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Abstract

Photosystem II (PS II) evolves oxygen from two bound water molecules in a four-stepped reaction that is driven by four
quanta of light, each oxidizing the chlorophyll moiety Pgg to yield P(y,. When starting from its dark equilibrium (mainly
state S), the catalytic center can be clocked through its redox states (Sy..S4) by a series of short flashes of light. The center
involves at least a Mny-cluster and a special tyrosine residue, named Y, as redox cofactors plus two essential ionic cofactors,
Cl~ and Ca®*. Centers which have lost Ca>* do not evolve oxygen. We investigated the stepped progression in dark-adapted
PS II core particles after the removal of Ca?*. Y was oxidized from the first flash on. The difference spectrum of Yz Yy
differed from the one in competent centers, where it has been ascribed to a hydrogen-bonded tyrosinate. The rate of the
electron transfer from Yz to Py, was slowed down by three orders of magnitude and its kinetic isotope effect rose up from
1.1 to 2.5. Proton release into the bulk was now a prerequisite for the electron transfer from Yz to P¢,. On the basis of these
results and similar effects in Mn-(plus Ca®*-)depleted PS IT (M. Haumann et al., Biochemistry, 38 (1999) 1258-1267) we
conclude that the presence of Ca>* in the catalytic center is required to tune the apparent pK of a base cluster, B, to which Y
is linked by hydrogen bonds. The deposition of a proton on B within close proximity of Yz (not its release into the bulk!)isa
necessary condition for the reduction in nanoseconds of P, and for the functioning of water oxidation. The removal of Ca**
rises the pK of B, thereby disturbing the hydrogen bonded structure of YzB. © 1999 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Abbreviations: Bistris, bis(2-hydroxyethyl)iminotris(hydroxy-
methyl)methane; B-DM, n-dodecyl-B-p-maltoside; DCBQ, 2,5-di-
chloro-p-benzoquinone; EDTA, ethylendiaminetetraacetate; EN-
DOR, electron nuclear double resonance; EPR, electron

Photosystem II (PS II) evolves oxygen from two
bound water molecules at a site that contains at least
a manganese cluster, Mny, and a special tyrosine

paramagnetic resonance; FTIR, Fourier transform infrared spec-
troscopy; FWHM, full width at half maximum; MES, 2-n-mor-
pholinoethane sulfonic acid; PS II, photosystem II; Pggo, primary
donor in Photosystem II; Qa, primary electron acceptor qui-
none; X, chemically ill-defined cofactor of water oxidation; Yz,
Yp, tyrosines 161 on subunits D; and D, of PS II
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residue (D;Tyrl61), named Yz, as redox cofactors
plus one atom of each Ca’>" and Cl~ (see [1] for
review). The presence of a further cofactor (X) is
under debate (see [2,3] and references therein).
Each absorbed quantum of light induces a primary
electron transfer from the chlorophyll a-moiety Pggo,
to the primary quinone acceptor Qa. Pgg, is reduced
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by MnyX via the tyrosine, Yz [4]. These cofactors are
located at the lumenal site of PS II and they are
probably bound to the D; subunit. According to
current structural models of PS II, it is likely that
they are located at about the same depth in the mem-
brane [5] and within a small area of about 15X15 A
[6-8]. PS II can be depleted from Mn, Ca’>* and Cl~
without complete loss of the photochemical activity
[1]. Oxygen evolution, however, is inhibited by each
of these treatments, and the midpoint potentials of
the redox cofactors are altered. In the absence of
Ca’*, MnyXYz has been reported to be oxidizable
only twice [9,10]. Thereafter, the rapid recombination
of the charge pair Pf,Qy occurs. In Ca**-depleted
material the reduction of P, by Yz is retarded by
orders of magnitude [11,12]. Even the midpoint po-
tential of QA at the other side of the membrane is
increased [13]. Despite of these drastic effects of Ca>*
depletion, information on the properties of Yz in
Ca’*-depleted PS 1I, as gained by magnetic reso-
nance techniques, has been claimed to represent the
properties of Yz in the functional, i.e., oxygen-evolv-
ing system. On this basis, rather specific models for
the chemical mechanism of water oxidation have
been postulated wherein Y9* is considered as a hy-
drogen acceptor from bound water [14,15].

Our previous laser-flash spectrophotometric stud-
ies with Mn-depleted PS II versus intact PS II have
led to the suggestion that Yz may be present as a
tyrosine in the former case but as a hydrogen-bonded
tyrosinate in active centers. Only in Mn-depleted cen-
ters and at acid pH [16,17] does the oxidation of Yz
cause the release of a proton into the bulk. There is
evidence, in oxygen-evolving PS II [18,19] and also in
dysfunctional centers under certain conditions [20-
23], that the phenolic proton may stay close to Yz
even after its oxidation. It is probably shared with an
acid/base-cluster, B. The capturing of the phenolic
proton within the protein and close to Y is difficult
to reconcile with the proposed hydrogen acceptor
function of YJ*.

