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ABSTRACT: Tyr Z of photosystem II mediates electron transfer from the water splitting site, a Mn4Ca
cluster, to the specialized chlorophyll assembly P680. Due to its proton-limited redox properties and the
proximity to the Mn cluster, it is thought to play a critical role in the proton-coupled electron transfer
reactions that constitute the four-step oxidation mechanism (so-called S-state transitions) of water to
molecular oxygen. Spectroscopic evidence for the Tyr Z radical has been scarce in intact preparations (it
is difficult to probe it optically, and too short-lived for EPR characterization) until recently. Advances in
recent years have allowed the trapping at liquid helium temperatures and EPR characterization of
metalloradical intermediates, attributed to tyrosyl Z• magnetically interacting with the Mn cluster. We
have extended these studies and examined the evolution of the spectra of five intermediates: S0YZ

•, S0YZ
•

(with 5% MeOH), S1YZ
•, S2YZ

•, and S2YZ
• (with 5% MeOH) in the temperature range of 11-230 K. A

rapid-scan EPR method has been applied at elevated temperatures. The tyrosyl radical decouples
progressively from Mn, as the Mn relaxation rate increases with an increase in temperature. Above∼100
K, the spectra collapse to the unperturbed spectrum of Tyr Z•, which is found to be somewhat broader
than that of the stable Tyr D• radical. This study provides a simple means for recording the spectrum of
Tyr Z• and extends earlier observations that link the photochemistry at liquid helium temperatures to the
photochemistry at temperatures that support S-state transitions.

Photosystem II is unique among photosystems in that it
couples the light-induced charge separation to the splitting
of water. A series of four charge separation reactions,
initiated by the sequential absorption of four photons by the
special chlorophyll assembly P680,1 is required for the
oxidation of two water molecules and the evolution of
molecular oxygen. The catalytic site of water oxidation,
called oxygen evolving complex (OEC), contains a tetra-

nuclear Mn cluster and a Ca2+ ion. Transfer of electrons from
the OEC to P680

+ is mediated by tyrosine Z, YZ. A quinone-
iron complex acts as the electron acceptor. The OEC
undergoes periodically four one-electron oxidation steps: S0

f S1, ..., S3 f (S4)S0. Oxygen evolves during the S3 to (S4)-
S0 transition, the S4 being a transient state (1-7). The
oxidizing equivalents during the S-state transitions are stored
at or in the immediate vicinity of the Mn cluster. X-ray
crystallography has provided in recent years low-resolution
images of PSII (8-11). The least accurate part of the
structures is the OEC due to radiation-induced damage of
the Mn cluster. With the help of X-ray absorption spectros-
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copy, refined images have been obtained (12, 13), but
important aspects of the structure of the OEC are at present
unknown. On the other hand, the subtleties of the water
oxidizing process can be probed only spectroscopically.

Low-temperature EPR spectroscopy has been applied
extensively in the study of individual S states. Less work
has been published on intermediates of the S-state transitions
involving the Tyr Z• radical in intact (oxygen-evolving)
preparations. Tyr Z, due to its proton-limited redox properties
(14) and the proximity to the Mn cluster (8-11), is likely to
play a critical role (see ref7 for a recent review of the
proposed roles of Tyr Z) in the proton-coupled electron
transfer reactions (15) during the four-step oxidation mech-
anism of water to molecular oxygen. Tyr Z• is short-lived in
intact samples at ambient temperatures. An earlier study by
Hoganson and Babcock (16) has demonstrated the great
difficulty in recording the spectrum of Tyr Z• at ambient
temperatures by a time-resolved technique. These elaborate
studies have yielded no more than a noisy spectrum which
has been used to confirm that the spectrum of Tyr Z• is not
too different from that of Tyr D•. Widespread notions in the
past excluded formation of this radical by illumination at
cryogenic temperatures. The breakthrough observation by
Nugent and co-workers (17) that samples prepared in the
dark-stable S1 state produced, after visible-light illumination
at 11 K, what is now agreeably identified as the S1YZ

