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ABSTRACT. The S state of the water-oxidizing complex (WOC) of photosystem Il (PSIl) is the last state
that can be trapped before oxygen evolution occurs at the transistdat&. A number of EPR-detectable
intermediates are associated with this critical state. The preceding paper examined mainly the dgcay of S
at cryogenic temperatures leading to the formation of a proton-deficient configurationtedsed 3.

This second paper examines all intermediates formed by the near-IR light (NIR) excitation gfstia¢eS

and compares these with the light-excitation products of thet&e. The rather complex set of observations

is organized in a comprehensive flowchart, the central part of which ish€§ state. This state can

be converted to various intermediates via two main pathways: (A) Excitatiory ofy NIR light at
temperatures below 77 K results presumably in the formation of an excitethi®, $*, which decays

via either of two pathways. Slowly at liquid helium temperatures but much faster at 77 ide&ays to

an EPR-silent state, denoted'Swhich by raising the temperature to ca. 190 K converts to a spin
configuration of the Mn cluster, characterized ¢py= 21, 3.7 in perpendicular angl = 23 in parallel

mode EPR, denoteds'S Upon further warming to 220 K, $Srelaxes to the untreated; State. Below

about 77 K and more favorably at liquid helium temperatures, an alternative pathway aécy via

the metalle-radical intermediate &Z°...Qa~ can be traced. This leads to the metastable staie.®a

via charge recombination,'3* is characterized by a split-radical signalggt 2, while all S' transients

are characterized by the sage= 5/2.9 §= 7/,) configuration of the Mn cluster with small modifications,
reflecting an influence of the tyr Z oxidation state on the crystal-field symmetry at the Mn cluster. (B)
S,'...Qa can be reached alternatively by the slow charge recombination ah& Q™ at 77 K. White-

light illumination of S'...Qa below about 20 K results in charge separation, reforming the intermediate
S)/Z:...Qa~. Thermally activated branches to the main pathways are also described, e.g., at elevated
temperatures tyr Zreoxidizes 3 to the S state. The above observations are discussed in terms of a
molecular model of the $state of the OEC. Main aspects of the model are the following. Intermediates,
isoelectronic to § are attributed to the NIR-induced translocation of the positive hole to different Mn
ligands, or to tyr Z. On the basis of a comparison of the electron-donating efficiency of tyr Z and tyr D
at cryogenic temperatures, it is inferred that the Mn cluster acts as the main proton acceptor from tyr Z.
Water associated with the Mn cluster is assumed to be in hydrogen-bonding equilibrium with tyr Z, and
an array comprising this water and adjacent water (or OH or O) ligands to Mn followed by a sequence
of proton acceptors is proposed to act as an efficient proton translocation pathway. Oxidation of the
tyrosine by Rsg" repels protons to and out from the Mn cluster. This proposed role of tyr Z in the water-
splitting process is described as a proton repeller/electron abstractor.

Photosystem 1, PS 1] is a membrane-bound protein primary charge separation. Upon absorption of one photon,
complex which catalyses the photosynthetic water splitting one electron is transferred fromggp to a pheophytin
process in plants, algae, and cyanobacteria. The core of PSnolecule. The latter reduces the acceptor side, which is made
Il, where the main photochemistry occurs, consists of two up of a plastoquinone A, Q(a one-electron carrier), a
polypeptide chains, D1 and D2, on which a number of nonheme iron atom (when preoxidized the iron acts as an
electron transport cofactors are attachBdThe chlorophyll

species Ry is the site where light excitation induces the ! Abbreviations: PSII, Photosystem II; OEC, oxygen-evolving
complex; WOC, water-oxidising complex; BBY membranes, thylakoid
membrane fragments enriched in PSII; S states §, oxidation states
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additional electron acceptor), and plastoquinone B,(& The observation of new transients in untreated P2 (
two-electron and two-proton carrier)( Psgot oxidizes a 41-42, 45) gives significant new information on the
redox active tyrosine, tyr Z, which in turn, oxidizes the Mn electronic structure of the complex. More than this, it is
complex. The Mn complex (believed to be a tetra nuclear possible that certain of the transients represent true inter-
cluster) and tyr Z comprise what is termed the oxygen- mediates of the catalytic mechanism. NIR excitation of S
evolving complex (OEC) or water-oxidizing complex (WOC) at cryogenic temperatures speeds up charge recombination
(for recent reviews, see re8-6). For every four photons and leads to the formation of the modified S2 statg, S
absorbed by £q two molecules of water are oxidized to Presumably, NIR excitation leads to charge transfer from
molecular oxygen by the OEC, and two molecules ¢f Q the Mn to tyr Z forming the transient species'B. We
are reduced to gH.. The OEC cycles through five redox extend these studies in the present paper and examine the
states denoted, 3 = 0—4. Oxygen evolution occurs during main pathways of decay of the NIR-excited; State.
the $-to-S transition (with the $being a transient state). Comparison is also made with the white-light-excitation
So, Which is the lowest active oxidation state of the complex, products of §. The results offer significant new insights
is slowly oxidized in the dark by the distant tyr D, to the into the equilibria among excited; State transients, tyr Z,
dark-stable state,;S and S. The rather complex observations are organized in a
A number of insightful but different models have been flowchart and combined into a molecular model at the end
proposed in an effort to simulate critical parts of the water- of the paper.
splitting mechanism 71—24). The models make use of
information derived from spectroscopic studies (mainly MATERIALS AND METHODS
electron paramagnetic resonance, EPR, and X-ray absorption
spectroscopy, XAS) and synthetic chemistry but are naturally
limited by the absence of high-resolution information on the
3D structure of the OEC. The recent crystallization and X-ray
structure determination of PSIl at 3.8 A resolutia2B)

