
pubs.acs.org/Biochemistry Published on Web 10/06/2010 r 2010 American Chemical Society

9800 Biochemistry 2010, 49, 9800–9808

DOI: 10.1021/bi101364t

Effects of pH on the S3 State of the Oxygen Evolving Complex in Photosystem II Probed
by EPR Split Signal Induction†

Johannes Sj€oholm, Kajsa G. V. Havelius,‡ Fikret Mamedov, and Stenbj€orn Styring*

Molecular Biomimetics, Department of Photochemistry and Molecular Science, Ångstr€om Laboratory, Uppsala University,
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ABSTRACT: The electrons extracted from the CaMn4 cluster during water oxidation in photosystem II are
transferred to P680

þ via the redox-active tyrosine D1-Tyr161 (YZ). Upon YZ oxidation a proton moves in a
hydrogen bond towardD1-His190 (HisZ). The deprotonation and reprotonationmechanism ofYZ-OH/YZ-O
is of key importance for the catalytic turnover of photosystem II. By light illumination at liquid helium
temperatures (∼5 K) YZ can be oxidized to its neutral radical, YZ

•. This can be followed by the induction of a
split EPR signal from YZ

• in a magnetic interaction with the CaMn4 cluster, offering a way to probe for YZ

oxidation in active photosystem II. In the S3 state, light in the near-infrared region induces the split S3 EPR
signal, S2

0YZ
•. Here we report on the pH dependence for the induction of S2

0YZ
• between pH 4.0 and pH 8.7.

At acidic pH the split S3 EPR signal decreases with the apparent pKa (pKapp)∼ 4.1. This can be correlated to
a titration event that disrupts the essential H-bond in the YZ-HisZ motif. At alkaline pH, the split S3 EPR
signal decreases with the pKapp∼ 7.5. The analysis of this pH dependence is complicated by the presence of an
alkaline-induced split EPR signal (pKapp∼ 8.3) promoted by a change in the redox potential of YZ.Our results
allow dissection of the proton-coupled electron transfer reactions in the S3 state and provide further evidence
that the radical involved in the split EPR signals is indeed YZ

•.

The first step in the photosynthetic oxygen evolution is light
excitation of the primary electron donor chlorophylls, P680, in
photosystem II (PSII).1 An electron is transferred through the
acceptor side of PSII via the first electron acceptor, Pheo, and the
quinone acceptors QA and QB. After two electrons have reached
QB, it dissociates into the thylakoidmembrane (1, 2). Electrons to
reduce P680

þ are ultimately derived from water on the donor side
of PSII. The catalytic site for water oxidation is the CaMn4
cluster, and the mechanism for water oxidation is generally
described in a four-step oxidation process (Sn f Snþ1, n =
0-4), known as the S-cycle (3). By assuming a sequential and
alternate extraction of electrons and protons throughout the

cycle, the process can also be described in eight discrete steps (4).
This “extended S-cycle” highlights the importance of controlled
electron and proton movements on the donor side of PSII to keep
the redox potential of the CaMn4 cluster in balance to facilitate
dioxygen formation.After accumulating four oxidizing equivalents
(forming the transient S4 state in the OEC), two water molecules
are oxidized, O2 is released, and the S0 state is regenerated.

The electrons extracted from theCaMn4 cluster are transferred
toP680

þ via the tyrosine residueYZ.WhenYZ is oxidized, it forms a
neutral radical by a coupled deprotonation of the phenolic pro-
ton (5). The proton moves in a hydrogen bond to the nearby base
HisZ (6, 7). YZ is rereduced by the CaMn4 cluster within micro-
seconds tomilliseconds at room temperature (8, 9). By lowering the
temperature, light-induced YZ oxidation is still possible but the
S-state transitions freeze out completely below ∼80 K (10). Illu-
mination of a PSII sample at liquid helium temperatures has made
it possible to observe the otherwise transient YZ

• on spectroscopic
time scales in intact PSII preparations (11). In EPR spectroscopy
the line shape of the organic radical fromYZ

• will be broadened by
a magnetic interaction with the closely lying CaMn4 cluster. This
results in a series of EPR signals, denoted the split EPR signals,
reflecting the magnetic interaction between YZ

• and the CaMn4
cluster. Since the shape of the signals are dependent on the spin
state of the CaMn4 cluster, the split EPR signals offer good
spectroscopic probes to the different S-states of the OEC (12).

The split EPR signals from the S0 and S1 states can be induced
by visible light at liquid helium temperatures through P680

þ-
driven charge separation (13, 14). The electron transfer from QA

to QB is blocked at this temperature, creating the charge pair
YZ

•QA
- that recombines with t1/2 ∼ 3 min at 5 K (15). The split
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EPR signals from the S2 and S3 states can also be induced by
near-infrared (NIR) illumination (16, 17). P680 does not absorb
light in this spectral region (740-900 nm), and the NIR-induced
split signals are believed to originate from excitation of the CaMn4
cluster itself. A NIR sensitivity of the CaMn4 cluster was first
observed as a low- to high-spin transition in the S2 state (18, 19),
and the effect has been attributed to a charge transfer among the
Mn ions (18) or a spin-state change of Mn(III) in the cluster
(19-21). It has now been shown that the split S3 EPR signal can
be induced by light also in the visible spectral range (415-730 nm)
and not only byNIR light as previously thought (22). Recently, it
was also suggested that the samemechanism is responsible for the
formation of the split S3 EPR signal independent of the wave-
length of the inducing light (23), and it was questioned whether
Mn(IV) excitation could be excluded. The formation of the split
S3 EPR signal is proposed to stem from the excitation of the
CaMn4 cluster to a potential high enough to oxidize the nearby
residue YZ (16, 24). This will lead to a modified S2 state, denoted
S2

0, which interactswithYZ
•, giving rise to the split S3 EPR signal.

