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ABSTRACT: Water oxidation in photosystem II is catalyzed by the CaMny4 cluster. The electrons extracted from
the CaMn, cluster are transferred to Pgg, " via the redox-active tyrosine residue D1-Tyr161 (Y). The oxidation
of Y is coupled to a deprotonation creating the neutral radical Y'. Light-induced oxidation of Y is possible
down to extreme temperatures. This can be observed as a split EPR signal from Y;" in a magnetic interaction
with the CaMn, cluster, offering a way to probe for Y oxidation in active PSII. Here we have used the split S,
EPR signal to study the mechanism of Y oxidation at 5 K in the S, state. The state of the hydrogen bond
between Y7 and its proposed hydrogen bond partner D1-His190 is investigated by varying the pH. The split S,
EPR signal was induced by illumination at 5 K between pH 3.9 and pH 9.0. Maximum signal intensity was
observed between pH 6 and pH 7. On both the acidic and alkaline sides the signal intensity decreased with the
apparent pK,s (pK,pp) ~4.8 and ~7.9, respectively. The illumination protocol used to induce the split Sy EPR
signal also induces a mixed radical signal in the g ~ 2 region. One part of this signal decays with similar kinetics
as the split So EPR signal (~3 min, at 5 K) and is easily distinguished from a stable radical originating from Car/
Chl. We suggest that this fast-decaying radical originates from Y;'. The pH dependence of the light-induced
fast-decaying radical was measured in the same pH range as for the split Sy EPR signal. The pK,,,, for the light-
induced fast-decaying radical was identical at acidic pH (~4.8). At alkaline pH the behavior was more complex.
Between pH 6.6 and pH 7.7 the signal decreased with pK,,, ~7.2. However, above pH 7.7 the induction of the
radical species was pH independent. We compare our results with the pH dependence of the split S; EPR signal
induced at 5 K and the S, — S; and S; — S, transitions at room temperature. The result allows mechanistic
conclusions concerning differences between the hydrogen bond pattern around Y in the Sy and S; states.
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The light-driven oxidation of water in plants, algae, and
cyanobacteria is carried out by the membrane-bound pigment—-
protein complex photosystem 11 (PSII)'. Upon excitation, Pgg,
donates one electron to the primary electron acceptor pheophy-
tin, creating the Pggo “Pheo™ charge pair. Pheo™ is oxidized by
Qa, and the electron is transferred via Qg to the photosynthetic
electron transfer chain. Electrons to reduce Pggy ™ are derived
from water, the water oxidation being catalyzed by a CaMny
cluster in PSII (7). The reaction involves four oxidation steps,
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S,— S, +1(n = 0—4), accompanied by the successive removal of
four protons from two bound water molecules (2, 3). The
electrons from the CaMny cluster are transferred to Pego’ via
the redox-active tyrosine residue, Yy, on the D1 protein. Yz is
thought to be protonated in its reduced form at physiological
pH (4, 5) while the oxidized radical is deprotonated (6).

The electron transfer from the CaMn, cluster to Pggo ™ involves
two sequential steps for each S state transition; first, oxidation of
Y, by Peso ', to the neutral radical Y, occurring in the
nanosecond to microsecond time scale (7—9), and second, the
oxidation of the CaMny cluster by Y, occurring in the micro-
second to millisecond time scale (/0). The formation of the
neutral radical Y implies that a deprotonation event of Yz-OH
is associated with the oxidation of the tyrosine by Pggo . The
details in this coupled electron—proton transfer reaction are of
importance for the function of Yz, and variations of EPT
reactions play central roles in several steps associated with the
catalytic water oxidation cycle.

It is generally accepted that the phenolic proton of Yz moves
away in a hydrogen bond to the nearby base D1-His190 (Hisy)
when Y7 is oxidized (11, 12). Upon reduction from the CaMny
cluster Yz is reprotonated. This proton movement has been
discussed both in the context of an hydrogen atom abstraction
event where an hydrogen atom is abstracted from the CaMny
cluster upon each S state transition (6, /3, /4) and in the context
of an proton rocking model where the proton moves back and
forth between Y and Hisy (10, 15—18). In the latter mechanism
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oxidation of Yy facilitates deprotonation reactions in the CaMny
complex during the S state transitions through electrostatic
interactions. Both models involve Hisy to function as an efficient
proton acceptor for the proton leaving Y. However, the proton
movements to and from His; associated with Y, oxidation are
not necessarily the same in all S states and will certainly vary
dependent on pH.

The fast reduction of Y7~ by the CaMn, cluster makes the
tyrosine radical short-lived at ambient temperatures and creates
obstacles in studying the exact mechanism of Y, oxidation. At
temperatures above 265 K all S state transitions in the CaMn, are
operational (19). By successively lowering the temperature the
transitions become inhibited, and below 77 K all S state transi-
tions are blocked. In contrast, it has been demonstrated that
light-induced oxidation of a species considered to be Yy is still
possible at ultralow temperatures (5—10 K) where Y" cannot be
reduced by the CaMny cluster. Instead, Y  is trapped in a
semistable state that in most cases decays in the dark on the
minutes time scale by recombination with Qs (20—23). The
close proximity of Y" to the CaMny cluster (5.1—5.4 A) (24, 25)
has made it possible to detect this intermediate state by EPR
spectroscopy. Y is detected as a radical in magnetic interaction
with the paramagnetic metal center in OEC (a redox state
depicted S,Y7'). In PSII, this type of interaction signals, also
called “split EPR signals”, was first reported from Ca” * -depleted
and acetate-inhibited samples (26).

The possibility to induce similar split EPR signals by illumina-
tion at ultralow temperatures has in recent years brought the
advantage to study Y oxidation in intact PSII. Up to now,
intermediates of all S states, except the transient Sy state, have
been identified by applying different light regimes (either visible
or NIR light) at different low temperatures (for an early review
see ref 27).

Split signal induction is achieved in a large fraction of PSII by
visible light illumination at cryogenic temperatures in both the S,
and S; states, giving rise to two characteristic split EPR signals
denoted the split Sy (SpYZ) and split S; (S;Y;) EPR
signals (20—23, 28). The signals are estimated to account for
ca. 40—50% and ca. 40% of the PSII centers, respectively, when
induced at 5—11 K (20—22). Proton movements and protein
conformational changes are severely restricted at these low
temperatures. Therefore, if the organic radical involved in the
split EPR signals is indeed Y7, the possibility to quite easily
oxidize Y implies that the proton movement between Y and
Hisz is still operational at this low temperature. This can be
probed by studies of split EPR signal induction at 5 K as a
function of pH.