The removal of Mn which also removes Ca** is a
rather drastic inactivation of the catalytic center. It is
only reversible by a complicated protocol involving
the light induced oxidation of added Mn'!' [1]. The
removal of Ca?' is another way to inactivate the
catalytic center, but it is readily reversible even in
the dark. In this work we investigated the effects of

Ca’* depletion on the properties of Y. We found
drastic effects on the difference spectrum of
Yz—= Y9, on electric charge transients, on proton
release, on the rate of the electron transfer between
Y7 and Pj, and on its kinetic isotope effect. This
behavior resembled the one observed in Mn-depleted
PS 1II at acid pH. Some of these effects are probably
owed to the concomitant loss of Ca>" in Mn-de-
pleted material. It appears as if Ca?t is required to
tune the pK of the acid/base-cluster in contact with
Yz in a way as to install the proper hydrogen-
bonded structure for rapid electron transfer from
Yz to ngo.

2. Materials and methods

Oxygen-evolving PS II core particles were pre-
pared from pea seedlings according to [24]. They
lack the 17 and 23 kDa extrinsic proteins [25].

Ca’* depletion was achieved by a modified low
pH/citrate-treatment [26] which is known to extract
Ca’" in darkness from all S-states without concom-
itant extraction of Mn [27]. After thawing, particles
were washed at ~10 uM of chlorophyll in 20 mM
NaCl, 10 mM BisTris (pH 6), recollected by centri-
fugation (1 h, 3°C, 100000Xg), and suspended at
~1 mM chlorophyll in 20 mM NaCl, 0.03% w/v
BDM, and 10 mM BisTris, pH 6.5. Before the meas-
urements particles were diluted to ~30-150 puM
chlorophyll in 10 mM citrate (pH 3.5), 20 mM
NaCl and 0.03% BDM, and gently stirred for 3 min
on ice in the dark. After this, 20 mM BisTris
(pH 6.5) or tricine (pH 7.5), 20 mM NaCl and
0.03% BDM were added up to a final chlorophyll
concentration of 8 uM. EDTA (1 mM) was added,
if necessary, after the citrate treatment, before the
buffers. All treatments were carried out in darkness.
Oxygen evolution under continuous light (Clark-type
electrode, 500 uM DCBQ, 1 mM hexacyanoferra-
te(Ill)) was ~10% of a non-treated control
(~1200 umol O,/mg chlh) in the Ca’*-depleted
PS II.

Ca’* repletion was achieved by the addition of 20
mM of CaCl,. Oxygen evolution was about 80% of
an untreated control in the repleted centers. DO (a
kind gift of Dr. D. Cherepanow, Moscow) was ex-
changed for H,O by suspending the core particles
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after the Ca®* depletion procedure at a final concen-
tration of 95% D,O.

Flash spectrophotometry was performed with the
setups built for nanosecond resolution at 827 nm and
for measurements in the UV/Vis region as specified
in [16,17] with a frequency-doubled, Q-switched Nd-
YAG laser (FWHM 2 ns) as flash excitation source.
Absorption transients were digitized, averaged, and
stored on a MicroVax. The calibration of transients
in terms of Ae was performed on the basis of 85
chlorophyll molecules per PS II in the core particles
[24]. Spectra were not corrected for small flattening
effects. DCBQ and hexacyanoferrate(IIl) served as
artificial electron acceptors (see figure legends).

Proton release was recorded with the pH indicat-
ing dyes (30 uM) bromocresol purple (pH 6) at 575
nm and phenol red (pH 7.5) at 559 nm [24]. At
these wavelengths transients in the absence of dye
were negligible as checked by measurements with
50 mM of Mes buffer (not shown) which suppressed
all pH transients. For the proton release measure-
ments the buffers were omitted in all media of the
Ca’* depletion/repletion procedures. The concentra-
tions of citrate and EDTA were reduced tenfold to
keep the buffering capacity of the medium sufficiently
low.

3. Results

3.1. The rate of electron transfer Yz — Py, in
Ca’”-depleted PS II core particles

Fig. 1 shows flash-induced absorption transients at
827 nm in Ca’*-depleted PS II core particles and in
controls, namely Ca”>"-repleted material. The decay
of these transients reflects the electron transfer to
Ply,. It was fast in controls (Fig. 1, left column)
and about 1000-fold slower in Ca**-depleted materi-
al (note different time bars in Fig. 1). In the Ca’*-
repleted control and at pH 6 (upper row, left), the
greater portion (75%) of Pf, decayed with a half-
time of 17 ns on flash #1 (Table 1) and multiphasi-
cally with half-times of 17, 50, and 280 ns on flash
#4. These half-times are typical for the reduction of
Pl by Yz in oxygen-evolving core particles of the
used type [19,28]. At least 75% of PS II were appa-
rently repleted by the addition of 20 mM Ca’*.

In Ca’*-depleted centers and at pH 6 (upper row,
middle), the ‘fast’ component of a multiexponential
fit was about 1000 times slower than in fully func-
tional centers with a half-time of 40 us upon flash #1

depleted depleted

pH 6

Ca* 20mM Ca* 30puM Ca 30uM
H,0 H,0 D,0

repleted

200

pH 7.5
Ca®* 30uyM EDTA 1mM EDTA 1mM

H,0 H,0 D,0
4 | 4 4
1|
r 1
o} L 1
0 10 200 0 200
time / ys

Fig. 1. Absorption transients at 827 nm which specifically indi-
cate the oxidation (rise) and the reduction (decay) of Pggo. The
response to flashes #1 and #4 given to dark-adapted PS II core
particles is documented. Measurements were performed at pH 6
(upper traces) and pH 7.5 (lower traces) with PS II core par-
ticles depleted of Ca*". The addition of CaCl, and EDTA and
the substitution of D,O (95% pure) for H,O is indicated where
applicable. The chlorophyll concentration was 50 uM. DCBQ,
0.5 mM, and hexacyanoferrate(IIl) I mM served as electron ac-
ceptors. The optical pathlength was 5 cm, 4-8 transients were
averaged for signal-to-noise improvement. The time resolution
was 4 ns per address (repleted centers) and 20 ns (depleted ma-
terial). Note different scales of the time axes.