The S2
0 state is likely to be a proton-deficient configuration of the

S2 state (25, 26). This state is rather similar to a state induced by
exposure of the S3 state to high pH, a treatment that also gives rise
to a split EPR signal (27).

Independent of inducing light, formation of YZ
• observed as a

split EPR signal will require deprotonation of the phenol proton
even at liquid helium temperatures. Since the low temperature
severely restricts proton movements, this implies that electron
transfer can only occur when YZ is frozen in a configuration that
promotes proton transfer at low temperature. This configuration
probably involves a strong hydrogen bond to the Nε of HisZ in
the YZ-HisZ hydrogen bond motif, supported by a well-set
H-bond network in theOEC (11). The pH dependence of the split
EPR signal formation can provide information on the limitations
of the YZ-HisZmotif. This has previously been assessed in the S0
and S1 states of the OEC by following the induction of the split
EPR signals as a function of pH (28-30). In the present study we
expand these investigations to include the pH dependence of the
split EPR signal induced from the S3 state.

MATERIALS AND METHODS

PSII Membrane Preparation. PSII-enriched membranes
(BBY type) were prepared from hydroponically grown spinach
(Spinacia oleracea) as described previously (31, 32). The preparation
was kept at -80 �C in a buffer containing 25 mM MES-NaOH
(pH 6.3), 15 mMNaCl, 3 mMMgCl2, and 400 mM sucrose. The
steady-state oxygen evolution from the BBYmembrane prepara-
tion was ∼350 μmol of O2 (mg of Chl)-1 h-1. Oxygen evolution
was determined with a Clark-type electrode at∼20 μg of Chl/mL
measured under saturating light at 20 �C in a buffer with 25 mM
MES-NaOH (pH 6.3), 10 mM NaCl, 5 mM MgCl2, 5 mM
CaCl2, and 400 mM sucrose using 0.5 mM PpBQ as an electron
acceptor. Chl concentrations were determined according to
Arnon (33).
Synchronization of the OEC and S-State Advancement.

The PSII membranes were washed two times and diluted to
∼2.5 mg of Chl/mL in a low buffering medium (2 mM MES
-NaOH (pH 6.3), 10 mM NaCl, 5 mM MgCl2, 5 mM CaCl2,
and 300mMsucrose) before being put into calibrated EPR tubes.
All samples were exposed to room light for 5 min to fully oxidize
YD and then dark adapted for 30 min. The CaMn4 cluster was
synchronized in the dark-stable S1 state by giving one preflash

and then dark adapted for 15 min at 20 �C (10, 34). PpBQ was
added to a final concentration of 1 mM (from a 50 mM stock
solution inDMSO) after the preflash procedure. The S3 state was
achieved by giving two saturating turnover laser flashes to the
EPR sample at 0 �C. Flashes were provided by a Nd:YAG laser
(Spectra Physics, USA) at 5 Hz frequency (532 nm, 850 mJ/pulse).
The typical S-state composition after two flasheswas∼65%S3 and
35% S2 as calculated from the yield of the S2 state multiline EPR
signal (12).
pH Jump. After the turnover flashes the pH of the samples

was rapidly changed (<5 s) 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, HE-
PES-NaOH; pH 8.0-8.7, glycylglycine-NaOH; pH 8.8-9.5,
AMPSO) to achieve a final concentration of 20mM (29, 35). The
samples were frozen in a dry ice/ethanol bath within 10 s after the
pH adjustment.
EPR Spectroscopy. Continuous-wave EPR measurements

were performed in the dark with a Bruker ELEXSYS E500
spectrometer using a SuperX EPR049 microwave bridge. Low-
temperature experiments were carried out with a Bruker SHQ
4122 cavity equipped with an Oxford Instruments cryostat and
ITC 503 temperature controller using liquid helium as coolant.
The split S3 EPR signal was induced at 5 K by continuous NIR
illumination (830 nm) directly into the cavity. The light was
provided by a LQC830-135E continuous laser diode (Newport,
USA). The light intensity at the position of the cavity window
was 67 W/m2. After illumination, the EPR samples were incu-
bated in complete darkness at 5 K in the cavity. Signal processing
and quantification were carried out with the Bruker Xepr soft-
ware. Spectrometer settings are given in the figure legends.
Sample Evaluation and EPRSignal Analysis.Despite fast

sample handling, the CaMn4 cluster might sustain pH-induced
damage in a fraction of the PSII centers leading to partial loss of
oxygen evolution (29, 30, 35). This damage is pH and time depen-
dent, occurring faster at extreme pH (27, 35). To control this, the
remaining oxygen evolution after the EPR measurements was
measured in each individual sample at pH 6.3. The pH in the
samples were brought back by dilution to ca. 20 μg of Chl/mL in
the 25 mM MES-NaOH buffer to equilibrate at pH 6.3. The
oxygen evolution measurement was conducted within 20 s after
the EPR sample was thawed; 90% of the samples retained more
than 70%of themaximumO2 evolution (on average the correction
factor was 0.85). Samples with less than 50% of their activity
remaining were removed from the analysis. In samples where the
activity was lowered, the data points (EPR signal amplitudes)
were corrected to full activity (29, 30). In thisway irreversible split
EPR signal loss, due to pH-induced damage of PSII or the OEC,
could be removed from the analysis. In addition, the final pH and
the Chl concentration of each EPR sample were measured. The
EPR signal amplitude was normalized to the found Chl concen-
tration, which could vary somewhat between the samples due to
the elaborate sample preparation protocol.

