9580

Biochemistry2002,41, 9580-9588

Decay Products of thes;SState of the Oxygen-Evolving Complex of Photosystem ||
at Cryogenic Temperatures. Pathways to the Formation oSthe’/, S, State
Configuratiori

Nikolaos loannidis* and Vasili Petrouleas*
Institute of Materials Science, NCSR “Demokritos”, 153 10 Aghia Paraishétikis, Greece
Receied Naember 29, 2001; Résed Manuscript Receéd June 3, 2002

ABSTRACT: The water-oxidizing complex of photosystem Il cycles through five oxidation states, denoted
S (i = 0—4), during water oxidation to molecular oxygen, which appears at the (transiestts. The

recent detection of bimodal EPR signals from thstate [Matsukawa, T., Mino, H., Yoneda, D., Kawamori,

A. (1999)Biochemistry 384072-4077] has drawn significant attention to this critical state. An interesting
property of the $state is the sensitivity to near-IR (NIR) light excitation. Excitation of thestate by
near-IR light at cryogenic temperatures induces among other signals a derivative-shaped EPR gignal at
= 5 [loannidis, N., and Petrouleas, V. (20@jipchemistry 9, 5246-5254]. The signal bears unexpected
similarities to a signal observed earlier in samples that had undergone multiple turnovers and subsequently
had been stored at 77 K for a week or longer [Nugent, J. H. A., Turconi, S., and Evans, M. C. W. (1997)
Biochemistry 8, 7086-7096]. Recently, both signals were assigned tdan /> configuration of the

Mn cluster [Sanakis, Y., loannidis, N., Sioros, G., and Petrouleas, V. (2D0Am. Chem. Soc. 123
10766-10767]. In the present study, we employ bimodal EPR spectroscopy to investigate the pathways
of formation of this unusual state. The following observations are made: (igFh& signal evolves in
apparent correlation with the diminution of the Sate signals during the slow (tens of hours to several
days range) charge recombination afvdth Qa~ at 77 K. The tyrosyl radical Dcompetes with $for
recombination with @, the functional redox couple at cryogenic temperatures inferred to*fig D
Transfer to—50 °C and above results in the relaxation of the= 5 to the multiline andy = 4.1 signals

of the normal Sstate. (ii) The transition of 3o the state responsible for tige= 5 signal can be reversed

by visible light illumination directly at—30 °C or by illumination at 4.2 K followed by brief (2 min)

transfer to—50 °C in the dark. The latter step is

required in order to overcome an apparent thermal

activation barrier (charge recombination appears to be faster than forward electron transfer at 4.2 K). (iii)
The “g = 5” state can be reached in a few tens of minutes at 4.2 K by near-IR light excitation of the S
state. This effect is attributed to the transfer of the positive hole from the Mn cluster to a radical (probably
tyr Z), which recombines much faster than the Mn cluster witt (iv) The above properties strongly
support the assignment of the configuration responsible fog thé signal to a modified Sstate, denoted

S,'. Evidence supporting the assignment of thet8 a proton-deficient Sconfiguration is provided by

the observation that the spectrum of & pH 8.1 (obtained by illumination of the; State at—30 °C)

contains ag = 5 contribution.

Photosystem I, PSl] catalyzes the light-induced oxidation
of water to molecular oxygen. The site for this unique
reaction is the so-called oxygen-evolving complex, OEC.
OEC is the electron donor of PS Il and cycles through five
oxidation states &. S during light-induced sequential
electron flow (for reviews, seg-6).

EPR spectroscopy has played an important role in the study
of the oxygen-evolving complex. EPR signals have now been

1, signal with weak hyperfine lines extending over a width
of approximately 2800 G7(-9). The S state is characterized
by an integer spin signal aj = 4.8 with no resolved
hyperfine structurel0, 11) or by an alternative multiline
signal centered @ = 12 (12), both detected by parallel mode
EPR. The gstate is characterized by the extensively studied

1 Abbreviations: PSIl, Photosystem II; OEC, oxygen-evolving

detected from all S states, with the exception of the complex; WOC, water-oxidizing complex; S states..S oxidation

metastable Sstate. The $state is characterized byS=
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states of the water-oxidizing complex; tyr Z orand tyr D or Yp,

the fast and slow tyrosine electron donors of PSII; signal Il, the
unperturbed EPR spectrum of either of the two tyrosines, a measure of
oxidized tyr D under the present conditions; broad or gpfit 2 signal,
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multiline signal §= /,) atg = 2 (13) and the alternativg initially oxidized and from a fraction of centers in which
= 4.1 signal § = %,) (14, 15). An unusual and interesting the S state was reduced during illumination by.YThese
property of the $state is the sensitivity to near-infrared light, centers should haveFingly reduced. In addition, a third

NIR. The multiline signal can be converted to the= 4.1 contribution, representing a small fraction ofc&@nters with
signal via an intermediat8 > %, state ¢ = 10, 6) by NIR Qa oxidized, presumably arose from thg/@.~ recombina-
illumination at temperatures greater than 6016,(17). tion during the illumination/freezing period.

