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ABSTRACT: The effect of illumination at 5 K of photosystem II in different S-states was investigated with
EPR spectroscopy. Two split radical EPR signals aroundg ≈ 2.0 were observed from samples given 0
and 3 flashes, respectively. The signal from the 0-flash sample was narrow, with a width of∼80 G, in
which the low-field peak can be distinguished. This signal oscillated with the S1 state in the sample. The
signal from the 3-flash sample was broad, with a symmetric shape of∼160 G width from peak to trough.
This signal varied with the concentration of the S0 state in the sample. Both signals are assigned to arise
from the donor side of PSII. Both signals relaxed fast, were formed within 10 ms after a flash, and decayed
with half-times at 5 K of 3-4 min. The signal in the S0 state closely resembles split radical signals,
originating from magnetic interaction between YZ

• and the S2 state, that were first observed in Ca2+-
depleted photosystem II samples. Therefore, we assign this signal to YZ

• in magnetic interaction with the
S0 state, YZ

•S0. The other signal is assigned to the magnetic interaction between YZ
• and the S1 state,

YZ
•S1. An important implication is that YZ can be oxidized at 5 K in the S0 and S1 states. Oxidation of

YZ involves deprotonation of the tyrosine. This is restricted at 5 K, and we therefore suggest that the
phenolic proton of YZ is involved in a low-barrier hydrogen bond. This is an unusually short hydrogen
bond in which proton movement at very low temperatures can occur.

Photosynthetic water oxidation to molecular oxygen is a
unique function of the photosystem II (PSII)1 reaction center.
PSII is a large protein-cofactor complex, located in the
thylakoid membrane. The structure of PSII was recently
solved and revealed the gross structural features of the core
proteins and the many redox cofactors involved (1, 2). Upon
illumination, the primary electron donor in PSII, P680, donates
an electron to the primary pheophytin electron acceptor
(Pheo). Pheo-• then delivers the electron to the secondary
quinone acceptors, QA and QB. P680

+• is very oxidizing (∼1.1
eV) and provides the driving force for water oxidation at
the donor side of PSII (3-7).

The water oxidizing chemistry is catalyzed by the catalytic
center located at the lumenal periphery of PSII. It is

composed of a cluster of four Mn ions, a Ca2+ ion, and a
Cl- ion. The Mn cluster is coordinated by amino acid ligands
mainly provided by the D1 protein. The oxidation of two
water molecules to molecular oxygen is carried out in a cyclic
reaction, the S-cycle, that involves five intermediate redox
states, denoted as Sn states (n ) 0-4). The S0 state is the
most reduced state of the Mn cluster. The S1 state is the
dark stable state. The S2 and S3 states are more oxidizing
and less stable. Oxygen is released in the S3-[S4]-S0

transition which involves the transient S4 state (8-10).
The interfacing of the one-electron primary charge separa-

tion process with the four-electron water oxidation reaction
is a key issue for function of PSII and is also of interest for
researchers in other fields (11). In PSII, the side chain of
D1-Tyr161 (named YZ) plays this interfacing role (12, 13).
During catalysis, YZ delivers one electron to P680

+•. The result
is the formation of the neutral YZ• radical. YZ

• is then reduced
by the Mn cluster. Biochemical and structural modeling
studies indicate that D1-His190 might participate in a H-bond
with YZ, facilitating the oxidation of YZ (14-19). Sym-
metrically located to the YZ residue, there is another redox-
active tyrosine residue on the D2 protein in PSII, denoted
YD. YD directly interacts with D2-His189, analogous to D1-
His190, through a H-bond (20-22). Both YD and YZ are
oxidized by P680

+• and form the neutral Y• radicals (12, 13,
23). YZ participates in steady-state electron transfer, while
YD

•, once formed, is not reduced again. It is in fact one of
the most long-lived, natural radicals known.
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The oxidation of YZ by P680
+• occurs in the nanosecond

time scale, and YZ• is reduced by the Mn cluster in the micro-
millisecond time scale in active PSII. In many inhibited PSII
samples (such as PSII deprived of Mn, Ca2+, or Cl- or treated
by ammonia, acetate, fluoride, or OH-) (24-44), YZ

• is more
long-lived and can be trapped by freezing to 77 K during or
quickly after illumination at temperatures between 250 and
293 K. Therefore, most studies of YZ

• have been performed
in variously inhibited samples. YZ• induced in Ca-depleted
or acetate-inhibited PSII has been studied in detail. In this
system, the strong magnetic coupling between the YZ

• and
the S ) 1/2 spin of the Mn cluster in the S2 state gives rise
to a broad split EPR signal atg ≈ 2 (90-250 G wide,
depending on the treatment of the samples and measurement
conditions). This split EPR signal from YZ

•S2 has been used
to study the structural relationship between YZ and the Mn
cluster. The distance between the magnetic centers of YZ

and the Mn cluster has been estimated to be 7-11 Å (40-
42), which is consistent with the distance revealed by the
X-ray structure of PSII (1, 2).

Unfortunately, the resolution of the present X-ray structure
of PSII is too low to permit absolute molecular knowledge
about the environment of YZ and the Mn cluster. Therefore,
most of the molecular information about YZ

• and YZ has been
deduced from inhibited PSII, which lacks oxygen evolution.
It is likely that many of these treatments actually modify
the environment and the function of YZ (12, 13, 45).
Accordingly, there are many unclear features in how YZ

performs its function in active PSII and how it interacts with
the Mn cluster. In particular, very little is known about
changes or modifications in these interactions depending on
the S-states.

The catalytic water oxidation is blocked below∼200 K
(46-48). In contrast, the primary charge separation can still
occur at extremely low temperature (<5 K) to form P680

+•

and QA
-•. The unstable P680

+• is normally reduced by
recombination with QA-•, but it can retrieve an electron from
one of several other components in the neighborhood. In
particular, a pathway involving a carotenoid (Car), a special
chlorophyll denoted ChlZ, and Cyt b559 has been well
described (49-56).

For long, it was thought that no YZ oxidation could occur
at liquid helium temperatures. This changed recently, and
induction at very low temperature of split radical EPR
signals, proposed to originate from YZ

• in magnetic interac-
tion with the Mn cluster, was described (57).