P, -Oxidoreduction at 827 nm / -Al/l x0.01
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Table 1
Half-times of electron transfer Yz — Pf, on flash number 1 in dark-adapted, Ca®*-depleted PS 1I core particles and in controls
pH 6.0 pH 7.5
Ca’*-repleted Ca?*-depleted Ca?*-depleted Ca’*-repleted Ca’*-depleted Ca’*-depleted
Conditions Ca’* 20 mM Ca?t 30 uM Ca?* 30 uM Ca?* 30 uM EDTA 1 mM EDTA 1 mM
Solvent HQO Hzo D20 HQO Hzo Dzo
Half-time of ET 17 ns 75% 40 us 25% 100 pus 20% 17 ns 50% 7 us 20% 15 ps 30%
Yz P, (10 us 65%) (25 us 55%) (0.7 ps 60%) (0.9 us 60%)
7 us 50%

ET, electron transfer; figures in parentheses were taken from [16] and represent Mn-depleted centers at the respective pH.

(Table 1). Its relative extent was decreased on flash
#4 and again under excitation with repetitive flashes
(at 1 Hz, data not shown). In order to check whether
it was attributable to forward electron transfer from
Yz or to the recombination of ngo with Q,, we
replaced H,O by D,O (upper row, right). Only the
‘fast” component revealed a kinetic H/D-isotope ef-
fect of 2.5 whereas the remainder decayed with the
same averaged half-time of ~ 500 us both in H,O
and D;,0. The long half-life and the lack of a kinetic
isotope effect qualify the slower phases as charge pair

relative extent

Fig. 2. The relative extents of the microsecond components of
P{;, reduction (closed symbols) and of oxygen evolution (open
symbols) in Ca’*-depleted PS II core particles as function of
the pH under various conditions. The microsecond components
were determined from transients at 827 nm under repetitive
flash excitation (0.2 Hz, data not shown, compare Fig. 1). Oxy-
gen evolution was measured with a Clark-type electrode under
continuous white light illumination (10 uM chlorophyll, 0.5
mM DCBQ, 0.5 mM hexacyanoferrate(Ill)). The media con-
tained 20 mM NaCl, 0.03% BDM (w/v), 20 mM BisTris
(pH<7) or tricine (pH>6.5). ,0, Ca’>t 30 uM; m,0, EDTA
1 mM; a,a, Ca?t 20 mM. Ca?* was provided as CaCl,. O,
evolution with 20 mM Ca>* (a) at pH 6 was ~ 1200 mg O,/
mol chlh. The slight decay at pH 7.6 was due to centers which
probably have lost Mn [16]. The smooth curve was calculated
with a pK of 7.

recombination. This assignment was corroborated by
recording transients at 320 nm which were due to
Qa—Q, (here not shown, but see [16,29,30]). We
attributed the 40 us (H,O) and 100 ps (D,0O) com-
ponents to the reduction of Py, by Yz, proper.

At pH 7.5 (Fig. 1, lower row), the conditions for
Ca?* depletion and repletion differed from those ob-
served at pH 6. About 50% of all centers were al-
ready repleted at Ca’>" concentrations as low as 30
uM CaCl,. This was apparent from the reappearance
at large extent of the 17-ns phase. Only 20% of P,
were reduced about 1000 times more slowly with
t12="7 us (Table 1). At pH 7.5 the depletion of PS
II from Ca’* required the addition of 1 mM EDTA
at pH 3.5 (before the pH was elevated to 7.5). Only
then the 7-us component became dominant on flash
#1 (Fig. 1, lower row, middle). In D,O (Fig. 1, right)
the fastest component of Pf, reduction on flash #1
was 15 us. Again, we interpreted the ‘fast’ compo-
nents with half-times of 7 us (H,O) and 15 ps (D,0)
as indicative for the reduction of P, by Yz. It pro-
ceeded more slowly than in Mn-depleted PS 1I at the
same pH (Table 1 shows the latter half-times for
comparison, in parenthesis [16]).

3.2. The pH-dependent affinity for Ca’*-rebinding to
Ca’*-depleted PS II core particles

The reported affinities of Ca’* for the reconstitu-
tion of oxygen evolution by adding Ca>* to Ca’*-
depleted PS II vary by orders of magnitude in the
literature (see [1] for a review). Fig. 2 gives a possible
clue to this variance. It describes the relative extents
of oxygen evolution (observed under continuous
light) and of the microsecond component of the re-
duction of P{, by Yz (observed under flashing light)
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as function of the pH. The ability to evolve oxygen
(open symbols) and the appearance of the microsec-
ond component (solid symbols) complement each
other. In completely Ca’*-depleted material, i.e.,
when EDTA was added after the low pH/citrate-
treatment but before the pH was elevated, oxygen
evolution (open squares) was abolished and P, re-
duced in ps (closed squares. In controls, i.e., without
EDTA and with 20 mM Ca’* present, oxygen evo-
lution was high (open triangles), and the ps-compo-
nent was converted into the ns-component of intact
centers. Unlike the effects of Mn depletion those of
Ca’* depletion were largely reversible. The remain-
ing relative extent of the us-component was only
about 20% after Ca®* repletion (closed triangles). It
was likely attributable to centers which had lost both
Ca’* and Mn. In both cases the behavior showed
little pH-dependence in the range from 5.5 to 8. If
EDTA was absent and only 30 pM Ca’* was added,
oxygen evolution and the ps-component titrated with
a pK of about 7, with the former (open circles) in-
creasing and the latter decreasing (closed circles)
above pH 7. Apparently, a low affinity Ca’>*-binding
site with K, > 30 uM which prevailed at pH <7 was
replaced by a high affinity site with K;,=30 uM
which was dominant at alkaline pH (see also
[31,32]). Here, the apparent pK of this transition
was 7 (see the line in Fig. 2).

