM N,N,N',N'-tetrapropionato-1,3-bis(aminometh- linear increase in illumination time, leads to a linear increase
yl)benzene (TPDBA) and 1 mM ascorbate as describedin the total amount of @that is produced on each pulse.
earlier 0). Photoactivation of apo-WO€PSII membranes  The G yield per unit flash duration reflects the normalized
by light pulses from an ultrabright LED with a wavelength O, produced per photon and was calculated by division by
maximum of 660 nm ant}, of 800 mW/cn? (HLMP-8102, the duration of each flash as shown in Figure 1B. Comparison
Hewlett-Packard) and amperometric detection efibthe of the two illumination methods shows that the use of flashes
assay medium containing 0.8 mMzRe(CN) were per- of increasing duration produces a faster rate of photoacti-
formed simultaneously in a Clark-type microcell ofuh vation (after the lag phase is over) and thus a higheyi€d
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Ficure 1: Comparison of typical kinetics of the rate of oxygen
evolution recovery by photoactivation in apo-WOeSIl mem-
brane using two methods for illumination by light pulses (A).
lllumination method 1, increasing light pulse duratidg; = 5
ms (initial) to 205 ms (final) with increasing pulse duration of 0.5
ms each pulselgak = 3 s. lllumination method 2, constant pulse
length: tighy = 40 mS,tgan = 3 s. Total number of pulses in both
cases is 400/peak = 800 mWicni, and A = 660 nm. (B)
Normalization to constant pulse duration by division by pulse
duration. Assay conditions: apo-WG®SII concentration of 0.25
mg of Chl/mL, which corresponds toiM reaction centers of PSII,
25 mM MES/NaOH buffer (pH 6.0), 35 mM NacCl, 300 mM
sucrose, 0.8 mM KFeCN}), 8 uM MnCl,, and 8 mM CaCl
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Ficure 2: Kinetics of photoactivation of apo-WGO&PSII mem-
branes with flashes of increasing flash duration. (A) Curve 1,
without added bicarbonate; curve 2, after addition of 249
NaHCG;; curve 3, after addition of 4 mM NaHGQO(B) Normalized

O, yield per unit flash length from panel A (normalized by dividing
by the light pulse duration of each flash). Assay conditions are
same as in Figure 1 except the concentration of Mnéls 2uM

(2 Mn/PSII).

O, - yield per flash,

data are normalized by division by the flash length. From
this normalization we observe that the yield of @er unit
flash duration is increased in the case of:28 NaHCQOs;,
while the 4 mM NaHCQ concentration reduces the yield.

per flash reached at the end of the pulse regime (400 pulses)There is no major effect on the lag when saturating
Both methods would eventually produce identical yields of concentrations of manganese and calcium are used such as
photoactivated PSI!I if it were not for the somewhat greater those employed in Figure 2. However, at lower Mn concen-
loss due to photoinhibition that occurs with the fixed-pulse trations this situation changes.

method. This improvement also enables detection of lower

levels of Q reactivation and thus should help in all future
studies.
We examined intact £evolving PSII core complexes and

Figure 3A illustrates the trends itpg, While Figure 3B
illustrates the effect on the Qield observed as a function
of bicarbonate and manganese concentrations. In Figure 3A
the lag period is seen to decrease as the manganese

PSIl membrane fragments that had not been extracted toconcentration increases from 1 to 8 MfPSlI, as previously
remove the inorganic cofactors. We found no evidence for shown and assigned to the uptake of the first?Mim the
photoactivation of these samples in the presence of addedassembly proces2(). Bicarbonate addition in the range
cofactors (no lag period for oxygen evolution, a constant below 100uM is found to decrease the lag period, but only
increasing slope, and no photoactivation) (Supporting Infor- in a concentration window between 2 and 43#®SIl, and

mation, Figure S2).
(2) Effect of Bicarbonate on Photoagdition. Figure 2

no effect is observed with either 1 or 8 KAPSII. (At Mn?*
concentrations between 2 and 4 NiPSII, a 50% shortening

shows that addition of bicarbonate changes the kinetics of of the lag period is observed upon addition of-I% uM
photoactivation in a concentration-dependent manner. FigureNaHCGQ;, which corresponds to the acting concentration of