•

intermediate opened the way to the observation of similar
intermediates associated with other S states. The work of
Nugent et al. (17) had actually been preceded by reports (18,
19) of the trapping at liquid-helium temperatures of what
was assigned later to S2′YZ

• (S2′ indicates a singly deproto-
nated conformation of S2) (20) and of S2′′YZ

• (S2′′ in our
notation corresponds to a doubly deprotonated S2 configu-
ration) at alkaline pH (21). A number of Tyr Z•-based
intermediates have been identified and characterized by EPR
spectroscopy since, including S0YZ

•, S1YZ
•, and S2YZ

• and
variants of them obtained after treatments that alter the
electronic configuration of the OEC but preserve the oxygen
evolution [addition of a few percent (v/v) methanol, replace-
ment of Ca2+ with Sr2+] (17, 22-32; see also ref27 for a
review). These signals are normally produced by direct
visible-light illumination at liquid-helium temperatures with
the exception of S2YZ

• in the absence of methanol, which is
trapped by illumination atg77 K (28). Near-IR excitation
of the S2 and S3 states results in the formation of the S1YZ

•

and S2′YZ
• intermediates, respectively (19, 20, 23). It has

been observed recently that the latter intermediate can also
be obtained by visible-light excitation of S3 (32, 33). The
pertinent view is that both intermediates are due to the

photochemistry of the Mn cluster itself and not to charge
separation (23).

A common feature of all the Tyr Z•-based intermediates
is that the magnetic interaction with the Mn cluster over-
whelms the fine and hyperfine features of the tyrosyl radical
in the EPR spectra at liquid-helium temperatures. Fielding
et al. (34) have demonstrated in the past that, in the case of
an iron metal center magnetically interacting with a nitroxyl
radical species, the electron spin-spin splitting collapses at
high temperatures due to the increase in the relaxation rate
of the metal as the temperature is increased. As a result, the
spectrum obtained at elevated temperatures is that of the
unperturbed nitroxyl radical, except with an enhanced
relaxation rate. A similar behavior has been demonstrated
in the nonfunctional (unable to advance to the S3 state) S2
to S3 intermediate obtained after acetate treatment, attributed
to S2YZ

• (35). While the split EPR signal narrows gradually
as the temperature is increased, the observation of a spectrum
indistinguishable from that of Tyr D•, called signal II, at
temperatures above∼100-120 K has been questioned
recently by Un et al. (36).

Prompted by the experiments of Fielding et al. (34) and
Szalai et al. (35) and the interest to understand the Tyr Z•

Mn interaction, and most importantly to examine whether
the unperturbed Tyr Z• radical spectrum can be observed in
the intact system, we have undertaken a study of the Tyr Z•

EPR spectrum as a function of temperature in three different
S states. We have examined spectra both in the absence and
in the presence of methanol since both-MeOH +MeOH
split signals have been reported in the literature. Additionally,
the interaction of MeOH with the Mn cluster results in a
change in Mn EPR signals from all EPR detectable S states.
It also changes all the split signals at low temperatures, and
it was interesting to examine whether it has an effect on the
tyrosyl radical itself. A rapid-scan EPR method has been
applied to record the transient spectra at elevated tempera-
tures. The results show that all metalloradical signals exhibit
a behavior similar to that observed first by Fielding et al.
(34). At elevated temperatures, the spectra collapse to a
radical spectrum broader than the spectrum of Tyr D•, which
is attributed to Tyr Z•. This study not only provides a simple
means for recording the spectrum of Tyr Z• decoupled from
the magnetic interaction with Mn but also extends earlier
observations that link the photochemistry at liquid-helium
temperatures to the photochemistry at temperatures that
support S-state transitions.