3.3. The spectral properties of Y, in Ca’”-depleted
PS II

Whereas absorption transients at 827 nm are di-
rectly attributable to Pggg, those at 297 nm reflect its
electron donors, namely Yz and MnsX. The contri-
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Fig. 3. UV absorption transients at 297 nm on flash #1 given
to dark-adapted PS II core particles. The pH was 6. Circles,
Ca**-depleted material; squares, Ca>*-repleted centers. 10 uM
chlorophyll, 100 uM DCBQ; optical pathlength 1 cm; 30 tran-
sients averaged; time resolution 10 us per address.

butions of Q4 and Pggy to this wavelength are small
[33]. Fig. 3 shows transients at 297 nm obtained on
the first flash in dark-adapted core particles at pH 6.
Oxygen-evolving controls revealed the known (here
unresolved) rapid rise (attributable to the oxidation
of Yz by P{, in nanoseconds) which was followed
by a smaller more slowly rising phase. It reflected the
oxidation of Mn by Y9* during the transition S; =S,
[19]. This behavior was altered in Ca?*-depleted ma-
terial. There was only the 40 us rise present as also
apparent in transients at 827 nm (see Table 1, pH 6)
which was attributable to the oxidation of Yz. It was
thus likely that electron transfer stopped at Y9* in
the Ca’*-depleted centers already on the first flash.

Did Yp contribute to the reduction of ngo? We
repeated the measurements at 297 nm but now with
material which was subjected to 10 preflashes (in

0 0.5 0

absorption transients

0.5
time/s

i

0 0.5 0 0.5

Fig. 4. Absorption transients at various wavelengths induced by ten saturating flashes given to dark-adapted, Ca>*-depleted PS II
core particles. The pH was 6. 8 uM chlorophyll, 100 uM DCBQ; 10-30 transients averaged; time resolution 1 ms per address. The
spacing between flashes was 30 ms. The measuring wavelength was set by a monochromator which was calibrated against narrow in-

terference filters.
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order to preoxidize any Yp) and thereafter dark-
adapted for 15 min. The first flash after this treat-
ment induced essentially the same transients both in
the Ca’"-depleted and -repleted centers as obtained
without preflashing (data not shown). Furthermore,
the difference spectrum of Yz in Ca®*-depleted cen-
ters was red shifted with respect to the one of Yp
(see below and [36]) and Y$* caused no electrochro-
mic effect as also opposed to Y{ [36,37]. It was thus
unlikely that Yp contributed to the observed UV
transients. This notion was corroborated by litera-

9]
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Fig. 5. Optical absorption difference spectra in Ca’*-depleted
PS II core particles and in controls. The spectra represent the
average over two measurements. The extents were reproducible
within one unit of the ordinate scale. (A) The raw spectrum at
pH 6 (dashed line) was obtained from the extents of absorption
transients at 100 ms after the last flash of a series of ten flashes
(see sample documents in Fig. 4). (B) The raw spectrum at pH
7.5 (dashed line) was obtained from the extents of absorption
transients at 30 ms after the first flash (data not shown). The
contributions of Qs —Q, and P680—>P6+80 (dotted lines in A
and B) were determined as outlined in the text (see also [17]).
Their subtraction from the raw spectra yielded the corrected
difference spectra of Y3*—Yz. They are shown in A and B by
solid lines/circles. (C) Comparison of the averaged (after nor-
malization at 260 nm) difference spectrum Y3*—Yz from Ca’*-
depleted PS II (circles) with the respective spectra from control
PS II (dotted line) and from Mn-depleted PS II at pH 5.7 (solid
line, replotted from [17]).

His190

Tyr161-‘O’.
Glu189 L

2+

. Ca™,

5A M
n
O

Scheme 1. Tentative locations of cofactors at the catalytic site
of water oxidation viewed from Q. The triangular placement
of Mn, Yz, and one of the chlorophylls of Pggp, Pa, is similar
to the one proposed in [8]. The location of Glul89 (E189) and
His190 is as in [17]. The particular Mn-atom out of the Mny-
cluster which receives the electron hole upon S; =S, is symbol-
ized by a circle. We refrained from assigning the other three
Mn atoms out of several proposed structures of the Mng-cluster
[67]. Hydrogen bonding between Yz and His190 is shown as a
dashed line. Ca?* (dot) was placed at 5.5 A from Yz and at
4 A from Mny.

ture data that both, the reduction of YJ* by Yp
[34]) and of Py, by Yp ([35] and references therein)
were much slower (half-time=1 ms) than by their
normal reductants MnsX and Yz, and that the level
of the dark-stable radical, Y7}, was found in EPR
experiments to be close to 100% and essentially un-
changed in PS II that was Ca’"-depleted by the low
pH/citrate treatment [27].

