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Abstract—The light-induced functioning of photosystem 2 (PS 2) is directly linked to the translocation of both electrons and
protons across the membrane, which results in the formation of transmembrane electric potential difference (AW).
Generation of AY due to S-state transitions of the water oxidation complex was demonstrated for the first time in Mn-
depleted and reconstituted PS 2 core complexes incorporated into liposomes. The Kinetics and relative amplitudes of the
electrogenic reactions in dark-adapted samples during S,—S,, S,—S;, and S,—S, transitions in response to the first, sec-
ond and third laser flashes were comparable to those obtained in the intact PS 2 core particles. These results expand current
understanding of the nature and mechanisms of electrogenic (vectorial) reactions due to a charge transfer on the donor side

of PS 2.
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The pigment—protein complex of photosystem 2 (PS
2) is located in thylakoid membranes of cyanobacteria,
algae, and plants, and it catalyzes the light-driven oxida-
tion of water to molecular oxygen and reduction of plas-
toquinone to plastohydroquinone. The structures of
dimeric PS 2 core complexes from thermophilic
cyanobacteria have been solved by X-ray crystallography
with atomic resolution [1-3]. Each monomer of the
enzyme with molecular mass of ~350 kDa consists of 20
protein subunits (17 integral and three peripheral) and
~70 cofactors. In so doing, all the organic and inorganic
cofactors involved in charge separation reactions are
located on the central D1 and D2 subunits that form the
reaction center (RC) heterodimer.

Functionally, PS 2 can be described in terms of three
structural domains: central photochemical, plasto-
quinone reducing, and water-oxidizing. The water-oxi-

Abbreviations: PS 2, photosystem 2; Py, primary electron
donor; Q4 and Qg, primary and secondary quinone acceptors,
respectively; RC, reaction center; WOC, water oxidation com-
plex; Y, and Yz, reduced and neutral radical form of Tyr161
residue of DI protein, respectively; AY, transmembrane elec-
tric potential difference.

* To whom correspondence should be addressed.

dizing domain or water oxidation complex (WOC) in thy-
lakoids is located on the lumenal (donor) side of PS 2. It
contains four Mn ions, one Ca*" jon (Mn,Ca cluster),
surrounding amino acid ligands, and water molecules [3].

Excitation energy of light absorbed by CP43 and
CP47 integral antenna pigments in the picosecond time
range is transferred to the primary electron donor P,
composed of a dimer of chlorophylls. Excitation of P,
results in formation of the charge separated state between
primary electron donor — a dimer of chlorophyll P, and
primary quinone acceptor Q, (Pg,Qx) with participation
a monomeric chlorophyll and pheophytin in the active
branch A. A very high potential oxidant, Pg,, oxidizes the
redox-active tyrosine residue Y, (Tyrl61 of the D1 pro-
tein) forming the neutral radical Y;. This radical, in turn,
oxidizes the Mn cluster, while Qj reduces the secondary
plastoquinone Qg. Subsequent charge separations result
in further oxidation of the Mn cluster and reduction of
twice-reduced Qg (Q3%) to plastoquinol (QgzH,). During
each catalytic cycle, the Mn cluster cycles via five kineti-
cally characterized intermediate states labeled S, (i = 0-4)
[4-8]. With four sequential oxidations from S, to S,, the
water-oxidizing complex (WOC) is capable of splitting
water into dioxygen, four electrons, and four protons.
Four protons are transferred from the Mn complex or its
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ligand environment to the bulk phase with the release
patternof 1: 0 : 1 : 2 for S;—S,—S,—S;—>S, transitions,
while an electron is released in every single transition [9-
14].

It should be noted that water oxidation and O, evo-
lution are completely inhibited upon depletion of Mn
ions from PS 2. The Mn-depleted complexes are usually
designated as apo-WOC-PS 2. The WOC function can be
assembled in the presence of the free inorganic ions
(Mn?*, Ca?*, CI) and PS 2, which are capable of per-
forming this complex process ([15, 16] and references
therein). This light-dependent process, which also occurs
upon assembling of a manganese cluster in vivo [16, 18],
is called photoactivation.

