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Complex of Photosysteml|

V. V. Klimov,* * R. J. Hulsebosch S. I. Allakhverdievt H. Wincencjus2 H. J. van Gorkont,and A. J. Hoff

Institute of Soil Science and Photosynthesis, Russian Academy of Sciences, Pushchino, Moscow Region, 142292,
Russian Federation, and Department of Biophysics, Huygens Laboratory, Leideersity, P.O. Box 9504,
2300 RA Leiden, The Netherlands

Receied July 21, 1997; Résed Manuscript Receed October 13, 1997

ABSTRACT. It was previously shown in the photosystem Il membrane preparation DT-20 that photoxidation
of the oxygen-evolving manganese cluster was blocked by 0.1 mM formate, unless 0.2 mM bicarbonate
was present as well [Wincencjusz, H., Allakhverdiev, S. I., Klimov, V. V., and Van Gorkom, H. J. (1996)
Biochim. Biophys. Acta 1273—3]. Here it is shown by measurements of EPR signal Il that oxidation

of the secondary electron donorz,¥is not inhibited. However, the reduction of, ¥is greatly slowed
and occurs largely by back reaction with reduced acceptors. Bicarbonate is shown to prevent the loss of

fast electron donation to ¥ The release of about one or two free Mrper photosystem Il during
formate treatment, and the fact that these effects are mimicked by Mn-depletion, suggests that formate
may act by replacing a bicarbonate which is essential for Mn binding. Irreversible light-induced rebinding
in an EPR-silent form of M#" that was added to Mn-depleted DT-20 was indeed found to depend on the
presence of bicarbonate, as did the reconstitution in such material of both the fast electron donation to

YZ and the UV absorbance changes characteristic of a functional oxygen-evolving complex. It is
concluded that bicarbonate may be an essential ligand of the functional Mn cluster.

Bicarbonate is known to be necessary for the maximal MATERIALS AND METHODS
activity of photosystem Il (PS H)(reviewed in 1). Initially,
its site of action was thought to be in the oxygen-evolving ~ Subchloroplast PS Il membrane fragments designated here
system 2, 3). However, later strong evidence for the action @S DT-20 were isolated from spinach chloroplasts using 0.4%
of bicarbonate on the acceptor side of PS II, providing digitonin and 0.15% Triton X-100 as describetll), with
efficient re-oxidation of the first plastoquinone electron SOme modifications12, 13) (except that pH 6.5 was used
acceptor' Q, has been presented)( and the idea was instead of pH 78) Under i”umination in the presence of
supported by a number of data (for review see 1). The non- 0.3 mM phenylp-benzoquinone (PPBQ) the DT-20 frag-
heme Fe between Qand the secondary plastoquinone Ments evolved 146200 umol of O,/mg of Chi/h. DT-20
electron acceptor, § have been shown to play an essential fragments were earlier shown to contain one PS Il reaction
role in bicarbonate bindings]. On the other hand, recently ~ center per 206220 Chl molecules and only one molecule
a bicarbonate requirement also at the donor side of PS 11 in ©f P700 impurity per 10 000 Chl molecule$1-13). A
so-called DT-20 membrane fragments has been clearlycomplete ¢95%) removal of Mn from the membrane
demonstrated6—8), and has now also been reported for fragments was carried out ugii M Tris-HCI (pH 8.0) plus
“BBY” membrane fragments9). In this work we present 0.5 M MgCk (13). Restoration of the Mn cluster in Mn-
evidence indicating that bicarbonate is required to maintain depleted DT-20 (Figure 4) was carried out as follows: the
the Mn center in a functionally active state capable of Tris-treated DT-20 particles, suspended in 0.3 M sucrose, 5
efficient electron donation to the oxidized secondary electron MM CaCb, 100 mM KCI, and 100 mM MES-NaOH (pH

donor, Yz+ [tyrosine 161 of the D1 protein of PS ILQ)]. 5.2) at a chlorophyll concentrgtion of 25@/mL, were put_
in a flat glass tray of 30 mm in diameter. The suspension
(10 mL), in the presence of 2V (2 Mn/PS 1) or 5.0uM
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benzoquinone. in a medium containing 0.1 M MES-NaOH buffer, pH 6.2,
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Ficure 1: Effect of formate and bicarbonate on the EPR spectra of signal Il (A) arfd (@) measured in the dark (solid lines) and under
continuous illumination (dotted lines), and kinetics of the EPR signal Il induced by microsecond light flashes (C), in untreated oxygen-
evolving DT-20 membrane fragments. Trace 1, no additions; 2, in the presence @ML86dium formate (after 15 min incubation in the

dark at 0°C); 3, in the presence of 1QfM sodium formate and 200M NaHCO; (after 15 min incubation in the dark at’@). The kinetics

were measured at the low-field peak of the spectrum, which does not overlap with the nayrev2esignal arising from Chl radicald.g).