Here we study these recently discovered split EPR signals
in further detail. We use PSII samples that have been exposed
to various numbers of flashes at room temperature. Thereby,
we are able to study the effect of illumination at 5 K in
different S-states. The formation of split EPR signals during
illumination at 5 K is observed only from the S0 and S1 states
of the Mn cluster. The characteristics and formation processes
of these signals at liquid helium temperature offer a new
pathway to probe the function of YZ in active PSII, and
furthermore, it also provides new insight in the mechanism
of water oxidation by the Mn cluster.

MATERIALS AND METHODS

PSII-enriched membranes (BBY particles) were prepared
from spinach grown on liquid culture medium as in refs58

and59. The PSII membranes were dissolved in a medium
containing 400 mM sucrose, 15 mM NaCl, 5 mM MgCl2, 5
mM CaCl2, 1 mM EDTA, and 50 mM MES/NaOH (pH)
6.0) and were frozen in liquid nitrogen and stored at-80
°C. The chlorophyll concentration was determined according
to ref 60. The rate of oxygen evolution measured using a
Clark-type oxygen electrode was 400-500µmol of O2 (mg
of Chl)-1 h-1 assayed in saturating white light at 25°C with
1 mM PPBQ as the external electron acceptor, which is
similar to that in ref59. The samples were always kept in
darkness except when otherwise noted.

PSII, with the OEC in the different S-states, was prepared
as follows: The samples were thawed and washed with a
buffer containing 400 mM sucrose, 15 mM NaCl, 5 mM
MgCl2, 5 mM CaCl2, 2 mM EDTA, and 25 mM MES/NaOH
(pH ) 6.5). Then they were washed once with the same
buffer without EDTA. The samples were finally resuspended
in the same buffer without EDTA and filled into calibrated
EPR tubes. The final concentration was about 2.5-3.0 mg
of Chl/mL. All procedures were carried out in the dark or
under dim green light at 4°C, and the samples were kept on
ice for at least 30 min.

To synchronize all PSII in the YD•S1 state (46, 61, 62),
one preflash was given to the sample after 1 min incubation
at room temperature. The preflash was followed by 12 min
dark adaptation at room temperature. Then, PPBQ (from a
fresh 50 mM solution in DMSO) was added to a final
concentration of 1 mM. One minute after the addition of
PPBQ, the sample was exposed to various numbers of
saturating laser flashes (6 ns, 532 nm, 350 mJ) at 5 Hz
provided by an Nd:YAG laser (Spectra Physics) at room
temperature. Then the sample was frozen within 1-2 s, first
in dry ice/ethanol and then in liquid nitrogen. The EPR
measurements on these samples were performed the next day.
This procedure resulted in samples where YD was oxidized
in more than 98% of the PSII centers (46, 61, 62).

The Mn-depleted PSII sample was prepared by Tris
washing according to ref63. The Tris-washed membranes
were resuspended in a buffer containing 400 mM sucrose,
15 mM NaCl, 5 mM MgCl2, 5 mM CaCl2, and 25 mM MES/
NaOH (pH) 6.5). The final EPR samples (∼3 mg of Chl/
mL) were in the same buffer, and 1 mM PPBQ was added
before freezing to 77 K.

Ca2+-depleted PSII was prepared according to ref25. The
Ca2+-depleted PSII samples were kept in a buffer containing
400 mM sucrose, 15 mM NaCl, 5 mM MgCl2, and 25 mM
MES/NaOH (pH) 6.5) with a concentration of 2.5-3.0 mg
of Chl/mL. The samples were given 3 min of room light
illumination to induce the stable S2 state; thereafter, they
were kept in the dark on ice for 1 h. PPBQ (1 mM) was
added before freezing to 77 K.

Continuous illumination at 0°C was performed by using
a 1000 W projector lamp, using a 5 cm thick filter of
CuSO4-water solution to cut off near-IR light (>700 nm).
The sample, which was immersed in ice/water (0°C), was
illuminated for 5-10 s followed by rapid freezing in liquid
nitrogen. The same setup was used for illumination at 77 K,
except that the dewar then contained liquid N2.

Illumination at liquid helium temperature (5 K) was carried
out directly in the EPR cavity using a projector and a plastic
light guide. The light was provided by a 150 W projector
lamp using a 5 cmthick CuSO4-water solution to cut off
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the longer wavelengths (>700 nm). The light intensity,
focused on the sample position through the light guide, was
about 30 W/m2. The light intensity was found to be critical
and was controlled in each experiment.

For EPR studies of the flash-induced kinetics of the EPR
signals, the exciting laser flashes (6 ns, 532 nm, 10-20 mJ)
were provided directly into the EPR cavity.

Low-temperature continuous-wave EPR spectra and kinet-
ics were recorded on a Bruker ELEXYS E580 spectrometer
equipped with an Oxford-900 liquid helium cryostat and ITC-
503 temperature controller (Oxford Instruments Ltd.). A
Bruker ST4102 standard cavity was used for all the measure-
ments. Spectrometer settings are given in the figure legends.

RESULTS

Induction of Two New Split Signals from the S1 and S0

States, RespectiVely. It is well established that the oxidation
of the Mn cluster in the S1 state is blocked at temperatures
below∼77 K (46-48). It is also well-known that illumina-
tion of PSII at liquid helium temperatures results in sequential
oxidation of donors in the Car/ChlZ/Cyt b559 pathway (49-
56). In contrast, the possibilities to oxidize YZ in different
S-states of the OEC at extremely low temperature have not
been thoroughly investigated although recent results indicate
this to be the case (57). We investigated this in a series of
experiments.

First, PSII-enriched membranes were fully synchronized
in the YD

•S1 state (>98% oxidized YD) with a preflash
protocol (46, 61, 62). Then PSII was exposed to 0-5
saturating laser flashes and rapidly frozen. Thereby, we had
samples enriched in the S1 (0 and 4 flashes), S2 (1 and 5
flashes), S3 (2 flashes), and S0 state (3 flashes). The samples
were then exposed to a short illumination at 5 K.