To record the difference spectrum of Yz — Y,
Ca’*-depleted PS II was excited with a series of ten
flashes (spacing 30 ms). Fig. 4 shows raw absorption
transients at four wavelengths as obtained at pH 6.
The decay which was apparent after the firing of the
last flash was attributable to the oxidation of Q, by
DCBQ and to the reduction of Pjy,. The remaining
more stable component reflected the oxidation of the
donor side of PS II with minor contributions of
Qa — Qj and Pegy — Py, (see also [38]). Its total ex-
tent (at 0.5 s after flash #1) as function of the wave-
length was plotted in Fig. SA (pH 6, dashed line).
The magnitude of the small contribution of Qs = Q)
was quantified at 320 nm and the electrochromic
band shift of pheophytin a in response to Q, at
550 nm as previously [17]. The contribution of
Pego — Plg, was determined at 430 nm [17]. The cal-
culated difference spectrum of these contributions is
shown in Fig. 5A as a dotted line. It was subtracted
from the raw transients. The resulting corrected dif-
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ference spectrum of the donor side was plotted point-
by-point in Fig. 5A (closed circles).

At pH 7.5 the yield of the forward reaction was
higher than at pH 6 (Table 1). Fig. 5B (dashed line)
shows the extents of transients that were obtained at
30 ms after the first flash given to dark-adapted,
Ca?*-depleted PS II core particles. Again, the con-
tributions of Qa — Q) and Pegy — P, to these tran-
sients were determined (dotted line) and subtracted.
The remaining donor side transients were plotted in
Fig. 5B (closed circles).

The shapes and peak positions of the corrected
difference spectra at pH 6 and 7.5 in Ca’"-depleted
PS II core particles (Fig. 5A,B) were quite similar
within error limits. The averaged difference spectrum
(shown in Fig. 5C as dots) strongly resembled the
spectrum Y%*—Y7 that was obtained with Mn-de-
pleted PS II at acid pH ([17], see also [78]) (Fig.
5C, solid line). Both difference spectra deviated
from the Y)*—Y7 spectrum in oxygen-evolving cen-
ters (Fig. 5C, dotted line), both in the UV (see [39]
for a survey of literature spectra) and in the blue
(electrochromism in response to the formation of
Y9* [40]). Recently, spectra of Y3*—Y7 from Mn-
depleted PS II core particles from Synechocystis
have been reported by Diner et al. [76]. The spectrum

127

at pH 9 was different from the one at pH 6.1 which
was interpreted as a blue shift at pH 6.1 [76]. The
authors have claimed an apparent pK of ~8.3 for
the shift at variance with our data in Refs [16,17]
yielding a pK of ~7. We recently repeated the set
of experiments in [16] but now with core particles
from Synechocystis and found a similar pK (6.7-7)
as in [16] (A. Hays, M. Hundelt, W. Junge, R. De-
bus, in preparation). Based on our experience and
taking into account that the other group used glyc-
erol in the suspending medium in [76] we expected a
lower pK, close to 6, for their conditions (see [16] for
a similar pK and [44] for the effect of glycerol). The
spectra in [76] have been collected at a pH close to or
above this expected pK. The spectral differences may
be attributable to pH-dependent contributions from
Q, and Pj, (for the correction for such contribu-
tions see [17] and this work). The difference spectrum
Pl —Peso is indeed negative between 250 and 280
nm [85]. A contribution of this spectrum is expected
to be larger at pH 6.1 than at pH 9. The latter effect
may account for the lower magnitude of the UV
spectrum around 270 nm at pH 6.1 compared to
pH 9 in [76], rather than protonation events at Y.

In Ca’>"-depleted PS II the UV-peak in the
YJ*—Y spectrum was red shifted by about 10 nm

pH 3.5 6 8 9
Mn v,"7| u* [mn Y,"0 Mn/Ca Y, 0.9

I H < | ! H ak > H
((\2/;\ H'Bys (Ca) B.s B

Yz1.07 H +
Ca " b
H*B,

Mn Y, Mn sz

I » h

< >

™\ w8 7 H* (N B,

Scheme 2. Hydrogen bonding of Yz and its relation to the presence of Mn and Ca?*. Mn denotes the Mny-cluster and B the hydro-
gen-bonded network, one partner of Y, being D;His190. 1 and h refer to the Jow and Zigh affinities of the Ca?" binding site, and the
indices at Yz and B stand for the E; (see below) and the apparent pK, respectively. The arrows symbolize the respective procedures
of changing the pH under the various modifications of PS II. The Ep,-values of Yz have been estimated as follows: In intact PS II
the En of Y&/YZ(YyH"B/YS "H*)B [17]) was ~1 V [62] (compared with ~1.1 V of Pegy [64]). Depletion by Mn and Ca>* low-
ers it to ~0.9 V [63] at alkaline pH. At acid pH, the E,, of the couple Y,;H*B+H{ ,/YzH H*B [17], was higher, 1.07 V (as judged
from the ~20% equilibrium proportion of Py, [16]). In Ca**-depleted PS II electron transfer Yz — Py, occurred in ~25 and ~50%
of centers at pH 6 and 7.5, the equilibrium proportions of Py, were 75% and 50%, yielding 1.13 V (protonated) and 1.1 V (deproto-
nated). The proton on H™B thus contributed only ~30 mV to the E, of Yz, and 140 mV were likely provided by the hydrogen
bonding. Combining these results, Ca**-binding raises the E,, of Yz by 40 mV and Mn, by 60 mV.
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as compared with oxygen-evolving controls. It
should be noted that this feature was robust to a
farther reaching correction which also accounted
for the contribution of the estimated 20% fraction
of centers which had lost both Ca>* and Mn.