An average of 100 flashes was given for each trace. The Chl concentration was 2.8 mg/mL (corresponding to:d@itP= Il reaction
centers).

0.1 M KCI, and 10% glycerol at a Chl concentration of 2 The kinetics of the flash-induced EPR signal Il were

mg/mL. measured with 1 ms time resolution with the averaging of
For EPR measurements, samples were put into a flat EPR100 flashes fired at 20 s intervals using a LeCroy 9410, 150

quartz cell 0.1 mmx 10 mm x 30 mm. The EPR  MHz, digital oscilloscope equipped with a signal-averaging

experiments were done in the absence of artificial electron facility. Flash-induced UV absorbance changes were mea-

acceptors, except for the flash-induced kinetics of signal 1l, sured as described previouss).(

which were measured in the presence of 0.3 mM PPBQ. All

measurements were carried out at room temperature. EPRRESULTS

measurements were performed with a Varian E-9 spectrom-

eter as in 14)’ using 100 kHz field modulation at a The EPR spectra in Figure 1A show that in untreated,

microwave frequency of 9.52 GHz, microwave power 10 Oxygen-evolving DT-20 membrane fragments the light-

mW, modulation amplitude 0.4 mT for signal II, and 2.0 induced increase of signal Il, attributed to photoaccumulation

mT for the EPR signal of M. Continuous illumination of oxidized tyrosine \Z is about half the amplitude of the

with red light provided by a 300 W xenon lamp (filtered by signal present in the dark, attributed to tyrosiné. YThe

5 cm water, a Balzers Calflex filter and a glass OG3 filter) kinetics of the flash-induced EPR signal Il, measured with

or saturating xenon flashes were used as actinic illumination.a 1 ms time resolution (Figure 1C) revealed, in addition to
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a spike due to the partially resolved rapid decay phases of no NaHCO, 1 mM NaHCO,
Y} attributed to reduction by the oxygen-evolving complex
(OEC), a substantial component of about 0.1 s lifetime which 800 A B

is stable enough to allow photoaccumulation of the signal 1 1

in continuous light. This finding is consistent with the earlier m ._j\/\/\M/\Af, ,\/\/\/\/\/\/\/\/,._

conclusion from flash-induced UV absorbance changes that <4

about half of the PS Il centers in DT-20 membrane fragments =~ 2 2

are inactive in oxygen evolutioB). Inthe presence of 100 % A“’”‘/\/”"’“—

uM formate the rapid reduction oszwas blocked (Figure <13 3

1C) and the light-induced ZVsignal was about equal to the —/\/V\/\W ‘\\—’J\r——'-‘—“'

dark-stable % signal (Figure 1A). This is consistent with

evidence that, in the presence of formate, oxidation of the 209 ' ' ' ‘ ' : : : :

Mn cluster is blocked §—8) and shows in addition that C D

oxidation of tyrosine Y is not blocked. Apparently, formate 1 1

blocks electron transfer from the Mn cluster tg YAddi- —’/\/\/\/\/\/V\//—

tion of 200uM bicarbonate largely prevented the inhibition

(Figure 1C) as was observed also in UV absorbance changes

(8), although the amount of slowly decaying'ZF\StiII is

larger than in the control, presumably at the expense of the 3 3

(unresolved) sub-millisecond decay phases. e AN
The broader magnetic field scans presented in Figure 1B

show that the inhibition of electron transfer from the Mn

cluster to ¥, was accompanied by the appearance of the
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six-line signal of free hexaaquo Mh Its amplitude o E

corresponded to about XM Mn?* or 0.7 Mr¢* per PS 1. _JVW\/\/\/__

Upon illumination, the amplitude increased to 0.9per m |

PS Il. These numbers suggest, assuming that Mn was <

released only from centers that had a functional OEC before - AJ/V\/\/V\A/_

formate treatment, that nearly 2 Mn per PS Il were released. > |3

Again, the effect of formate was largely suppressed by <

bicarbonate. These observations indicate that bicarbonate 4

may function as a structurally essential ligand to the Mn “’/\/\/\/V\/\/\/-"

normally oxidized by \Z oL —— e
The influence of bicarbonate was studied on rebinding of 300 320 340 360 380