Figure 1 displays the difference EPR spectra of the
spectrum recorded during illumination minus the spectrum
recorded before illumination at 5 K for the 0-5 flash PSII
samples. Figure 1a is obtained in the 0-flash sample. It
displays an EPR signal, in which one peak at the low-field

side (3310 G) of the large spectrum from YD
• can be observed

very well. No clear peak at the high-field side can be
distinguished, although there does exist some absorption at
higher magnetic field (see arrow mark in Figure 1a). This
signal is similar to a signal first observed by Nugent and
Evans (64) and recently assigned to YZ

• or Car+• in magnetic
interaction with the S1 state (57). In our 0-flash sample, all
PSII centers were in the S1 state; thus we agree that this
new EPR signal is induced from PSII in the S1 state of the
OEC. This is further corroborated by the EPR spectrum
recorded in the 1-flash sample (Figure 1b). Here, a similar
peak at the same position (3310 G) appeared, but the
amplitude decreased to about one-third, which is reasonable
since most of the PSII centers had advanced to the S2 state
(see below). The amplitude decreased further to close to zero
in the 2-flash sample (Figure 1c).

Figure 1d shows the difference spectrum recorded in the
3-flash sample, which is dominated by the S0 state (S0 in
ca. 60% of the centers; see below). A new wider EPR signal
was observed. Two peaks at low field and high field are
clearly observable, and the separation between the two peaks
is about 160 G. We assign this new signal to arise from the
PSII centers in the S0 state. This signal is reminiscent of
some of the YZ•S2 split signals observed in various inhibited
PSII samples.

Figure 1e shows the difference spectrum from the 4-flash
sample. In this sample, a large fraction of the PSII centers
has returned to the S1 state. It is therefore not surprising that
the peak at 3310 G that is similar to that in the 0-flash sample
(compare Figure 1a) comes back. In addition, two shoulder
absorptions located at the two low and high magnetic field
sides ofg ≈ 2 are observable. These obviously correspond
to the broad and symmetric split signal observed in the
3-flash sample (see Figure 1d), but of less intensity.
Therefore, the spectrum in Figure 1e recorded in a 4-flash
sample is a mixture of the two EPR signals observed in the
0-flash and 3-flash spectra in Figure 1a,d. One signal is
narrow and probably asymmetric and originates from the S1

state (Figure 1a; see below); the other is broad and symmetric
and originates from the S0 state (Figure 1d).

The spectrum recorded in the 5-flash sample is shown in
Figure 1f. It is similar to that from the 4-flash sample, but
the amplitudes of the new EPR signals decrease further. This
spectrum can again be assigned to a mixture of the two split
signals in Figure 1a,d but in a different ratio (see below) as
compared to the spectrum in the 4-flash sample.

In some of the spectra in Figure 1, there are very weak,
light-induced signals at∼3470 and∼3610 G (indicated with
bars in the figure). These signals somewhat resemble EPR
spectra from QA-• in magnetic interaction with Fe2+ on the
acceptor side of PSII (it is called the QA

-•Fe2+ signal) (65).
Due to the low concentration of PSII and the presence of
PPBQ in our samples (66), the signal is very small. It is
therefore difficult to determine the fraction of QA

-• obtained
in the experiment with precision.

Car, ChlZ, and/or Cyt b559 are normally oxidized by
illumination at low temperature when the Mn cluster is
inactive (49-56). It was therefore necessary to control if
these components were oxidized by our illumination regime.
Oxidation of Cytb559 seems not to have occurred during our
illumination by the weak light. This is revealed by the
amplitude of thegz peak from the oxidized cytochrome,

FIGURE 1: Difference EPR spectra recorded at 5 K (spectra recorded
during illumination minus spectra recorded before illumination at
5 K) from PSII samples given 0 flash (a), 1 flash (b), 2 flashes (c),
3 flashes (d), 4 flashes (e), and 5 flashes (f). EPR conditions:
microwave power, 25 mW; microwave frequency, 9.46 GHz;
modulation amplitude, 10 G; temperature, 5 K. The region around
the big radical spectrum from YD• is omitted for clarity. The arrow
indicates what is probably the high-field part of the new signal in
the S1 state, the bars indicate spectral species probably arising from
QA

-•Fe2+, and the asterisk indicates an EPR signal belonging to
the S3 state. The lines indicate the field positions used in Figure 3.
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which did not visibly increase even during 4.5 min illumina-
tion (Figure 2B). Note that the spectra from Cytb559 suffer
from low signal-to-noise ratio. This is due to the low sample
concentration in the flashed samples and that the spectra had
to be acquired swiftly to avoid decay of any light-induced
signals. Normally, the Cytb559 spectrum requires long
spectral accumulation time or very concentrated samples to
record reasonable spectra, but this was not an option in our
experiment. Our applied short and weak illumination at 5 K
did not result in oxidation of ChlZ or Car while longer or
stronger illumination at 5 K resulted in oxidation of narrow
radical EPR signals from Car and/or ChlZ radicals. Repre-
sentative EPR spectra are shown in Figure 2A. In the dark
(Figure 2A, spectrum a), the radical region of the EPR
spectrum only showed the signal from YD

• that was oxidized
in all centers. When the samples were illuminated for 10 s
at 5 K, the radical EPR spectrum did not change (Figure
2A, spectrum b). In contrast, when a longer illumination (4.5
min) with the same light intensity was applied, the EPR
spectrum changed (Figure 2A, spectrum c). This change is
due to buildup of a small, narrow radical in the middle part
of the spectrum that is overlaid the broader spectrum from
YD

•. The pure radical spectrum (Figure 2A, spectrum d) can
be obtained by subtraction of the dark spectrum (a) from
the spectrum recorded after illumination (c).