MATERIALS AND METHODS

PSII Sample Isolation.PSII-enriched membranes from
market spinach (BBY preparations) were isolated by standard
procedures (37, 38). Samples for EPR measurements were
suspended in a pH 6.5 buffer containing 0.4 M sucrose, 15
mM NaCl, 5 mM MgCl2, and 40 mM MES, at a final
chlorophyll concentration of 6-8 mg of chl/mL, and stored
in liquid nitrogen. All samples were supplemented with 1
mM duroquinone as an exogenous electron acceptor. No iron
oxidation occurs with duroquinone (39), and this reduces the
number of double hits during flash illumination. Methanol-
treated samples were resuspended and washed once in a
buffer containing 5% (v/v) methanol, 0.4 M sucrose, 15 mM
NaCl, 5 mM MgCl2, and 40 mM MES (pH 6.5) at 6-8 mg
of Chl/mL.

1 Abbreviations: PSII, photosystem II; OEC and WOC, oxygen-
evolving complex and water-oxidizing complex, respectively (Mn4Ca
complex also called Mn cluster); S states, S0-S4 oxidation states of
the OEC; Tyr Z or YZ, tyrosine 161 of the D2 protein; Tyr D or YD,
tyrosine 160 of the D1 protein; P680, primary electron donor in PSII;
Signal II, EPR signal of Tyr D• at X-band frequencies; metalloradical
or split signals, EPR signals in theg ) 2 region attributed to the
broadening of the Tyr Z• spectrum by a weak spin-spin interaction
with the Mn cluster; QA and QB, primary and secondary plastoquinone
electron acceptors of PSII, respectively; Chl+ and Car+, chlorophyll
and carotenoid cation radicals, respectively; MeOH, methanol; MES,
2-(N-morpholineethanesulfonic acid); chl, chlorophyll; duroquinone,
tetramethyl-p-benzoquinone; NIR light, near-infrared light; EPR,
electron paramagnetic resonance.
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NO Treatment.NO at low concentrations eliminates the
background spectrum of Tyr D• (40-42) and also reduces
rapidly the S2 and S3 states to S1 (43) and more slowly S1 to
S0 (44). It has been accordingly used to obtain samples
without the background signal of Tyr D• and also to enhance
the S0 population in samples that were advanced to S0 by
the administration of three light flashes (these samples would
otherwise contain contributions from the other S states due
to misses and double hits). NO was added only to samples
poised in the S0 state, and the treatment was carried out
anaerobically at 0°C inside the EPR tubes by slowly
bubbling 4 mL of a 1:5 mixture of NO and N2 for 1-2 min.

Illumination Conditions.Flash excitation of the samples
was conducted with either of two studio photographic-flash
power supplies: one with a nominal power of 600 W and a
pulse duration of 2.1 ms, at temperatures below ca. 220 K,
or one with a nominal power of 200 W and a pulse duration
of 1.2 ms, used for single turnovers at-5 °C. To synchronize
all PSII centers in the S1 stable state, one preflash was given
to the samples at-5 °C followed by a 30 min dark adaptation
at 5 °C.

The S2...QA((MeOH) state was produced by single-flash
illumination at -5 °C of the S1 state, followed by a 30 s
incubation at the same temperature, in the dark, to allow
transfer of electrons from QA- to duroquinone. This produced
∼80% of S2 and no detectable amounts of S3. S2 was
subsequently maximized by a strong flash at 190 K followed
by transfer to-5 °C for 30 s (to activate transfer of an
electron from QA

- to duroquinone). The S0...QA((MeOH)
state was produced by administration of three flashes, spaced
by 30 s, of samples that were previously poised in the S1

state.

The S2YZ
•(+MeOH), S1YZ

•, and S0YZ
•((MeOH) inter-

mediates were produced by direct flash illumination (or in
some cases by continuous illumination) inside the cavity at
all temperatures that were examined. The S2YZ

• intermediate
was produced by direct flash illumination at>77 K. At lower
temperatures, the S2 configuration capable of producing the
S2YZ

• intermediate, S2t, was trapped by flash excitation of
S2 at 190 K followed by immediate transfer to liquid nitrogen,
and from there into the EPR cryostat at 10 K (28). As S2

t is
stable over prolonged periods of time below 77 K, the S2YZ

•

intermediate was produced by flash illumination, inside the
cavity, at each respective temperature below 77 K.