Mn to DT-20 membrane fragments from which all Mn Magnetic Field [mT]

(>95%) had been removed by treatmenthwitM Tris and Ficure 2: Effect of bicarbonate and illumination by continuous
0.5 M MgCk (13). When MnC} was added to Mn-depleted  |ight on the EPR signal of Mit added to Mn-depleted DT-20
PS Il with a concentration of 2 Mn/PS 1l (Figure 2A) or 4 membrane fragments at concentrations of (A, BuR8MnCl, (2
Mn/PS I (Figure 2C) the six-line EPR spectrum of #n  Mn/PS II) and (C, D) 56uM MnCl; (4 Mn/PS ll), before (A, C)
(traces 1) was substantially decreased by illumination (traces2nd after (B, D) the addition of 1 mM NaHGOSpectra 1, 2, and

. 3 were measured in dark-adapted samples, during illumination and
2) and largely recovered by a subsequent dark period of 5after 5 min incubation of the illuminated sample in the dark,

min (traces 3). Most likely this is due to reversible respectively. (E) Dark EPR spectra of &6l MnCl, (corresponding
photoxidation of MA* to Mn®*. In the presence of 1 mM  to 4 Mn/PS 1) measured in the absence (1, 2) and presence (3, 4)

bicarbonate (Figure 2B and 2D) the results were quite of PS Il membrane fragments (2.8 mg Chl/mL) depleted of Mn
different. The MA* signal was already nearly halved in \I/\\lnthout other additions (1, 3) and after the addition of 1 mM
. . . . L aHCG; (2, 4). The receiver gain was four times lower than that

darkness and disappeared irreversibly upon illumination. The o Figure 1B. For other conditions see Materials and Methods.
small signal remaining in the case of 4 M/PS Il (Figure
2D, traces 2 and 3) suggests that nearly 4 Mn/PS Il could donation to ¥ is restored (traces B2 and B3) but not by
be converted irreversibly to an EPR-silent form. The control bicarbonate only (trace B1) nor by N¥tfhwithout bicarbonate
measurements in Figure 2E show that neither bicarbonate(traces A2 and A3). The restoration of electron donation to
(trace 2) nor PS Il alone (trace 3) had any effect on the Y; is in line with earlier observations, but the physiological
amplitude of the MA" signal (trace 1). Only when both relevance of the reactions involved is not immediately
bicarbonate and PS Il were present was the*Msignal obvious, since oxygen evolution is not restored under these
halved (trace 4). It is interesting that in all cases described conditions in the absence of €a However, the rebinding
above illumination by much stronger white light (inhibiting  of Mn with concomitant recovery of the fast;Yreduction
PS Il as followed from the considerable decrease of both may well be an essential first step in the photoactivation
dark and light-induced EPR signals II) resulted in a re- process, because that too was found to be strictly dependent
appearance rather than a disappearance of the Sgnal on the presence of bicarbonate. Figure 4A shows the
(data not shown). characteristic UV absorbance changes induced by a series

The results of Figure 2 suggest that bicarbonate is essentiabf saturating flashes in oxygen evolving PS I, reflecting the
for rebinding of Mn to Mn-depleted PS Il. Figure 3 shows four-flash redox cycle of the OEC. No such oscillation with
that under the same conditions, rapigd5 ms) electron flash number was observed after Mn depletion (Figure 4B),
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Ficure 3: Kinetics of flash-induced EPR signal Il in DT-20 membrane fragments deprived from Mn before (1) and after (2, 3) the addition

of MnCl; at concentrations of 28M (2 Mn/PS II; trace 2) and 56M (4 Mn/PS II; traces 3), without other additions (A) and after addition
of 1 MM NaHCQ (B).

Materials and Methods, in the presence of both Mn and
bicarbonate (Figure 4C and 4D).

A
DISCUSSION
MFMJ‘“FNJ‘M The finding that 0.1 mM formate severely disturbs the

oxygen-evolving complex in DT-20 PS Il membranes (Figure
1) is consistent with the observation that it blocks photoxi-
B WWN‘WWW dation of the Mn cluster8). The present data allow us to
specify that the inhibited reaction is electron transfer from
Mn to YZ and suggest that the cause of inhibition is a
C WWWW release of Mn from its functional binding site. If bicarbonate
is present in excess over formate no such effects are
observed. Merely, dilution of a DT-20 suspension in a
medium deprived of bicarbonate by flushing with £ftee
W FIMJNF*J% air as well as the addition of 2660 uM formate have been

D reported to cause a bicarbonate-reversible inhibition of
electron transfer at the donor side of PSa) ). Thus, the
effects of formate are likely due to removal of bicarbonate.