This radical signal is similar to the signals from the Car
and/or ChlZ radicals (52-56), and we assign our radical
species to induction of one or both of these species. Thus,
the experiment shown in Figure 2 shows that, during the
first 10 s of illumination, no observable signals from other
radical species are induced, accompanying the much broader
EPR signals described in Figure 1. However, prolonged
illumination resulted in oxidation of Car and/or ChlZ, similar
to what has been found before. After 4.5 min (Figure 2,

bottom) the radical was induced in approximately 10% of
the PSII centers. This radical is stable at 5 K, which is
consistent with previous reports (54). In large contrast to
oxidation of this radical the new EPR signal described in
Figure 1, spectrum d, was induced immediately upon the
onset of the weak illumination. This is shown in the kinetic
experiment presented in Figure 2C. Here, the induction at
3290 G of the broad EPR signal dominating in the 3-flash
sample is followed during illumination up to 4.5 min. The
signal is quickly induced; after 10 s (marked with an arrow,
similar to the condition for spectrum b in Figure 2A) ca.
60% of the maximum amplitude is reached. The signal
reaches maximum after ca. 2 min illumination, and with
longer illumination the signal does not increase further.
Consequently, the new signal is induced before and inde-
pendently of the oxidation of the Car/ChlZ species.

All spectra and the kinetic in Figure 2 are recorded in
3-flash samples. However, we emphasize that the situation
was similar in 0-flash samples (not shown). The short and
weak illumination induced no detectable oxidation of Cyt
b559 while a narrow radical from ChlZ or Car was induced
only after several minutes of light exposure and then only
to very limited (<10%) extent (not shown).

We tried to further establish if the split radical signals
really oscillated with the S1 and S0 states. For this we used
the S2 multiline signal to quantify the S-state oscillation
similar to what we have done earlier (43, 61, 62). Figure
3A shows how the intensity of the S2 multiline signal (not
shown) changes with the flash number. It clearly shows an
oscillation with a period of four. On the basis of the
amplitude of the signals in the 0-, 1-, 2-, and 5-flash samples,
we can estimate the miss factor to about 16% in this
particular experiment (the fit is shown with a dashed line in
Figure 3A). This results in an S-state composition of≈100%

FIGURE 2: EPR spectra of the radical region (A) and Cytb559 (B) and induction kinetics of the EPR signal at 3290 G (see Figure 1d) in
the 3-flash samples (C). (A) The radical region of the EPR spectrum in a sample similar to the 3-flash sample in Figure 1d. Spectrum a was
recorded prior to the illumination at 5 K. It contains a pure signal from YD

•. Spectrum b was recorded immediately after 10 s illumination
at 5 K and shows that there was no induction of a narrow radical signal from Car and/or ChlZ radicals. Spectrum c was recorded after 4.5
min illumination at 5 K and shows that this prolonged illumination results in formation of a narrow radical species originating from Car
and/or ChlZ radicals. Spectrum d is a difference spectrum obtained by subtracting spectrum a from spectrum c. It shows the pure spectrum
of the radical species induced by the prolonged illumination. In this experiment this radical was formed in ca. 10% of the PSII centers. EPR
conditions: temperature, 5 K; microwave frequency, 9.46 GHz; modulation amplitude, 3 G; microwave power, 0.5µW (this power was
verified to be nonsaturating for all the radical species studied). (B) Thegz peak of Cytb559 in a similar 3-flash sample as used in (A).
Spectrum a shows the spectrum recorded in the dark. Spectrum b was recorded after 4.5 min illumination. The spectra had to be recorded
swiftly to avoid decay of the light-induced split signals; hence the signal-to-noise ratio is low. EPR conditions: temperature, 15 K; microwave
frequency, 9.46 GHz; modulation amplitude, 10 G; microwave power, 5 mW; time constant, 20 ms. (C) Induction kinetics at 3290 G
following the induction of the new EPR signal dominating in Figure 1, spectrum d, during extended time (up to 4.5 min illumination). The
kinetics shows that ca. 60% of the new EPR signal is formed in 10 s. EPR settings were the same as in Figure 1. For illumination conditions,
see the text for details.
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S1 state in the 0-flash sample; about 84% S2 state and 16%
S1 state in the 1-flash sample; and 70% S3 state, 27% S2
state, and close to zero S1 state in the 2-flash sample. In the
3-flash sample, there is about 60% S0, 33% S3, and 7% S2
state; the 4-flash sample has about 50% S1, 37% S0, and
11% S3 state. Finally, the 5-flash sample contained about
39% S1, 15% S0, 42% S2, and 3% S3 state.

Figure 3B shows the intensity changes at 3260 G of the
broad split signal dominating in the 3-flash sample (see
Figure 1d), as a function of flash number. The shoulder
position (3260 G) of the broad split signal was chosen to
avoid overlap with the narrow split signal (see Figure 1a)
which is obvious in, for example, the 1- and 4-flash spectra.
However, since we chose to measure outside of the maximum
amplitude of the signal, the error in this measurement is
larger than in the measurement of the multiline signal and
of the signal recorded in the S1 state. We estimate the error
to be 10% when multiple parallel samples were compared.
The 0-, 1-, and 2-flash samples give little or no absorption.
The broad split signal comes and is maximal in the 3-flash
sample. Here the S0 state dominates. When one or two more
flashes (4- and 5-flash samples) were applied, the intensity
of the signal decreases again. In the 4-flash sample, the
amplitude is a little more than half of that in the 3-flash
sample while it is even smaller in the 5-flash sample. This
correlates quite well with the oscillation of the S0 state from
60% of the centers in the 3-flash sample to 37% and 15% in
the 4-flash and 5-flash samples, respectively. We can deduce
that the broad split signal arises from the PSII centers that
were in the S0 state. The very low amplitude in the 0-flash
sample probably is due to a small fraction of centers still
being in the S0 state after the preflash. What seems to be a
small amplitude in the 2-flash sample indicated in Figure
3B probably represents another signal (marked with an
asterisk; see below) than the S0 related signal.

Figure 3C shows the oscillation of the amplitude of the
narrow split signal at 3310 G (solid line). However, the broad
split signal present in the 3-, 4-, and 5-flash samples also
contributes to the absorption at 3310 G. We note that the
broad split signal (which is quite “clean” in Figure 1d) has
almost the same absorption at 3310 and 3260 G. Therefore,
the real oscillation curve of the narrow signal can be obtained
by subtracting an intensity equal to the absorption at 3260
G of the broad split signal from the absorption at 3310 G.
This gives rise to the “true” oscillation of the narrow signal
and is presented as the dashed curve in Figure 2C. It is clear
from Figure 3C (dashed curve) that the narrow EPR signal
also has a period four oscillation pattern. The signal in the
0-flash sample has the highest amplitude, while the signal
amplitude sequentially approaches zero in the 2- and 3-flash
samples. The signal then comes back and reaches the second
highest amplitude in the 4-flash sample. In the 4-flash
sample, the signal is almost half of that in the 0-flash sample.
This fits quite well with the S1 state populations (100% in
the 0-flash sample and 50% in the 4-flash sample).