Elimination of Contributions from Other Species.Il-
lumination at cryogenic temperatures produces, in addition
to the Tyr Z• radical, small amounts of the chl+ and car+

cation radicals. These are much less efficient electron donors
than Tyr Z (22). The EPR signals of these species are narrow
and can be easily discerned when present. These signals also
saturate easily and decay much more slowly than the Tyr Z•

radical signal. The contribution of these minority species in
the spectra was eliminated or suppressed by the use of flash
illumination, high microwave power, and light-dark differ-
ence spectroscopy. Cytb559 is also oxidized to a small extent,
but its spectrum has no spectral overlap with the SnYZ

radicals. Besides, oxidized cytb559 is very stable; therefore,
it should not appear in the difference spectra.

Samples that advance to the S0 state by our protocol (three
flashes with NO treatment; see above) inevitably contain
contributions from the S1 state. The use of MeOH eliminates

the S1YZ EPR signal, which would otherwise interfere with
the S0YZ

• split signal.
EPR Measurements.EPR measurements were performed

with an extensively upgraded former Bruker ER-200D
spectrometer interfaced with a personal computer running
appropriate software in the LabView programming environ-
ment. The Signal-Channel unit was replaced with an SR830
digital lock-in amplifier by Stanford Research. The spec-
trometer was equipped with an Oxford ESR 900 cryostat,
an Anritsu MF76A frequency counter, and a Bruker 035M
NMR gaussmeter. The perpendicular 4102ST cavity was
used, the microwave frequency 9.408 GHz, the modulation
frequency 100 kHz, and the modulation amplitude 8 Gpp
(above 40 K) and 12.5 Gpp (below 40 K) in all experiments.

For the rapid-scan experiments, a multifunction NI 6251
pci card from National Instruments (16bit/1.25 MS/s) was
used. Synchronization of the data acquisition with the
magnetic field ramp produced by the Time Base unit was
achieved by triggering the AD converter with a TTL pulse
produced by the Time Base unit at the beginning of each
scan. The spectra represent the average of the first 10 scans
recorded 0.5 s after the flash minus the average of 10 or
more spectra recorded after the signal had decayed. Con-
struction of spectra was based on knowledge of the lifetimes
of intermediates, and their temperature dependence; for
instance, the decay rate of the S2YZ

• intermediate, at 135 K,
follows biphasic kinetics with at1/2(fast) of 3.8 s (40%) and
a t1/2(slow) of 55 s (60%) (manuscript in preparation).

RESULTS

In the study by Fielding et al. (34), the splitting of the
nitroxide radical signal due to the spin-spin interaction with
the iron(III) collapsed progressively as the temperature
increased in the range of 8-120 K. Partial collapsing of the
splitting was observed at∼34 K, while the effect was
completed above∼60 K. A qualitatively similar behavior
was observed by Szalai et al. in their study of the S2YZ

•

intermediate, trapped in inhibited PSII centers (35). We have
examined the temperature dependence of five metalloradical
intermediates, S0YZ

•((5% MeOH), S1YZ
•, and S2YZ

•((5%
MeOH) of oxygen-evolving preparations.

Temperature Variation of the Tyr Z•-Based EPR Signals.
Difference spectra in the range of 10-230 K for the
intermediates are shown in Figure 1. The intermediate S0YZ

•-
(-MeOH) is not included since its spectrum contains
potential contributions from the S1YZ