The difference EPR spectra shown in Figure 1B and inFigure 2
are obtained by subtraction of the spectrum recorded in dark
from the spectrum recorded 1min after the NIR illumination was
stopped. This was done in order to minimize any temperature
effects on the signal intensity due to our long (30min) illumination
procedure. Although cooled to 5 K in the cavity, the sample will
heat up slightly during the 830 nm irradiation. In cases where
spectra recorded in the dark are reported, a small sample-
independent contribution from theEPRcavitywas always removed.
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RESULTS

NIR illumination at liquid helium temperatures of PSII
membranes poised in the S3 state results in the formation of a
metalloradical EPR signal, the split S3 EPR signal (16, 22). Com-
pared to the split signals originating from the S1 (13, 14), S2 (36),
and S0 (14) states, the mechanism behind the formation of the
split S3 EPR signal by illumination with NIR light is different. It
is thought to involve excitation of one of the Mn ions in the
CaMn4 cluster as opposed to P680-driven charge separation. The
excitedMn ion oxidizes the nearby YZ giving rise to a broadened
radical EPR signal. Although referred to as the split S3 EPR
signal, it is believed that it arises from a magnetic interaction

between YZ
• and an oxidation state of the CaMn4 cluster formally

similar to the S2 state, denoted S2
0YZ

• (16, 25, 26).
Here, we have investigated the pH dependence of the NIR-

induced split S3 EPR signal. By continuous 830 nm illumination
at 5 K of a sample at normal pH (pH 6.2), the maximum split S3
EPR signal intensitywas reached after ca. 30min.Quantification,
based on the parallel decay of the QAFe

2þ signal (when QA
- is

present from the start), indicates that this accounts for up
to ∼74% of the PSII centers that were in the S3 state in a two-flash

FIGURE 1: Induction of the split S3 EPR signal at 5Kby illumination
with 830 nm light of PSII centers in the S3 state. (A) The induction of
the split S3 EPR signal at 5 K was followed for 30 min during con-
tinuousNIR illumination and during 10min after light was turned off
(arrows) in samples at pH 6.2 (black circles), pH 4.1 (light gray
diamonds), and pH 7.5 (dark gray triangles). Each data point
represents the signal intensity at 3395 G (indicated by a dashed line
in panel B) measured in a field-swept spectrum. The time point at
which the signal amplitude was measured for analysis of the pH
dependence of the split S3 EPR signal presented in Figure 3 is
indicated by a dash-dotted line. (B) EPR spectra of the split S3 EPR
signal at pH 6.2 (a), pH 4.1 (b), and pH 7.5 (c). The difference spectra
shown are obtained by subtracting the spectrum before illumination
from the spectrum 1 min after illumination is stopped. The time
point at which the spectra are taken is indicated by a dotted line in
panel A. The inset shows the induction of the split S3 EPR signal at
pH 6.2 (black circles), pH 4.1 (light gray diamonds), and pH 7.5
(dark gray triangles) after normalizing the maximal amplitudes to
facilitate comparison of the induction kinetics at different pHs. EPR
parameters: temperature 5K,microwave frequency 9.279GHz,micro-
wave power 25 mW, and modulation amplitude 10 G.

FIGURE 2: Resolved radical EPR spectra in the g ∼ 2 region of the
split S3 EPR signal, induced by 830 nm illumination at 5 K. (A)
Spectrum i shows the difference EPR spectrum induced by 30 min
illumination at 5 K at pH 6.2. Spectrum ii shows the EPR spectrum
of YD

• before illumination, measured in the same sample under the
same EPR conditions (note the difference in scale). The upper right
inset shows the entire light-induced spectrum recorded as in Figure 1,
and the dotted lines indicate the field region of the radical spectra in
Figure 2 in relation to the split S3 EPR signal. The lower left inset
shows the spectrum of YD

• recorded under nonsaturating condi-
tions. (B) EPR spectra induced by NIR illumination at 5 K in the
radical region at pH 6.2 (a), pH 4.1 (b), and 7.5 (c). The inset shows
the induction kinetics of the EPR signal in the radical region (white
triangles) by 830 nm illumination at 5 K of a sample at pH 6.2. The
signal was followed for 30 min in light and subsequently 10 min in
dark. Each data point represents the signal intensity at 3296 G
(indicated by a dashed line)measured in a field-swept spectrum. The
induction of the split EPR signal (pH 6.2) measured as in Figure 1
(black circles) is shown for comparison. Themaximal amplitudes have
been normalized. EPRparameters: temperature 5K,microwave fre-
quency 9.279 GHz, microwave power 1 mW, and modulation ampli-
tude 3.2 G. The spectrum in the upper right inset in panel A was
measured as in Figure 1. The inset spectrum of YD

• was measured at
10K,microwave frequency 9.279GHz,microwave power 0.5 μW, and
modulation amplitude 3.2 G.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101364t&iName=master.img-000.jpg&w=222&h=349
http://pubs.acs.org/action/showImage?doi=10.1021/bi101364t&iName=master.img-001.jpg&w=194&h=353
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sample (for details see ref 23). The pHdependencewas addressed in
PSII samples exposed to two flashes (predominantly in the S3
state) by changing the pH with the addition of a strong molar
buffer. The buffer addition was made only after the sample had
reached the S3 state, thereby avoiding any influence of pH effects
on the transitions from S1 f S2 f S3.
Induction of the Split S3 EPR Signal. Figure 1A shows the

induction of the split S3 EPR signal by continuous NIR
illumination at pH 6.2 (black circles), pH 4.1 (light gray
diamonds), and pH 7.5 (dark gray triangles). The amplitude of
the signal was measured at 3395 G in a field-swept spectrum
(indicated by a dashed line in panel B). After 30 min the
illumination was stopped, indicated by an arrow in Figure 1A.
When the samples were kept in dark at 5 K in the cavity, the split
S3 EPR signal intensity was stable. The stability of the EPR signal
stems from the lack of recombination partner (QA