Recently, low field EPR signals in both perpendicular and ~ Signal Il, a measure of i in the present experiments,
parallel mode EPR were detected from thestte (8). The was monitored during all steps in the various experiments,
observations were subsequently confirmed, and interestinglyand reference is made to its magnitude without showing the
a sensitivity of this state to NIR illumination was observed spectra, as they are trivial. Approximate normalization of
(19). These observations, which were made in plant material, signal Il was done by assuming that the level of the signal
were reproduced in a cyanobacterial preparat®). ( at the end of the experiments and, following the full decay

NIR-light excitation of the $state produces, in addition Of Ssand $ atabout 15C, represented approximately 100%
to other signals that appear to be associated with excited-Of the centers. This is a reasonable assumption considering
state configurations of $5(21), a derivative-shaped EPR that two electrons are transferred to the acceptor-siche
signal ag = 5 (19). This signal bears unexpected similarities 0 Qa and one to Fe(llf-during formation of the $state,
to a signal observed earlier by Nugent and co-workers in but only Q." is available for charge recombination (the
samples that had undergone multiple turnovers abgem@  Oxidized iron is a stable electron acceptor). Thus,i¥the
subsequently had been stored at 77 K for a week or longermain alternative reductant of the excited S sta28.(This
(22). In a recent communication, thg = 5 signal was must be added to the fact that a significant portion of this
assigned to a8 = 7/, configuration of the Sstate £3). The tyrosine is oxidized before the experiments (unless special
nearly isotropicg = 5 resonance originates from the Precautions are takengQ).

“43/2" doublet of theS= 7/, manifold. A weaker resonance ~ EXcitation of the gstate by near-infrared light (NIR) was
at aroundy = 2.9, whose position and intensity vary strongly Performed at 4.2 K. The projection lamp was filtered in this
with slight changes in the crystal-field parameters, results case y a 3 mmRG715 SCHOTT filter immersed in water.
from the “£1/2” doublet. lllumination with white light was done in the same manner,

In the present study, we correlate the= 5 signal for- but the projector light was filteredyba 3 mm BG-39
mation with the decay of the;State signals and furthermore SCHOTT filter immersed in a CuS@olution. The duration
compare the two seemingly different mechanisms (long-term of |IIun_1|nat|0n§ was, unless otherwise stated, 3 min intermit-
incubation at 77 K vs NIR excitation at liquid-helium €Nty in 15 s intervals.
temperatures), which, apparently, result in the same modified At the end of experiments, samples were dark adapted for
S, configuration. Evidence in support of the earlier proposal tyPically 60 min at 4°C, or 30 min at 15C, to relax to the
that this modified g configuration is deprotonate@?), is S; state. The resulting EPR spectrum was used as a reference

provided by the observation thaga= 5 signal is produced and was subtracted from all other spectra in order to eliminate
directly by illumination of the § state, at—30 °C and background contributions due to oxidized clyiso and

alkaline pH. impurities. Following the dark adaptation period, samples
were illuminated again at-30 °C in order to obtain the
MATERIALS AND METHODS maximum $ state population.

) ) ) The $-to-S, advancement at alkaline pH was performed

PSll-enriched thylakoid membranes were isolated from as follows. PS Il enriched membranes were centrifuged at
market spinach by standard procedur24 @5) with some 35 00@ and resuspended twice in a buffer containing 0.4
modifications. Samples for EPR measurements were sus-\j sucrose, 15 mM NaCl, 1 mM MES, pH 6.5. In the second
pended in 0.4 M sucrose, 15 mM NaCl, 40 mM MES, pH resuspension step, the buffer was supplemented with 0.2 mM
6.5, at 6-8 mg chl/mL and stored in liquid nitrogen until  atrazine. Samples were illuminated -a80 °C for 2 min,
use. and the $state (pH 6.5) control spectra were recorded. The

Advancement to the state was achieved essentially as samples were subsequently allowed to decay to thetee
previously describedl@). Samples (at 1 mg of chl/ml) were by dark adaptation at 18C, and the pH was raised to
incubated with 2 mM ferricyanide at 2C, for 30 min, to  approximately 8 (measured at the end of the experiments)
oxidize the nonheme iron. The oxidant was subsequently by the addition of 40 mM final concentration Tricine from
removed by 3-4 wash steps in ferricyanide-free buffer by  a stock solution of 0.5 M, pH 8.5. After mixing<@0 s), the
centrifugation at 35 00f) The final pellet was resuspended samples were either frozen immediately or allowed to
with oxidant-free buffer supplemented with 0.2 mM atrazine. equilibrate for up to 30 min at 15C (no significant
The illumination procedure was as follows. BBY samples differences were observed among the samples), and the
with preoxidized nonheme iron, initially kept at 4 in alkaline S spectra were recorded. Thes$ate spectrum was
darkness, were rapidly transferred inte-80 °C precooled obtained subsequently after illumination-aB0 °C.
acetone bath under illumination, illuminated for 3 min, and EPR measurements were performed with a Bruker
finally placed in liquid nitrogen. For this purpose, white light ER-200D-SRC spectrometer interfaced to a personal com-
from a 340 W projection lamp, filtered through a solution puter and equipped with an Oxford ESR 900 cryostat, an
of CuSQ, was used. Anritsu MF76A frequency counter, and a Bruker 035M NMR