The split S; EPR signal was found to be pH independent
between pH 5.5 and pH 8.5 (29). At low pH its formation is
inhibited with pK, ~ 4.7 (29, 30). Here we expand these
investigations by resolving the pH dependence of the split EPR
signal from OEC in the most reduced state, Sq. An explanation
for the pH dependence of the split Sy EPR signal is proposed.
Further, we discuss our results in the context of the literature data
for the pH dependence of the S state transitions at physiological
temperature (37, 32) and the split S; EPR signal at 5 K (29). This
allows mechanistic conclusions concerning differences between
the hydrogen bond pattern around Y in the Sy and S; states. Our
results also provide further evidence that the radical involved in
the split Sg EPR signal isindeed Y and offer insight in structural
rearrangements that translate from the donor to the acceptor side
of PSIL

Sjoholm et al.
MATERIALS AND METHODS

PSII Membrane Preparation. PSll-enriched membranes
were prepared from spinach (Spinacia oleracea) as in ref 29. The
preparation was kept at —80 °C in a buffer containing 25 mM
MES—NaOH (pH 6.1), 15 mM NaCl, 3 mM MgCl,, and
400 mM sucrose. The O, evolution was ~400 umol of O, (mg
of Chl)™" h™!, measured under saturating light at 20 °C using
0.5 mM PpBQ as an electron acceptor. Tris washing of the
samples was achieved by stirring the PSII-enriched membranes in
a buffer containing 0.4 M sucrose and 1 M Tris (pH 9.1) at 1 mg
of Chl/mL for 30 min on ice under room light. The Tris washing
resulted in > 75% removal of Mn from PSII, and no O, evolution
was detectable after the treatment.

EPR Sample Preparation. PSII membrane preparations
were diluted in a standard buffer (25 mM MES—NaOH (pH 6.1),
10 mM NaCl, 10 mM MgCl,, 5 mM CaCl,, and 400 mM sucrose)
to 2—3.5mg of Chl/mL and placed into calibrated EPR tubes. All
samples were exposed to room light for 5 min to fully oxidize Yp
and then dark adapted for 30 min. The CaMny, cluster was
synchronized in the S; state by giving one preflash and then dark
adapted for 15 min at 20 °C (19, 28). The S, state was then
achieved by giving three saturating turnover laser flashes to the
EPR sample which was immediately frozen in a dry ice/ethanol
bath (freezing time 1—2 s). Flashes were provided by a Nd:YAG
laser (Spectra Physics) at 5 Hz frequency (532 nm, 850 mJ/pulse)
at 0 °C. The turnover flashes were given in the presence of 1 mM
PpBQ (dissolved in DMSO, final DMSO 2% v/v).

For the pH-jump experiments, EPR samples were transferred
to a low molar buffering medium (standard buffer but with
0.5 mM MES, pH 6.3) before the preflash protocol. After
achieving the S, state the buffer was rapidly changed by adding
a buffering medium at 150 mM (for the corresponding pH range:
pH 3.3—4.25, glutamic acid—NaOH; pH 4.6—6.6, MES—NaOH;
pH 6.8-7.8, HEPES—NaOH; pH 8.0—-8.7, glycylglyci-
ne—NaOH; pH 8.8—9.5, AMPSO) to achieve a final concentra-
tion of 20 mM and the desired pH of the sample (29, 33). The
samples were frozen within 10 s after the pH adjustment.

PpH Reversibility. EPR samples at low and high pH, prepared
as described above, were thawed quickly in ethanol after the first
EPR measurements, and the pH was changed back to pH ~6 by
adding a 150 mM MES—NaOH buffer to a final concentration of
35 mM (in the low-pH samples) or 30 mM (in the high-pH
samples). The samples were mixed and frozen again within 15 s.
Parallel samples with only the first pH buffer addition were made
in order to determine the obtained pH.

EPR Spectroscopy. Continuous-wave EPR measurements
were performed with a Bruker ELEXSYS ES00 spectrometer
using a SuperX EPR049 microwave bridge and a Bruker SHQ
4122 cavity equipped with an Oxford Instruments cryostat and
ITC 503 temperature controller. The split S, EPR signal was
induced at 5 K by continuous illumination for 90 s from a white
light projector filtered through a CuSO, solution and directed
into the cavity via a light guide. The light intensity at the sample
position was 20 W/m?. Signal processing and quantification were
carried out with the Bruker Xepr software. Spectrometer settings
are given in the figure legends.

Sample Evaluation after pH-Jump Experiments. After
the EPR measurements, the remaining oxygen evolution, the
final pH, and the Chl concentration of the EPR samples were
measured as in refs 29 and 33. All samples were diluted back to
pH 6.1 in a standard buffer within 20 s after each sample was
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thawed and the steady-state O, evolution was measured.
Despite fast sample handling, the CaMn, cluster might sustain
pH-induced damage in a fraction of the centers leading to partial
loss of oxygen evolution. This damage is pH and time dependent,
occurring faster at extreme pH (33). In samples where the activity
was slightly lowered, the data points (EPR signal amplitudes)
were corrected to full activity. In this way irreversible split EPR
signal loss due to pH induced damage of PSII or the OEC could
be removed from the analysis. Samples with less than 50% of the
original oxygen evolution were judged to be too destroyed to
provide reliable data and were excluded. In addition, in the
particular EPR sample, EPR signal amplitudes were normalized
to the found Chl concentration, which could vary somewhat
between the samples due to the elaborate sample preparation
protocol.

The bell-shaped titration curves for the split Sy EPR signal and
the fast-decaying radical were fitted with the combination of two
pK,s as described in ref 33. In addition, apparent pK, values
(pKipp) are also presented. The pK,p, corresponds to the pH at
which the EPR signal has lost 50% of its maximal amplitude. The
pKapp values are useful in PSII research since many processes and
phenomena can only be partially resolved over limited pH
intervals. Often, this makes it impossible to obtain a full titration
curve. Therefore, the pK,y, values, as we use them here, are more
relevant to allow comparisons to many of the pK,, values reported
in literature, e.g., refs (30—32). In particular, this holds for many
processes on the donor side of PSII which exhibit single pK,
behavior. In those cases our pK,,,, can be directly compared with
the determined pK, which does not hold for the pK, obtained
from the fitting.

RESULTS

pH Dependence of the Split Sy EPR Signal. The formation
of the split Sy EPR signal induced by illumination at 5 K was
investigated between pH 3.9 and pH 9.0. The OEC, synchronized
in the S; state, was advanced to the S, state by three powerful
laser flashes given at pH 6.3. Approximately 55% of PSII was in
the Sy state in our samples (34). The pH was then immediately
altered before the samples were frozen. Changing the pH only
after the OEC reached the S, state excludes any effects by pH on
the transitions from S; to S,.