2A (curve 2) shows that addition of 28l NaHCGO; causes

HCO;™ between 5 and 8M due to the equilibrium of added

an acceleration of the rate of the second step of photoacti-bicarbonate at pH 6.0.) Figure 3B shows a similar effect on

vation (slope) and a decreasetifg when compared to the
control (curve 1). [It is clearly seen in Figure S3 (Supporting
Information), where a semilogarithmic plot (fraction of
inactive centers vs time) was used to determigg] By
contrast, at 4 mM NaHCgXcurve 3) the rate of the second

step of photoactivation is slowed relative to the control while

the G, yield after 400 pulsesYoo), increasing to a peak near
100uM bicarbonate at 2, 3, and 4 MPSII and decreasing

to near the original value in the range 0.1 to 0.5 mM
bicarbonate. The effect on yield also becomes very low at 8
Mn2*/PSII, while at 1 MA*/PSII the stimulation of yield
requires slightly higher bicarbonate concentratior2Q0

the lag period is not appreciably changed. In Figure 2B theseuM). At intermediate bicarbonate concentrations {45
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. ) activation lag period (A) and the Qyield per unit flash duration
Ficure 3: Bicarbonate concentration dependence of the photo- measured at flash number 408,4), (B) at various calcium
activation lag periodtgg) (A) and the Q yield per unit flash  concentrations. Photoactivation conditions are the same as in Figure
duration measured at flash number 4000 (B). Manganese 2 except that the concentration of Mp®Vas 8uM.
concentration: @) 1 uM, (A) 2 uM, (¥) 3uM, (O) 4 uM and ()
8 uM MnCl,. Photoactivation conditions are the same as in Figure Scheme 1: Model of Photoactivation in Apo-Weesl!
2 except for concentrations. (23) and Modification Based on the Data of Bicarbonate

) Involvement in the First Steps of Reassembly of Active

mM) only small changes or no change occurs in the lag woc

period, while higher concentrations of bicarbonate (above 4

2
mM) cause a further decrease. tuony” |k, ™ _—oH] ¥ _ki BV 3 mal xcr
Figure 4A shows that in the case of saturating amounts Of ‘ees N | [M“\ OJ =AM oo - MnyCaCle
manganese (8 Mn/PSll), addition of bicarbonate accelerates H*D ¢ H | woc
photoactivation by shortening the lag period for recovery of ™ M,
oxygen evolution when subsaturating amounts of Gatd apo-WOC
used. At the optimal concentration of calcium (8 mM) for .
recovering oxygen evolution yield the effect of bicarbonate mntco ) kP |[ _neo)]” ﬁ BV 3Mnttxcr
is almost absent, only a 10% acceleratiomgfup to 8 mM woe J =T o } == IMy oo > MnCaiCl,
bicarbonate. However, at lower calcium concentrations . cw woc
bicarbonate produces a considerably greater acceleration of "

tiag 1.4-fold acceleration at 0.5 mM CagCind at 0.25 mM apo-WOC I M
CaCb. The acceleration off; by bicarbonate becomes
difficult to observe below 0.1 mM Cag&tue to loss of the

O, signal. The acceleration tfg is biphasic in bicarbonate
concentration with a higher affinity phase below 1081
bicarbonate. By contrast, bicarbonate produces no effect on
the yield of photoactivated centers at any concentration of
calcium (Figure 4B). The previously determined calcium
concentration that leads to a 50% stimulationtgf and DISCUSSION

photoactivation yield is £2 mM (29).

As a further characterization of the bicarbonate effect we  The stimulating effect of bicarbonate on the kinetics of
examined the influence of formate, which is known to the first step of photoactivation seen in Figure 3 indicates
compete with bicarbonate binding to the electron acceptor that it is involved in accelerating the rate of formation of
side of PSII at a low-affinity site. The effect of formate was [IM; or suppressing deactivation of IMrefer to Scheme 1).
investigated on the kinetics of electron donation from Mn- The binding affinity for bicarbonate (appardfs ~ 6.5uM),