This procedure yielded approximately -560% S and gaussmeter. Where not specified, the perpendicular 4102ST
50—40% S state. The main contributions to the State cavity was used, and the microwave frequency was 9.41 GHz
presumably arose from centers in which the iron was not with 4 mm and 9.39 GHz with 5 mm tubes. The spectra
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obtained with the standard cavity are the average-o4 2
scans. Tubes of 5 mm were exclusively used with the dual
mode cavity, 4116 DM, and 4 or 10 accumulations were
done in the perpendicular or the parallel mode, respectively.
The microwave frequency was 9.60 GHz in the perpendicular
and 9.31 GHz in the parallel mode.

RESULTS AND DISCUSSION

Decay of the §State at 77 KNugent et al. 22) reported
a signal at aboug = 5 in samples that had undergone
multiple turnovers above the; State and subsequently had
been stored at 77 K for more than 1 week. The signal was
assigned to a modified,State, which accumulated during
the decay of the $Sstate at 77 K; however, alternative
possibilities, e.g., assignment of the signal to a modified form
of the oxidized nonheme iron, could not be excluded. In view
of the recent detection of EPR signals from thestate (9),
we have examined the time course of its decay and the
concomitant evolution of other signals at 77 K. This is
depicted in Figure 1. A sample with the nonheme iron
preoxidized was illuminated as described in the Materials
and methods section and thus advanced to ttsce, trace
a. Then, the sample was incubated at 77 K in the dark, and
spectra were collected after 17 h (trace b), 36 h (trace c),
and 172 h (trace d). The following observations can be made.
During incubation at 77K, the signals assigned to thst&e
(g = 10), the $ state (multiline andg = 4.1), and the
Qa"Fe(ll) complex decrease gradually; in addition, signal
Il (a measure of oxidized  under the present conditions,

see also Materials and Methods) decreases (see later in this

section) due to recombination with,Q (28, 22).

The above changes are accompanied by the gradual

formation of a signal atj = 5 (apparently the same signal
reported by Nugent et al22). The intensity of the signal
becomes maximal after incubation of the Sate at 77 K
for about 1 week (Figure 1d). The signal is more pronounced
at 4.2 K but at 11 K becomes significantly weaker. Small
contributions from theg = 4.1 signal ($ state) distort
somewhat its shape, particularly at 11 K (at 4.2 K the S
multiline andg = 4.1 signals are relatively smaller due to
microwave power saturation). Incubation of samples at
temperatures between 77 and 180 K, following incubation
at 77 K for a few days, results in no significant changes
except for a slight narrowing of thg = 5 signal (separate
experiment not shown).

Warming of the sample in Figure 1d t630 °C for 2 min
causes a 30% decrease of the= 5 signal and subsequent
warming to—50 °C for another 2 min, Figure le, results in
an almost complete loss of tlge= 5 signal and a decrease
of the g = 10 signal. A significant enhancement of the S
multiline andg = 4.1 signalg,as well as an increase in the
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FiIcure 1: Time-dependent evolution of thg = 5 signal and
diminution of theg = 10 signal during incubation of the; State

at 77 K. Spectrum a represents thgstate as prepared. Spectra
b—d were recorded after 17, 36, and 172 h, respectively, of
incubation time of the sample in trace a at 77 K. Finally, the sample
was transferred te-80 °C for 2 min and subsequently t650 °C

for 2 min, spectrum e. All spectra are difference traces obtained
after subtraction of the final dark-adapted spectrum as described
in the Materials and Methods section. EPR conditions: temperature
as indicated, microwave frequency 9.59 GHz, microwave power
35 mW, modulation amplitude 10 G, modulation frequency 100
kHz.

The S decay has also been examined by parallel-mode
EPR. Figure 2 shows the initial level of thg Sgnal (peak
atg = 17) and the level of the signal after 82 h of incuba-
tion at 77 K. A significant decay of the;Signal is observed

signal Il sizg (see later in this_ section) accompanies the lastjy agreement with the perpendicular-mode experiment of
changes. Signal Il reaches its maximum size (100%, seefigyre 1.

Materials and Methods) following a subsequent 30 min dark
adaptation at 15C.