• intermediate, and this
would complicate the interpretation. Test runs in the tem-
perature range of 7-35 K showed, however, behavior similar
to that of the other intermediates. The spectra at the lowest-
temperature end have been discussed in detail in earlier
studies (17, 22-31). Briefly, they consist of a characteristic
split signal in addition to a less well-defined contribution at
g ) 2.0. The g ) 2.0 region contains also potential
contributions from side donors such as chl+ or car+; these
are characterized by narrow radical spectra, which saturate
easily. As these species are less efficient donors and decay
considerably more slowly than Tyr Z•, their contribution to
the spectra is minimized by the use of flash illumination, a
high microwave power in recording the spectra, and light-
dark difference spectroscopy (see Materials and Methods).
The peak-trough separation varies among the different
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intermediates. It is smallest in the S2YZ
• case (116 G), and

it increases to 160 G in the presence of methanol and
becomes ca. 240 G in the case of the S0YZ

•(+MeOH) signal.
The latter is coincidentally comparable to the splitting of
the S2YZ

• signal in the case of the acetate-treated samples
(35).

A progressive narrowing of the spectra is observed in
Figure 1 as the temperature is increased above 20 K. At 45
K, the magnetic splitting is reduced considerably, and above
∼100-120 K, it collapses completely to a radical spectrum.
This effect can be more easily discerned by examination of
the spectra normalized with respect to temperature (intensity
multiplied by temperature), and even more notably by
examination of the integrated spectra, as suggested by
Fielding et al. (34). Panels A and B of Figure 2 present such
plots for the case of the S0YZ

• signal obtained in samples
containing methanol. Qualitatively similar behavior is ob-
served with the other signals as well.

We have conducted a calculation similar to that described
by Szalai et al. (35; see also ref45) using the publishedT1

values for the S2 multiline in untreated (46) or methanol-
treated samples (47) or the S0(+MeOH) multiline (48). The
calculation has yielded values of 25-28 K for the temper-
ature at which averaging of the magnetic interaction of Tyr
Z• with the Mn cluster should begin to occur in the three
cases. These values are compatible with the spectra of Figure
1 within theoretical and experimental error.

MicrowaVe Power Dependence.A common property of
all spectra in Figure 1 is the lack of significant saturation at
the highest power. No power dependence could be detected
above 77 K at three different microwave powers, 100, 25,
and 6.3 mW.

Examination of the High-Temperature Spectra.The ex-
periments described above suggest that the split signal at
liquid-helium temperatures progressively collapses to the
narrow signal at elevated temperatures. The collapsing is

practically complete above∼100-120 K in all cases. Figure
3 compares the S2YZ

• spectra at 140 K (blue trace) and 190
K (red trace). The traces are practically superimposable with
a slight deviation in the middle, which is due to a minor
impurity of a narrow radical contribution in the spectrum at
190 K. The two S2YZ

• spectra are also compared with the
spectrum of Tyr D• recorded at the same microwave power
(black trace), at 100 mW (saturation very pronounced at this
microwave power), or under nonsaturating conditions (green
trace). Clearly, the S2YZ

• signal is significantly broader,∼25
G wide, than the spectrum of Tyr D•, ∼18 G wide. Identical,

FIGURE 1: Temperature variation of the EPR spectra of four tyrosyl Z•-based intermediates (red traces). Spectra recorded below 40 K are
regular scans (sweep time of 50 s and time constant of 30 ms) and represent the differences of the spectra recorded immediately after flash
illumination minus the spectra recorded after the signal had decayed at each respective temperature. Those above 45 K are rapid scans
(sweep time of 0.5 s and time constant of 3 ms for sweep fields of 200 G and sweep time of 0.2 s and time constant of 3 ms for sweep fields
of 100 G) and represent the average of the first 10 spectra recorded 0.5 s after the flash minus the average of 10 or more spectra recorded
after the signal had decayed. Spectra of the stable YD

• radical (black traces), recorded prior to flash illumination at each respective temperature
under nonsaturating conditions. EPR settings: microwave frequency, 9.408 GHz; modulation frequency, 100 kHz; temperatures as indicated;
microwave power, 100 mW (red traces) or 12.6µW (black traces); modulation amplitude, 8 Gpp (>40 K) or 12.5 Gpp (<40 K) for both
the YZ

• and YD
• spectra.