Although the internal electron and proton transfer
processes form a complicated overall picture of the PS 2
complex function, this function can be studied by meas-
urement of the transmembrane electric potential differ-
ence (AY) using a direct electrometric technique ([19,
20] and references therein) and an electrochromic shift of
the absorption bands of carotenoids [19]. Earlier results
in liposome-reconstituted, oxygen-evolving PS 2 core
particles [19-21], as well as in thylakoids from higher
plants [19], indicate the electrogenic reactions corre-
sponding to the S-state transitions of the WOC on the first
three laser flashes.

In the present work, the direct electrometric tech-
nique was applied for the first time to study the electroge-
nesis associated with reactions of electron and proton
transfer during S-transitions in Mn-reconstituted (pho-
toactivated) apo-WOC-PS 2 core particles incorporated
into liposomes. The direct electrometry is an exclusively
sensitive technique that allows registering kinetics of
intraprotein charge transfer over distance >0.5 A in the
direction perpendicular to the plane of a membrane and
estimating the relative contribution of individual electro-
genic reactions (dielectrically weighted transmembrane
distances between cofactors) to overall AY upon a single
turnover of the photosynthetic RC [22].

MATERIALS AND METHODS

Oxygen-evolving PS 2 core complexes were isolated
from spinach as described in [23] with minor modifica-
tions. To extract Mn, Ca, and extrinsic proteins, PS 2
core complexes were treated with 0.8 M Tris (pH 8.3)
buffer for 30 min [24].

Apo-WOC-PS 2 core complexes were reconstituted
into phospholipid (L-a-phosphatidylcholine, type II-S;
Sigma, USA) vesicles as described in [25]. Phospholipid
suspension in 50 mM HEPES-HCI buffer (pH 7.5) con-
taining 0.8% (w/v) n-octyl-B-D-glucopyranoside
(Sigma) was sonicated until clarity. The PS 2 core parti-
cles were incorporated into the liposomes by mixing a
small volume of sample with liposome suspension (stan-

PETROVA et al.

dard lipid-to-protein ratio of 30 (w/w)) and incubation of
the mixture for 30 min at 4°C in the dark. After mixing,
the samples were loaded on a Sephadex G50 column
(NAPS5; Pharmacia, Sweden) previously equilibrated with
25 mM HEPES-NaOH (pH 7.5) buffer containing 5 mM
CaCl,. The proteoliposomes were collected employing
stepwise elution with the same solution.

Light-induced reassembly of functional WOC in
apo-WOC-PS 2 core particles was achieved as follows:
the proteoliposomes in assay medium (300 mM sucrose,
15 mM NaCl, 10 mM CaCl,, 10 uM MnCl,, 25 mM
MES-NaOH, pH 6.5) were incubated for 3 min by gentle
stirring under weak continuous light (20 mV/cm?).
Potassium ferricyanide (1 mM) as an electron acceptor
for Q, was trapped inside the vesicles. The rate of oxygen
evolution (~1500 pmol O,/h per mg Chl) for proteolipo-
somes containing intact PS 2 core particles corresponded
to 100% activity. The oxygen-evolving activities of apo-
WOC-PS 2 samples before and after photoactivation were
30-50 and ~830-850 umol O,/h per mg Chl, respectively.

Note that in PS 2 membrane fragments the efficien-
cy of photoactivation also depends on bicarbonate ([15,
16] and references therein).

The rate of steady-state O, evolution was measured
with a Clark-type O, electrode (Hansatech, UK).
Chlorophyll concentration during the measurements was
10 pg/ml.

Voltage transients were measured using the direct
electrometric technique [22]. In the measuring system,
Ag/AgCl electrodes record the voltage between the two
compartments of a cell separated by a measuring mem-
brane consisting of a lipid-impregnated collodion film.
The association of proteoliposomes with the artificial
lipid membrane is achieved by addition of MgCl, to the
assay medium for neutralization of negative charges on
the membrane surface. A Quantel Nd-YAG laser
(France) (emission wavelength, 532 nm; full width at half
maximum, 12 ns) was used as the source of light pulses.