2We confirmed in a separate experiment, using the standard cavity,
the observation of Nugent et a23) that the restored_Snultiline form
at —80 °C is slightly different than the form obtained by illumination
of S; samples at the same temperature. Changes ig thel.1 signal
could not be positively detected due to interference fromghe 5
signal.

The results of three experiments similar to those of Figures
1 and 2 are summarized in the diagrams of Figure 3, where
the amplitude of the signals is plotted against incubation time
at 77 K. The advancement to thg Siate is taken as time
zero, while the amplitudes of the various signals are
normalized to the percentage of PSII centers they represent
(see Materials and Methods). The calculation of thst&te
fraction was based on the amplitude of the multiline signal,
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decay of 3 These assignments are supported by the
a considerations below.

The g = 5 signal in Figure 1 is undoubtedly the same
signal that has been reported by Nugent et 2®).(In the
present case, atrazine restricts sample advancement beyond
the S state. In the absence of atrazine, both the size of the
initial Sz signal and they = 5 signal that developed during
15 days of storage at 77 K were smaller compared to the
control sample that contained the inhibitor atrazine (spectra
not shown). On the other hand, we have confirmed the
observations of Nugent et al2?) that, samples poised at
the S state did not develop thg = 5 signal on storage at
77 K. In Figure 3a, correlation exists between the decay of
the S signals and the evolution of thg = 5 signal. The
Ss-state EPR signals are indicative of an even number of
electrons in this state. Thgg= 5 signal on the other hand
o Ty <500 has been assigned to a half-integer sgn= 7/, (23),

indicative of a configuration with an odd number of electrons.
The most reasonable interpretation of the above results is
FiGURe 2: Decay of the $state parallel-mode spectrum during  that the evolution of thg = 5 signal is due to the reduction
prolonged storage at 77 K. Spectra, at the indicated temperatures ¢ e S state at 77 K by one electron (due to charge
were recorded (a) immediately after the formation of thestate o . .
and (b) after a subsequent 82 h incubation at 77 K. EPR recombination with @~ as was ass_umeq above). At elevated
conditions: microwave frequency 9.30 GHz, microwave power 8.2 temperatures<{50 °C), theg = 5 signal is converted to the
mW at 4.2 K and 129 mW at 11 K, modulation amplitude 10 G, normal S multiline andg = 4.1 signals (Figure 1e, see also
modulation frequency 100 kHz. ref 22). Hence, they = 5 signal is assigned to a modified S
configuration (we will subsequently call it,$y as was

42K §g=17

Magnetic field (Gauss)

100 originally suggested2). This interpretation is strongly
1 supported by the fact that the decay of thestate is reversed
80 by white-light illumination (see below).
<} It is notable that the $Sstate does not decay fully at
<60 cryogenic temperatures, Figure 3. A nondecaying fraction
5 of S; is observed even after very long incubation at 77 K
& k (see alsa?l). The results of Figure 3 indicate that¥is
£40 reduced concomitantly to the decay of thes&te. Presum-
© | . ¥ ably, Yp* and the $ state, which coexist in a significant
2 20p . - * fraction of centers, compete for charge recombination with
I g=5/ Qa~, although direct redox exchange between and S is
0 also expected. It is reasonable to assume that during
6 5'0 1(')0 1é0 2(')0 250 300 prolonged incubation at 77 K redox equilibrium is established

between the Mn cluster and,YThere is general consensus
) _ _ that at ambient temperaturesp Ys neutral in both the
Ficure 3: Time course of Changes observed in the amplltude of oxidized and the reduced form (for a recent revieW, see ref

various signals affected by the prolonged incubation of &t&8e :
at 77 K. Filled squares, thg= 5 signal (modified $state); open 29). At cryogenic temperatures, exchange of a proton

circles, the multiline signal (normakState); open triangles, thge between this tyrosine and its surroundings is probably
= 10 signal (S state, perpendicular mode); filled triangles, the ~ prohibited. This is suggested by the fact that When frozen
= 17 signal (g state, parallel mode); filled circles, signal Il slow  to cryogenic temperatures in the neutral-reduced state, does
B BT oo of 10 fUnclon s & low temperature donor. However, when
the signal amplitudes \F/)vas done as d%scribed in the Materials andfrozen in the Ox'd'Z,Gd s.tate,D.Y, is slowly reduced at 77 K
Methods section. by charge recombination with Q to the nonprotonated
form, Yp~, and then becomes a very efficient electron donor
since theg = 4.1 signal is distorted by contributions from at cryogenic temperatures. lllumination, in this case, with
the g = 5 signal. Different symbols are used for the visible light at temperatures as low as 4.2 K, results readily
perpendicular-modeg(= 10, open triangles) and parallel- in charge separation betweerp,'Yand Q (22, 21). The
mode ¢ = 17, filled triangles) signals of thesState, but it above observations can be rationalized if we assume that
is reassuring to note that the decay traces coincide withinthe functioning redox couple at 77 KisYYp ™. It is possible
experimental error. The following general remarks can be that the two couples, ¥/Yp~ and S/S; (g = 5) have similar
made comparing the intensity losses of the various signals.redox potentials.
The Qi Fé** signal decreases by about 70%, presumably A brief comment should be also made about the annealing
due to charge recombination withp¥Y(22) in 28% of the step to—50 °C (Figure 1le). Recombination with Q is
centers and Sin 15% of the centers (these are centers where slower than the 2 min interval at this temperature (see next
S; and Q- coexist, see Materials and Methods). The section), but Tyr D is expected to act as a rapid reductant of
remaining fraction is consistently accounted for by the 25% S; and S in those centers were the reduced tyrosine (formed