In oxygen-evolving centers, large absorption tran-
sients are observed in the blue region around 430
nm. Their waved signature has been attributed to
the local electrochromic response of chlorophyll a
to the positive charge of Y* [8,40,41]. Large electro-
chromic transients have been observed in oxygen-
evolving centers and in Mn-depleted ones at alkaline
pH but not in Mn-depleted centers at acid pH (see
[16] and references therein for a thorough discussion
of this phenomenon). In Ca’*-depleted centers these
electrochromic transients were also absent (Fig. 5C).
Accordingly, the abstraction of an electron from Yy
positively upcharged the YzB-entity in controls ([16]
and this work), but not in Ca>*-depleted PS II.

How large was the fraction of Y* that was formed
in Ca’*-depleted PS II1? At pH 7.5 flash #1 induced
50-65% of the extent of the spectrum Y5*—Yz found
in Mn-depleted centers. This figure was compatible
with the relative extent in Ca>*-depleted PS II of the
7 us-phase of the electron transfer Yz — Pg, (Table
1). At pH 6 about 90% of this spectrum were ob-
served after ten flashes. On flash #1 (data not shown)
the fraction was 20-30%, compatible with the rela-
tive magnitude of the 40 us-component of Pgy, re-
duction. We conclude that a series of ten flashes al-
most fully oxidized Y, in Ca>*-depleted PS II core
particles.

3.4. One proton is released after the oxidation of Yz
in Ca’”-depleted centers

Proton release from the donor side was recorded
with pH-indicating dyes. Fig. 6A shows raw transi-
ents that were induced by a series of ten flashes of
light in dark-adapted core particles at pH 6 (left) and
pH 7.5 (right).

In controls (Fig. 6A, +Ca’") each flash induced
the rapid release of about one proton per PS II as
known from previous work [24,44]. The transient
proton uptake at pH 7.5 and after the first flash
was caused by the acceptor side of PS II upon the
reduction of the non-heme iron that was preoxidized
in the dark by the electron acceptor hexacyanoferra-

te(IIl) (for details see [42]). At pH 6 this proton
uptake was much smaller because the non-heme
iron was less oxidized due to its increased midpoint
potential at this pH (increase by ~ 60 mV/pH [43]).
Contrastingly, in Ca”*-depleted centers (Fig. 6A,

proton release (decay) / uptake (rise)

0 300 0 300
01 2
-Ca™
2
1+4Ca™ |
0,0 0,5 0 1
time/ ms

Fig. 6. pH-Indicating absorption transients at pH 6 (left) and
pH 7.5 (right) in Ca?*-depleted, dark-adapted PS II core par-
ticles and in controls. Bromocresol purple (pH 6, 575 nm) and
phenol red (pH 7.5, 559 nm) were used as pH indicators (30
uM). Hexacyanoferrate(III) (100 uM) was used as electron ac-
ceptor. (A) Transients induced by 10 saturating flashes spaced
by 30 ms. The arrows indicate the first flash. The time resolu-
tion was 1 ms per address, 10 transients were averaged. (B)
Time-resolved absorption transients on flash one (—Ca?*) and
flash two (+Ca’") given to dark-adapted PS II core particles.
The time resolution was 10 ps per address, 20 transients were
averaged. We compared proton release on the second flash in
controls with proton uptake/release upon the first flash in
Ca’*-depleted material. In the controls the second flash was
used because proton release on flash 1 was small [44] and
superimposed by proton uptake which complicated the determi-
nation of rise-times. Transients were calibrated in terms of pro-
tons released per PS II center by setting the average over tran-
sients 6-10 from Ca®*-repleted (i.e., oxygen-evolving) material
as one proton (see [41]).
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—Ca’") proton release was greatly diminished. Its
residual small extent on higher flash numbers was
probably caused by a fraction of about 20% of cen-
ters which were irreversibly depleted of both Ca’*
and Mn. At pH 6 the first three flashes led to the
accumulated release of about one proton. This pro-
ton release was stable within the measuring interval
of 0.4 s. At pH 7.5 the net proton release on the first
flash was close to zero whereas in the control proton
uptake was observed. We interpreted the former be-
havior as indicating the superimposition of proton
uptake upon the reduction of the non-heme iron
and of proton release from the donor side (see be-
low).

Rapid proton release from the PS II donor side
has been previously observed and attributed to elec-
trostatically induced pK-shifts of peripheral amino
acids (see [41,45] for review). This notion has been
mainly based on the observation of a hypostoichio-
metric amount of rapidly released protons over elec-
trons, and on the increase of the rate at acid pH as
characteristic for the (fractional) protolysis of acids
in contact with water [79]. These deprotonation
events were not rate limiting for electron transfer.
Furthermore, they did not affect the extents and
rates of local electrochromic bandshifts that occurred
in the presence of a positive charge on (or near to)
Yz and Mny [84]. Deviations from this behaviour
have been used as markers to unravel the ‘chemical’
release of protons from the very center, Mnys XYz
[2,3,16,41].

