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ABSTRACT: When acetate-inhibited photosystem II (PSII) membranes are illuminated at temperatures above
250 K and quickly cooled to 77 K, a 240 G-wide electron paramagnetic resonance (EPR) signal is observed
at 10 K. This EPR signal arises from a reciprocal interaction between the spin1/2 ground state of the S2
state of the Mn4 cluster, for which a multiline EPR signal with shifted55Mn hyperfine peaks is observed,
and the oxidized tyrosine residue, YZ

•, for which a broadened YZ• EPR spectrum is observed. The S2YZ
•

EPR signal in acetate-inhibited PSII is the first in which characteristic spectral features from both
paramagnets can be observed. The observation of distinct EPR signals from each of the paramagnets
together with the lack of a half-field EPR transition indicates that the exchange and dipolar couplings are
weak. Below 20 K, the S2YZ

• EPR signal in acetate-inhibited PSII is in the static limit. Above 20 K, the
line width narrows dramatically as the broad low-temperature S2YZ

• EPR signal is converted to a narrow
YZ

• EPR signal at room temperature. The line width narrowing is interpreted to be due to averaging of
the exchange and dipolar interactions between YZ

• and the S2 state of the Mn4 cluster by rapid spin-
lattice relaxation of the Mn4 cluster as the temperature is increased. Decay of the S2YZ

• intermediate at
200 K shows that theg ) 4.1 form of the S2 state is formed and that a noninteracting S2-state multiline
EPR signal is not observed as an intermediate in the decay. This result shows that a change in the redox
state of YZ induces a spin-state change in the Mn4 cluster in acetate-inhibited PSII. The interconversion
between spin states of the Mn4 cluster in acetate-inhibited PSII supports the idea that YZ oxidation or YZ

•

reduction is communicated to the Mn4 cluster through a direct hydrogen-bonding pathway, possibly
involving a ligand bound to the Mn4 cluster.

In green plants, light-driven oxidation of water to dioxygen
and reduction of plastoquinone to plastoquinol are carried
out by the membrane-bound protein complex photosystem
II (PSII)1 (1-3). To produce dioxygen, the O2-evolving
complex (OEC), containing a tetranuclear manganese-oxo
cluster, is oxidized in four photochemical steps and cycles
through five “store” or S states labeled S0-S4 (4). On the
basis of X-ray absorption measurements of the dark-stable
S1 state, the Mn4 cluster has been modeled as an unsym-
metrical dimer of dimers (5), although the structure of the
Mn4 cluster is still under debate. The S2 state is an odd-
electron state, and electron paramagnetic resonance (EPR)
spectroscopy has been used extensively to study the Mn4

cluster in the S2 state [reviewed in Miller and Brudvig (6)].

The physiological oxidant of the Mn4 cluster is a redox-
active tyrosine known as YZ (7, 8). In O2-evolving PSII
membranes, oxidized YZ is difficult to observe by EPR
spectroscopy because its re-reduction by the Mn4 cluster is
extremely rapid. However, time-resolved EPR has been used
to observe YZ• at room temperature in O2-evolving PSII
samples (9, 10). YZ

• can also be trapped by freezing a Mn-
depleted PSII sample under illumination (11). In both
samples, YZ• exhibits an EPR signal less than 30 G wide
that is similar to the EPR signal of the dark-stable tyrosine
radical in PSII, YD

•. Several chemical treatments, including
depletion of calcium or chloride or addition of acetate,
ammonia, or fluoride, block the S-state cycle and cause a
shutdown of the water oxidation chemistry at the S2 state.
These inhibitory treatments may perturb the binding of
substrate water or displace chloride or calcium ions required
for maximal O2 evolution. When such inhibited PSII
samples are continuously illuminated at temperatures above
250 K and then quickly cooled to 77 K, an EPR signal greater
than 100 G wide and centered atg ) 2 can be observed at
10 K (12-20). This signal, previously referred to as the S3
EPR signal, has been identified as arising from the interaction
of YZ

• (21, 22) with the S2 state of the Mn4 cluster in acetate-
inhibited PSII samples (23). However, during steady-state
illumination at room temperature, a narrow YZ

• EPR signal,
similar to that observed in Mn-depleted PSII samples, has
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been observed from ammonia-inhibited (24) or calcium-
depleted PSII (25, 26). As in untreated PSII (27), the YZ

•

EPR signal induced in ammonia-inhibited PSII (24) saturates
at a much higher microwave power than in a Mn-depleted
PSII sample, indicating that the spin relaxation of YZ

• is
enhanced by its proximity to the Mn4 cluster. Because of
the different EPR properties of YZ• at cryogenic and room
temperatures, it is unclear whether the same S2YZ

• state is
being observed at all temperatures. To differentiate the low-
temperature S3 EPR signal from the narrow YZ

• EPR signal
observed in inhibited PSII samples at room temperature, we
will refer to the low-temperature signal as the broad S2YZ

•

EPR signal and the room-temperature signal as the narrow
YZ

• EPR signal.
The S2YZ

• EPR signal in acetate-inhibited PSII is the first
in which both paramagnets display characteristic spectral
signatures, corroborating the fact that the S2-state multiline
form of the Mn4 cluster and YZ• are the paramagnets involved
in the interaction. Analysis of the spin-spin interactions
between the Mn4 cluster and YZ• in the S2YZ