Kinetic signals were analyzed using program pack-
ages Pluk [26] and Origin (OriginLab Corporation,
USA).

RESULTS AND DISCUSSION

Figure 1 shows clectrometrically detected voltage
transients induced by the 1st laser flash in dark-adapted
liposome-reconstituted Mn-depleted and Mn-reconsti-
tuted (+Mn) core particles. The negative sign of AW
indicates that the donor side of the enzyme is located at
the external surface of the proteoliposomal membrane
[21, 24]. The lack of membrane impermeable sodium
dithionite effect on the amplitude of the voltage transient
indicates a highly asymmetric orientation of PS 2 core
complexes in the liposomes (~90% of the complexes are
facing donor side outside) [25]. The maximum ampli-
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Fig. 1. Woltage transients induced by the 1st laser flash in proteoliposomes containing dark-adapted apo-WOC-PS 2 (—Mn) and Mn-recon-
stituted (+Mn) core complexes. The Kinetic traces were normalized by the amplitude of the fast electrogenic phase observed in apo-WOC-
PS 2 (—Mn) complexes and ascribed to formation of Y;Qx. The apo-WOC-PS-2 cores were suspended in the assay medium containing
300 mM sucrose, 10 mM CaCl,, 15 mM NaCl, and 25 mM MES/NaOH at pH 6.5. For the photoactivation of the samples, the medium was
supplemented with 10 uM MnCl,. K;[Fe(CN),] was used as an electron acceptor at 1 mM (see “Materials and Methods™). The inset shows
the difference of voltage transients between Mn-reconstituted and apo-WOC-PS 2 samples. All experiments were performed at room tem-
perature (22 = 1°C). Here and in the other figures, the vertical arrows indicate the time of the laser flash.

tude fast phase (the rise time is shorter than the time
resolution of the experimental setup (~100 ns)) corre-
sponds to charge separation in PS 2 RC between Py, and
Q. and subsequent Pg, reduction by electron transfer
from redox active tyrosine Y, (Y;Qy) [22]. The lack of
additional electrogenicity in the kinetics of the voltage
transient in proteoliposomes in the sub-millisecond time
range indicates that the rate of electron transfer from Y,
to Pg, is not significantly slowed after depletion of man-
ganese.

In oxygen-evolving PS 2, photoreduced Q, is reoxi-
dized by a secondary quinone acceptor Qg during 0.1-
0.3 ms [5]. However, the electron transfer reaction
between Q4 and Qg is not functional in PS 2 associated
with a phospholipid-impregnated collodion film. This is
due to extraction of loosely bound Qjy into artificial lipid
membrane [22]. Recombination of the electron between
Qs and the neutral radical Y, occurs in PS 2 complexes
depleted of Mn,Ca cluster and three extrinsic proteins
[27-29]. The kinetics of AY decay in these preparations
can be approximated by two exponentials with character-
istic times of ~30 ms (relative amplitude ~43%) and
~240 ms (~57%). These components reflect sub-states of
the enzyme and are probably related to charge recombi-
nation between Qj and Y, [28, 30].
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Thus, in apo-WOC-PS 2 core complexes reconstitut-
ed into liposomes the first flash apparently yielded Y,;Qjx
(Fig. 2a), while the stable charge separation induced by
following flashes was largely prevented because Q, was still
present (Fig. 2b). The rapid decay of the voltage transient
under these conditions corresponds to electron recombi-
nation from pheophytin to Pgy,. However, when potassium
ferricyanide (K;[Fe(CN)4]) was added as an artificial elec-
tron acceptor, Q, decayed rapidly between flashes (in
<0.5 s), and electron transfer between Y, and Q, occurred
in response to subsequent flashes (Fig. 2, ¢ and d). Under
these conditions, proton uptake on the acceptor side of PS
2 did not occur [25], and it produces the highest yield of
the photoassembly ([31] and references therein).