Fig. 6B demonstrates time-resolved proton release
in controls on flash #2 (see figure legend). At pH 7.5
its half-time was 240 ps and it was diminished to
only 50 us at pH 6, as expected for peripheral events
[24]. The rise time of proton release on the first flash
in Ca?*-depleted material was about two times slow-
er (pH 6) or faster (pH 7.5) than the one in controls.
After the rapid proton uptake upon the reduction of
the non-heme iron the release of about 0.5 (pH 6)
and 0.9 protons (pH 7.5) with a half-time of about
110 us was observed. These protons supposedly re-
sulted form the oxidation of Yz. There appearance in
the medium was delayed when compared with the
rise times of electron transfer Yz —Pg, (Table 1)
at both pH values. This behavior may be attributed
to the transfer of the proton from YJ* to the bulk
along a chain of intervening bases.

4. Discussion

4.1. The oxidation of the donor side in Ca’”-depleted
PS 11

In active PS II four oxidizing equivalents can be
stored on MnysXYyz before oxygen is liberated. After
Ca’* depletion the storage capacity is reduced and
oxygen evolution is inhibited [9,10]. In this case the
highest attainable oxidation state is characterized by
the so-called split EPR signal at g=2. Its hyperfine
structure has been attributed to the paramagnetic
interaction between two components. The chemical
identity of the couple is under contention. It has been
assigned to Mn and an amino acid radical [46,47], to
Mn and the tyrosine radical Y5* [38,48,74,75], and to
Y9 and a second organic radical [49,50]. To reduce
this ambiguity we studied the UV difference spec-
trum of the donor side in dark-adapted, Ca>*-de-
pleted PS II. It resembled the known difference spec-
trum of Y9*—Yz, which implies that the major
oxidized component that is formed in a series of
flashes is Y5*. Within noise limits there was no may-
or contribution of another component, e.g., from
MnyX. The supposed second oxidized component
according to EPR results is either already present
in the dark or it is formed under flashing light with
even lower quantum yield than Y$*.

4.2. How does Ca*t act on Y,?

The reversible Ca>* depletion of PS II leaves the
Mn-cluster in place. Thus, Ca?*-depleted material
has been used as a model for the oxygen-evolving
system. The observed hydrogen-bond structure of
Yz in Ca’"-depleted material has been claimed to
resemble the one in intact PS II [14,15]. In more
recent magnetic resonance work on Ca’"-depleted
material, two hydrogen bonds to Yz have been
postulated [80,81]. However, as the data from the
latter materials likely comprise contributions from
H/D isotopic exchange not only at Yz but also at
Mny, a fit of the data by two exchangeable hydrogen
bonds may be fortuitous [77]. It seems as if conclu-
sive magnetic resonance data, which is relevant for
the intact system, on the hydrogen bonding of Y7 is
still lacking. Our data on the electron transfer from
the donor side to ngo, on proton release, and on the
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UV/Vis difference spectra do not support the notion
that Y is similar in oxygen-evolving and Ca*-de-
pleted centers. In Ca’"-depleted PS II core particles
the normal stepping through the S-transitions is im-
paired. The reduction of P(, is slowed by three or-
ders of magnitude, and the formation of Y9* is
coupled with the release of one proton into the
bulk. The difference spectrum Y5*—Y7 is red shifted
in the UV and local electrochromic effects are absent.
All these properties differ from the ones in oxygen-
evolving centers but resemble those observed with
Mn-depleted PS II at acid pH [17]. These observa-
tions prompted us to interpret the properties of Yz
in Ca?*-depleted centers in terms of the same model
[17]. Its features are as follows: In oxygen-evolving
PS II, tyrosine Y7 is hydrogen-bonded to an acid/
base cluster B. Already in its reduced state it behaves
as a hydrogen-bonded tyrosinate Y, ""H(*)B. Only
this state of Yz allows rapid electron transfer to Pg,
in nanoseconds. In Mn-depleted centers the pK of B
is raised from about 4.5 to 7. If B is protonated, as at
acid pH, its hydrogen bond(s) with Yz are disrupted.
The reduction of ngo by Yz is then blocked unless
the excess proton in YzB is released into the bulk.
Thereby the electron transfer is slowed by orders of
magnitude and, as it is coupled to a protolytic reac-
tion, it shows a much larger H/D-isotope effect than
before.

The results on Ca?*-depleted PS II in this work fit
into this model. It is conceivable that some effects on
Yz of Mn depletion are a consequence of the con-
comitant elimination of Ca?*. One role of Ca’* in
intact PS II is probably the tuning of the pK of Yz
into the acid range to make it ready for hydrogen
bonding with B (see [16]).

This view is compatible with results from EPR/
ENDOR. The spectrum of the radical Y9* is similar
in Ca’"-depleted [49] and in Mn-depleted PS II at
pH 5.5 [51,52]. It differs from the one in Mn-depleted
material at pH 7.5 [52] which, on the other hand,
resembles the one of Ypy. The EPR-spectral proper-
ties in Mn-depleted PS II at acid pH have been
attributed to a protonation event in close vicinity
of Yz. The spectrum of Y9* obtained by high-field
EPR at pH 6 has been attributed to a mixture of
strongly and very weakly hydrogen-bonded states
[53]. Further magnetic resonance work has been car-
ried out at intermediate pH values [38,81-83].

Whether it fits into the above interpretation remains
to be shown.