In the 2-flash sample, containing about 70% S3 and 27%
S2 centers, we observe no induction of split signals at all.
This indicates that the illumination at 5 K of the S2 and S3

state centers could not result in the formation of redox states
giving rise to split signals of this type. Note that in the 2-flash
sample there is a signal at high magnetic field (3460 G)
marked with an asterisk in Figure 1c, which is not present

FIGURE 3: Oscillation of EPR signals in PSII samples given 0-5
flashes. (A) Oscillation of the S2 state multiline EPR signal (filled
squares). The intensity of the signal was estimated as in refs43,
61, and 62. From the S2 multiline signal (spectra not shown) it
was possible to estimate the approximate S-state composition in
each sample (see text), and the simulation shown (open squares)
was derived using 16% misses on each flash and a starting redox
state containing 100% S1 state and fully oxidized YD•. The error in
the recorded S2 multiline signal amplitude is ca. 5% when parallel
samples are compared. (B) Oscillation with flash number of the
relative intensity of the 160 G wide new EPR signal that is induced
by illumination at 5 K. The signal is best visible in the 3-flash
sample in Figure 1d. The intensity of the signal was estimated by
its amplitude at 3260 G where the overlap is minimal with the more
narrow signal (Figure 1a). The error in this measurement is larger
(see text for explanation) than in the measurement of the multiline
signal and of the signal recorded in the S1 state. We estimate the
error to be 10% when multiple parallel samples were compared.
(C) Oscillation of the narrow (80 G wide) EPR signal inducible by
illumination at 5 K, best observable in the 0-flash sample in Figure
1a. The solid line shows how the intensity measured at 3310 G
varies with flash number. The amplitude at this field position is
clearly a mix of the two signals in the 4- and 5-flash samples. The
dashed line shows how the intensity difference, obtained by
subtracting the intensity at 3260 G from the intensity at 3310 G,
varies with flash number. This subtraction allows estimation of the
narrow new signal with almost no interference from the broad signal
(see text for explanation). The error in the measurement of this
signal is ca. 5-10% between parallel samples, being less precise
in the 4-flash sample when the signal is mixed with the signal
dominating in the 3-flash sample.
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in other samples. This signal is different from the signals in
the S0 and S1 states and has not been assigned although it
bears some resemblance to signals induced by near-infrared
light in the S3 state (67).

It was important to test whether the presence of the Mn
cluster was necessary to induce these EPR signals. This was
tested in Mn-deprived Tris-washed PSII membranes, but no
split radical EPR signals of this type could be observed
during illumination at 5 K in this material, indicating that
the presence of the Mn cluster is necessary (not shown). We
also tested whether illumination at 5 K of Ca2+-depleted PSII
samples frozen in the stable S2 state resulted in formation
of split EPR signals. Again, no split EPR signal could be
observed (not shown).

Taken together, these results indicate that the formation
of the oscillating split signals of this type at 5 K is strongly
dependent on the S-states and the existence of the Mn cluster
in PSII. Only the S0 and S1 states in the OEC can form split
signals upon illumination at 5 K, and they give rise to two
different split signals. In the S1 state this signal has been
observed before and assigned to magnetic interaction between
the Mn cluster in the S1 state and a nearby radical (either
Car+• or YZ

•) (57).
Spectral Characteristics of the EPR Signals Induced by

Illumination at 5 K.The spectra that we show in the flash
series in Figure 1 are from a quite wide field region and
contain a mix of EPR-detectable species in addition to the
split radical EPR signals (see the discussion below about
YD

• and the QA
-•Fe2+ signals). We therefore attempted to

record “cleaner” spectra by the application of very high
microwave power during the illumination procedure, leaving
the new EPR signals nonsaturated (see below) while for
example YD

• is quite saturated. The spectra are shown in
Figure 4A. In the 0-flash sample, which is dominated by
the S1 state (spectrum a), the signal is clearly visible as a
high, rather sharp peak on the low-field side of the YD

•

spectrum. There is no corresponding peak on the high-field
side of the YD

• spectrum. If the new signal is symmetric,
the high-field peak should have appeared around 3390 G.
This field position falls in the region where the YD

• spectrum
totally dominates, despite the very high microwave power
applied. It is therefore not possible at present to define the
exact shape of the light-induced signal that we assigned to
the S1 state. However, the spectrum has a clear tailing at ca.
3410 G that indicates that it probably is a symmetric signal.
In this case, it is only about 80 G wide, which is narrower
than the split signals earlier observable from the donor side
of PSII. It is, however, not possible to ascertain whether the
signal is of the split radical type or if it is a broadened radical
spectrum.

Spectrum b in Figure 4A was induced when the 3-flash
sample (dominated by the S0 state) was illuminated at 5 K.
This spectrum is easy to resolve, due to the large width of
the spectrum, which from peak to peak is about 160 G wide.
Again, we cannot observe the middle part of the spectrum
with precision enough to deduce if the signal is from a radical
species that is split through magnetic interaction with a
neighboring metal. However, the signal resembles earlier
observed 100-160 G wide split radical signals from the
YZ

•S2 state in Ca-depleted and other inhibited PSII (24-
44). In the 3-flash sample the Mn cluster is not in the S2

state as in earlier described split signals. Instead, we assign

the broad EPR signal inducible by illumination at 5 K to a
magnetic interaction signal between the S0 state and a close-
lying radical on the donor side of PSII. By analogy we
propose that the narrow signal in the 0-flash sample (Figure
4A a) originates from a radical in magnetic interaction with
the S1 state, a conclusion that is similar to the proposal put
forward by Nugent et al. (57) from different data.