In Mn-depleted PS 2 core complexes the oxygen-
evolving activity was negligible, while in the presence of
exogenously added Mn?" the relative rate of oxygen evo-
lution under steady state illumination was ~55% of that
observed for control samples (see “Materials and
Methods” and [32]).

It should be noted that comparative analysis of data
derived from measurement of chlorophyll fluorescence
induction kinetics of Mn-reconstituted apo-WOC-PS 2
core complexes in solution or reconstituted into lipo-
somes suggests that the lipid environment stimulates the
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Fig. 2. Voltage transients on flashes 1 and 3 in dark-adapted, liposome-reconstituted apo-WOC-PS 2 core particles in the absence (a, b) and

presence of | mM K;[Fe(CN)] (c, d).

steady-state rate of electron transfer from the manganese
cluster to plastoquinone [32]. The effect of lipids is likely
based on keeping PS 2 RC in its optimal structure for effi-
cient functioning.

After dark adaptation of liposome-reconstituted
intact PS 2 core particles, all WOC were synchronized
mainly in the first oxidized state S, [18, 19] and the O,
yield was observed on third and seventh flashes [19]. As to
dark-adapted Mn-reconstituted apo-WOC-PS 2 samples,
O, oscillation pattern showed a significant O, yield on the
2nd flash, peaking on the 3rd and 4th flashes (not shown).
In so doing, no oscillations were observed beyond the 6th
flash (see also [31] and references therein). However, we
cannot unambiguously apply the results concerning the
rate of oxygen evolution in response to a series of light
flashes (flash lifetime ~60 ps) of Mn-reconstituted apo-
WOC-PS 2 complexes to data obtained in the present
work. In the latter case, laser pulses were used as the
source of light (see “Materials and Methods”).

As seen from Fig. 1, addition of Mn to apo-WOC-PS
2 samples upon photoactivation results in significant

slowing of the decay of AY due to prevention of charge
recombination and appearance of the small additional
electrogenic phase in the sub-millisecond time range
indicating effective interaction between manganese and
Y;.

Analysis of the difference between kinetic curves
induced by a single flash in the presence and absence of
Mn reveals that the electrogenicity is related to the reduc-
tion of Y, by Mn. This difference [1f(Mn) — 1f] present-
ed in the inset to Fig. 1 is characterized by lifetime (t) of
~40 ps and relative amplitude ~3% of the amplitude of the
phase ascribed to Y;Q, formation. The value of 7 is close
to the rate of oxidation of a single Mn?" ion by Y, ([33]
and references therein) corresponding to the S,—S, tran-
sition of the WOC in intact PS 2 core complexes [19, 20].
It should be noted that there is no proton release on the
S,—S, transition, so a positive charge is accumulated on
the donor side [8, 13, 14, 19]. Thus, vectorial electron
transfer from Mn to Y; on the first laser flash can be pre-
sumed to correspond to the S,—S, transition in Mn-
reconstituted apo-WOC-PS 2 samples.

BIOCHEMISTRY (Moscow) Vol. 78 No. 4 2013
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The voltage transients induced by the 2nd (S,—S;
transition) and 5th laser flashes in dark-adapted samples
after normalization of the fast amplitudes corresponding
to the formation of Y,Qj are shown in Fig. 3a. The 5th
flash mainly induced the S;,—S, transition. It is similar to
the Ist flash, but without possible contribution from elec-
tron transfer to the non-heme iron located between
quinones [19, 25]. Therefore, the difference between
kinetic traces induced by the 2nd and 5th flashes (Fig. 3b)
reflects the difference between the 2nd and Ist flashes.
The photoelectric responses induced by the 1st flash are
due to electron transfer from Y, to Q, and subsequent re-
reduction of Y, by Mn. Thus, subtraction of the 1st flash-
induced kinetic trace from kinetic traces induced by sub-
sequent flashes eliminates contributions derived from
Mn—Y, and Y,—>Q, electron transfer reactions. It is
therefore reasonable to assume that the electrogenicity
observed during S,—S; and the following S;—S,—S,
transitions related to the turnover of the WOC could be
attributed to proton transfer from the substrate water
molecule [14] or amino acids in the vicinity of the Mn
complex to the bulk phase [8, 19]. Analysis of kinetics