-) when the
sample is illuminated with NIR light. This is different from the
split S3 EPR signal generated with visible light that decays partly
over time by recombination with QA

- (22). By observing the
signal amplitude after 30 min illumination, it is clear that the
maximum yield of the split S3 EPR signal is dependent on pH,
decreasing both at low andat high pH. It is important tonote that
the kinetics for the induction is the same independent of pH. This
is shown in the lower inset in Figure 1B, where the induction
traces have been normalized to the maximum amplitude at the
respective pH.

Figure 1B shows the spectra of the split S3 EPR signal at the
time point indicated with a dotted line in Figure 1A for the respec-
tive pH (pH 6.2, pH 4.1, and pH 7.5). The spectra presented are
difference spectra obtained by subtraction of the dark trace from
the trace following the 5 K illumination (see Materials and
Methods). At normal pH (Figure 1B, black spectrum) the split S3
EPR signal is composed of a large double trough at 3395 G, a
smaller trough at 3350 G, a weak low-field peak at 3210 G, and a
derivative-shaped signal centered at g∼ 2. The overall splitting of
the broadened radical is 140-210 G, with the peak to the large

central trough separated by ca. 185 G. The detailed structure of
the derivate shape at g∼ 2 is not clearly defined in Figure 1B due
to the highmodulation amplitude (10G). This inner radical com-
ponent is instead more thoroughly analyzed in Figure 2 where
lower modulation amplitude was utilized (see below).

The spectral shape of the split S3 EPR signal was not affected
by a change to either low or high pH (Figure 1B, light gray and
dark gray spectrum, respectively), but the signal intensitywas clear-
ly decreasing. At pH 4.1 the signal intensity, measured on the
trough at 3395 G (Figure 1B, dashed line), was 79% compared to
the intensity at pH 6.2. At pH 7.5 the signal intensity decreased
to 29%.
Resolving the Split S3 EPR Signal at g ∼ 2. Figure 2A

shows the g ∼ 2 derivative signal induced at normal pH (pH 6.2)
and the spectrum of YD

•, both recorded at 3.2 G modulation
amplitude. Unlike visible illumination at 5 K, the 830 nm illumi-
nation does not induce any Chl/Car radical (15, 22). This makes
the spectral features of the pure split S3 EPR signal in the g ∼ 2
region easy to derive by illumination-minus-dark subtraction.
The split S3 radical shows a resolved tyrosine-like structure that is
20 G wide with g ∼ 2.0043, similar to the reported values for YZ

•

andYD
• (19G, g∼ 2.0046) (37). The spectrumofYD

• in Figure 2A
(gray spectrum, note the scale) is not well resolved at this
microwave power and recording temperature.At 1mWmicrowave
power and 5 K the spectrum of YD

• is subjected to rapid passage
effects due to its slow relaxation (38), distorting the tyrosine fine
structure. The lower left inset in Figure 2A shows the spectrum of
YD

• recorded at low microwave power (0.5 μW) for comparison.
InFigure 2B the central radical part of the split S3 EPR signal is

shownat pH6.2, pH4.1, and pH7.5.The signal intensity decreased
at both low and high pHwith 75% and 18% remaining relative to
the amplitude at pH6.2, respectively. The induction of the central
radical component was followed during 30 min continuous NIR
illumination of a sample at pH 6.2. The inset in Figure 2B (white
triangles) shows the change in the normalized amplitude mea-
sured at 3296G (dashed line, Figure 2B). The inset also shows the
induction of the broad split S3 EPR signal component (black
circles) measured at 3395 G (dashed line, Figure 1B). The
induction kinetics of the central radical component is almost
identical to the induction of the broad split S3 EPR signal
component.
pHDependence of the Split S3 EPR Signal. Bymeasuring

the amplitude of the split S3 EPR signal induced at 5 K, the pH
dependence of the signal could be resolved between pH 4.0 and
pH 8.7. The pH-independent induction kinetics (Figure 1) of the
split S3 EPR signal allowed us to analyze the EPR signal amplitude
without having to reach saturation with the NIR illumination.
Figure 3 (black circles) shows the normalized signal amplitudes of
the broad split S3 component measured at 3395 G (dashed line,
Figure 1B) after 9 min of NIR illumination (the time point is
indicatedwith a dash-dotted line inFigure 1A). In the same figure
(Figure 3, white triangles), the normalized amplitudes of the g∼ 2
radical component measured at 3296 G (dashed line, Figure 2B)
are plotted against the pH. We conclude that the split S3 EPR
signal shows the same pH dependence when analyzed at the split
trough or at the g ∼ 2 radical.