Figure 1A shows the light-induced split So EPR signal at five
different pHs. The signal reaches its maximum between pH 6 and
pH 7. Spectrum ¢ (pH 6.6) clearly shows the symmetrical features
of the signal previously assigned to SyY7" (21), with a low-field
peak at g ~ 2.05 and a high-field trough at g ~ 1.96 separated by
ca. 160 G. The amplitude decreases on both the acidic and
alkaline sides and is significantly smaller at extreme pHs. In
Figure 1B (filled circles) the normalized signal amplitude of the
split So EPR signal is plotted against the pH. The signal
amplitude is measured on the wing of the low-field peak at
3205 G (indicated by the dashed line in Figure 1A) to eliminate
contribution from the split S; EPR signal that overlaps the split
So EPR signal at the high-field trough (23). The maximal
observable signal amplitude, measured at pH 6.6, is considered
to reflect the formation of the split Sy EPR signal in 46—53% of
the centers that were in the S, state (22). In Figure 1B this
amplitude is set as 100%. The titration curve is fitted with the
combination of the two pK,s, 6.2 £ 0.4 and 6.5 + 0.4. However,
in order to facilitate comparison to reported literature values (see
Materials and Methods), we will discuss pK, values obtained
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FiGure 1: pH effect on the split Sy EPR signal induced by illumina-
tionat 5 K. (A) The split Sy EPR signal in light minus dark difference
spectra measured at different pHs: (a) pH 4.2, (b) pH 4.9, (¢) pH 6.6,
(d) pH 7.6, and (e) pH 8.1. The central region of the spectra
containing the radical part has been omitted for clarity. The dashed
line at 3205 G indicates the field position chosen for the amplitude
measurements presented in panel B. EPR parameters: temperature
5 K, microwave frequency 9.41 GHz, microwave power 25 mW, and
modulation amplitude 10 G. (B) Filled circles show the normalized
amplitudes of the split S; EPR signal vs pH. The pH-dependent
behavior of the split Sg EPR signal could be fitted with a combination
of two protonable groups (full drawn line). Open circles show the
ratio between the normalized signal amplitudes at 3270 and 3230 G at
pHs above 6.6. These field positions are indicated by dash-dot lines in
panel A.

from the half-inhibition of the signal amplitude, resulting in the
PKipps ~4.8 and ~7.9.

The shifts to extreme pHs also result in the appearance of new
light-induced EPR signals in the same spectral range. At acidic
pH, the peak at g ~ 2.05 and trough at g ~ 1.96 decrease in
amplitude, resulting in an ~19 G broad radical at g ~ 2.00
becoming dominant in the EPR spectrum (Figure 1A, spect-
rum a). At alkaline pH > 7.7 the peak and trough from the split
Sy EPR signal decrease, but here a new resonance appears
broadening the g ~ 2.00 radical (Figure 1A, spectrum e¢). This
new light-induced EPR feature decays in the dark with #;, ~ 3
min (not shown) and is also a fast relaxing signal similar to the
split So EPR signal (23). To evaluate this new EPR feature that
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F1GURE 2: Induction of radical EPR signals at pH 6.1 in the g ~ 2
region by illumination at 5 K of a three-flash sample dominated by
the S state. (A) Spectrum a shows the light minus dark difference
EPR spectrum induced by illumination at 5 K. Spectrum b shows the
part of the light-induced EPR signal that remained after 15 min
incubation in the dark. Spectrum ¢ shows the light-induced signal that
decayed during these 15 min in the dark at 5 K. Spectrum ¢ was
obtained by subtraction of spectrum b from spectrum a. The inset
spectrum shows the entire light-induced spectrum recorded as in
Figure 1. The dashed lines in the inset spectrum indicate the field
region of the radical spectra in Figure 2 in relation to the split Sy EPR
signal. EPR parameters: temperature 5 K, microwave frequency 9.41
GHz, microwave power 1 mW (inset spectrum 25 mW), and modula-
tion amplitude 3.2 G (inset spectrum 10 G). (B) Comparison between
the spectrum of Yp® (i) and the light-induced decaying radical EPR
spectrum (ii, same as spectrum c in panel A) both recorded at 1 mW
microwave power. Note the difference in scale and spectral resolu-
tion. EPR parameters are the same as in panel A.

appears at pH > 7.7, the ratio between the EPR signal amplitude
at 3270 and 3230 G (Figure 1A, dash-dot lines) was calculated.
The ratio changes from smaller than 1 at pH <7.7 to become
larger than 3 at elevated pH, indicating a pK,p, ~ 8 for the
appearance of this new broad g ~ 2 signal (Figure 1B, open
circles).

pH Dependence of the Light-Induced Fast-Decaying g ~
2 Radical. The light minus dark subtraction spectra in Figure 1
also result in a mixed radical spectrum in the g ~ 2 region besides
the typical wide symmetrical feature of the split S, EPR signal
(see also ref 23). In Figure 1 the spectral conditions are chosen to
optimize the “split” features of the EPR spectrum (at 3230 and
3380 G) and to allow observation of the broadening at high pH
while we have omitted the central part. This is instead shown in
Figures 2 and 3 where the radical region is recorded (under
optimal conditions) from samples in the S, state illuminated at
5K at different pHs. The EPR spectrum obtained by illumination
at 5 K of a sample at pH 6.1 is shown in Figure 2A (spectrum a).
The EPR spectrum is of mixed origin, and it was previously
shown that one fraction of the light-induced signal in the central
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FIGURE 3: pH effect on the light-induced, fast-decaying radical EPR
signal from PSII in the S, state. (A) The decaying radical EPR
spectrum at different pHs: (a) pH 4.2, (b) pH 4.9, (c) pH 6.6, (d)
pH 7.6, and () pH 8.1. The difference spectra shown are obtained by
subtracting the spectra recorded after 9 min incubation in the dark at
5 K from the spectra recorded during illumination. Spectrum f shows
the EPR signal of Yp” measured with the same EPR settings for
comparison. EPR parameters; temperature 5 K, microwave fre-
quency 9.41 GHz, microwave power | mW, and modulation ampli-
tude 3.2 G. (B) Filled circles show the pH dependence of the
normalized amplitude of the decaying radical EPR spectrum mea-
sured at 3285 G (dashed line in panel A). The decrease of the
amplitude at low and high pH could be fitted between pH 4.2 and
pH 7.7 with two protonable groups (full drawn line). Open circles
show the normalized amplitude of the split Sy EPR signal measured in
the same samples.

region has the same decay kinetics as the split Sy EPR signal and
involves recombination with Q4 (23). The remaining part was a
slowly decaying radical (7, > 30 min) assigned to a Car™* or
Chl™** species.

We analyzed the mixed EPR spectra obtained by illumination
at 5 K at the different pHs with this in mind. When the
illumination is stopped, the split signal and part of the radical
species recombine with Qo and decay with a half-time of
approximately 3 min (23). After 15 min decay of these species a
slowly decaying narrow radical signal (line width ~ 12 G) with
g ~2.0032 (Figure 2A, spectrum b) remained. The line width and
g-value differ from what is reported for Car"* (g = 2.0024, line
width 9.5 G) and Chl™* (g = 2.0026, line width 10.4 G) (35).
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Table 1: pH-Dependent Inhibition of S State Transitions at Room Temperature (RT), Split EPR Signal Formations at 5 K, and the Fast-Decaying Radical

at 5K

acidic pK,“* alkaline pK,“ ref”
So— S1, RT 4.7 pH independent (31, 32)
split So, 5K 4.8"14.7] 7.9°17.7] this work [30]
radical Sy, 5 K 4.8 7.2:% pH independent at pH >7.7 this work
S; — S, RT pH independent pH independent (31, 32)
split S, S K 4.714.9] pH independent [7.7] 29, [30]

“Values in square brackets originate from references in square brackets. ”pdep (see Materials and Methods).