• intermediate
provides important structural information for development
of a model of the Mn4-YZ site which takes into account the
proposed importance of YZ in water oxidation chemistry (21,
28-31). The aim of this work is to characterize the mutual
structural and magnetic interactions between YZ and the Mn4
cluster in the S2YZ

• state. We find that the S2YZ
• EPR signal

in acetate-inhibited samples is in the static limit below 20
K. Above 30 K, the55Mn hyperfine features associated with
the S2-state multiline EPR signal become undetectable and
the broadened spectrum associated with YZ

• begins to narrow
dramatically. We interpret the line width narrowing of the
S2YZ

• EPR spectrum in acetate-inhibited PSII samples to be
due to averaging of the spin-spin interactions between YZ

•

and the S2 state caused by an increase in the spin-lattice
relaxation rate of the Mn4 cluster. The temperature depen-
dence exhibited by the S2YZ

• EPR signal in acetate-inhibited
PSII is consistent with the known temperature-dependent
properties of the S2-state multiline form of the Mn4 cluster
(32). Comparison of temperature-dependent spectra of the
S2YZ

• EPR signal in acetate-inhibited, calcium-depleted, and
fluoride-substituted PSII leads us to conclude that differences
in the S2YZ

• EPR signal line widths for various inhibited
samples could be due to variations in the spin state and/or
spin-lattice relaxation rate of the Mn4 cluster created by
each of the inhibitory treatments rather than due to major
structural differences.

The temperature dependence studies of the S2YZ
• EPR

signal presented here demonstrate that the S2 state in its
multiline form is coupled to YZ• in the S2YZ

• intermediate
in acetate-inhibited PSII at all temperatures. Previous results,
however, show that when acetate-inhibited samples are
limited to one turnover with DCMU, only theg ) 4.1 form
of the S2 state is generated (23). These observations raise
the possibility that oxidation of YZ induces the Mn4 cluster
to convert from theg ) 4.1 form (sping 3/2) to the multiline
form (spin) 1/2) of the S2 state. By examining 200 K decay
kinetics of the S2YZ

• EPR signal in acetate-treated PSII, we
find that no noninteracting S2-state multiline EPR signal is
formed as an intermediate in the decay. This result indicates
that the multiline form of the S2 state is present only when
YZ is oxidized in acetate-inhibited PSII and suggests that a
change in the redox state of YZ is coupled to the observed

spin-state change of the Mn4 cluster, possibly through
changes in hydrogen bonding associated with YZ. Combin-
ing the results presented in this work with earlier results (20,
23), we consider the importance of the oxidation state of YZ

on the properties of the Mn4 cluster and the local Mn4-YZ

environment.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents.MES was purchased from
Sigma. Ethylene glycol, DMSO, and sucrose were purchased
from Baker. Anhydrous sodium acetate and potassium
fluoride were purchased from Fisher Chemical. Sodium
chloride was purchased from Mallinckrodt. PPBQ was
purchased from Aldrich. All reagents were used without
further purification. PPBQ stock solutions (25 mM) were
prepared in DMSO and frozen until use.

PSII Sample Preparations.PSII membranes were isolated
from market spinach leaves following the procedure of
Berthold et al. (33) with the modifications of Beck et al.
(34) except that thylakoid membranes were not stored at 77
K before isolation of PSII membranes. PSII membranes
were stored at 77 K in 15 mM NaCl, 20 mM MES, and
30% (v/v) ethylene glycol at pH 6.0, at chl concentrations
of approximately 6-8 mg of chl mL-1 until use. Chlorophyll
concentrations were measured according to the method of
Arnon (35) on a Perkin-Elmer Lambda 3b UV-vis spec-
trophotometer. O2 evolution rates varied from 350 to 450
µmol of O2 (mg of chl)-1 h-1 for untreated PSII membranes,
as measured by a Clark electrode using the method of Beck
et al. (34). Acetate-treated PSII membranes were prepared
as described by Szalai and Brudvig (20). Samples treated
with nitric oxide were prepared as described by Szalai and
Brudvig (23). Manganese-depleted PSII membranes were
prepared by 5 mM hydroxylamine treatment as described
by Tamura and Cheniae (36) and resuspended in 5 mM MES
(pH 6.5). Calcium-depleted PSII membranes in buffer
containing 0.4 M sucrose, 25 mM MES (pH 6.5), 100 mM
NaCl, and 100µM EGTA were prepared as described by
Kalosaka et al. (25). Fluoride-substituted PSII membranes
were prepared by two washes with a buffer containing 0.3
M sucrose, 40 mM MES (pH 5.5), and 200 mM potassium
fluoride. PPBQ was added to acetate-treated, Mn-depleted,
calcium-depleted, and fluoride-substituted samples to a final
concentration of 500µM.

EPR Spectroscopy.X-Band EPR spectroscopic measure-
ments at temperatures between 100 and 293 K were
performed on a Bruker ER 200 EPR spectrometer equipped
with a TM110 mode cavity and interfaced to a Macintosh IIci
computer. A Bruker nitrogen-flow cryostat assembly was
used to maintain temperatures between 100 and 250 K. A
Varian E-9 EPR spectrometer equipped with a TE102 mode
cavity and an Oxford Instruments ESR 900 liquid helium
cryostat and interfaced to a Macintosh IIci computer was
used for EPR measurements between 4.9 and 80 K. EPR
spectra at 2.0 K were collected on a home-built EPR
spectrometer (37) equipped with an Oxford Instruments ESR
910 liquid helium cryostat and interfaced to a Macintosh IIx
computer. For EPR data acquisition at room temperature,
samples were centrifuged into a custom-made Wilmad TE
quartz flat cell with a fused bottom. For EPR data acquisition
at 250 K, a homemade Plexiglas flat cell was used. For EPR
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data acquisition at cryogenic temperatures, standard quartz
EPR sample tubes were used.