FIGURE 2: Temperature variation of the normalized S0YZ
•(+MeOH)

spectra (different set of spectra from those of Figure 1) (A) after
multiplication of the intensities with the respective temperature
value and (B) integration of the spectra in panel A. EPR conditions
as in Figure 1.
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within signal to noise, Tyr Z• spectra were recorded in the
other S states and in the presence or absence of methanol
(not shown).

DISCUSSION

These results demonstrate a progressive narrowing of the
split spectra of all intermediates with increasing temperatures
(Figures 1 and 2), consistent with the increase in the Mn
spin-lattice relaxation rate. This results in the averaging of
the spin-spin coupling between YZ• and the Mn cluster, and
the appearance of the unperturbed YZ

• spectrum, a narrow
signal∼25 G wide, at elevated temperatures (Figure 3). One
may note the absence of hyperfine features in the spectra of
Figure 3. This is due to the high modulation amplitude (8
Gpp) used in these studies for the purpose of enhancing the
signal to noise ratio. In a manuscript being prepared for
publication, we present and analyze higher-resolution spectra
obtained with 4 or 2 G modulation. These exhibit well-
resolved hyperfine features. At the current resolution, no
differences are observed in the elevated-temperature YZ

•

spectra among the different intermediates. This strengthens
the assignment of all intermediates to YZ

•, and it also suggests
that no major changes occur in the tyrosine in the different
S states (S0, S1, or S2) or in the presence of methanol. Fine
differences may, however, be present at higher resolution
and particularly after the potential future employment of
high-frequency high-field EPR spectroscopy. Certain limita-
tions on the quantitative evaluation of the spectra in Figures
1 and 2 are discussed below. Comments on the reliability of
the signal shape production and rather overwhelming
arguments in favor of the assignment of the 25 G signal to
YZ

• and some additional comments are presented subse-
quently.

Limitations on Spin Quantitation.In the case of the S0YZ
•

and S2YZ
• intermediates, the ground state of the Mn cluster

is an isolatedS ) 1/2 doublet (46-48); therefore, the split
Tyr Z• signal at 11 K should represent all centers where Tyr
Z was oxidized. The case of S1YZ

• is less clear, because the
ground state is not an isolated doublet (49, 50) and
appropriate Boltzman factors and transition probabilities

should be taken into account for spin quantitation at liquid-
helium temperatures (26). The S1YZ

• signal is also very
unstable above 77 K because the S1 to S2 transition is the
only transition which is activated above∼77 K (ref 17 and
our unpublished results). Another factor that limits the
quantitative comparison of the spectra at different temper-
atures is the following. Unlike the case of the S2YZ

• signal
in inhibited samples (35), which is indefinitely stable at
cryogenic temperatures, the metalloradical signals in the
intact system decay quickly and need to be reinduced at each
respective temperature. As the efficiency of the signal
induction is not necessarily constant throughout the entire
temperature range, this creates an uncertainty, which is
somewhat reduced by the following consideration. At very
low temperatures, the efficiency of the signal production
should be smaller, while the faster decay of the signal at
higher temperatures could result in the trapping of smaller
fractions.

AdVantages Set by the Fast Decay of the Signals.The fast
decay of the signals and the need to reinduce them at each
respective temperature have, however, important advantages.
Both the light-induced Tyr Z• signal and the background
spectrum obtained after decay of the Tyr Z• signal are
recorded at exactly the same temperature, resulting in very
reliable light-dark signal shapes. This is critical especially
at elevated temperatures where the strong background radical
signals could interfere strongly with the light-induced one.
Most importantly, production of side donors is minimized
due to the low temperature of illumination and can be easily
corrected on the basis of their different decay times (see
Materials and Methods). In contrast, production of Tyr Z•

in inhibited samples requires illumination at temperatures
close to 0°C or higher. This produces significant amounts
of Tyr D•, which, as noted recently, are difficult to separate
from the Tyr Z• spectrum (36).