Incubation time at 77 K (hours)
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mainly during the prolonged incubation at 77 K, Figure 3)
coexists with either of the two state2d( 30, 31). As theg

= 5 signal converts to the,3nultiline andg = 4.1 forms,
the net effect of the 2 min incubation a60 °C, Figure 1le,

is a decrease of the;Signals, and an enhancement of the
S, signals. In addition, the oxidized fraction of tyr D is
approximately restored to its level in Figure 1a. It should be
noted that the decay of;&nd S at —50 °C is slow when
Yp is oxidized (see below). It has been also observed that
the conversion of thg = 5 to the multiline andg = 4.1
signals is independent of the redox state gf Y

Decay of the $State at Eleated Temperaturest was
noted above that no new signals develop during the incuba-
tion of theg = 5 containing samples at temperatures between
77 and 180 K, while at-50 °C theg = 5 signal relaxes
within a few minutes to the Snultiline andg = 4.1 signals
(see, however, footnote 2). On the other hand, we could not
find a convenient temperature higher than 77 K that accel-
erated the reduction rate of the Sate to theg = 5 config-
uration. Most likely the decay of thg= 5 signal at elevated
temperatures is faster than its production. At ca. 170 K, the
ty, for the decay of the $state signal ay = 10 is longer
than 8 h, while theg = 5 decays with an approximately
halftime of a few hours. At-50 °C, the approximate halftime
for the decay of § due to recombination with £, (samples
with Yp fully oxidized) is 30 min, while theg = 5 signal
decays fully within 2 min. The decay products of thesgate
at—50°C are the gmultiline andg = 4.1 signals, at relative
ratios approximately comparable to the nativesgte. A
typical sequence of events describing the decay of the S
state at elevated temperatures is exemplified by an experi-
ment performed at-30 °C (Figure 4).

Following the initial population of the state (uppermost
spectrum), spectra were collected after various time periods
of incubation at-30 °C. At the end of the incubation period
at —30 °C and after 30 min of additional dark adaptation at
15 °C—this allowed for the complete decay to theskate—
the sample was illuminated at 200 K, and the spectrum of
the S state was recorded as a reference. By comparison with
the latter spectrum and assuming that the®d S are the
main states occupied, the starting populations of thand
S, states in Figure 4 are estimated at approximately 60%
and 40% respectively. During incubation-a80 °C, the §
state signal ay = 10 declines continuously, but no clear
buildup of the $ multiline or g = 4.1 signals is evident. It
is clear, however, that the decline of the Signals is
significantly slower. The data are difficult to interpret
guantitatively. A simple qualitative explanation would be that
the initial S and $ fractions recombine with £ with
similar rate constants, while the fraction afr®sulting from
the decay of $is reduced more slowly by alternative
reductants.

We have also examined a simpler case for comparison.
In the presence of 5% (v/v) methanol, the Sate is
represented by the multiline signal onlg2j. It was also
noted in our earlier studyl@) that no 3 signals could be
detected in the presence of methanotcupation of this state
was inferred by the diminished amplitude of the multiline
signat—and no sensitivity to NIR light was observed. Thus,
in an experiment similar to that of Figure 4, we examined
the decay of the $Sstate in the presence of methanol (not
shown). In this case, we did find a clear transient increase
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FiIGURE 4: Decay of the $state at—30 °C. Spectra labeledsS
were recorded immediately after excitation to the skate, and
subsequent spectra were collected after incubation3&t°C for

the indicated time periods. The bottom spectrum represents the
maximal intensity of the Sstate. Difference spectra were obtained
by subtraction of the dark-adapted spectrum obtained at the end of
the measurements (see Materials and Methods). EPR conditions:
temperature as indicated, microwave frequency 9.39 GHz, micro-
wave power 35 mW, modulation amplitude 25 G, modulation
frequency 100 kHz.

of the S state multiline, which declined at longer times. A
gradual decay of @ was observed in parallel.