We also studied the microwave power saturation charac-
teristics of the two signals. The results are shown in Figure
4B. At 5 K, both signals are impossible to saturate at
microwave powers up to 100-150 mW. Above this power,
the signals are difficult to detect with precision since the
spectra tend to get very noisy at 5 K. Thus, both signals
originate from very fast relaxing species, and in this respect
they resemble the split radical signals from YZ

•S2 that relax
very fast due to the interaction with the Mn cluster (40, 52).
It is not possible to assign the radical that contributes to the
spectra, but their fast relaxation does not provide any
arguments against YZ• as the radical in question.

Kinetic Studies of the Induction and Decay of the New
Signals.We also investigated the lifetime in the dark of the

FIGURE 4: (A) Clean spectra of the split EPR signals from the
0-flash sample (spectrum a) and 3-flash sample (spectrum b). The
spectra were recorded at 5 K at thevery high microwave power of
100 mW. The spectra shown are the difference spectra between
the spectra recorded during illumination at 5 K and spectra recorded
in the same sample (0 flash or 3 flash) before the illumination.
Other EPR settings are as in Figure 1. (B) Microwave power
saturation at 5 K of the twosplit EPR signals. The amplitude of
the narrow signal was estimated from the amplitude of the main
peak at 3310 G in the 0-flash sample (dashed line), and the intensity
of the broad signal was determined as the amplitude difference
between the peak and the trough in a 3-flash sample (solid line).
The EPR settings were as in Figure 1 except that the microwave
power was varied.
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new signals. Our results are shown in Figure 5. The narrow
split signal from the S1 state is formed quickly to reach nearly
its maximal extent by illumination for about 3 min. After
10 s of illumination (compare the conditions in Figure 2)
more than half of the signal amplitude is induced. When the
light is turned off, the signal from the 0-flash sample decays
with a decay half-time of 214 s at 5 K (Figure 5, trace a).
The signal from the S0 state centers is a little more long-
lived (Figure 5, trace b). Also this signal is induced quickly
to more than 50% of its maximum amplitude after 10 s and
to its maximal extent after about 3 min illumination. When
the light is turned off, the signal decays slowly with a decay
half-time of about 225 s.

The rise kinetics at 5 K of these split EPR signals (Figure
5) are sensitive to the exact illumination conditions (con-
centration of PSII, light intensity, etc.) since the formation
of these split signals is very fast. Therefore, we could not
obtain the real kinetics for the formation of these two EPR
signals using continuous illumination. Instead, we investi-
gated the flash-induced induction at 5 K of both signals to
try to time resolve their formation. The results are shown in
Figure 6. Samples given 0 (in the S1 state) or 3 (in the S0
state) flashes were given a weak laser flash (10-20 mJ) at
7 K. This resulted in a small and fast induction of the new
split signals. To obtain interpretable kinetic traces, it was
necessary to repeat the experiment in many samples, which
is quite difficult at 7 K with high time resolution and high
microwave powers. Therefore, the signal-to-noise ratio in
our experiments is poor (Figure 6), but it nevertheless seems
possible to approximately time resolve the induction of both
signals. In both cases, the induction was complete within
20 ms after the flash. It seems that the induction half-time
was about 10 ms or even faster, but this value is very
uncertain due to the noise and the applied time constant (0.16
ms).

Crude Quantification of the Split EPR Signals That Are
Induced at 5 K.Work with the YZ

•S2 signals has proven that
exact quantification demands intimate knowledge of the
participating spin systems and their magnetic interaction (35,

39, 40). It is too early at this stage to attempt such detailed
theoretical analysis of our signals due to limited knowledge
about the spin system in the Mn cluster in the S0 and S1

states.
Instead, we have attempted to obtain an idea of how many

centers are involved in the formation of these signals by
comparison with the amplitude of the split radical YZ

•S2

signals from Ca2+-depleted PSII, which have large spectral
resemblance (including overall spectral shape and microwave
power saturation behavior) to the new signal induced in the
S0 state. We therefore compared the maximal signal size in
a Ca2+-depleted sample (not shown) with the maximal signal
size in a 3-flash sample. We recorded the two signals at the
same, unsaturated microwave power (10 mW) at 5 K (EPR
conditions were the same as in Figure 1 except for the
microwave power). Then we double integrated the parts of
the spectra that lie outside the YD

• spectrum to obtain a
comparable quantity of the signals. In our experiment, about
70% of the PSII centers gave the YZ

•S2 split signal in the
Ca2+-depleted PSII sample (not shown; see, however, ref
43 for a comparable analysis). Comparing the signal size
between two such samples revealed that the new signal is
induced in ca. 40( 4% of the available S0 centers.

We used a similar method to quantify the PSII centers
that give rise to the split EPR signal in the 0-flash sample.
As discussed above, only part of this signal is clearly
observable while a large part of the signal might be hidden
under the spectrum from YD•. In our comparison we
hypothesize that also this signal is symmetric and that the
hidden half of the signal has the same area as the visible
part. Then we compared the signal size to that in the Ca2+-
depleted sample. The rough calculation indicates that 14(
2% of the PSII centers in the 0-flash sample gave rise to the
signal.

The conclusion we draw is that both signals originate from
a large fraction of PSII. Thus, the signals represent an

FIGURE 5: Induction and decay kinetics of the two split EPR signals
at 5 K. The arrows indicate where the lamp was turned on (v) and
turned off (V). The kinetic behavior of the split signal from the S1
state was recorded by monitoring the EPR signal at 3310 G in the
0-flash sample (trace a). The kinetic behavior of the split signal
from the S0 state was recorded by monitoring the EPR signal at
3290 G in the 3-flash sample (trace b). The EPR settings were the
same as in Figure 1. The spectral conversion time was 82 ms, and
the time constant was 41 ms.