The Intensity of the High-Temperature Signal Is S-State-
Dependent and Therefore Associated with ActiVe Centers.
The intensity of the light-induced transient signal at elevated
temperatures is S-state-dependent: The transient S1YZ

•

signals detected above∼140 K are much smaller than in
the case of the S0 and S2 states, and practically no transient
can be detected atg180 K. This is compatible with the fact
that S1 advances to S2 with increasing efficiency as the
temperature is increased above∼80-100 K (ref17 and our
unpublished results), while all other S-state transitions require
temperatures higher than 230 K (51). This rules out the
unlikely possibility that the high-temperature transient is due
to a minority of inactive centers (actually no transient Tyr Z
signals can be induced at cryogenic temperatures in any of
the inhibited or inactive PSII preparations).

Excluding AlternatiVe Origins of the High-Temperature
Spectra.The high-temperature spectra cannot be due to
relaxation enhancement of Tyr D• (52), because they are
broader than signal II. Also in samples poised in the
S0(+MeOH) state the Tyr D• signal intensity was negligible
due to the NO treatment (see Materials and Methods), yet
the intensity of the light-induced “25 G signal” was
significant. Furthermore, the low- and high-temperature
signals are not saturated at the highest microwave power.
This behavior discriminates them from isolated radicals like
Tyr D•, carotenoid, and chlorophyll, which, as expected, are
saturated at low microwave powers. The lack of saturation

FIGURE 3: Superposition of the S2YZ
• spectra at 140 K (blue trace)

and 190 K (red trace) and comparison with the spectrum of Tyr
D•. The latter was recorded at 140 K under saturating (100 mW,
black trace) or nonsaturating (0.01 mW, green trace) conditions.
The spectra are rapid scans (sweep time of 0.2 s and time constant
of 3 ms), recorded with a power of 100 mW (except for the green
trace) and a modulation amplitude of 8 Gpp. The spectra have been
arbitrarily normalized.
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does not, however, exclude a contribution from QA
- at

elevated temperatures. QA acts as the electron acceptor during
the charge separation at cryogenic temperatures, and the
magnetic interaction with the non-heme iron strongly en-
hances the relaxation rate of QA

-. It can be argued that the
magnetic splitting of QA- is much too large for this kind of
exchange narrowing to take place. However, to test whether
QA

- is observable at elevated temperatures, we conducted
the following simple experiment. Samples in the S1 state were
illuminated continuously for 4 min at 200 K to produce
S2...QA

-. Theg ) 2 region of the spectra was recorded before
and after the illumination under a low microwave power.
The spectrum before illumination was that of Tyr D•

representing by a rough estimation 70% of centers. No
evidence for an increase in the signal intensity was present,
except for minor contributions from chlorophyll or carotenoid
radicals, although the concentration of QA

- produced by this
experiment was comparable or higher than the initial
concentration of YD•.

Linking the Low-Temperature Photochemistry to the High-
Temperature Photochemistry.The split S1YZ

• signal (11 K)
is a true intermediate of the S1 to S2 transition, as it advances
to S2 when heated rapidly to 200 K (17, 31). An important
observation linking the elevated to the low-temperature
photochemistry is the following. Flash illumination in the
range of 77-190 K of samples prepared in the S2...QA state
produces a transient state, which according to these experi-
ments is characterized by the 25 G signal. It has been
observed earlier that this transient state advances to S3 at
-10 °C while on rapid cooling to 10 K gives rise to the
S2YZ

• metalloradical EPR signal (28). These observations
are entirely consistent with the assignment of the 25 G radical
to Tyr Z•, the natural intermediate of the S-state transitions.
Accordingly, the liquid-helium- and elevated-temperature
spectra are manifestations of the same intermediate, except
that the EPR spectra at 11 K are perturbed by the magnetic
interaction of Tyr Z• with the Mn cluster.

The observations in this paper provide a convenient way
to probe by EPR spectroscopy the long-sought Tyr Z•

intermediate undisturbed by the magnetic interaction with
the Mn cluster. These observations open up the way to the
detailed characterization of Tyr Z• in various S states and
potentially during S-state turnover.
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