For measurements of the narrow YZ
• and YD

• and broad
S2YZ

• EPR signals at cryogenic temperatures, acetate-treated,
calcium-depleted, and fluoride-substituted PSII membranes
were illuminated for 5 s at 293 K andcooled to 77 K. For
measurements of the YZ

• EPR signal at room temperature,
acetate-treated and Mn-depleted PSII membranes were
continuously illuminated during data acquisition. For mea-
surements of the YD• EPR signal both at room temperature
and at low temperatures, samples were dark-adapted for 5
min at 293 K following illumination before recording the
spectrum or freezing the sample.

Decay kinetics of the narrow YZ• EPR signal in acetate-
treated PSII were determined at 293 and 250 K. At 293 K,
samples were illuminated inside the cavity for 15-30 s. The
postillumination signal intensity was measured as the tran-
sient decay of the low-field hyperfine peak of the YZ

• signal.
For the 250 K measurements, the sample was illuminated
for 5 s at 293 K andimmediately transferred to the EPR
cryostat which was maintained at 250 K, and the full YZ

•

EPR spectrum was collected as a function of 250 K dark
incubation time in the cavity. The corresponding decay of
the S2YZ

• EPR signal intensity was monitored at 6 K as a
function of dark incubation time at 293 or 250 K (CCl4/dry
ice slurry) (20). The decay of the S2YZ

• EPR signal intensity
and formation of the S2-state g ) 4.1 EPR signal were
measured at 10 K after dark incubation at 200 K (acetone/
dry ice slurry).

The microwave powers at half-saturation (P1/2) were
calculated from least-squares fits of eq 1 withb fixed at the
inhomogeneous limit of 1

whereP is the microwave power,K is a scaling constant,
andb is the inhomogeneity factor (38).

For power-saturation studies, the signal intensities of the
narrow YD

• and YZ
• EPR signals were determined by double

integration; the intensity of the broad S2YZ
• EPR signal was

measured as the peak-to-trough amplitude, and the S2-state
multiline EPR signal intensity was estimated as the sum of
four to six low-field hyperfine peak amplitudes. The S2-
stateg ) 4.1 EPR signal was measured as the peak-to-trough
height in light-minus-dark difference spectra.

Integrated areas were measured to test for Curie law
behavior. For both the broad S2YZ

• EPR signal (below 80
K) and the narrow YZ• EPR signal (above 100 K), the area
was measured after subtraction of the EPR signal from YD

•,
as described by Szalai and Brudvig (20). The widths of the
S2YZ

• EPR signal were measured both as the peak-to-trough
separation in the first-derivative spectra and the full width
at half-height of the absorption signals obtained by integrat-
ing the first-derivative spectra; both measurements gave
similar values.

RESULTS AND DISCUSSION

When acetate-inhibited PSII samples are illuminated for
short times at room temperature and then cooled to cryogenic
temperatures, the broad EPR signal assigned to YZ

• interact-

ing with the S2 state is observed (Figure 1A). The EPR
spectrum in Figure 1A shows the main “split-signal” feature
of the S2YZ

• EPR signal, which is also found for other
inhibited samples, and the55Mn hyperfine peaks on the low-
and high-field portions of the signal which have only been
observed in the S2YZ

• EPR signal of acetate-inhibited PSII
(19, 20, 39). The55Mn hyperfine peaks which appear with
the main S2YZ

• EPR signal peaks do not arise from
uninhibited PSII centers in the S2 state because 200 K
illumination of acetate-treated centers does not produce the
S2-state multiline EPR signal. Additionally, acetate-inhibited
centers limited to one turnover and illuminated at tempera-
tures above 250 K display only theg ) 4.1 form of the S2

intensity) KxP

(1 + P/P1/2)
b/2

(1)

FIGURE 1: Comparison of the S2YZ
• EPR signal in acetate-treated

PSII, the S2-state multiline EPR signal in untreated PSII, and the
S2-state multiline EPR signal in acetate- and NO-treated PSII. (A)
S2YZ

• EPR signal in acetate-treated PSII. The central region
corresponding to the EPR signal from YD

• has been removed for
clarity. The arrows indicate55Mn hyperfine peaks associated with
the S2YZ

• EPR signal that were used for quantitation (see the text).
(B) Low-field region of spectra showing55Mn hyperfine peaks:
(a) solid line,55Mn hyperfine peaks associated with the S2YZ

• EPR
signal in acetate-treated PSII; and dashed line,55Mn hyperfine peaks
of the S2-state multiline EPR signal in untreated PSII; and (b) solid
line, 55Mn hyperfine peaks associated with acetate- and NO-treated
PSII in the S2YZ-NO state [sample prepared as described by Szalai
and Brudvig (23)]; and dashed line, same as dashed line in part a.
The spectra have been scaled to have comparable amplitudes of
the 55Mn hyperfine peaks. EPR instrumental parameters were as
follows: microwave frequency, 9.28 GHz; magnetic field modula-
tion frequency, 100 kHz; magnetic field modulation amplitude, 20
G; microwave power, 20 mW; and temperature, 8 K, except for
the data for the solid line in part b in which the microwave power
was 5 mW and the temperature was 6 K.
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state (23). Figure 1B shows the low-field hyperfine features
associated with the S2YZ