The pH treatment has the potential of causing damage to the
OEC and the CaMn4 cluster, especially at extreme pHs (27, 35).
Irreversibly damaged centers will not form the split S3 EPR signal
upon illumination. The integrity of the CaMn4 was analyzed by
measuring the steady-state oxygen evolution after reversing the
pH of the EPR sample to pH ∼6.3. The rates were largely

FIGURE 3: pHdependence of the split S3EPRsignal inducedby830nm
illumination for 9 min at 5 K. Black circles show the normalized
amplitudesmeasuredon the high-field troughat 3395G (indicated by
a dashed line in Figure 1B) of the split S3 EPR signal. White triangles
show the normalized amplitudes measured on the peak at 3296 G
(indicated by a dashed line in Figure 2B) of the g ∼ 2.0043 radical
component of the split S3 EPR signal. The measured amplitudes are
corrected for the fraction of irreversibly damaged centers (seeMaterials
andMethods). The dotted line shows the pH-dependent behavior of
the split S3 EPR signal fitted with the combination of the two pKapps
(4.1 and 7.5) obtained from the half-inhibition of the signal amplitude.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101364t&iName=master.img-002.png&w=200&h=170
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unaffected by the pH treatment (see Materials and Methods). In
caseswhere the activitywas lowered, the split EPRsignal amplitude
was corrected to full activity. In Figure 3, the signal amplitudes
have been compensated for the lost PSII centers. This compensa-
tion eliminates a pH-dependent decrease of the split signal
originating from centers where the CaMn4 cluster was destroyed
(i.e., PSII centers with noO2 evolution). The observed pHdepen-
dence is by this only a consequence of protonation/deprotona-
tion-induced inhibition of the split EPR signal formation.

The mean split S3 EPR signal amplitudes that were measured
between pH 5.4 and pH 6.4 is set as 100% in Figure 3. The
amplitude decreases at both low and high pH. The half-inhibition
of the signal, i.e., where the signal has lost 50% of its maximal
amplitude, occurs at pH4.1 and 7.5 on the low- and high-pH side,
respectively. These pH values are assumed to correspond to the
pH at which the protonation probability is 0.5. We assign these
pH values to the apparent pKa (pKapp) values for the decrease of
the split S3 EPR signal. The dotted line in Figure 3 is a fit of the
split S3 EPR signal amplitudes between pH 4.0 and pH 8.7 using
the two pKapp values 4.1 and 7.5.
A High-pH-Induced Split Signal Is Present in the Dark.

It was previously reported that when the pHof a sample poised in
the S3 state is changed from normal to alkaline in the dark, the
EPR spectrum is changed (27). A new resonance appears around
g ∼ 2, with a shoulder and trough separated by ∼100 G around
the radical signal of YD

•. The signal was suggested to arise from a
S2YZ

• state (hereafter denoted the S2
00YZ

• state) of the OEC,
formed by a high-pH-induced decrease of the YZ

•/YZ redox
potential shifting the S3YZ/ S2YZ

• equilibrium to the right (27).
A similar appearance of a broadened radical EPR spectrum at
alkaline pH was observed also in this study. Figure 4A shows
EPR spectra recorded prior to illumination at increasing pH
(spectra a-d). At pH 7.6 (Figure 4A, spectrum a) the large
background signal of YD

• totally dominated the spectrum.When
gradually increasing the pH, a peak at 3245 G and a trough at
3370 G appeared (observed together with the signal from YD

•). At
pH 8.7 (Figure 4A, spectrum d) the EPR spectrum clearly
resembled the EPR spectra previously reported byGeijer et al. (27).

The induction of the high-pH-induced split EPR signal was
followed by measuring the change in signal amplitude between
3245 and 3370 G, indicated by dashed lines in Figure 4A. In
Figure 4B the signal amplitude is plotted against the pH (white
triangles) between pH 4.7 and pH 8.7. Above pH ∼7.5 there is a
sharp increase in the signal intensity, reaching maximum ampli-
tude at pH 8.7. The pH dependence of the split S3 EPR signal on
the high-pH side is shown for comparison. The inset in Figure 4B
shows the high-pH-induced split EPR signal (S2

0 0YZ
•, black

spectrum) and theNIR-minus-dark signal (gray spectrum) induced
in the same sample at pH 8.4. It is clear that the NIR-induced split
signal (S2

0YZ
•) is not present at this pH. The half-inhibition of the

signal, corresponding to the pKapp for a single protonable group,
was estimated to ∼8.3. The titration curve in Figure 4B (dashed
line) was fitted with pKapp 8.3 with the assumption that the signal
has reached its maximum at pH 8.7.

DISCUSSION

Here we report on the pH dependence of the split S3 EPR
signal between pH4.0 and pH8.7. A sample poised in the S3 state
is illuminated with 830 nm light at 5 K. The resulting split EPR
resonance is thought to originate from the spin-spin interaction
between a modified S2 state (denoted S2

0) and the neutral radical

YZ
•. The S2

0 state is created by a “backward” electron transfer
from YZ upon NIR excitation of the CaMn4 cluster at 5 K
(Scheme 1a). The modification refers to the lack of one proton in
that state, since the proton lost during the catalytic S2 f S3 transi-
tion cannot be replaced at 5 K. The exact mechanism behind the
NIR sensitivity of the CaMn4 cluster is debated and will not be
addressed further here.