FIGURE 6: Time-resolved EPR measurements of the flash induction
kinetics at 7 K of the twosplit EPR signals. Laser flashes (10-20
mJ) were provided directly into the EPR cavity at 7 K. The
induction kinetics of the narrow split signal from the S1 state was
recorded by monitoring the EPR signal at 3310 G in the 0-flash
sample (trace a). The induction kinetics of the broad split signal
from the S0 state was recorded by monitoring the EPR signal at
3290 G in the 3-flash sample (trace b). EPR conditions: temper-
ature, 7 K; microwave frequency, 9.46 GHz; microwave power,
50 mW; modulation amplitude, 10 G; time constant, 0.16 ms. The
kinetic traces shown are the average of four independent measure-
ments in the same sample but performed with 30 min dark
incubation at 7 K between the measurements to allow complete
relaxation of the sample after each flash.
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important oxidation product on the donor side of PSII and
not a negligible side path donor. In the case of the S0

connected signal our crude analysis is probably not too
erroneous since the most probable spin of the Mn cluster
(S ) 1/2) is similar to that in the S2 state (71-74). In the
case of the S1 state connected signal, where the spin of the
Mn cluster is less well characterized than in the S0 state, we
emphasize that our comparative analysis might be less
informative than for the S0 related signal. Nevertheless, our
analysis indicates that both signals originate from significant
fractions of PSII, which is in agreement with Nugent et al.
(57), who found that the split signal in the S1 state originated
from a large fraction of the PSII centers.

DISCUSSION

Origin of the New EPR Signals.In this paper we have
demonstrated two EPR signals that are generated by il-
lumination at 5 K and that oscillate with the S-state of the
OEC. One of the signals is connected to the S1 state. This
signal was first observed several years ago (64) and recently
assigned to YZ• or a Car radical in magnetic interaction with
the Mn cluster in the S1 state (57). The other signal is
connected to the S0 state and has not been described before.
Both signals are formed efficiently already at low light
intensities and rise within 10 ms after a laser flash. They
are quite stable, and both decay in a few minutes in the dark.

Both signals are difficult to saturate with microwaves, and
this fast relaxation, together with their overall spectral shape,
indicates that they are split radical EPR signals that originate
from magnetic interactions between a radical and a neighbor-
ing (ca. 10 Å away) metal center. Two sets of split signals
have been reported from PSII. The split pheophytin signal
(68, 69) originates from a magnetic interaction between
reduced Pheo-• and the nearby QA-•Fe2+ center on the
acceptor side of PSII. The other set of split signals was first
discovered in Ca2+-depleted PSII (24, 25) and was assigned
to an organic radical in magnetic interaction with the Mn
cluster. Analogous signals have been observed as a conse-
quence of a variety of perturbations on the donor side of
PSII, such as acetate inhibition (33-42), Ca depletion (24-
33), high pH treatment of the S3 state (43), or near-infrared
illumination of the S3 state (67). The signal in Ca2+-depleted
PSII was first assigned to a radical on a His residue close to
the Mn cluster (24, 25), but the split signal was later found
to originate from YZ

• in magnetic interaction with the S2 state
in acetate-treated PSII (30).

The formation of these two split signals is dependent on
the presence of a functional Mn cluster. In addition, they
show a four-period oscillation with flash number, which
strongly argues for the Mn cluster (in the S1 and S0 states,
respectively) being the metal center involved in the new
signals.

An important question is the nature of the interacting
radical and the nature of the magnetic interaction. The radical
should be close to the Mn cluster and possible to photooxi-
dize at 5 K. The redox chemistry on the donor side of PSII
is very rich, and we know of many radical species close to
the Mn cluster that can be formed by PSII photochemistry
at extremely low temperatures (49-56). Possible candidates
are P680

+•, ChlZ+•, and Car+•, which are known to be
functional at these temperatures. YZ

• and YD
• are also possible

candidates, and the latter was recently found to be photo-
inducible at 15 K at elevated pH (70). Less likely, but not
impossible, is that the radical originates from another amino
acid in the vicinity of the Mn cluster similar to what was
originally proposed for the split signal in Ca2+-depleted PSII
(24, 25, 28). In the following we will provide our arguments
for or against each of these candidates.

We do not favor YD• or P680
+• as the interacting partner.

We still observe the signal from YD• quantitatively as we
observe the new signals (see Figure 2). It is thus not
broadened by interaction with the S-states. Furthermore, YD

•

is too far away (>30 Å) (1, 2) from the Mn cluster. This
probably also holds for P680

+•, which has its spin centered
more than 18 Å away from the Mn cluster (1, 2). There are
also other arguments against P680

+•. We are not aware of
reports of P680

+• being stable for 5 min or more. Also, we
do not observe any split signal in either S2, S3, or Mn-
depleted or Ca2+-depleted PSII during illumination at 5 K.
In all cases, P680

+• is likely to have been formed transiently,
but we never observed it in our measurements. If it was that
P680

+• had existed for 5 min or more at 5 K in the S1 and S0

states, giving rise to the new EPR signals, it is likely to have
existed for a long time also in some of the other samples.
Thus, we can probably rule out P680

+• as the radical partner
to the Mn cluster.

We also do not favor ChlZ
+• or Car+• as the radical in our

signals. Both ChlZ and Car are known to be functional donors
to P680

+• at very low temperature. Many of these studies have
been performed in PSII lacking the Mn cluster (49-56), and
the situation in intact PSII is less clear. In our own
measurements we have indeed observed formation of ChlZ

+•

or Car+• during our illumination at 5 K of the flashed
samples. However, the ChlZ/Car radical is induced much later
during the illumination than the split EPR signals we describe
in this paper. This is clearly seen in Figures 2 and 5, where
there is no induction of a narrow radical during the short
(10 s) illumination that resulted in almost complete induction
of the split signals (compare the induction kinetics in Figures
2C and 5) but substantial induction of narrow radicals during
longer illumination (after 4.5 min) similar to what has been
observed earlier (52-56). Furthermore, the induction of these
radicals is not S-state dependent but occurs with rather similar
kinetics irrespective of the S-state in the sample. Last, the
radicals from ChlZ/Car are quite stable and decay much
slower at 5 K in thedark (many tens of minutes, not shown,
and also see ref54) than the split signals (Figure 5),
indicating that the signals are of completely different origin.
Therefore, we rule out also ChlZ and Car as the origin for
the radical in the new signals. It is also likely that ChlZ is
situated too far away from the Mn cluster [the distance
between the auxiliary chlorophylls and the Mn cluster is>20
Å as deduced from the X-ray structure (1, 2)] to give rise to
signals of this kind.