• EPR signal on an expanded scale
in comparison to the S2-state multiline EPR signal from an
untreated sample and the S2YZ-NO species formed when
the S2YZ

• intermediate is generated in an acetate-inhibited
sample in the presence of NO•. Previous work has shown
that NO• binds to YZ

• to form a diamagnetic YZ-NO species
which uncouples the S2 state from YZ

•, yielding a noninter-
acting S2-state multiline EPR signal species (23). The
multiline EPR signal observed from the S2YZ

• species is
significantly different from that in an untreated sample
(Figure 1B, part a). The hyperfine peaks from the S2YZ

•

species are offset by about 40 G, although the splittings are
not significantly different. We interpret this offset to be due
to the spin-spin interaction between YZ• and the S2 state of
the Mn4 cluster. This interpretation is supported by the
observation that the S2-state multiline EPR signals from an
untreated sample and from the S2YZ-NO species are very
similar (Figure 1B, part b), even though the latter signal is
formed in the presence of acetate. The intensity of the S2-
state multiline EPR signal produced in acetate- and NO•-
treated PSII is about 45% of the intensity of the S2-state
multiline EPR signal in an untreated sample; this is the same
as the yield of the S2YZ

• EPR signal under equivalent
conditions but without nitric oxide (23). We have not
attempted quantitation of the S2-state multiline EPR signal
features in the S2YZ

• EPR spectrum because the change in
the line shape precludes a quantitative comparison with the
S2-state multiline EPR signal in an untreated sample.
However, we have measured the intensity ratio of the sum
of four of the55Mn hyperfine peaks (indicated by arrows in
Figure 1A) to the peak-to-trough height of the main split
signal feature in 10 samples prepared in the S2YZ

• state and
found it to be highly reproducible (15.8( 4.9%). This
would not be the case if the55Mn hyperfine peaks were from
a variable proportion of centers in the S2 state.

On the basis of these results, we conclude that the spin-
spin interaction between the spin1/2 S2 state and YZ radical
gives rise to reciprocal splittings of both EPR signals (40,
41) so that the S2YZ

• interaction spectrum consists of
distinguishable contributions from YZ• and the S2 state. The
exchange and dipolar interactions between the Mn4 cluster
and YZ

• must be in the weak-coupling regime because
reproducible changes at low magnetic field corresponding
to a half-field transition were not observed using perpen-
dicular or parallel mode EPR spectroscopies. Splitting of
the YZ

• EPR signal gives rise to a pair of more intense peaks
flanked by a pair of less intense peaks, readily observed on
either side ofg ) 2, which is analogous to an AB pattern in
NMR spectra (40). The EPR signal from the S2 state has a
much smaller intensity and extends over several thousand
gauss. Only for the S2YZ

• species in acetate-inhibited PSII
does the S2-state multiline EPR signal exhibit resolved55-
Mn hyperfine structure. This is a consequence of the55Mn
hyperfine coupling constant (80-85 G) being an integral
multiple of the spin-spin splitting of 240 G. In the
interaction spectrum, the55Mn hyperfine peaks shift by half
of the overall spin-spin splitting, approximately 120 G (41).
As a result, even though the55Mn hyperfine peak splitting
remains at 80-85 G in the S2YZ

• EPR spectrum, the55Mn
hyperfine peak positions appear to shift by 40 G relative to
those in a noninteracting S2-state multiline EPR spectrum

(Figure 1B). More importantly, in acetate-treated PSII, the
120 G shift created by the spin-spin coupling does not cause
the 55Mn hyperfine peaks to interfere destructively so that
they disappear into the baseline. This may not be the case
for other inhibited PSII samples which exhibit S2YZ

• EPR
signals lacking a resolved S2-state multiline EPR signal. In
calcium-depleted PSII, the contribution from the S2 state to
the S2YZ

• EPR signal has been modeled as an underlying
broad unresolved 2000 G-wide signal (42, 43). Alternatively,
inhibited samples other than acetate-inhibited samples may
lack observable S2-state EPR signals because of effects of
the inhibitory treatments on the magnetic properties of the
S2 state and temperature-dependent line broadening (see
below).

MicrowaVe Power Saturation.One way to address the
nature of the interaction between YZ

• and the Mn4 cluster is
to measure the saturation behavior of the YZ

• EPR signal as
a function of temperature. If YZ• is coupled to the S2 state
at all temperatures, then theP1/2 of YZ

• should be much higher
than the P1/2 of YD

• or YZ
• in a Mn-depleted sample.

Unfortunately, the EPR signals of YZ
• and YD

• overlap; they
are principally differentiated by decay kinetics and slightly
different hyperfine splittings. To deconvolute the two EPR
signals, spectra collected after dark incubation, which contain
only a YD

• contribution, are subtracted from spectra collected
during illumination (or after freezing under illumination)
which contain both YD• and YZ

• components. The resultant
light-minus-dark difference spectrum contains only the EPR
signal from YZ

• if nonsaturating microwave powers are used.
Panels A and B of Figure 2 show microwave power

saturation data for acetate-inhibited PSII (solid symbols) in
comparison to data for Mn-depleted PSII (open symbols).
P1/2 values are listed in Table 1. In acetate-inhibited PSII,
the S2YZ

• EPR signal observed at low temperatures and the
narrow YZ

• EPR signal observed at room temperature do not
reach saturation up to microwave powers of 100 mW,
indicating that the spin relaxation of YZ

• is strongly enhanced
by the Mn4 cluster both at low and high temperatures.
Similar room-temperature power-saturation behavior for YZ•

was observed by Yocum and Babcock in ammonia-treated
PSII (24). On the other hand, in Mn-depleted PSII, YZ

• and
YD

• are readily saturated and they have equivalent power-
saturation behavior, consistent with past work (44).