399

induced by the 2nd and 5th laser flashes (Fig. 3b) shows
that the exponential phase has a lifetime of ~220 ps,
whereas its amplitude is ~6.8% of the amplitude of the
fast phase corresponding to the Y;Qj formation. It should
be noted that the 2nd and 5th kinetic curves do not clear-
ly differ until ~0.1 ms, while the traces induced by the st
flash in the presence and absence of Mn?" (Fig. 1)
become distinguishable after ~0.05 ms.

The difference of voltage transients induced by the
2nd and 5th laser flashes registered after a series from nine
laser flashes was close to zero (Fig. 3c). This result
demonstrates that in previously excited Mn-reconstituted
apo-WOC-PS 2 samples all S-states are presented equal-
ly, while in dark-adapted samples the S, state probably
prevails.

An additional electrogenic phase in the kinetics of
the voltage transient induced by the 2nd flash (S,—S;
transition) at pH 6.5 in intact core particles and in thy-
lakoids has t ~270 and ~300 ps, respectively [19]. This
phase is ascribed to a proton transfer into the aqueous
phase due to pK shift and deprotonation of an unidenti-
fied amino acid in the vicinity of the Mn cluster [19]. We
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Fig. 3. Voltage transients induced by the 2nd and 5th laser flashes (a) and their difference (b) in dark-adapted Mn-reconstituted PS 2 core par-

ticles incorporated into liposomes. The kinetic traces here and in Fig.

4 were normalized by the amplitude of the 5th flash-induced fast phase

due to Y,;Qj formation. Flash spacing was 0.5 s. The difference of voltage transients induced by the 2nd and 5th laser flashes after illumina-

tion by nine laser flashes (c).
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Fig. 4. Voltage transients induced by the 3rd and 5th laser flashes (a) and their difference (b) in dark-adapted liposome-reconstituted Mn-
reconstituted PS 2 core particles. Difference of voltage transients induced by the 3rd and 5th laser flashes after illumination by nine laser flash-

es (c).

thus assume that an additional ~220 ps electrogenic phase
in the kinetics of the voltage transient of the Mn-recon-
stituted apo-WOC-PS 2 on the S,—S; transition is due to
proton transfer from the Mn complex into the aqueous
bulk phase.

Generation of AY induced by the 3rd and 5th laser
flashes is shown in Fig. 4a. The difference of voltage tran-
sients (3f — 5f) (Fig. 4b) revealed much slower additional
rising of electrogenic component with a characteristic
time of ~5 ms and relative extent of ~5% of the formation
of Y;Qj. In so doing, the difference of voltage transients
induced by the 3rd and 5th flashes and registered after
nine laser flashes (Fig. 4c) as in the case of the S,—S;
transition (Fig. 3¢) was about zero.

In intact PS 2 complexes, the central event in S, for-
mation seems to be deprotonation of a residue near the
Mn complex with a lifetime of ~200 ps, while the final
S,—S, transition of the cycle is associated with the release
of oxygen and another proton [8].

As can be seen from the difference of photoelectric
responses on the 3rd and 5th laser flashes (3f — 5f), the
voltage kinetics lack a sub-millisecond component but
reveal a ~5 ms component (Fig. 4b). This finding most

probably indicates that the proton release accompanying
the S;—S, transition is electrically silent, while proton
release during S,—S, transition is electrogenic. It should
be noted that the lifetime of the S,—S, transition was
estimated to be ~1.2 ms in thylakoids [19] and PS 2 mem-
brane fragments [13] but ~4.6-6 ms in intact PS 2 core
complexes [19, 20].