It was initially thought that the split S3 EPR signal could be
induced only by illumination in the NIR spectral region. How-
ever, it is now known that the signal can be induced by mono-
chromic light from 415 to 900 nm (22), and strong evidence
supports a single mechanism for the induction in the whole
spectral range (23).Herewe have usedNIR illumination for the in-
duction of the split S3 EPR signal for two reasons. In a sample
exposed to two flashes, ca. 35% of the PSII centers will still be in
the S2 state. Since no S2 state EPR signal induced by NIR light
overlaps with the split S3 EPR signal, centers in the S2 state will
not complicate the analysis. In addition, NIR illumination does

FIGURE 4: Induction of the high-pH-induced split EPR signal
(S2

0 0YZ
•) of samples in the S3 state. (A) Normalized EPR spectra

measured at 5 K of samples at pH 7.6 (a), pH 8.0 (b), pH 8.5 (c), and
pH8.7 (d). The large signal fromYD

• appearing at g∼ 2 (3307G) has
been omitted for clarity. (B) Titration of the high-pH-induced split
EPR signal (white triangles). The signal amplitude was measured
between 3245 and 3370G (indicated by dashed lines in panel A). The
fitting of the data points (dashed line) was made for one protonable
group with pKapp 8.3. The high-pH side of the titration of the split S3
EPR signal (black circles, dotted line) is shown as comparison (from
Figure 3). The inset shows the EPR spectra of a sample at pH 8.4
recorded before illumination (i) and the NIR-induced signal (illu-
mination minus dark) recorded after 9 min illumination (ii). EPR
parameters: temperature 5K,microwave frequency 9.279GHz,micro-
wave power 25 mW, and modulation amplitude 10 G.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101364t&iName=master.img-003.jpg&w=202&h=346
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not result in oxidation of the secondary electron donorsCyt b559 or
Car/Chl (22). This is useful since the∼20Gwide radical signal will
not suffer from contribution of oxidizedCar orChl. This is not the
case for the split EPR signals when they are induced with visible
light (15, 29, 30).

The maximal amplitude of the split S3 EPR signal is reached
after ca. 30min 830 nm illumination, and the signal is stable in the
dark at 5 K after the illumination is stopped. The stability of the
signal is a consequence of its origin since the normal recombina-
tion partner QA

- is not formed through charge separation by the
NIR induction (22). It is also clear that the signal does not decay
by recombination with the CaMn4 cluster at 5 K under the time
period followed in the experiment. Under low modulation the
g∼ 2 radical component of the split S3 EPR signal is well resolved
and shows a tyrosine-like signature with g ∼ 2.0043 and a width
of 20 G. This is not the case for the signal of YD

• recorded under
the same conditions (as shown in Figure 2A). At 1 mW and 5 K
the spin-lattice relaxation rate of YD

• is too slow as compared to
themodulation frequency used, and the spectrum is distorted due
to the rapid passage effect (38). The increased resolution of the
hyperfine structure of the g∼ 2 radical component indicates that
it is faster relaxing than YD

•. Presumably, the residue resides in a
close position to the CaMn4 cluster, which enhances its relaxation.
Both the shape of the radical signal and its fast relaxation lead us to
assign the 20 G wide component of the split S3 EPR signal to YZ

•.
The spectral components of the split S3 EPR signal, including

both the 185 G splitting and the g ∼ 2 derivative, have been
observed previously (16, 22, 39). They were suggested to arise
from the spin 1/2 of the YZ

• radical interacting with the CaMn4
cluster in a spin 7/2 configuration (40). From the decay-associated
spectrum of the split S3 EPR signal (induced by visible light at 5K)
it was concluded that the different parts of the spectrum cannot be
separated by microwave power saturation (15). As shown here, the
induction kinetics is identical for both signal parts. Furthermore,
their pH dependence is the same (which is not the case for the
corresponding components of the split S0 EPR signal (30)). We
therefore consider the composite of the 185 G splitting and the
g ∼ 2 derivative to represent the true feature of split S3 EPR
signal, and in the following we therefore address their pH depen-
dence as arising from PSII centers in the same structural config-
uration. In contrast, we find it premature to attempt simulation of
the EPR spectra given the lacking knowledge about the magnetic
and spin properties of the CaMn4 cluster in the S2

0 state.

Low pH: Protonation of the YZ-HisZ Hydrogen Bond
Motif.At lowpH, the split S3 EPR signal induced at 5Kdecreases
with pKapp ∼ 4.1. This is similar (but not identical; see below) to
the decrease of the split S0 (∼4.7-4.8) and split S1 (∼4.7-4.9)
EPR signals induced at 5K (Table 1) (28-30). Thus, all split EPR
signals investigated so far decrease with an pKa of 4.1-4.9 (4.6(
0.3). This similarity leads us to propose that the reason for the
decrease is the same in all S-states. Consequently, the decrease of
the split S3 EPR signal is explained in the same way as the decrease
of the split EPR signals induced from the S0 (30) and S1 (29) states.
When lowering the pH, the essential YZ-HisZ hydrogen bond
motif is disrupted. Themost straightforward explanation is a direct
titration of HisZ. In this situation no other proton acceptor is
available at this temperature. Therefore, oxidation of YZ is not
possible (Scheme 1b). This is observed as a loss of split EPR
signal formation.

Although not dissected for the separate S-states, similar
pKas (∼4.5-5.3) are found for the decrease of the nanosecond
kinetics in the reduction of P680

þ by YZ, measured at ambient
temperature (41-45). The nanosecond kinetics is thought to
represent an electron transfer not rate limited by a subsequent
proton transfer and reflects oxidation of YZ coupled to a proton
that shifts in a well-set hydrogen bond between YZ and the
nearby HisZ (46, 47). Thus, both the nanosecond kinetics at
ambient temperature and the split EPR signal formation at 5 K
decrease concertedly with similar pKas, presumably by proton-
ation of the YZ-HisZ motif. It seems that this is not S-state
dependent. Breaking the hydrogen bond involving YZ-OH always
slows down or inhibits YZ oxidation (depending on temperature).