Figure 2C shows a comparison between the power-
saturation behavior of the main “split signal” feature of the
S2YZ

• EPR signal and one of the55Mn hyperfine peaks. The
split signal feature is more easily saturated. The reason that

Table 1: P1/2 Values Calculated from Microwave Power
Saturation Data

signal sample T (K) P1/2 (mW)

S2YZ
• (YZ

• peak) acetate-inhibited 5.0 0.36
5.4 0.62
5.7 1.2
6.0 1.7
7.5 18

20 >100
S2YZ

• (55Mn hyperfine peaks) acetate-inhibited 6.0 6.7
YZ

• acetate-inhibited 293 >100
YZ

• Mn-depleted 293 12
S1YD

• acetate-inhibited 20 1.6
293 11

YD
• Mn-depleted 293 16
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both features do not reach saturation at the same powers,
even though they arise from the S2YZ

• state, may be because
the strong-coupling limit has not been reached. Nonetheless,
the temperature dependence of the spin relaxation of YZ

•

should reflect its relaxation enhancement by the S2 state.
Figure 2D shows an Orbach plot of theP1/2 values of the
split signal feature of the S2YZ

• EPR signal. For an Orbach
relaxation mechanism,P1/2 values are proportional to
exp(-∆/kT), where∆ is the energy separation between the
ground and first excited spin-state manifolds (45). A plot
of ln P1/2 versus 1/T should be linear with a slope of-∆/k.
Figure 2D shows a linear fit giving a∆ of 42 ( 5 cm-1.
This value is comparable to those obtained by the same
method assuming an Orbach relaxation process for the S2-
state multiline EPR signal in untreated samples (32, 46-
48).

EPR Signal Decay Kinetics.In acetate-treated PSII, both
the narrow YZ

• EPR signal observed at higher temperatures
and the broad S2YZ

• EPR signal observed at low temperatures
are induced by room-temperature illumination. After the
initial room-temperature illumination, the loss of EPR signal

intensity due to decay reactions can be measured as a
function of dark incubation time. Matching decay kinetics
at several temperatures would indicate that the YZ

• and S2YZ
•

EPR signals arise from the same population of YZ
•. As

shown in Figure 3, the decays of both the narrow YZ
• EPR

signal and the broad S2YZ
• EPR signal exhibit the same

kinetics. When fit with a single-exponential decay equation,
the rate constant of the decay at room temperature (293 K)
is 1.6( 0.2 min-1. This value is somewhat higher than the
decay constant of 0.87( 0.06 min-1 at 294 K published
earlier (20), because the previous study did not take into
account the delay introduced by the freezing process. We
conclude that the same S2YZ

• species gives rise to both the
narrow and broad YZ• EPR signals observed at room and
cryogenic temperatures, respectively.

Temperature Dependence of EPR Signal Line Shapes.At
cryogenic temperatures, acetate-treated PSII displays a broad
S2YZ

• EPR signal, which narrows as the temperature is
increased (Figure 4A). As the signal narrows, the total signal
intensity multiplied by temperature remains constant, fol-
lowing Curie law behavior (data not shown). Below 20 K,

FIGURE 2: Microwave power saturation of the EPR signals from YZ
•, YD

•, S2YZ
•, and55Mn hyperfine peaks associated with the S2YZ

• EPR
signal in acetate-treated, untreated, and Mn-depleted PSII. (A) YZ

• and YD
• EPR signals recorded at 293 K: (b) narrow YZ

• EPR signal
intensity in acetate-treated PSII (S2YZ

•), (9) dark-stable YD• EPR signal intensity in acetate-treated PSII (S1YD
•), (O) narrow YZ

• EPR
signal intensity in Mn-depleted PSII, and (0) dark-stable YD• EPR signal intensity in Mn-depleted PSII. (B) S2YZ

• and YD
• EPR signals

recorded at 20 K: (b) light-induced S2YZ
• EPR signal intensity in acetate-treated PSII and (9) YD

• EPR signal intensity in acetate-treated
PSII (S1YD

•). (C) S2YZ
• EPR signal recorded at 6 K. Data are the average of two experiments: (b) light-induced S2YZ

• EPR signal intensity
in acetate-treated PSII and (O) intensity of one of the55Mn hyperfine peaks associated with the S2YZ

• EPR signal in acetate-treated PSII.
(D) Orbach plot ofP1/2 of the S2YZ

• EPR signal. TheP1/2 data used for the plot are compiled in Table 1. The solid line is a linear fit to the
data. EPR instrumental parameters were as follows: microwave frequency, (A) 9.68 and (B-D) 9.28 GHz; magnetic field modulation
frequency, 100 kHz; and magnetic field modulation amplitude, (A) 4 G, (B) 20 G for S2YZ

• and 4 G for YD
•, and (C and D) 20 G.