(I1) to apo-WOC-PSII, measured by photoinduced fluores- as obtained from both the effect ag,tand the increase of

cence,AF. At concentrations up to 5 mM, formate did not
affect the electron donation rate by Mn(ll), indicating that
the bicarbonate effect on electron donation to PSII occurs
at a distinct site from that where formate interacts at these
concentrations.
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the yield of active centers occurs only in the range of Mn/ the initial Mr?" (possible ligand). A third possibility is that
PSII stoichiometries that are needed for assembly of the bicarbonate may deliver one or more hydroxide ions needed
WOC (i.e.,<4 Mn/PSll). The dissociation constant agrees during assembly of the M@, core (instead of water
well with previous estimates of bicarbonate stimulation of hydrolysis). A fourth possibility is that bicarbonate may
Mn-dependent electron transfer in apo-WORSII samples  partition into the PSII membrane at a higher level than is
as measured by Chl fluorescence and photoactivation yieldpresent in the surrounding aqueous buffer. This increased
[20—34 uM for the major component and10 uM for the surface charge would lead to an increase in the local
minor componentl(3)]. The absence of an effect from added concentration of M and C&" in the aqueous medium near
bicarbonate on photoactivation kinetics and yield at saturating the interface and thus cause an acceleration of the rates of
concentrations of Mn(ll) ¥4 Mn/PSIl) and Ca(ll) may be utilization of these cations observable only at concentrations
due to the availability of sufficient ambient bicarbonate that remain below saturation of their respective binding sites.

dissolved in the buffers~4 uM at pH 6.0) arising from Electrochemical stabilization of IMupon coordination of
atmospheric C@ This amount would be sufficient for  bicarbonate may be the origin of the kinetic effects observed.
saturation of the requirements for {Nbrmation if bicarbon- The potential for reduction of Mn(lll) decreases from .2

ate is involved in a chemical equilibrium that is coupled to 1.4 V for the aquo ion to 0.92 and 0.63 V for the
the binding of Mi#*. The binding constant for formation of  corresponding mono- and dibicarbonate complexes, forming
Mn(HCGQO3)" in aqueous solution at 2%C and zero ionic Mn(HCGO;)" and Mn(HCQ),, respectively 81). The latter

strength is 1.27 [logk; K is in units of liters per mole (MY)]. potentials are sufficiently low that direct oxidation by the
Therefore, the bicarbonate effect onilMinetics could not photooxidized tyrosine-Z radical would be possible even
be due to changes in the chemical form ofim solution, without further stabilization due to binding to the high-