The mechanism for the induction of the split S3 EPR signal is
different from the split EPR signals induced from the S0 and S1
states. In the S3 state, YZ is oxidized via electron transfer back to
the CaMn4 cluster (Scheme 1a). Since the experiment is carried out

Scheme 1: pH-Induced Changes Affecting the Oxidation of YZ and the S3 State at Normal (a), Low (b), or High (c) pH

Table 1: pH-Dependent Induction of Split EPR Signals and Function of

the S-State Transitions in the Low-pH Region

split signal pKa S-state transition pKa

S1YZ
• 4.7-4.9b S1 f S2 pH independent d

S2
0YZ

• 4.1a S2 f S3 3.8-4.0 d

S0YZ
• 4.7-4.8c S0 f S1 4.7 d

apKapp reported in this work. bFrom refs 28 and 29. cFrom refs 28
and 30. dFrom refs 48 and 49.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101364t&iName=master.img-004.png&w=332&h=179
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at 5K, reprotonation of theOECcannot take place. Therefore, the
end state, S2

0YZ
•, will represent an OECwith a physical structure

of the CaMn4 cluster, including the number of associated protons,
comparable to the S3 configuration but with an oxidation state
equivalent to that found in S2. Interestingly, the pKapp for the
backward formation of the S2

0YZ
• state is similar to the pKa for

the inhibition of the forward transition between S2 f S3 at
ambient temperature that was found to be ∼4.0 when measured
by EPR (48) and ∼3.6 when measured by FTIR (49) (Table 1).
The forward reaction at 20 �C and the backward reaction at 5 K
can be described by eq 1.

S2YZ
•ð20 �CÞ f S3YZ f ð5 K, 830 nmÞ f S2

0YZ
• ð1Þ

It seems that the pKas of both reactions in eq 1 are considerably
lower than for the induction of S0YZ

• (∼4.7-4.8) and S1YZ
•

(∼4.7-4.9) (Table 1) (28-30). The lower pKapp for the induction
of S2

0YZ
• probably reflects the overall charge situation in the

OEC in the S3 state. The proton release during water oxidation is
on average 1:0:1:2 for the S0 f S1 f S2 f S3 f S4 transit-
ions (50-53). The release pattern is consistent with electrochromic
band shiftmeasurements showing the net charge change 0:þ1:0:-1
for the corresponding transitions (54, 55). In the S0f S1 transition
one electron and one proton are released from the CaMn4 cluster
without a change in the net charge of the OEC. In the S1 f S2
transition there is no proton release coupled to the oxidation, and
one positive charge is accumulated on the CaMn4 cluster. YZ

•

formation in the S2 state is suggested to be followed by a charge-
compensating proton release from the OEC before the electron
transfer, and subsequent transition to the S3 state occurs (4). The
proton release conserves the single positive charge from the S2 state,
leaving the S3 state in a positive, high-potential state. This charge
will most likely cause a downshift in the pKa(s) of a nearby amino
acid(s). It could directly affect the pKa of the YZ-HisZ motif or
alter its pKa via an interconnected H-bond network.

Even though the induction of the split S3 EPR signal occurs by
oxidation ofYZ via electron transfer back to theCaMn4 cluster, it is
a proton-coupled reaction steeredbyapKapp of∼4.1.At 5Kproton
movements are severely restricted, and YZ must be involved in a
very well defined hydrogen bond to be oxidized. Its oxidation
cannot bedependent onany large-scale proton rearrangements.The
pKapp∼ 4.1 can therefore be assigned to theYZ-HisZmotif and the
low pKapp to the extra charge on the CaMn4 cluster in the S3 state.
High pH: pH-Induced YZ Oxidation Hinders Split EPR

Signal Formation.By increasing the pH, the split S3 EPR signal
decreases with pKapp∼ 7.5 when induced byNIR illumination at
5 K. With the exception of the S3 f (S4) f S0 transition there is
no significant decrease in any of the S-state transitions at alkaline
pH (below pH ∼9) (48, 49). This indicates that at ambient
temperature there are no pH constraints on the transitions
between S0 f S1 f S2 f S3 above pH ∼6. It also indicates that
YZ oxidation is possible at high pH at ambient temperature. The
induction of the split S1 EPR signal with visible light at 5 K is pH
independent above pH ∼6, which signifies that YZ oxidation is
possible at high pH even at this temperature (29). The induction
of the split S0 EPR signal decreases with pKapp ∼ 7.9. However,
the decrease observed at pHabove 7.7was suggested to be caused
by a pH-induced change of the CaMn4 cluster, affecting the
magnetic interaction to YZ

•, and not to be significantly affected
by an inhibition of YZ oxidation by high pH (30). Thus, it seems
that YZ oxidation is not inhibited by high pH neither at ambient
temperature nor at 5 K.

The observed decrease of the split S3 EPR signal at high pH is
accordingly likely to be due to reasons other than inhibition ofYZ

oxidation and is in fact easily explainable at least at pH above
∼7.5. At pH >7.5, a 125 G wide split EPR signal is formed
already in the dark, i.e., without any inducing illumination. The
signal has previously been characterized and suggested to arise
from a proton-deficient S2YZ

• state (27). It is thought to originate
from electron transfer fromYZ back to the S3 state of the CaMn4
cluster, reducing it to a proton-deficient S2 state, denoted S2

0 0.
This was explained by the pH-dependent redox potential of the
YZ

•/YZ couple which was suggested to be lowered by the alkaline
pH to a potential below that of the S3/S2 redox couple. The
induction of the dark-induced split EPR signal overlaps with
the decrease of the NIR-induced split S3 EPR signal. It makes
sense that the presence of S2