Intensities were measured as described in the text. For panels A-C, data sets were normalized to an initial slope of 1.
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acetate-treated PSII membranes exhibit the characteristic
∼240 G-wide S2YZ

• EPR signal. As the temperature is raised
to 40 K, the signal narrows to∼150 G. No narrow
component of the light-induced signal corresponding to YZ

•

is observed at these temperatures (Figure 4B; see also refs
20 and49). When the temperature is increased further, the
S2YZ

• EPR signal continues to narrow and becomes unde-
tectable at approximately 80 K. Near this temperature, a
narrow EPR signal from YZ• begins to grow in, as evidenced
by the intensity on the wings of the YD

• EPR signal in Figure
4B (parts c and d). At 116 K, a narrow YZ

• EPR signal is
observed that is similar to that observed at room temperature
(26), although its line width is broader. The YZ

• EPR signal
continues to narrow as the temperature is increased, resulting
in better resolution of the hyperfine structure. Over the entire
temperature range, the S2YZ

• state exhibiting either the broad
S2YZ

• EPR signal or the narrow YZ• EPR signal does not
reach saturation at microwave powers of up to 100 mW, as
shown in Table 1 at the low- (20 K) and high-temperature

FIGURE 3: Decay kinetics of the EPR signals from YZ
• in acetate-

treated PSII. (A) Decays at 293 K: (b) S2YZ
• EPR signal peak height

recorded at 6 K and (solid line) narrow YZ• signal peak height
recorded at 293 K. The initial point of the data set collected at 6 K
was offset from time zero by 10 s, to account for freezing time,
and it was normalized to the height of the 293 K data set at 10 s.
(B) Decays at 250 K: (b) S2YZ

• EPR signal peak height recorded
at 6 K and (O) narrow YZ

• EPR signal peak height recorded at 250
K. EPR instrumental parameters were as follows: microwave
frequency, 9.68 GHz at 293 K, 9.46 GHz at 250 K, and 9.28 GHz
at 6 K; magnetic field modulation frequency, 100 kHz; magnetic
field modulation amplitude, 4 G at 293 and 250 K and 20 G at 6
K; microwave power, 2.0 mW at 293 and 250 K and 5.0 mW at 6
K; and instrumental time constant for 293 K measurements, 200
ms.

FIGURE 4: Temperature dependence of S2YZ
• EPR signal line shapes

in acetate-treated PSII from 7.5 to 293 K. (A) Wide scans (light-
minus-dark difference spectra) at low temperatures. Full signal
widths at half-height: (a) 240, (b) 235, (c) 190, (d) 100, (e) 77,
and (f) 64 G. The sharp central feature from YD

• has been removed.
(B) Narrow scans (light spectra) at low temperatures. (C) Narrow
scans (light-minus-dark difference spectra) at high temperatures.
EPR instrumental parameters were as follows: microwave fre-
quency, (A and B) 9.28 GHz and (C) (a-c) 9.45 and (d) 9.68 GHz;
magnetic field modulation frequency, 100 kHz; magnetic field
modulation amplitude, (A) 20, (B) 4, (C) (a-c) 4, and (d) 2 G;
and microwave power, (A) 40, (B) 0.5, (C) (a-c) 0.02, and (d) 2
mW. Spectra in panels A and B are scaled assuming Curie law
behavior.
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(293 K) limits. This is the first time that the EPR signal
from YZ

• in treated PSII samples has been mapped at
intermediate temperatures. These data indicate that progres-
sive narrowing of the S2YZ

• EPR signal occurs such that
above 80 K its line shape resembles that of a noninteracting
tyrosyl radical.

By using the known values ofT1 for the S2-state multiline
EPR signal species in untreated samples, we can estimate
the temperature at which averaging of the interaction between
the S2 state and YZ• should occur. The peak-to-trough
separation of the main split signal feature of the S2YZ

• EPR
signal is 240 G which corresponds to an interaction of about
0.03 cm-1. Spectral simulation of the S2YZ

• EPR signal in
acetate-inhibited PSII gives an exchange coupling constant
of -0.028 cm-1 (41, 50). Using 0.03 cm-1 for the interaction
and the equationT1 ) 2x2/∆ω (51), where∆ω is the peak-
to-trough splitting in s-1 rad-1, the calculated value ofT1

at which averaging of the S2 state-YZ
• interaction should

begin to occur is 8.9× 10-11 s. In comparison,T1 for the
S2-state multiline EPR signal species in untreated PSII is
5.6 × 10-7 s at 11 K, and 1/T1 has a T8 temperature
dependence (32). Extrapolating to higher temperatures gives
33 K for the temperature at whichT1 would be 8.9× 10-11

s and the S2 state-YZ
• interaction should begin to be

averaged. Our results show that the S2YZ
• EPR signal begins

to narrow noticeably at about 30 K (Figure 4A). This
calculation assumes that theT8 temperature dependence of
the S2-state spin-lattice relaxation rate measured by Lorigan
and Britt (32) in untreated PSII also holds for acetate-
inhibited PSII samples. Our observation that theP1/2 values
of the S2YZ

• EPR signal display a temperature dependence
similar to that of the S2-state multiline EPR signal species
in untreated PSII (Figure 2D) gives support for this assump-
tion. These results are consistent with relaxation enhance-
ment of YZ

• by the S2-state multiline EPR signal species at
both room and cryogenic temperatures.