The data on the .~ recombination rate are scarS(
34), but it is usually assumed that it is similar to that of the
S,Qa~ recombination. This is approximayell s atroom
temperature33, 34) and slows down to &, of ca. 5 min at
—25°C (35, 36). This estimate is supported by the decay
rate of theg = 10 (S) and the Q~F€e** signals in Figure 4.
In this experiment, the starting population of thestte is
higher than that of the ;Sstate. If the decay process of the
g = 10 signal to the multiline and = 4.1 signals is first-
order, one will expect, under these conditions, a transient
built up of the $ signals, which is indeed observed in the
presence of methanol (not shown). The absence of a transient
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increase of the Ssignals in Figure 4 may indicate a slow

conversion to the conformations that produce thsi§nals 1K

(see also re®). Alternatively, the 9Q,~ recombination rate a

may be somewhat faster than that of thgQ§ in the

untreated sample and slower in the MeOH treated one.
Recaery of the § State, Following Its Decay, by Visible

Light lllumination. The main states generated by the proce- W
dure used to form the;Sstate are $,~ and SQa~ (see

Materials and Methods). Charge recombinatior-80 °C c
or lower (as described in the previous section) should produce W

the SQa and SQa states, respectively. Provided that the

incubation at the elevated temperatures is not prolonged (that

would lead to the slow reduction of ,Qa to SQa),

illumination at—30 °C should induce charge separation and d
restore the initial states. This has been readily confirmed with

samples advanced to the Sate and subsequently incubated

at —50 °C long enough for charge recombination to occur. 01000 2000 3090 4000 3000
Since theg = 5 configuration is assigned to a modifieg, S
S, a similar behavior should be exhibited by samples where

the S decayed after prolonged incubation at 77 K. This is
demonstrated by the following two experiments.

42K
In an experiment similar to Figure 1, a sample poised in LW a
the S state, Figure 5a, was incubated at 77 K for 11 days

Magnetic field (Gauss)

until the g = 10 signal decreased considerably and a
pronouncedy = 5 signal developed, Figure 5b. The sample
was subsequently incubated-a50 °C for 2 min, Figure 5¢

(a treatment similar to Figure 1e). Notable is the significant b
decrease of the QFe* signal in traces b and ¢ of Figure M
5, indicating that charge recombination has occurred in the

largest fraction of centers. As discussed in the first section, ¢
the initial level of tyr D is approximately restored at50 W

°C; therefore, recombination must have occurred at the

expense of thesand $ states at this final stage. Assuming d

roughly equal initial populations of ..~ and SQa~, the
spectra of Figure 5c consist mainly of approximately equal

populations of Qx and SQa (in addition to small portions 0 1000 2000 3000 4000 5000

of not recombined £)a~ and $Qa7). lllumination at—30 Magnetic field (Gauss)

°C, Figure 5d, clearly restores the starting population of

states. Ficure 5: Recovery of the $state, following its decay at 77 K,

In the discussion related to Figures3, it was concluded by visible light illumination at—30 °C. Spectra were recorded at

_ ; ; 11 and 4.2 K after the following successive treatments of the same
that the one-electron reduction of thes$ate at 77 K gives sample. (a) The Sstate as prepared. (b) Incubation at 77 K for 11

rise to the $ state (characterized by tlge= 5 signal). Itis days. (c) Warming te-50 °C for 2 min. (d) lllumination at—30
reasonable to expect that white-light illumination of the latter °C for 3 min. Difference spectra were obtained by subtraction of
state at cryogenic temperatures will result in the formation the dark adapted spectrum as described in the Materials and
of the initial S state. The fact that this is possible has been Methods. EPR settings are the same as those in Figure 4.
implied by the experiments of Nugent et aR2. These ) o ) )

authors used samples which developedghe5 signal and ~ considerably diminished while a strong signabat 5 has
noticed the induction of charge separation upon illumination @PPeared. Evident also is the great diminution of the
at liquid helium temperatures. This charge separated coupleQa Fe(ll) signal. Visible-light illumination at 4.2 K of the
recombined when stored at liquid helium temperatures, Sample, followed immediately by transfer t650 °C,
whereas at temperatures above 77 K, it was stabilized.SPECtrum c (see refl for the intermediates of this experi-
Accordingly, the advancement of tle= 5 configuration ~ Ment), restores the QFe(ll) signal to a high extent and
of the Mn cluster to a higher oxidation state appeared to causes the formation of a substantial amount of thet&e,
have an activation barrier below liquid nitrogen temperatures. @S evidenced by the reformation of ipe= 10 and 17 signals.
Figure 6 repeats in a somewhat modified form the original  Clearly, the efficiency of the experiment of Figure 6 cannot
experiment of Nugent et al. with the added advantage of be as high as of the one in Figure 5. In Figure 5, reduction
knowing now the signature of the; State. The experiment of S; by tyr D at — 50 °C increased the fraction that had
was followed by both perpendicular and paratelmode decayed to Sby the previous storage at 77 K. Furthermore,
EPR. Spectrum a shows the Sate as prepared. Spectrum the illumination at—30 °C is far more efficient in producing