However, when recording the spectrum under conditions that are
nonsaturating for Car ~*/Chl ™, the slowly decaying radical had
g ~2.0027 and line width ~ 10 G (see below). This concludes that
the slowly decaying narrow radical signal that is left after 15 min
decay (Figure 2A, spectrum b) is dominated by Car ™ */Chl ™. By
subtracting the slowly decaying radical part (g ~ 2.0032) from the
mixed radical spectrum recorded during illumination, the con-
tribution from the fast-decaying signal was revealed (Figure 2A,
spectrum c). The fast-decaying radical spectrum is ~19.5 G wide
with a g ~2.0041. This g-value is significantly higher than for the
slowly decaying Car " */Chl** (g ~ 2.0024—26) (35) and is more
similar to that of the well-known tyrosine radicals from Y and
Yy (g~ 2.0046) (36). In fact, when analyzing the decaying radical
spectrum after only 1.5 min decay, it has g ~ 2.0046, identical to
that of Yp' and Y. The lower g-value, g ~ 2.0041, after 15 min
decay indicates that this spectrum (Figure 2A, spectrum c) also
contained a decaying, very small fraction of a Car™*/Chl™*
radical (ref 37; F. Ho, personal communication).

In Figure 2B, the fast-decaying radical spectrum (spectrum ii)
is shown together with the spectrum of Y (spectrum 1) recorded
under similar conditions. At 5 K and 1 mW microwave power the
EPR spectrum from Yp' is distorted due to rapid passage effects
reflecting its slow relaxation (38). This is different from the fast-
decaying radical that is better resolved. This directly indicates
that the fast-decaying radical relaxes faster than Yp" at 5 K (see
below). The size of the fast-decaying radical indicates that it is
present in ~5% of PSII at pH 6.1. This approximation is based
on double integration of the spectrum (measured under non-
saturating conditions) and comparing its size to the spectrum of
Yp® which accounts to one spin per PSII center.

Figure 3A shows spectra of the fast-decaying radical at five
different pH values. The spectra shown are obtained by subtract-
ing the spectra after 9 min decay in the dark from the light-induced
signal. The largest spectrum was observed at pH 6.6 (Figure 3A,
spectrum c). The signal intensity decreased on both the acidic and
the alkaline side. In Figure 3B (filled circles) the normalized signal
amplitude measured at 3285 G* (indicated by a dashed line in
Figure 3A) is plotted against the pH. As a comparison the split S,
EPR signal amplitude, measured in the same samples, is also
shown in Figure 3B (open circles). A titration curve for the fast-
decaying radical could be fitted for two protonable groups with
the pK,s 5.9 £ 0.4 and 7.1 £ 0.4 (in the pH interval pH 4.2—7.7),
while the amplitude was pH independent at pH >7.7. The pK,,,,
(see Materials and Methods) obtained from the half-inhibition of
the signal amplitude was 4.8 in the acidic region. Thus, at the low-
pH side, the split Sy EPR signal and the fast-decaying radical
decreased in concert (pK,pp, ~ 4.8).

The amplitudes were measured at the wing of the EPR spectrum to
avoid contributions from any contaminating radical signal from oxi-
dized Chl or Car species.

In the alkaline region the behavior was more complex.
Between pH 6.6 and pH 7.7 the signal decreases in size to
approximately 60% of its maximal amplitude at pH 6.6. The
pKapp for this decrease was ~7.2. However, above pH 7.7 the
induction of the radical species was pH independent. This is
different from the behavior of the split Sy EPR signal, which
decreased to 28% at pH 8.2 (Figure 3B, open circles). We
conclude that the fast-decaying radical decreases with the same
pH dependence as the split Sy EPR signal between pH 6.6 and pH
7.7 but has a different pH dependence at pH 7.7—8.2. This is an
important difference, and the implications are discussed below.

Table 1 shows the obtained results for the pH dependence of
the split Sq EPR signal and the fast-decaying radical. The table
also summarizes previously reported pK, values for the induction
of the split EPR signals in the Sy and S, states and for the
inhibition of the room temperature transitions from Sy — S; and
S] - Sz.

Oxidation of Side Path Donors. Our low-temperature
illumination protocol also induced a slowly decaying radical
species (Figure 2, spectrum b). This featureless radical EPR signal
is ~10 G wide with g ~ 2.0027 when recorded under nonsaturat-
ing conditions (0.5 #W; Figure 4). Judging by the spectral
resemblance and its slow decay, this light-induced species pre-
dominantly originates from an oxidized Car or Chl radical
species in PSII (35). The induction of this radical EPR signal
was also pH dependent. Figure 4A, spectrum b, shows the slowly
decaying radical at pH 6.3. At this pH the radical was formed in
~13% of PSII centers by our illumination regime. The number of
reaction centers where Car/Chl was oxidized increased on both
the low- and high-pH side. At pH 4.1 and 8.2 the radical was
formed in ~19% (Figure 4A, spectrum a) and ~17% (Figure 4A,
spectrum c) of PSII, respectively. The quantification of the stable
radical was done by comparing the Car " */Chl " signal with the
signal of Yp". Figure 4C (closed circles) shows the amount of
Car "*/Chl™** formation by our illumination protocol at 5 K
between pH 3.9 and pH 8.5. The induction of the radical has a
minimum at pH 5.5—7 and increases slightly at both low and high
pH. Thus, Car/Chl oxidation is minimum at pHs where the split
Sy EPR signal and the decaying radical are highest and vice versa.
Where we found lower yield of the fast-decaying species the yield
of the Car **/Chl"* was higher.

In addition, we also quantified the amount of Cyt bss9 that was
oxidized by our 5 K illumination. Figure 4B shows the spectrum
of Cyt bssg prior to illumination (spectrum i) in comparison to the
spectrum after the illumination at 5 K (spectrum ii). At pH 6.5 the
light-induced Cyt bss9 oxidation was estimated to ~17% (on a
PSII basis). The quantification is based on the assumption that
the maximally inducible Cyt bssy oxidation (Figure 4B, spectrum
iii) amounts to one spin per PSIT (100%). A fully oxidized sample
could be achieved by continuous illumination with our light
source for ~80 min at 5 K. For the oxidation of Cyt bss9 we found
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F1GURE 4: pH effects on the induction of the Car/Chl radical and Cyt
bssy oxidation by illumination at 5 K. (A) The EPR spectra of the
slowly decaying light-induced radical attributed to oxidized Car/Chl
at three different pH values: (a) pH 4.1, (b) 6.3, and (c) 8.2. EPR
parameters: temperature 5 K, microwave frequency 9.41 GHz,
microwave power 0.5 ¢W, and modulation amplitude 3.2 G. (B)
The EPR spectra of oxidized Cyt bsso before illumination (i), after
split signal illumination at 5 K (ii), and after maximal oxidation of
Cyt bsso by illumination for ~80 min at 5 K (iii). EPR parameters:
temperature 15 K, microwave frequency 9.41 GHz, microwave power
5 mW, and modulation amplitude 15 G. (C) The amount of oxidized
Car/Chl radical (filled circles) and Cyt bsso (open circles) induced by
illumination at 5 K between pH 3.9 and pH 8.5. The size of the Car/
Chl radical was quantified by comparing the double integration of the
Car/Chl signal and the signal of Y".

a slightly lower yield at pHs where the induction of the split S,
EPR signal and the fast-decaying radical was maximal
(Figure 4C, open circles).

pH Reversibility. The change to low and high pH signifi-
cantly decreases both the split S, EPR signal and the fast-
decaying radical. We therefore designed an experiment to test if
the decrease was reversible or not. After the first EPR measure-
ments, samples at low and high pH were thawed, and the pH was
changed back to normal pH (pH ~6) by adding additional pH
buffer. The black spectrum a in Figure 5A shows the split S) EPR
signal at pH 4.3. At this pH the characteristic peak and trough of
the split Sy EPR signal are hardly visible (compare to Figure 1).