Similar values of relative amplitudes of the electro-
genic phases with significantly different kinetics of proton
transfer reactions during the S,—S; and S,—S, transi-
tions of Mn-reconstituted apo-WOC-PS 2 samples imply
that protons probably cross approximately similar dielec-
trically weighted distances, but apparently by different
pathways.

The S;—S, transition induced by the 4th flash most
likely involves oxidation of the Mn complex by Y, as well
as charge-compensating deprotonation of an amino acid
residue close to the manganese cluster [8, 13]. The sub-
traction of the 5th from the 4th flash-induced photoelec-
tric signal does not reveal any difference (data not
shown). Since the 5th flash is considered as similar to the
Ist flash, the photoelectric signals in both cases are due to
the charge separation between Py, and Q,, reduction of

BIOCHEMISTRY (Moscow) Vol. 78 No. 4 2013



CHARGE TRANSFER ON DONOR SIDE OF PS 2

401

Relative amplitudes and lifetimes of electrogenic reactions of water oxidation complex of photosystem 2

Material

Electrogenic reactions

S-S, S,—S; S,—S,

Intact core complexes

Mn-reconstituted apo-WOC-PS 2 core complexes

2.5 £ 1 (65 ps) 6.2 £1 (270 ps) 5.0% 1 (4.6 ms)

3.0 = 1 (40 ps) 6.8 £ 1 (220 ps) 50+ 1(5.0ms)

Note: Amplitudes of electrogenic reactions are given as a percentage of the fast phase corresponding to Y,;Q, formation (100%). Characteristic

times of reactions are presented in parentheses.

P by Y, and subsequent re-reduction of Y, by Mn. In
addition, the 4th flash-induced S;— S, transition includes
proton release. The lack of an additional voltage induced
by the 4th and 5th flashes indicates that proton release
during S,—S, is not electrogenic.

Thus, the results of the present work show that the
kinetics and relative amplitudes of the electrogenic phas-
es during the S-state transitions in Mn-reconstituted apo-
WOC-PS 2 complexes are comparable to those obtained
in intact PS 2 core complexes (see table). Almost the full
reconstruction of electrogenic S,—S,, S,—S;, and S,—S,
transitions occurs even in the absence of the extrinsic pro-
teins, and this implies that the S-states are stable for at
least 0.5 s. However, a highly conserved extrinsic man-
ganese-stabilizing protein has been suggested as essential
for maximum yield of recovering of the oxygen evolution
rate ([16, 34] and references therein). Indeed, the relative
rate of oxygen evolution upon reassembling WOC in our
experiments did not exceed ~55%. Thus, one can con-
clude that the full reconstruction of electrogenic reac-
tions due to S-state transitions is insufficient for achiev-
ing the entire recovery of WOC function.

In the present work, we applied for the first time a
sensitive electrometric technique to study electrogenic
reactions due to intraprotein vectorial electron and proton
transfer during the catalytic cycle of water oxidation in
manganese-depleted and reconstituted PS 2 core com-
plexes. In dark-adapted samples, the electrogenic reac-
tions observed in response to the Ist, 2nd, and 3rd laser
flashes are presumably associated with the S,—S, (electron
transfer from Mnto Yy), S,—S;, and S,—S, (proton trans-
fer in the opposite direction from Mn complex or its
immediate environment into the aqueous bulk phase)
transitions. The lack of additional voltage in the kinetics of
the photoelectric response on the 4th laser flash indicates
that proton release during the S,—S, transition is not elec-
trogenic. Thus, only two of the four proton transfer reac-
tions during the catalytic cycle of water oxidation are elec-
trogenic (S,—S; and S,—S, transitions). It should be
noted that the electrogenicity due to electron transfer from
Mn to Y; (~3%) was also observed in the S;—S,, S,—S;,
and S,—S, transitions. These results expand current

BIOCHEMISTRY (Moscow) Vol. 78 No. 4 2013

understanding of the nature and mechanisms of electro-
genic reactions during the S-state transitions in PS 2 reac-
tion centers and provide a necessary step in development
of efficient systems of transformation of solar energy.
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