b was recorded after several weeks of incubation at 77 K. It charge separation than the illumination at liquid-helium
can be seen that the intensity of thesfnals, i.e., ag = temperatures. Nevertheless, recovery of that8te by the
10 in perpendicular mode argl= 17 in parallel mode, is  unusual protocol of Figure 6 is clearly demonstrated.
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Magnetic field (Gauss) Ficure 7: Induction of theg = 5 signal by excitation of the S
state with NIR light. Spectra were recorded after the following
successive treatments of the same sample: (a) thstée as
prepared, (b) immediately after NIR excitation at 4.2 K, (c) 100
min incubation at 4.2 K and 30 min incubation at 11 K, and (d) 15
min incubation at 77 K. Difference spectra were obtained after
subtraction of the dark adapted spectrum as described in the
Materials and Methods section. EPR conditions: temperature as
indicated in the panels, microwave frequency 9.39 GHz, microwave
power 35 mW, modulation amplitude 25 G, modulation frequency
100 kHz.

Ficure 6: Recovery of the $state, following its decay at 77 K,

by visible light illumination at 4.2 K. Spectra at perpendicular and
parallel modes were recorded after the following successive
treatments of the same sample. (a) Thestate as prepared. (b)
Incubation at 77 K for several weeks. (c) lllumination at 4.2 K for

3 min, immediately followed by transfer te50 °C for 2 min.
Difference spectra were obtained by subtraction of the dark adapted
spectrum as described in the Materials and Methods section.
Experimental conditions were the same as those in Figure 1 for
the perpendicular-mode panels and as those in Figure 2 for the )
parallel-mode panels. Recording temperatures as indicated. Figure 7a shows the spectrum of thestate as prepared.

The sample was subsequently excited by NIR light at 4.2

NIR Excitation of the $State Accelerates Charge Re- K. This resulted in the parallel formation of the broadened
combination.The NIR excitation at 50 K of the Sstate in g ~ 2 signal and thgy = 5 signal with the 2.9 component
(19) produced, in addition to other signals that appear to be (19, 23), Figure 7b. The spectrum recorded following a dark
associated with excited-state configurations 9{&l), ag adaptation period at 4.2 and 11 K, which allowed for an
= 5 signal, which shows notable similarities to the signal in approximately 70% decay of ttege= 2 signal, is shown in
Figure 1 produced slowly during storage of thestate at Figure 7c. A small increase/sharpening of thes 5 signal
77 K. It was noted during the present studies that the changescan be observed. Finally, the sample in ¢ was transferred
induced by the NIR-light excitation of the;State at about  for 15 min at 77 K, and the new spectrum was recorded,
50 K can be resolved better if the NIR-light excitation is Figure 7d. This resulted in the elimination of thge= 2.9
performed at 4.2 K. A systematic study is presented in the signal and a narrowing and increase of the= 5 signal.
accompanying papell). Here we focus on the formation These changes are more clearly seen in the spectra at 4.2 K.
of theg = 5 signal. At 11 K, theg = 5 signal is obscured by thge= 4.1 signal
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from the portion of centers in the, State. The latter signal

is partially saturated and thus makes a smaller contribution
at 4.2 K. It should be noted that the NIR illumination had
no effect on the amplitude of p.

In a recent communicatior28), the g = 5/2.9 signals
induced by NIR light, as well as tlee= 5 signal that results
from the slow decay of the;State at 77 K, were assigned
to the sames = 7/, configuration of the Mn cluster. Small
changes in the crystal field parameters (reflecting structural
changes), induced by the different treatments (NIR excitation
vs incubation at 77 K), cause different relative amplitudes
of theg =5 and 2.9 features. While a more thorough analysis
(see alsad?), including the orientation dependence of the
signals is currently in progress, a number of qualitative
remarks can be made on the spectra.

The nearly-isotropicd = 5 only” spectrum, obtained after
the prolonged incubation of the; State at 77 K, Figures 1d
and 6b, appears to represent the most relaxed configuration N S .
of the S = 7/, state. Theg = 5/2.9 spectrum obtained by 0 1006 2000 3000 4000 5000
NIR-excitation appears to represent a transient configuration. Magnetic field (Gauss)

The gradual conversion to the nearly isotropic form, €.9., Fgure 8: S, state spectra at alkaline pH containga= 5

spectra ¢ and d of Figure 7, results in a sharpening andcontribution. The same sample was incubated first at pH 6.5 and
increase of thgg = 5 component, but as can be verified by subsequently at pH 8.1 (see Materials and Methods). Tretate

theory Q3] 37)’ the number of centers Contributing to the Wwas produced by illumination of the; State at—30 °C in the