Studies on the hydrogen bonding of Yz as ob-
tained by FTIR have revealed similar features of
Yz and Yp in Mn-depleted PS II, of Yz in Ca’*-
depleted PS II [54], and of TyrH in water [55]. The
features of the oxidized species Y2* at pH 6, YJ* in
Ca’*-depleted centers, and Tyr® in water were also
similar but differed from those of Y} [54,56]. All of
this is compatible with the above view. Data ob-
tained at more alkaline pH [57] are so far conflicting.
That the spectroscopic properties of Yz reported in
[57] differed from the ones found by other authors
has been tentatively attributed to the neglect of a
contribution of Q4 [54,58].

4.3. A model for the interaction between Mn, Ca’”,
and Yz at the oxidizing side of PS I

The number of Ca>*-atoms that are necessary for
oxygen evolution is under debate: Some authors
have found one Ca’* [32,65] whereas others found
two ions [26,66]. A Ca>* to Mn-distance of 3.3 A has
been inferred from EXAFS-data by some authors
[67], whereas others have denied the presence of
Ca’* in the ligand sphere of Mn [68]. Mn-depleted
centers apparently do not bind Ca’* to its native
site(s) [32,66].

Scheme 1 shows a gross model for the arrange-
ment of cofactors at the oxidizing side of PS II.
We placed Pgso, Yz, and the particular Mn-atom
which receives the electron hole upon transition
S; =S, (see legend to Scheme 1) in a triangle when
viewed from Qp, as previously [8]. The respective
center-to-center  distances are assumed as
Yz—Pego=12 A ([8] and references therein), and as
Yz—Mn=11.5 A. The latter figure is at the upper
limit of recent estimates of this distance by EPR/
ENDOR [48,69,70,76]. According to model struc-
tures of PS II [6,7,17] His190, Glul89, and Aspl70
of the D; subunit are located close to Yz. Yy,
His190, and Glul89 may form a hydrogen-bonded
triade [13,17,20,21,39]. This is one way of how the
apparent pK of the YzB-couple can be lowered to
the observed value of about 4.5. The mutation of
Glul89 to GIn apparently decreases the affinity of
PS II for Ca?* [71]. Recently, the formation of the
‘split EPR signal’, which is also observed in Ca’*-
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depleted centers (see above), has been reported in the
Glul89Gly mutant [72]. These results led us to pro-
pose that Glu189 may also form part of a Ca>* bind-
ing site. This places Ca>" at about 5-6 A from Y
and at 34 A from Mn (Scheme 1). A single Ca>* ion
in this position might account for the low pK of
YzB.

Scheme 2 summarizes how the depletion of Mn
and Ca’* affects Yz. In oxygen-evolving PS II Yz
is hydrogen-bonded to a network B [17] with an ap-
parent pK of about 4.5. We propose that the respec-
tive pK and Ep-values (indices in Scheme 2) are de-
termined by hydrogen bonding and the electrostatic
interactions between cofactors. Ca?* depletion likely
decreases the midpoint potential [59,60] of the S,/S;
couple of Mng (~900 mV [61]) which can explain
the stabilization of the S,-state [10] and, in turn, the
impairment of oxygen evolution (for an estimation of
the individual contributions of the charges on Mny,
Ca’*, and H'B to the E, of Yz, see the legend to
Scheme 2). Glul89 forms part of a high affinity Ca’*
binding site. Tris-wash [73] or the incubation of PS II
at alkaline pH [16] induce the double depletion of
Mn and Ca’*. This rises the pK of YzB to 7. At
pH 9 (Scheme 2) hydrogen bonding to Yz is still
intact. By lowering the pH to 6, i.e., below the pK
of 7 in Mn/Ca?*-depleted centers, YzB is protonated
and the hydrogen bonding between Yz and B im-
paired. In the D;His190Gly mutant of Synechocystis
both the oxidation of Yz and the reduction of Y
are slowed [20,21] for the same reason. The natural
proton acceptor/donator of Yz is absent.

Incubation of oxygen-evolving PS II at pH 3.5 also
leads to the protonation of YzB and to the loss of
the hydrogen bonding interaction, but Mn is retained
(Scheme 2). The positive charge of the additional
proton on B lowers the normally high affinity for
Ca%*. This, in turn, causes the release of Ca** and
the pK of YzB rises to 7. In Ca**-depleted centers
the reformation of the hydrogen bond YzB is im-
paired even if B is deprotonated at alkaline pH.
This may be explained by a structural change
brought about by the loss of Ca?* which increases
the distance between Yz and B (Scheme 2). The loss
of the proton on H'B, however, restores the high
affinity of the Ca’" binding site.

5. Outlook

We compared the properties of the tyrosine Yz in
Ca’*-depleted PS II core particles with the ones in
oxygen-evolving, and in Mn-depleted centers. Ca’"
modulates the midpoint potentials of both Mny
and Yz. In oxygen-evolving PS 11, Y7 is a tyrosinate,
hydrogen-bonded to a network B (Y(Z_)"'H(+)'B) that
includes D1His190. D1Glul89 may be a member of
the network and furthermore, may participate in the
formation of a Ca®*-binding site. The protonation of
Y7B lowers the normally high affinity for Ca®*-bind-
ing. Vice-versa, the loss of Ca*" impairs the hydro-
gen-bonding interaction by a structural change which
not only affects the pK of B but might also increase
the distance between Yz and B.
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