Sjoholm et al.
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FIGURE 5: Reversibility of the pH-induced decrease of the split Sy
EPR signal and the fast-decaying radical at low and high pH. (A)
Spectra a show the split Sg EPR signal induced by illumination at 5 K
at pH 4.3 (black line) and after the same sample has been thawed and
the pH changed to 5.9 (gray line). Spectra b show the split Sy EPR
signal induced by illumination at 5 K at pH 7.8 (black line) and after
the sample has been thawed and the pH changed to pH 6.2 (gray line).
(B) Spectra i show the fast-decaying radical induced by illumination
at 5K atpH 4.3 (black line) and after the sample has been thawed and
the pH changed to 5.9 (gray line). Spectra ii show the fast-decaying
radical induced by illumination at 5 K at pH 7.8 (black line) and after
the same sample has been thawed and the pH changed to pH 6.2 (gray
line). EPR parameters are the same as in Figure 1 for panel A and
Figure 3 for panel B.

After the pH was changed back to pH 5.9, the second EPR
measurement clearly showed that a split Sy EPR signal could be
induced by illumination at 5 K (gray spectrum a in Figure 5A). A
similar increase in the split S; EPR signal was observed when
changing the pH from 7.8 to 6.2 (Figure SA, black and gray
spectra b, respectively). Also, the size of the fast-decaying radical
was significantly increased by a change from pH 4.3 to pH 5.9
(Figure 5B, i) and pH 7.8 to pH 6.2 (Figure 5B, ii). It is clear that
the protonation/deprotonation events causing the decrease of the
split Sy EPR signal and the fast-decaying radical are reversible
when the pH is changed back from extreme pH to normal pH at
both the acidic and alkaline sides.

Decay Kinetics of the Split Sy EPR Signal. The decay of
the split Sy EPR signal at different pHs was followed for 15 min at
5 K after the low-temperature illumination. In Figure 6A the
decay of the signal amplitude is shown at three different pH
values. The signals decay with similar kinetics (¢;, ~ 3 min) at
pH 4.6 (filled circles), pH 6.1 (open circles), and pH 7.6 (filled
triangles) in agreement with an earlier report (30).

Magnetic Relaxation Properties. Figure 6B shows the
microwave power saturation behavior of the split Sy EPR signal,
the fast-decaying radical, and Yp' at pH 6.1. To facilitate
comparison, the signal amplitudes have been normalized. For
the split So EPR signal and the fast-decaying radical, which both
decay after light induction, each point in Figure 6B represents
measurements in a separate EPR sample. For the split S) EPR
signal the change in amplitude at 3205 G was measured between
0.13 and 202 mW. The power at half-saturation, Py, was derived
as in ref 39 and was found to be 19 mW.

The signal amplitude of the fast-decaying radical in samples
provided three flashes was measured at 5 K at 3285 G (see
Figure 2B) over microwave powers ranging from 1.6 uW to
16 mW. The Py, was 300 uW at pH 6.1 (Figure 6B, Table 2). In
addition, the microwave power saturation of the fast-decaying
radical was also determined at pH 7.6, with a P}, of 360 uW
(Table 2).
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FIGURE 6: (A) Decay kinetics of the split Sy EPR signal at different
pH. The split Sy EPR signal was induced by illumination at 5 K, and
the decay of'its amplitude was followed during incubation in the dark
at 5 K at different pHs. The amplitude was measured at 3205 G (see
Figure 1A) at pH 4.6 (filled circles), pH 6.1 (open circles), and pH 7.6
(filled triangles). EPR parameters are as in Figure 1. (B) Microwave
power saturation at 5 K for the split Sy EPR signal (filled squares), the
fast-decaying radical (open triangles), Yp~ in the dark-adapted
sample (open circles), Yp' in the sample provided three flashes
(filled triangles), and Yp® in a Mn-depleted (Tris-washed) sample
(filled circles), measured at pH 6.1. The P;/, values were calculated
from the fits shown in the inset and are summarized in Table 2. The
EPR signal intensities have been normalized to the same maximal
amplitude. In the inset, the amplitudes of Y in the zero-flash, three-
flash, and Mn-depleted sample have been separated vertically for
clarity. EPR settings were as in Figure 1 for the split Sy EPR signal
and Figure 2 for the fast-decaying radical and Yp® except for the
microwave power, which varied.

The signal amplitude of Yp' on the peak at 3290 G (see
Figure 3A) was measured between 0.1 W and 6.4 mW in three
different samples, a zero-flash (S; state), a three-flash (S, state
dominating), and a Tris-washed EPR sample lacking the Mn
cluster. Py, was found to be 19, 57, and 17 uW for Yp' in the
zero-flash, three-flash, and a Tris-washed EPR sample, respec-
tively. Although measured for the first time at 5 K, these numbers
are well in line with earlier data where the S state dependent
relaxation of Yp" was originally reported (38). Also, in this report
Yp® was found to relax faster in three-flash (S, dominated)
samples than in dark-adapted (S;) or Mn-depleted (Tris-washed)
PSII samples when measured at § and 20 K.

The Py of the fast-decaying radical is significantly higher than
of Yp® (Table 2), indicating that this radical relaxes much faster.
Due to this fast relaxation the resolution of the EPR spectra of
the fast-decaying radical in Figures 2 and 3 is high even at | mW
microwave power, and the rapid passage effects that decrease the
resolution of the Yp" EPR spectrum ((38); see Figure 2B) are
minimized. It is tempting to attribute the fast-decaying radical to
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Table 2: Microwave Power Saturation Behavior of the Fast-Decaying
Radical, the Split Sy EPR Signal, and Yp" at pH 6.1

Py
EPR signal pH 6.1 pH 7.6
fast-decaying radical 300 uW 360 uW
Yo' (0 flash) 19uW
Yp® (3 flashes) 57TuW
Yp' (Tris-washed) 17uW
split So 19mW

“Measured at 5 K.

Y. The relaxation properties of Y are expected to be different
from Yp' as it is influenced by the environment. Y relaxation is
strongly enhanced by the magnetic interaction with the close-
lying CaMn, cluster, whereas the EPR signal of Yp" saturates
more easily although also this radical interacts with the CaMny
cluster (thatis > 30 A away). It was previously shown that a well-
resolved transient EPR signal from Y,  can be induced by
illumination in Ca*>*-depleted PSII, on top of the dark stable
Yp' signal, when measuring at high microwave powers (40).
Similar to reported here, it was possible to discriminate between
the Yz" and Y EPR signals using microwave power saturation
studies.