We are thus left with either YZ• or an unknown amino
acid derived radical being formed by illumination at 5 K.
At present, we cannot rule out an unknown amino acid.
However, we prefer YZ• from a few reasons. The main
argument comes from the similarities between our signals
and the extensively studied signal from YZ

•S2 in Ca2+-
depleted PSII. The signal in the S0 state shows very similar
overall spectral shape and low-temperature power saturation
behavior to the YZ•S2 in other Ca-depleted and acetate-treated
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PSII (24, 25, 39). We therefore propose that it corresponds
to the state YZ•S0. The signal in the S1 state is clearly different
and much more narrow. The reported turnover experiment
(57) suggests that the signal originates from YZ

• in magnetic
interaction with the S1 state.

Our results should be compared with those obtained from
illumination at low temperature of Mn-depleted PSII or intact
PSII. In most studies (52-56) the Car/ChlZ/Cyt b559 pathway
is oxidized with high yield by strong light (102-103 times
higher than used here) and long illumination (e.g., 15-30
min). We did not observe oxidation of these species by using
short time (10 s) and weak light intensity illumination. This
is consistent with the report of low yield of Car/ChlZ/Cyt
b559 oxidation by one saturating flash at low temperature (54).
The integrity and function of the sample are also crucial,
and the split signals are only formed in the S1 and S0 states;
i.e., their formation demands a functional Mn cluster.

Taken together, these observations suggest that YZ
• is able

to compete efficiently with the Car/ChlZ/Cyt b559 pathway
to give electron to P680

+ in the S0 and S1 states. In many
respects this is similar to the situation at elevated pH when
YD was oxidized by a short illumination with weak light,
while the apparent formation of Car/ChlZ radicals occurred
only after prolonged illumination with strong light (70).

Implications for the Magnetic Properties of the Mn
Cluster.Although the mechanism of the magnetic interaction
behind the split signals is undefined, the mere existence of
this type signal indicates that the Mn cluster is paramagnetic
in the S0 and S1 states. Theg ) 2 multiline signal fromS)
1/2 of the Mn cluster in the S0 state was reported a few years
ago (71-74). However, this signal was only observed in the
presence of methanol; the magnetic character of the S0 state
is still unclear without the presence of methanol. There are
also EPR signals from integer spin states of the Mn cluster
in S1 state samples from PSII without the extrinsic subunits
(23, 17 kDa) on the donor side (59) or from cyanobacteria
(75-77). Our experiments are performed in intact PSII
samples from higher plants without the presence of methanol
where such EPR signals have not yet been found, suggesting
that it might be worthwhile to intensify the search for signals
also here.

Thus, the observation of the split signals reported here
and in ref 57 provides new probes to investigate the
properties of the S0 and S1 states in intact PSII. It indicates
that the Mn cluster is paramagnetic in both the S0 and S1

states. The different width of the two signals might reflect
differences in the spin features in the Mn cluster between
the S0 and S1 states. Szalai et al. (39) found that the width
of the YZ

•S2 split signals was sensitive to measurement
conditions, e.g., temperature, which affected the magnetic
interaction between the participating species. Thus, it is not
feasible yet to distinguish the paramagnetic properties of the
Mn cluster and the nature of the interaction between the
radical and the Mn cluster. Further careful investigations,
like the many detailed studies of the YZ

•S2 split signals
(39-42), are needed.

Hydrogen-Bonding Properties of YZ. Oxidation of YZ

results in formation of the deprotonated (neutral) form of
the radical (12, 13). It is not obvious how YZ• could be
oxidized at temperatures as low as 5 K when the resulting
YZ

• radical is deprotonated. This is because proton move-
ments are severely restricted at 5 K (78).

We see two solutions to this dilemma. One is that YZ is
already deprotonated in the reduced state. If this was the
case, YZ oxidation involves no proton movement. Indeed,
there exist optical spectroscopy results suggestive of a
deprotonated YZ from the start of the reaction (79). However,
there are also results obtained with the more telling FTIR
technique that strongly indicate that YZ is H-bonded (18,
19). Thus, the experimental work on the protonation state
of YZ is not unambiguous. There are also theoretical
arguments against YZ being deprotonated in the reduced state.
The redox potential in vitro of the Tyr•/Tyr- couple is only
about 0.68 eV (vs NHE) (80), which is too low to allow
water oxidation, which would require more than 0.82 eV at
least. Therefore, we think it is unlikely that the normal
working state of YZ would be the deprotonated form in the
reduced state.

An alternative situation is that YZ forms a so-calledlow-
barrierhydrogenbond (LBHB) or strong H-bond (81). It is
known that protons cannot move in a normal (weak, such
as in ice or water) H-bond at temperatures lower than 100
K (78). However, in case of the LBHB the interaction
between the proton donor and the proton acceptor is much
stronger. Theoretical studies reveal that the proton movement
can occur even without overcoming the activation energy
or only overcoming a small activation energy barrier (82-
84). Consequently, the proton can move in the H-bond also
at very low temperatures. LBHBs have been found in many
enzymes systems, where they have crucial functions (81, 85,
86). In PSII, YZ is known to form a H-bond to a neighboring
base (14-19), and site-directed mutants indicate that this
base is D1-His190 (12, 13). However, the X-ray structure has
not yet resolved this H-bonding partner(s) to YZ, and more
work is needed to investigate the strong H-bond that we
propose steers the function of YZ. In this respect we note
that recent work (70) shows that also YD can be oxidized at
15 K at high pH. In the case of YD, one proposed explanation
involves proton tunneling from YD to a neighboring base,
D2-His189 (analogous to D1-His190). Thus, it seems that a
strong H-bond to a close-lying His residue can indeed allow
low-temperature oxidation of a tyrosine. Presumably, the
situation is analogous around YZ.

Finally, we address why the oxidation of YZ was observed
only in the S0 and S1 states but not in the S2 and S3 states.
Optical spectroscopy revealed that the oxidation kinetics of
YZ in the different S-states are slightly different at room
temperature (7, 87-89), and the oxidation of YZ in the S0

and S1 states is easier than that in the S2 and S3 states. It is
likely that ultra-low temperatures amplify this kinetic dif-
ference, making oxidation of YZ impossible in the higher
S-states at 5 K. Our data provide little insight in the
mechanism at present, but further studies of the low-
temperature oxidation at different pHs and in various mutants
will be most telling about the energetics involved in the
interaction between the Mn cluster and its immediate
environment including YZ.
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