0 0YZ
• (formed already before the

sample is illuminated) prevents the induction of the split S3 EPR
signal by NIR illumination at 5 K. If YZ is already oxidized at
pH ∼7.5-8.7, it can obviously not be oxidized by NIR-induced
excitation of the CaMn4 cluster (Scheme 1c). Consequently, the
amplitude of the NIR-induced split S3 EPR signal will be sig-
nificantly decreased even if there is no major inhibition of YZ

oxidation in the S3 state due to the high pH.
Interestingly, even though both the split S3 EPR signal and the

high-pH-induced split EPR signal arise from an interaction
between YZ

• and a modified S2 state, the signal shapes are sig-
nificantly different (compare Figures 1B and 4A). At themoment
we find it most reasonable to explain this by the different induction
temperatures. The split S3 EPR signal is induced by illumination at
5 K while the high-pH-induced EPR signal is induced by a change
of pH in the dark before the sample is frozen. The induction of the
modified S2

00 state occurs at ambient temperature which will
allow larger protein rearrangements. It is likely that even small
structural differences in the CaMn4 cluster will give rise to
different interaction signals. The high-pH-induced split EPR
signal (S2

0 0YZ
•) is actually more similar in shape to another S2

f S3 transition intermediate, with a peak and trough separated
by 116G (36). The latter signal is induced from a sample in the S2
state by illumination at higher temperature (77-190 K) and can
be trapped by a rapid cooling to 10 K.

The pH-dependent induction of the S2
0 0YZ

• state in the dark
was fitted with a pKapp ∼ 8.3 (Figure 4B) and is similar to what
was reported by Geijer et al. (∼8.5) (27). However, we note that
the signal does not level off before pH 8.7, the upper pH limit in
this investigation, introducing an uncertainty in the determined
pKapp. The decrease of the split S3 EPR signal at pHs above 6.5
(pKapp∼ 7.5) is not perfectly concomitant with the increase of the
S2

0 0YZ
• state (pKapp ∼ 8.3) as indicated by the 0.8 pH unit

difference of the pKapps. The reason for this discrepancy is not
clear, but the initial decrease of the split S3 EPR signal at mild
alkaline pH (<7.5) must be caused by something other than the
dark oxidation ofYZ that occurs above pH∼7.5. In the following
we address the apparent discrepancy.

In Geijer et al. (see Figure 8 in ref 27) two possible scenarios
were presented to explain the change in the relative midpoint
potentials between YZ

•/YZ and S3/S2. Either (i) the redox potential
of the YZ

•/YZ couple is pH dependent, decreasing at alkaline pH,
while the S3/S2 couple has a pH-independent potential or (ii) both
the potential of YZ

•/YZ and S3/S2 decrease concomitantly at
increasing pH. In both cases, at pH above ∼8.3-8.5 the potential
of YZ

•/YZ would become lower than for the S3/S2 couple inducing
the S2

0 0YZ
• state. In (ii) a pH-dependent decrease in the redox

potential of the S3/S2 couple could reflect changes in the CaMn4
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complex that lead to for example a drop in efficiency of YZ oxi-
dation by the NIR illumination at mild alkaline pH, thereby
lowering the yield of the split S3 EPR signal. Our present study
does not further clarify this situation. The reason is that oxidation
of YZ by NIR light in the S3 state probably involves excitation of
one of the Mn ions in the CaMn4 cluster, and very little is known
about the redox potentials for this excited Mn ion. Even less is
known about its pH dependence. This makes it premature to spec-
ulate about a pH-dependent NIR sensitivity of Mn and potential
structural or magnetic reasons for this.

Instead, we refer to our earlier studies of the S0 state to provide
a possible explanation for the discrepancy we observe (30). In the
S0 state, the initial decrease of the split S0 EPR signal between pH
6.6 and pH 7.7 was not explained by a pH-induced change of the
CaMn4 cluster, suggested to occur above pH∼7.7 (see above).
Instead, the slight decrease at mild alkaline pH was suggested to
be caused by a changed hydrogen bond network around YZ,
presumably by pK changes in the local environment of the YZ-
HisZ motif. A destabilization of the hydrogen bond network
would not necessarily affect the oxidation of YZ at ambient tem-
perature, as observed by pH-independent nanosecond kinetics at
high pH (41, 43), but could retard the efficiency of YZ oxidation
at 5 K. It is not unlikely that the same effect is seen at mild
alkaline pH in the S3 state. In this case a destabilization of the
same hydrogen bond network would decrease the yield of the
split S3 EPR signal even before YZ was dark oxidized by the S3
state due to the high pH (>7.5). As a result a 0.8 pH unit
difference is observed in the pKapps.

In conclusion, the pH dependences of the split EPR signals
investigated so far, S1YZ

•, S2
0YZ

•, and S0YZ
•, have similar pH

dependencies in the low-pH region (pKa ∼ 4.1-4.9 (28-30)). In
all cases the decrease is assigned to the disruption of the
essential H-bond in the YZ-HisZ motif (29, 30), and it can be
concluded that this is independent ofwhether the split EPR signal
formation occurs via “forward” or “backward” electron transfer.
At pH above ∼7.5 the formation of the split S3 EPR signal is
hindered by the induction of another split EPR signal, S2

0 0YZ
•.

This state is induced by a change in the redox potential of YZ (27)
and also implies that there is no major inhibition of YZ oxidation
at high-pH values. Interestingly, such a change in redox potential
of YZ is not affecting the formation of the split EPR signal
induced from the S1 state at high pH (29). This might reflect the
importance of the charge-compensating proton release taking
place in the S2f S3 transition. Furthermore, as shown previously
the split S3 EPR signal does not decay by recombination with the
CaMn4 cluster (22), and this is shown here to be pH independent.
The stability of the split S3 EPR signal is interesting and deserves
further attention.
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