DISCUSSION

The oxidation of Y7 is coupled to a proton movement between
the hydroxyl group of the tyrosine and a nearby base. Under
physiological conditions this base is believed to be Hisz (1, 12),
2.7 A away from Yz (25). The oxidation of Yz has been studied
here in the S, state between pH 3.9 and pH 9.0 at ultralow
temperature (i.e., 5 K). Asa probe, the light-induced split S EPR
signal was used. This signal arises from a magnetic interaction
between the oxidized Y;" radical (S = '/5) and the S = '/, of the
CaMny cluster in the S state (47). The split Sy EPR signal is a
symmetrically broadened EPR spectrum with a peak to trough
distance of 160 G centered around g ~ 2 (21). In addition to the
split Sy EPR signal, a fast-decaying radical was induced in the g ~ 2
region, over the same pH interval. We assign this fast-decaying
radical to Y based on the following: (i) the shape and width
(19.5 G) of the EPR signal and its g-value (g ~ 2.0041—2.0046)
are matching that of a tyrosine radical (Figure 2), (ii) the
relaxation of the EPR signal is markedly different from that of
Yp' (Table 2), and (iii) the signal decays with similar kinetics (¢ »
~ 3 min) as the split Sy EPR signal (23). The fast-decaying radical
is observed in ca. 5% of the PSII centers at pH 6.5, and the
spectral feature of its EPR signal shows no obvious magnetic
interaction with the CaMny cluster. However, the signal is not
from PSII centers lacking the CaMny cluster since the power
saturation measurements indicate that the closely lying CaMn,
cluster enhances the relaxation properties of the radical (Table 2).
The spin—lattice relaxation of Y," and Y is expected to be quite
similar in samples lacking the CaMny cluster (42). Instead, we
propose that the light-induced, fast-decaying radical signal
originates from PSII centers where Y7 is uncoupled and there-
fore its EPR spectrum is not broadened from magnetic interac-
tion with the § = '/, of the CaMny cluster. At this point we do
not speculate further about the mechanism behind this uncou-
pling. However, we point out that such uncoupling has been
reported in temperature dependence studies of split EPR signals
involving Y and the CaMny cluster (43, 44).
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Scheme 1: pH-Induced Changes in Y and Sy Oxidation Triggered by Protonation of Hisy in the Yz-His; Motif

(i) S, - illumination at 5K and RT (ii) S, - illumination at 5K
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The results will be discussed in context to previously reported
pH-dependent inhibitions of S state transitions at room tem-
perature and split EPR signal formations at 5 K (Table 1). But
first we should state some prerequisites for our experiments. All
experiments were performed on PSII particles with Y, comple-
tely oxidized to avoid competition between Yz and Yp. It has
been demonstrated that the rate of Yp oxidation at room
temperature (45) and the amount of Yp oxidation at cryogenic
temperatures (pK, ~ 7.6) increases as pH increases (46). At this
pH (pK, ~ 8.0) Yp oxidation (in case Yp was reduced when the
illumination started) actually directly competes with the split S,
EPR signal formation at 5 K (29). In order to exclude any
possible contribution from oxidized Y in the spectra of the fast-
decaying radical, the power saturation was measured also at
high pH. P, , was found to be 360 uW at pH 7.6 (Table 2), similar
to what was found at pH 6.1, while P, , for Yp" in the Sy state was
ST uW.

The photooxidation of the alternative electron donors Cyt
bsse, Chl, and Car can also contribute to Pggy * reduction (35, 47).
The amount of the Cyt bssg and Car " */Chl ** induced by our 5 K
illumination was estimated over the entire pH range (Figure 4).
The induction of Car “*/Chl™* had a minimum at pH 5—7 and
increased at both low and high pH. Thus, in accordance with the
previous observation in the S; state (29), a trend is observed also
in the Sy state where the probability for electron donation to
Peso ™ from the alternative pathways increases when the main
pathway via Y7 is inhibited.

Furthermore, it is also necessary to control irreversible pH-
induced damage of the samples. The CaMny, cluster is prone to be
damaged by extreme pH. To overcome this, the remaining PSII
activity was evaluated in the same manner as in ref 29 by
determining the O, evolution at normal pH after the EPR
measurements. Any loss of O, activity was assigned to PSII
centers with a destroyed CaMny cluster. These centers do not give
rise to a split signal. They are therefore not of interest and were
compensated for in our analysis.

From these considerations we argue that the pH-dependent
yield of the split Sy EPR signal and the fast-decaying radical (Yz")
both report on the molecular structure in the immediate environ-
ment of Y, and will be influenced by the distribution of charges
and hydrogen bond patterns around Y". The split Sq EPR signal
is inhibited with the pK,,, ~ 4.8 on the acidic side and pK,,, ~ 7.9
on the alkaline side. The light-induced, fast-decaying radical
shows similar pH dependence with the pK,,ps ~4.8 and ~7.2.
The pK,pp values are extracted from the half-inhibition of the
signal, i.e., at 50% of the signal amplitude. This type of apparent
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pK, values seems to be more relevant to allow comparisons to
previously reported pK, values (30—32) and will be used in the
discussion (see also Materials and Methods section).

pH Dependence on the Acidic Side. We first discuss the
molecular mechanisms behind the acidic pH dependence. It was
recently shown that the split Sq EPR signal decreases with a pK,
of 4.7 at the acidic side (30). In our study we include also the fast-
decaying radical signal induced at 5 K, and for both signals we
find a pK,pp ~ 4.8.

Itis likely that the decrease of the split Sy EPR signal at low pH
can be explained in a similar manner as the decrease of the split S;
EPR signal (29) which has a similar pH dependence (29, 30). At
optimal pH (pH ~6.6), the hydrogen bond between Y and His,
is well-defined, allowing oxidation of Y, even at 5 K (Scheme 1, 1).
When decreasing the pH, the mode of the hydrogen bond
between Y7 and Hisy is changed. We propose that the Y,-His;
motif becomes protonated at the N, of Hisz (Scheme 1, ii) to form
the imidazolium state with a pK,p, ~ 4.8. This low pK, (for a
histidine residue) reflects that the His; participates in the H-bond
with Y. The pK,,, for Hisy is similar in the S; and Sy states. This
protonation leads to the loss of the essential well-set hydrogen
bond necessary for electron donation by Y, at cryogenic
temperature (29) (Scheme 1, ii). Thereby, the oxidation of Y
is prevented at low pH, and the amplitude of the split Sy EPR
signal decreases.

Kinetic measurements at room temperature support our
conclusions. At physiological pH and temperature, the reduction
of Pegy " by Yz is proposed to occur in two distinct steps. The first
step occurs in the nanosecond time domain reflecting an electron
transfer event coupled to non-rate-limiting proton transfer. The
second step occurs in the microsecond time domain and repre-
sents an overall relaxation within a hydrogen bond network
(9, 48). The nanosecond kinetics has, in the lower S states, a low
activation energy (50—100 meV) and shows virtually no kinetic
H/D isotope effect (15, 16, 49, 50). This supports a well set
hydrogen bond between Y7 and the accepting base (His) in the
Yz-His; motif. The amplitude of the nanosecond kinetics
decreases at lower pH with a pK, of 4.5-5.3 (15, 17, 51-53),
similar to our pK,,, ~ 4.8 for the decrease of the split Sy EPR
signal. Thus, we conclude that both the fast nanosecond kinetics
at physiological temperature and the cryogenic oxidation of Y,
depend on the well set hydrogen bond between Y7 and Hisy.