On the basis of these results, the decay kinetics, and the
enhanced relaxation properties of both EPR signals, we
conclude that the broad S2YZ

• EPR signal observed at low
temperatures and the narrow YZ

• EPR signal observed at
room temperature are manifestations of the same interaction.
The temperature-dependent line shape changes of the S2YZ

•

EPR signal are consistent with an increase in the spin-lattice
relaxation rate of the Mn4 cluster as the temperature is raised
(see above). Because of fast spin-lattice relaxation of the
Mn4 cluster, the spin-spin coupling between YZ• and the
Mn4 cluster is averaged as the temperature increases. Such
averaging of spin-spin interactions by fast spin relaxation
has been observed for other exchange- and dipolar-coupled
systems in which one of the spins is a transition metal and
the other is a nitroxide radical (52, 53).

Different inhibitory treatments of PSII produce S2YZ
• EPR

signals with varying widths (13, 17, 19). The narrowing of
the S2YZ

• EPR signal in acetate-treated PSII with temperature
suggests that the S2YZ

• EPR signal line shapes produced by
different treatments may be due to variations in the magnetic
properties of the Mn4 cluster. One way to address this
question is to examine the temperature dependence of the
S2YZ

• EPR signals from fluoride-treated and calcium-depleted
PSII samples. The line width of the S2YZ

• EPR signal in
acetate-treated PSII at 40 K is similar to that of the S2YZ

•

EPR signals in calcium-depleted and fluoride-substituted

samples at 10 K (Figures 4A and 5). Below 20 K, the width
of the S2YZ

• EPR signal in acetate-treated samples does not
broaden further (Figure 4A). Spectra of a calcium-depleted
sample at 10 and 2 K look approximately the same, although
the measured line width is somewhat broader at 2 K. As
the temperature is raised to 40 K, the S2YZ

• EPR signal in
the calcium-depleted PSII sample narrows to 108 G. In a
fluoride-substituted sample, on the other hand, the signal
shows significant broadening on cooling from 10 to 2 K,
where it is∼200 G wide (Figure 5). When the temperature
is increased to 25 K, the S2YZ

• EPR signal in fluoride-
substituted PSII narrows to 116 G, which is approximately
the same width as that found for acetate-inhibited and
calcium-depleted samples at 60 and 40 K, respectively. This
means that calcium-depleted and acetate-treated PSII samples
reach a static limit at higher temperatures than fluoride-
substituted samples. The finding that the S2YZ

• EPR signal
of fluoride-substituted PSII continues to broaden at temper-
atures lower than those of acetate-treated PSII samples
supports the idea that different inhibitory treatments affect
the magnetic properties of the Mn4 cluster. Fluoride induces
the g ) 4.1 form of the S2 state (17, 54-56). Therefore,

FIGURE 5: EPR line shapes of S2YZ
• EPR signals in (A) calcium-

depleted and (B) fluoride-substituted PSII. The EPR spectrum of
the S2YZ

• EPR signal in acetate-treated PSII was also measured at
2 K (data not shown) and matches that at 7.5 K (Figure 4A,
spectrum a). EPR instrumental parameters were as follows: (A and
B), microwave frequency, 9.28 GHz except for (a) 9.07 GHz;
magnetic field modulation frequency, 100 kHz; magnetic field
modulation amplitude, 20 G; (A) microwave power, (a) 0.02, (b)
10, (c) 25, and (d) 50 mW; and (B) microwave power, (a) 0.02,
(b) 1, (c) 10, and (d) 25 mW.
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the different temperature dependence of the line width of
the S2YZ

• signal in fluoride-substituted PSII may be a result
of a different spin state of the Mn4 cluster. In this context,
the line width differences of the S2YZ

• EPR signals in
different inhibited samples may be due to variations in the
spin state and/or the spin-lattice relaxation rate of the Mn4

cluster, rather than to significant differences in the Mn4-
YZ structure. This interpretation would explain the varying
line widths for the S2YZ

• EPR signal in different inhibited
samples even though all samples are blocked at the same
catalytic step (13, 17-19, 57).

Spin-State ConVersion of the Mn4 Cluster. Acetate-
inhibited PSII samples limited to one turnover with DCMU
and illuminated at temperatures above 250 K produce only
theg ) 4.1 form of the S2 state (23). Similarly, the S2 state
g ) 4.1 EPR signal is observed upon decay of the S2YZ

•

EPR signal at temperatures above 250 K in acetate-inhibited
samples (20). Although theg ) 4.1 form of the S2 state is
implicated in the formation and decay pathway of the S2YZ

•

intermediate in acetate-inhibited PSII, experiments using
nitric oxide to quench the S2YZ

• EPR signal have shown that
the paramagnet coupled to YZ

• in the S2YZ
• state is the

multiline form of the S2 state (23). To confirm that the
multiline form of the S2 state is present only when it is
interacting with YZ

•, we have measured the decay kinetics
of the S2YZ

• intermediate at 200 K in acetate-treated PSII
(Figure 6). Previously, we attributed the55Mn hyperfine
features of the S2YZ

• EPR signal to a fractional yield of the
S2-state multiline EPR signal formed upon decay of the S2YZ

•

intermediate (23). The current data show that the field
positions of the55Mn hyperfine features associated with the
S2YZ

• EPR signal remain shifted from those of the non-
interacting S2 state throughout the time course of dark
incubation at 200 K (Figure 6A). All of the features
associated with the S2YZ

• EPR signal decay on the same time
scale, and perhaps not surprisingly, the S2-stateg ) 4.1 EPR
signal is formed on the same time scale in which the S2YZ

•

EPR signal decays (Figure 6B). Therefore, we conclude that
the S2-state multiline EPR signal is not an intermediate in
the decay.