AA 1%1073

IS N S A Y Y N R

If that results in the release of M as Figure 1 suggests,
12 3 4 5 6 I § 9 10 a role of bicarbonate as a structurally essential ligand of the
Flash number Mn cluster comes readily to mind. Recently, Stemler and

. 4: Absorbance changes at 295 nm on illumination by a Lavergne confirmed that formate has effects on the electron
IGURE 4 numi | y H H

series of 10 saturating flashes spaced at 1 s, in untreated (A) anudonor side of PS 1115). They showed that in the pre_gence
Mn-depleted (B-D) DT-20 particles suspended in the medium Of DCBQ formate accelerates the -S30 state transition
containing 100 mM KCI, 100 mM MES-NaOH (pH 6.2), and 50 probably due to destabilization of the manganese tetrad by
uM DCBQ. (B) Without other additions; (C, D) after the addition formate. On the other hand, Jursinic et al. did not see a

of 4 Mn/PS 'Elg‘)”dfi“bsﬁqﬁeﬂg‘gtoiciivation in the ztabsk(enct_e (©) significant effect of formate and bicarbonate on the EPR
or presence (D) of 1 mM Na ach trace represents kinetics ~ _. : -

of absorbance changes during 100 ms. The Chl concentration wasSlgnal I.I '.n. ChloropIaStSJ(G),. which may be due .to a !ower
200 ug/mL; the optical path length was 1.2 mm. accessibility of the donor side of PS |l to the anions in these

preparations.
and it could only be recovered, to nearly 40% of the original ~ Reactivation of electron transport in Mn-depleted DT-20
amplitude, by the photoactivation treatment, described in by addition of MnC} was earlier shown to require the
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presence of bicarbonaté, (7). Oxygen-evolving activity was  study the Mn cluster in DT-20, even if its presence in the
not restored in those studies, but only catalytic amounts of native system remains uncertain. We cannot exclude that
MnCl, were required 13), perhaps mediating oxidation of its function is normally performed by a carboxylate of the

water to HO,. The data presented here (Figure 2) indicate 33 kDa or other protein.

that the requirement of bicarbonate in this reaction cannot

be attributed only to the much lower midpoint potential of ACKNOWLEDGMENT

Mn3t/Mn?* in the presence of bicarbonate?}, because also

in its absence a light-induced oxidation of added?Mseems

to occur. On the other hand, the data in Figure 2 do reveal
a strictly bicarbonate-dependent, irreversible binding-ef2
Mn per PS Il. It is probably this bound Mn which restores
electron donation in PS I, in agreement with the earlier
observation that the restored electron transport activity
persists after resuspension of the PS Il particles in Mn-free
buffer (7).

Figure 3 shows that also the rapid§ ms) reduction of
Y} was restored by Mn addition to Mn-depleted DT-20 if,
and only if, bicarbonate was present. The results on
restoration of the rapid reduction ofz*Yoy added MA" are
very similar to those obtained earlier by Hoganson et al. (18)
on “BBY” PS Il membrane fragments without bicarbonate
depletion and re-addition, and indicate that the protonatable
ligand with pK between 6.0 and 7.5 postulated by Hoganson
et al. is in fact bicarbonate (pK 6.4). With Hoganson et al.
(18), we note that the kinetics suggest that ¥ reduced by
a Mn bound at or near the site it occupies in intact PS Il and
that the binding of this Mn might well be an essential first
step in the photoactivation of the OEC [although we cannot
specify presently which of the earlier shown steps for OEC
photoactivation 19—21), requires bicarbonate]. Figure 4
confirms that strict requirement of bicarbonate was observed
for photoactivation of oxygen evolution, as was indicated

by the recovery of the characteristic UV absorbance changes.

With DCBQ as an electron acceptor, this requirement cannot
be attributed to the acceptor sid#).(

The amount of Mn involved in bicarbonate-dependent
binding (2-4 Mn/PS Il) and recovery of the fast electron
donation to \§ (2 Mn/PS 1) was larger than the amount
released from untreated DT-20 upon formate addition (1 Mn/
PS 1I), but only about half of the PS Il in DT-20 is active in
oxygen evolution. So, it is possible that actually 2 Mn/PS
Il are involved in both cases and that they are bound as a
dimer. We conclude that a direct ligation of this Mn pair
by bicarbonate explains our data well. Isotopic labeling may
help to verify this explanation. If confirmed, the readily
exchangeable bicarbonate ligand should be a useful tool to
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