The split Sy EPR signal induced at 5 K and the Sy — S;
transition at room temperature are inhibited with similar acidic
pKs (pKypp ~ 4.8 and pK, ~ 4.7 (31, 32), respectively). This is
different from the situation in the S; state where the split S; EPR
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signal formed at 5 K decreases with pK, ~ 4.7 (29) while the S; —
S, transition at room temperature is pH independent (31, 32).

The difference is useful and allows further dissection of the pH
dependence between the CaMny cluster and Y in the S state. In
this context it is important to realize that Y, must be involved in a
very well defined hydrogen bond to be oxidized at 5 K. This does
not necessarily apply at room temperature where Y can be
oxidized with microsecond kinetics when the hydrogen bond to
Hisy is not set. In this case Y, oxidation probably involves
deprotonation to another base, B. This situation was proposed
to apply for Yz in the S; state (29), explaining the apparent
contradiction that the S; — S, transition is pH independent
at room temperature while Y, oxidation was inhibited with
pK, ~4.7at5K.

The situation is obviously different in the S, state where the
inhibition with pK,,, ~ 4.8 of Y oxidation at 5 K indicates that
the hydrogen bond to Hisy is broken, presumably by protonation
of Hisz. This situation is depicted in Scheme 1 panelii. If Y,—OH
is involved in a weaker hydrogen bond to base B (as proposed in
the S state (29)), the situation in Scheme 1 panel iii would prevail.
In this case, oxidation of Y at room temperature would occur at
low pH, and the observed inhibition of the Sy — S; transition
must occur at the level of the CaMny cluster (Scheme 1, iii). A
possible scenario in this situation is that the inhibition of the
CaMny cluster (pK, ~ 4.7) occurs at a base that would accept the
proton that is released in the Sy — S, transition. Itis likely that the
same base that promotes deprotonation of Y, B (Scheme 1, iii),
isinvolved (the same pK,s are involved). In this situation the base
is inactivated for proton transfer from the CaMny cluster since B
is already occupied by forming a hydrogen bond to Y.

An alternative scenario can also explain our data (Scheme 1,
1v). Here the proton that is to be expelled from the CaMn, cluster
in the Sy — S; transition already forms a hydrogen bond to B
before the photon arrives. In this situation B is no longer
available as a proton acceptor for Y;,—OH, and this lack of
available base prevents Y oxidation. Further experimentation is
needed to discriminate between these two possibilities.

Our data provide no information of the identity of the base B
in Scheme 1. However, interesting candidates for the base B
involve the close-lying D1-Glul89 and/or water molecule(s)
thought to be present in the ligand sphere around the Ca”"
ion (24, 25, 54). All of those are found within a distance of a few
angstroms from Y,-OH (24, 25).

pH Dependence on the Alkaline Side. 1t was earlier
reported that the split Sy EPR signal decreases on the alkaline
pH side with the pK,, ~ 7.7 (30). This is similar to the pK,, 7.9 we
report here for the decrease of the split Sy EPR signal. We extend
this observation to the light-induced, fast-decaying radical. This
shows a complex pH dependence at alkaline pH. Between pH 6.6
and pH 7.7 the pH dependence of the fast-decaying radical
(Figure 3B, closed circles) and the split So EPR signal (Figure 3B,
open circles) is nearly identical. However, at pH >7.7, the
fast-decaying radical is stabilized at 50—70% of its maxi-
mal amplitude. It is likely that this reflects different mechanisms
for the decrease of the split Sy EPR signal at pH below ~7.7 and
pH above ~7.7. We will first discuss the pH dependence at
pH <7.7.

By increasing the pH it is expected that the hydrogen bond
network around Y and Hisy (the Y z-Hisz motif) which is quite
accessible to the pH (29—33, 55) becomes partially deprotonated.
A recent FTIR study shows that Y on the D2 protein remains
protonated in its reduced form between pH 6 and pH 10 (56). If
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this holds true also for Y, oxidation at alkaline pH also must
involve a proton movement in a hydrogen bond. A change in the
hydrogen bond network around Y at alkaline pH might not
significantly affect electron transfer at room temperature as
indicated by the pH-independent S, — S; transition (31, 32)
and the pH-independent nanosecond kinetics in the alkaline
region. However, a destabilized hydrogen bond in the Y-His;
motif due to deprotonation of a supporting hydrogen bond
network is likely to show up at 5 K. We suggest that a
deprotonation around Yz-His; is the reason for the decrease
between pH 6.6 and pH 7.7 observed for the split Sy EPR signal
and the fast-decaying radical.

Structural changes caused by deprotonation in the immediate
surroundings of Yz are supported in kinetic measurements. The
probability of the so-called misses in oxygen evolution increases
at both low and high pH (75). The increase at low pH can be
explained by protonation of His; (see above) leading to dom-
inating microsecond kinetics for Pggy " reduction by Y. Thereby,
the misses will increase due to increased recombination between
Pgso " and Qa~. By comparing the extent of turnover misses in
D,0 and H,0, it was suggested that the presence of the heavier
D,0 retards the relaxation process in the H-bond network at low
pH (15, 48). However, at alkaline pH, pL > 7.0, the fraction of
misses was lower in D,O than in H>O (15). Therefore, the
mechanism for the increased misses at high pH must be different
from the retardation of Y oxidation causing the increased misses
atlow pH. Instead, structural changes induced by deprotonations
of several weak acids in the hydrogen bond network were
suggested to occur at pH >7.0. This is comparable to the
concerted decrease of the split S, EPR signal and the fast-
decaying radical that we observe at pH 6.6—7.7.

At pH 7.7—8.2 the amplitude of the fast-decaying radical is pH
independent while the split Sq EPR signal decreases significantly
(Figure 3B). As discussed above, we hypothesize that the fast-
decaying radical reflects Y, in PSII centers where Y and the
CaMny cluster are magnetically uncoupled. Since the fast-decay-
ing radical is pH independent at pH 7.7—8.2, we suggest that the
decrease of the split Sy EPR signal at pH >7.7 reflects pH-
induced changes on the CaMny cluster instead of a decreasein Y,
oxidation.

The decrease of the split Sy EPR signal at pH >7.7 occurs
concomitantly with the appearance of a new, light-induced,
broadened EPR signal (Figure 1B, open circles) which is formed
with a pK,,, close to 8. The exact nature of this new EPR signal
cannot be ascertained at this early stage. It bears resemblance
with the split signals, is fast relaxing, and decays in a few minutes
at 5 K. We propose that this new EPR feature in fact reflects a
changed interaction signal between Y,* and the CaMn, cluster
caused by a changed Mn coupling within the cluster itself. There
is precedence for pH-induced magnetic changes in the CaMny
cluster in the S state (33). The Sy multiline signal was found to
disappear with pK, ~ 8.0 at alkaline pH. The disappearance was
reversible, and the Sy multiline signal reappeared when the pH
was brought back from pH 8.6 to pH 6.2 (33). This indicates that
the Sy state was still present at elevated pH, and the observed loss
of the Sy multiline signal was explained by changes in the
magnetic coupling within the CaMny cluster, e.g., due to
deprotonation of an oxo bridge (3/—33). In the same way as
the amplitude of the Sy state multiline signal was recovered if the
pH was changed back, the signal shape of the split Sy EPR signal
is recovered to the 160 G separated peaks when the pH is reversed
(Figure 5A). Thus, we suggest that a pH >8.0 in the S state
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changes the magnetic couplings within the CaMny cluster. This
modifies the magnetic coupling to Y which is observed as a new
EPR signal.