Exclusive observation of the S2-stateg ) 4.1 EPR signal
upon decay of the S2YZ

• EPR signal suggests that reduction
of YZ

• triggers a change in the spin state of the Mn4 cluster
from the multiline form (spin) 1/2) to the g ) 4.1 form
(spin g 3/2) in acetate-inhibited PSII. In conjunction with
previous results (20, 23), these data support the idea that a
close link exists between the Mn4 cluster and YZ in acetate-
inhibited PSII, both spatially as determined by analyses of
the spin-spin interaction in the S2YZ

• intermediate (21, 39,
41, 42, 50, 58) and structurally as shown by the effect of YZ

oxidation and/or YZ• reduction on the spin state of the Mn4

cluster.
Because YZ• is a neutral tyrosine radical (59), the proton

associated with reduced YZ is donated to a nearby base,
probably D1 His190 (60-63), when YZ

• is formed. There-
fore, upon oxidation of S2YZ to form the S2YZ

• intermediate,
the primary difference expected in the environment of the
OEC is a change in hydrogen-bonding interactions of YZ.
Recent Fourier transform infrared spectroscopy measure-
ments of the S1 to S2 transition reveal that a tyrosine residue
is structurally coupled to the Mn4 cluster through either a
hydrogen-bonded network or direct hydrogen-bonding in-

teractions (64). The spin-state change of the Mn4 cluster
that we observe upon YZ oxidation and/or YZ• reduction
supports the view that hydrogen-bonding changes near YZ

are propagated to the Mn4 cluster through such a hydrogen-
bonded network, potentially involving a ligand directly bound
to the Mn4 cluster. Although our conclusions are based on
results collected for inhibited PSII samples, this interpretation
is consistent with current proposals of the mechanism of
water oxidation which include direct participation of YZ

• in
H-atom abstraction from substrate bound to manganese (21,
28-31).

Further evidence for the intimate relationship between YZ

and the Mn4 cluster is apparent in the observation that YZ
•

is not formed by illumination at temperatures below 250 K
in Mn-depleted PSII samples, but that YZ is transiently
oxidized during the S1 to S2 transition of the Mn4 cluster in
untreated PSII at temperatures as low as 140 K (65). The
simplest explanation for this “YZ paradox” is that, by

FIGURE 6: (A) Light-minus-dark difference spectra of the S2YZ
•

EPR signal as a function of 200 K dark incubation time. (B) Plot
of the (b) decay of the main split signal feature of the S2YZ

• EPR
signal, (4) decay of the sum of four55Mn hyperfine peak intensities
(see Figure 1A), and (×) formation of the S2-stateg ) 4.1 EPR
signal as a function of dark incubation time at 200 K. The
percentage of centers contributing to the S2YZ

• EPR signal was
determined as described by Szalai and Brudvig (20). The S2-state
g ) 4.1 EPR signal peak height was normalized to the difference
between the initial and final yields of the S2YZ

• EPR signal decay.
EPR instrumental parameters were as follows: temperature, 8.0
K; microwave frequency, 9.28 GHz; magnetic field modulation
frequency, 100 kHz; magnetic field modulation amplitude, 20 G;
and microwave power, 10 mW.

Mn4-YZ Interaction in Acetate-Inhibited PSII Biochemistry, Vol. 37, No. 39, 199813601



removing or perturbing the Mn4 cluster, the hydrogen-bonded
environment surrounding YZ is significantly altered which
leads to changes in the redox properties of YZ (28). In fact,
YZ oxidization at low temperatures during the S1 to S2

transition in untreated PSII suggests that YZ must exist in a
well-ordered structure so that upon oxidation its proton can
be transferred to a nearby base with minimal rearrangement
(66). When the Mn4 cluster is removed as in Mn-depleted
samples or perturbed as in inhibited PSII preparations, YZ

•

reduction is slowed and YZ• can be easily observed spec-
troscopically (11, 24, 25, 26, 50). In part, measurements
on YZ in Mn-depleted PSII (11, 59) have led to proposals
which advocate YZ flexibility in the water oxidation process
(21, 29, 59). Unfortunately, precise information about YZ

oxidation in untreated PSII is not provided by experiments
on YZ in Mn-depleted PSII since the reactivity of YZ is
clearly different in the two types of samples. In inhibited
PSII samples, YZ• reduction kinetics are not the only facet
of YZ reactivity which is an indication of a perturbed local
Mn4-YZ structure; the S1 to S2 transition occurs at illumina-
tion temperatures ranging from 200 to 250 K (17, 19, 20,
67-69), and the S2YZ

• intermediate is only generated at
illumination temperatures above 250 K (13, 17, 18, 20). Thus,
the upshift in the temperature of the S1 to S2 or S2 to S2YZ

•

transitions in inhibited PSII samples also suggests that
oxidation of YZ and/or oxidation of the Mn4 cluster is
impaired. While the concept that an intact Mn4 cluster affects
the properties of YZ is gaining ground (28, 64), the idea that
YZ exerts a significant impact on the properties of the Mn4

cluster has not been previously considered in the context of
the mechanism of water oxidation. Further experiments
examining the importance of hydrogen bonding in the
vicinity of YZ on the magnetic properties of the Mn4 cluster
and on the ability of YZ to be oxidized at low temperatures
in O2-evolving PSII will provide insight into proposed
mechanisms of water oxidation.
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