/ ; ; saanpresence of the atrazine inhibitor. Difference spectra were obtained
spectra remains the same. This argues against the poss'b'“t)zy subtraction of the respectivg Baces at each pH. EPR settings

that the increase in thg = 5 signal in spectrum c relative  \yere the same as those in Figure 4. Recording temperatures as
to spectrum b in Figure 7 is at the expense of the 2 indicated.

radical. Spectrum b in this figure was recorded immediately

after the NIR excitation, while spectrum c was recorded after the one that evolves during the very slow recombination of
the decay of the largest fraction of the radical. A close S;with Qa~ at 77 K. One would accordingly expect a small
inspection of several experiments with varying NIR-excita- decrease in the intensity of thes@-€*" signal accompanying
tion periods indicated that thge= 5 signal forms concomi-  the decay of the radical signal. As the inherently weak
tantly to theg = 2 broad radical. What may accordingly Qs Fée** signal in Figure 7a represents 100% of the centers
affect the apparent intensity of tlyge= 5 signal is a change  while the radical species represents less than 10% of the PSII
in the crystal field parameters in the presence and the absenceenters 19), such a decrease would be difficult to detect.
of the radical species. It is possible, e.g., that during Nevertheless, a small decrease can be discerned in the spectra
formation of the radical, proton shifts and Coulombic c and d of Figure 7. Aletrnatively, in preliminary experiments
interactions cause small changes to the bond lengths/anglesising the exogenous electron acceptor phenyl-p-benzo-
in the Mn cluster, resulting in a small and negative value of quinone 88), the NIR-induced radical species was very stable

+
I

the D parameter of the empirical spin Hamiltoni&B). After over a period 64 h at 11 K in theabsence of - (data not
decay of the radical, a slow rearrangement of the cluster shown).
occurs, which results in positiv® values. An alternative S State Spectra at Alkaline pH Contain a § 5

interpretation could be that the magnetic interaction of the Contribution It was shown in the preceding experiments that
radical with the Mn cluster, which results in the broadening incubation at 77 K or NIR excitation of the;State at 4.2 K
of the radical spectrum, broadens alsoghe 5/2.9 spectrum. invariably result in the decay of;S0 S'. The latter is a
Preliminary theoretical simulations indicated, however, that modified $ configuration, most likely deficient by one
a magnetic coupling that would produce a significant proton, as originally suggested3). The relaxation of $to
broadening of the radical signal would induce a nonobserv- the normal $ configuration at—50 °C and higher temper-
able broadening in thg = 5/2.9 spectrum. atures is accordingly attributed to protonation of the Mn
The S = 7/, configuration is assigned to a modified S cluster (not excluding parallel conformational changes).
state (denoted.g, as was argued earlier in this paper. The  The above interpretation is supported by experiments,
rapid attainment by the NIR-light-excitation of the same which show that production of the, State by the straight-
modified S configuration of the Mn cluster that results from forward illumination of § at —30 °C at alkaline pH is
the slow reduction of thesstate at 77 K is astonishing. It accompanied by the formation of @ = 5 signal. An
appears that the NIR-light excitation of the freshly prepared experiment performed as described in the Materials and
S; state accelerates charge recombination in some of theMethods section is depicted in Figure 8. This compares the
centers. Conceivably, this is possible if we assume that the S, state spectra of the same sample at pH 6.5 and 8.1. The
NIR excitation causes the transfer of the positive hole from intensity of the $ state signals (multiline and = 4.1) is
the Mn cluster to a nearby residue forming the broadened greatly reduced on going from pH 6.5 to 8.1. Notable is,
= 2 radical. The radical species (tyr,Zas argued in the  however, the formation of g = 5 signal at pH 8.1.
following paper,21) in turn recombines rapidly with £ The decrease of the multiline signal at high pH is
to yield an excited Sstate configuration, &5 identical to compatible with the systematic observations of Geijer et al.
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(39), but as these authors used 5% methanol, which is known 12
to enhance the3nultiline signal at the expense of alternative
signals, no comparison can be made with the changes in the
low-field EPR signals of Figure 8. Geijer et &89 attributed 14
the diminution of the multiline signal at high pH to

13

protonation/deprotonation of ligands to the Mn (other pos- 15.

sibilities were considered as well). This agrees with the
present observations. Actually, the fact that the sgnveb
conformation appears to be trapped during the decayof S 17
at 77 K (or even at 4.2 K by the NIR excitation) as well as

during the light-induced advancement of thet& S, state 18.

at alkaline pH suggests deprotonation of the same Mn ligand

in both cases. Clearly, the high-pH effects deserve a more

systematic study before final conclusions can be made. 20
The NIR excitation of the & state at liquid-helium

temperatures, produces excitegsfate transients in addition 21

to theg = 5/2.9 signal 19). These, as well as the products
of the light excitation of the $ state, are studied in the
companion paper2(). The overall phenomenology is 23
examined in the context of a molecular model, which

provides useful insights into the interrelation of the Mn 24

cluster and tyr Z.
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