Mechanistic Implications to pK,,,, of Hisz. Itisimportant
to discuss the assignment of pK,,, ~ 4.8 to protonation of Hisz in
the Yz-His; motif. Table 3 describes a series of pK,s that have
been assigned to titration of the bases forming the hydrogen
bonds to Y or Yp, respectively (now known to be His; and Hisp
on the DI and D2 proteins, respectively). A pK, ~ 7.3—7.5 for
electron transfer between Yp and the CaMny cluster was early
proposed to reflect titration of Hisp (57). This was the first
experimental assignment of this important hydrogen bond. In
later studies, cryogenic oxidation of Yp both in intact and in Mn-
depleted PSII was found to increase with a pK, ~ 7.6—8.0, also
suggested to reflect titration of Hisp (29, 46). Thus, there is
consensus that Hisp in the Yp-Hisp motif on the D2 protein has
apK, of ca.7.6—8.0 that steers oxidation of Y p. Importantly, this
pK, is essentially insensitive to the presence or absence of the
CaMny cluster.

Table 3: pK, Values Measured in Mn-Depleted or Intact PSII Preparations
That Can Be Assigned to Hisp and Hisy

~pK, ref
Hisp intact 7.3-7.5 57
intact” 8.0 29
Mn-depleted” 7.6 46
His, dark grown” 7.6 11
Mn-depleted 6.9-7.5 (17,58, 59)
intact 45-53 (15,17, 52,53, 60)
intact? 4.7-4.9 this work,“ (29, 30)

“Measured at cryogenic temperature. “Measured in dark grown C.
reinhardtii. “pK,p, (see Materials and Methods).
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The situation is different around Yz, and two systems have
been investigated. His; has been assigned a pK, ~ 7.6 in PSII
from dark grown Chlamydomonas reinhardtii where the CaMny
cluster is absent (/7). A similar pK, (~7.0 (17), 6.9—7.5 (58)) was
assigned to Hisz in PSII cores where the CaMny cluster was
removed. It can thus be concluded that Hisp and Hisy in the
absence of the CaMny cluster are quite similar and that they
titrate with quite similar pK,s. The pK, of Hisz changes
dramatically when the CaMny cluster is present. This was
observed in early studies of Pggy " reduction in Tris-washed (59)
and intact chloroplasts (60) although the observed kinetics could
not be assigned molecularly since the identity of neither Y, nor
His;z was known (Table 3). Since then, kinetic measurements at
room temperature and EPR measurements at cryogenic tem-
perature in both the Sy and S, states have reported a pK, of
4.5-5.3(15,17,29,30,52,53) (Table 3). It can thus be concluded
that the presence of the CaMny cluster steers the protonation/
deprotonation of Hisy very efficiently presumably by Coulombic
effects.

This is important for the function of the OEC! If the pK, of
His; was high, the important hydrogen bond between Y, and
His; would not be sufficiently well-defined at physiological pH to
allow Y, oxidation with fast nanosecond kinetics. This would
lead to increased misses, slower reduction of Pggy ", and pre-
sumably faster photoinhibition of PSII.

A last interesting consequence of these effects of the CaMny
cluster on the hydrogen bond between Y, and Hisy concerns
several observations of changes on the donor and acceptor side of
PSII that occur simultaneously and are correlated to a defined
chemical perturbation of the OEC. It is known that for example
Ca**t depletion, removal of the CaMn, cluster, or extrinsic
subunits in PSII induces changes in the redox potential of Qa
(and perhaps Qg) and Cyt bsso, in electron transfer from Qp

Scheme 2: Structural Rearrangements of Helix C and Helix D Translating Changes from the Donor to the Acceptor Side of PSII

at pH ~6“

(@)

“In the presence of the CaMny cluster the hydrogen bond in the Y ,-His, motif is well set (i). In the absence of the CaMny cluster the
hydrogen bond between Y, and Hisy is broken, and a base (B) is involved in a hydrogen bond to Y  instead (ii). This might provoke
slight movements of helices C and D that transplant through the membrane affecting Q4 and/or Qg.
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etc. This is thought to reflect translation of a change in the OEC
to the distant redox cofactors on the other side of the thylakoid
membrane through unidentified structural reorganizations. The
breaking and resetting of the hydrogen bond between Y, and
Hisz on the D1 protein represent the first identification of a
structural change that could transplant from one side of PSII to
the other (Scheme 2).

Y is located to the lumenal end of the membrane-spanning
helix C in the DI protein while Hisz is found in a short loop
connecting the membrane parallel CD helix and the membrane-
spanning helix D. When the CaMny cluster is present, Y, and
Hisz form the hydrogen bond at physiological pH, and helices C
and D take the positions observed in the X-ray structures of
PSII (24, 25). However, when the CaMny cluster is absent, the
hydrogen bond is broken since Hisy is protonated at physiolo-
gical pH. Our data imply a base (B in Schemes 1 and 2) that will
involve Yz-OH in this situation. The formation of this new
hydrogen bond and the breaking of the well-defined Y-His,
hydrogen bond will certainly induce a structural rearrangement
of Yz. It is not at all unlikely that this will involve a (small)
movement of helix C relative to helix D. Since both helices are
membrane spanning, this could translate into altered structures
around the quinone acceptors (mainly Qg and the acceptor side
Fe’", Scheme 2). These are all close to the stromal ends of D1-
helices C and D. It is tempting to speculate that similar helix
movements, involving D2-helices C and D (not shown) could be
induced by the making and breaking of the corresponding
hydrogen bond between Y, and Hisp on the D2 protein. In this
case, the helix movements would presumably influence the
structures around Q4 and the acceptor side Fe*".

CONCLUSIONS

The double nature of the SyY;" magnetic interaction signal
(split Sp) becomes evident from our investigation of its pH
dependence, reporting on changes around Yz and within the
CaMn, cluster. We observed three separate proton-steered
mechanistic effects reflected in the pH dependence of the split
signal induction: (i) At acidic pH, Y oxidation at 5 K is blocked,
probably by protonation of His; that inhibits the formation of
the well-tuned H-bond to Yy necessary for proton-coupled
electron transfer to occur at this low temperature (29). (i) At
moderate alkaline pH (7.0—7.7), Y oxidation at 5 K seems to be
less efficient. The reason for this is proposed to reflect deproto-
nation of the stabilizing hydrogen bond network around Y that
functions to maintain the position of the essential Y -Hisy
hydrogen bond. (iii) At pH >7.7 the continued decrease of the
160 G wide split Sy EPR signal and the appearance of the new
broadened ¢ ~ 2 EPR feature is most likely connected to
magnetic changes in the CaMny cluster itself, tentatively assigned
to be caused by deprotonation of the protonated u-oxo bridge
present in the S state (33, 61, 62).
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