as this occurs only at considerably higher concentrations. affinity site. This appears not to occur during photoactivation,
At 1 Mn/PSII the rate of IM formation is very slow and the  as was pointed out above, since the bicarbonate effects occur
bicarbonate effect on the rate disappears. This may be dueat concentrations much lower than the complexation reaction
to a change in the rate limitation from binding of Kinto for Mn?" in solution. However, bicarbonate binding could
the high-affinity site to its diffusion to the site. Low levels easily stabilize IM as follows. On the basis of the decrease
of residual M@+ not removed by the extraction procedure in the reduction potential for Mn(lll) upon coordination of
also interfere with kinetic measurements below 1 Mn/PSII. bicarbonate to Mn, the predicted difference in dissociation
The high-affinity bicarbonate binding site involved in the constants for bicarbonate from Mn(lll) vs Mn(ll) is more
kinetics of formation of IM also becomes detectable as the than 10 orders of magnitude. Therefore, if binding of both
concentration of CH is decreased below that which Mn" and HCQ™ to the apo-WOG-PSII complex were to
competes for binding to the high-affinity Mh site [Ky = occur, then subsequent photooxidation tq ferming Mn'" -
1.5 mM (22)] (this occurs even at saturating ¥mconcen- (HCGs)?* or [Mn"'(HCGO3)(OH)]* (via hydrolysis of bound
trations above 4 Mn/PSII). This is a kinetic effect exclusively, water) would yield a thermodynamically more stable form
as there is no effect observable on the yield of photoactivatedof Mn'". By increasing the thermodynamic driving force for
centers or on the rate-limiting step (stefin Scheme 1, the  formation of IM;, we can expect an acceleration in the lag
dark binding of C&" at its effector site). At 8 mM C#4, period owing to a slowing of the back reactiok-{). A
where calcium binding to the high-affinity Mnh site is similar argument can be made if bicarbonate acts as a
saturated, the high-affinity effect of bicarbonate disappears. Bronsted base to remove a proton, forming "M@H)>",
We conclude that the high-affinity bicarbonate site is which has a reduction potential of 8:8.7 Vvs 1.2-1.4 V
involved exclusively in promoting the binding of Mhin for aquo Mn(lll). Put another way, the equilibrium constant
one or more of the steps leading to formation of;I&hd for dissociation of hydroxide from MOH)?* vs Mn'OH*
has no detectable influence on the binding affinity ofCa  is smaller by a factor of 10°
at its effector site. Bicarbonate binding does produce a further In earlier works we showed that bicarbonate enhances the
acceleration of thé,g process in the range between 100 and binding affinity of Mn'" to apo-WOGC-PSII; it permits rapid
7500uM added bicarbonate. This much weaker binding site photooxidation of this bound Mnto Mn"" by tyrozine-Z"
appears to correspond to the complexation of freé" @Ga and suppresses the reduction and release of thi$ (A0,
the buffer to form Ca(HC@* and Ca(CQ) [log K = 1.26 11, 14). These results were interpreted as evidence in favor
and 3.15, respectivel\80)], thereby decreasing the amount of direct binding of bicarbonate to Mnand Md" in the
of free C&" available for competition with M&t binding. presence of apo-WO€EPSII. The present results are con-
In Scheme 1 we present two models to account for thesesistent with these earlier observations but allow for at least
effects of bicarbonate on the formation of {Mn the upper the two distinct interpretations given in Scheme 1.
panel we suggest that bicarbonate increases the probability In conclusion, we have revealed that bicarbonate stimulates
of the light reaction that produces IMor increases the the rate of assembly of the inorganic core responsible for
stability of IM; against subsequent deactivation. This model water oxidation by two distinct mechanisms. This occurs at
is identical to the previous model for photoactivati@3)( the very first step in the binding of the first Minvia a high-
except that it includes bicarbonate acting as a Bronsted baseffinity bicarbonate site. Bicarbonate binding at a second site
to remove protons released during the hydrolysis of water (low-affinity) also accelerates the assembly process at the
ligands bound to M#. Hydrolysis occurs at two steps, in  first step by disrupting the competitive binding of Tat
the formation of the dark precursor to {Napo-WOC-Mn- the high-affinity Mr#* site. There is no effect of bicarbonate
(OH)™] and upon photooxidation to IM[(apo-WOC-Mn on the calcium effector site that controls the rate-limiting
(OH),™]. In Scheme 1 (lower panel), bicarbonate is proposed uptake of C&" in the dark. Because bicarbonate exerts a
to serve as an integral cofactor essential for the binding of positive influence on the earliest steps of assembly, this
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suggests that it may have had a dominant role in the 11.Klimov, V. V., Allakhverdiev, S. I., Baranov, S. V., and
formation of the first G-evolving organisms that evolved 1 '\:ﬁ};lzclz\éb_\(z- MH (1iﬁg)lzhh(§?§)énth-sR;%312,|_r2nlo9—2\35v .
i H . WI usz, H., \ ev, o. |, | V, V. V., V
in the primitive archaean oceans, where the bicarbonate Gorkom,JH. 3. (1996Riochim. Biophys. Acta 12733,
concentrations quld have been gr.eatly eleyated owing to 13. Allakhverdiev, S., Yruela, I., Picorel, R., and Klimov, V.
the x 10°—10* fold higher atmospheric C{partial pressure (1997)Proc. Natl. Acad. Sci. U.S.A. 95050-5054.
than today 1). This may have been promoted via formation Klimov, V., Hulsebosch, R., Allakhverdiev, S., Wincencjusz,
in solution of manganesebicarbonate clusters of composi- H., van Gorkom, H., and Hoff, A. (199iochemistry 36
tion Mn,(HCOs),(OH), as more stable building blocks for 16277-16281. _
photooxidation and binding by the nonoxygenic photosyn- 15'|'_<"m°"' V., Baranov, S., and Allakhverdiev, S. (199£BS

. . L7 " : ett 418 243-246.
thetic bacterial precursor which is hypothesized to have given
rise to the first G-evolving organisms32).
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