PSll-enriched thylakoid membranes were isolated from
market spinach by standard procedur§, @7) with some
modifications. Samples for EPR measurements were sus-
pended in 0.4 M sucrose, 15 mM NaCl, 40 mM MES, pH

promises significant adva_mces in this direction._An impo_rtant I?qil datwietir_osggguz?illlrl?;e.(g) mm EPR tubes) and stored in
parallel goal is the trapping and study of key intermediates . .
and particularly of transients associated with the higher S  Entrapment of the Sstate was achieved as previously
states. described {2), but vylt_h the followmg.mod.lfl.cfanon. BBY
EPR spectroscopy has been vital to the study of the OEC.fampleS with preoxidized nonheme iron, |n_|t|ally keBt at4
Characteristic EPR signals (reviewed briefly in the compan- C in darkness, were rapidly 'grans.ferrgd |r_1to—z$0 c
ion paper26) have been detected now for all active S states pregooled %Cetf’”e bath'un'de.r |Ilgm|nat|0n, |Ilum|nated for
(with the exception of the transiently formegd) SThe spectra 3 min, _and finally placed in I|q_U|d nitrogen. F_or this purpose,
provide valuable information on steady states but limited white light from a 340 W projection lamp, filtered through

insights on mechanistically important S-state intermediates. & solut.lon of CuS@ was used. This procedure yielded
A natural intermediate of the S-state advancement is OXidiZGdapprpm_mater 5660% $ and 5&.40% S, measured by

tyr Z, and considerable effort has been devoted in recent MonItoring the y|elq of thg_EPR signals from the Sate.
years to the trapping of this species. Of particular significance The NIR excitation In addltl_on to the effects on th@ﬁate .
are the broadened radical signals observed following treat—pmduceOI changes in the Signals, as has been detailed in
ments that inhibit advancement to thesEate 27—35). These (43, 44)' In the absence_ Of. EtOH’ the_se changes are smaller
signals have been attributed to the stai#* $10, 32—36). and.d|d not interfere significantly with the changes of the
Theoretical simulations implied a close proximity of tyr Z Ss S|gr_1aI§. _ )

to the Mn cluster 7—40), close enough perhaps to have a Excitation of the $ state by _near—mfrared light was
direct role in the water splitting process as a proton/electron Performed at 4.2 K. The same light source was used, but
or hydrogen-atom abstractor from water bound to the Mn the light was filtered b a 3 mmRG715 SCHOTT filter
cluster 6, 10-12). The X-ray crystallography suggests a 7 immersed in water. lllumination with white I_|ght at _4.2 K

A closest distance between tyrosine and the Mn clug®r (  Was done in the same manner, but the projector light was
The trapping of oxidized tyrosine intermediates in oxygen- filtered by a 3 mmBG-39 SCHOTT filter immersed in a
evolving preparations has been considered to be unlikely, CUSQ solution. The duration of illuminations was, unless
due to the short lifetime of oxidized tyr Z. However, Nugent Otherwise stated, 3 min intermittently in 15 s intervals to
et al. @1) observed a broadened radical signal reminiscent 8void heating of the sample.

of the S$Z° signals seen in inhibited preparations. A similar At the end of experiments, samples were dark-adapted for
signal was observed in a separate, more recent study bytypically 60 min at 4°C, or 30 min at 15C, to relax to the
loannidis and Petrouleas, following near-IR (NIR) light Sistate. The resulting EPR spectrum was used as a reference
excitation at liquid-helium temperatures, of oxygen-evolving and was subtracted from all other spectra to eliminate
samples that were trapped in the Sate ¢2). The NIR background contributions due to oxidized chise and
sensitivity is an unusual property of the Mn cluster observed impurities. Following the dark adaptation period, samples
firstin the S state 43, 44). NIR excitation of Sat cryogenic ~ were illuminated again at-30 °C to obtain the maximum
temperatures results in the conversion of$¥e ¥/, multiline Sy-state population.

state of the complex to thg = 4 form via an intermediate EPR measurements were obtained with a Bruker ER-
S=> 5, state. This is attributed to either charge transfer among 200D-SRC spectrometer interfaced to a personal computer
the Mn ions or light-induced changes in the spin of the Mn and equipped with an Oxford ESR 900 cryostat, an Anritsu
cluster @3, 44). MF76A frequency counter, and a Bruker 035M NMR
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Scheme 1: Flow Chart Summarizing the Observations of This and the Accompanying P&per (

S...QaFe™"
wlipH~8
\4
Sy'...Qa
> | 5
K .
77K T 3 min
S,'Z"...Qa
t_"- g=29/5
172, 4.2K-
20/7 min

aSs*, S5, and § are the NIR excited and transient forms of thestte. $ is a modified $ state. $Z°* and $'Z~ are transients involving tyr
Z and formed via the indicated pathways,ZS being assigned to the state giving rise to the split radical signal. The indicated times are those

required to complete the corresponding transitions at the respective temperatures. See text for details on the thermal barriers affectirg the decay

S*...Qa~ along the two different pathways and on the two half time constants given for the $#p.G.~ to S'Z...Qx. The dashed arrow

represents a tentative pathway at alkaline pH, based on preliminary evidence. Ml represents the Mn-multiline EPR signal. See Materials and Methods

for a description of the NIR and white-light (w.l.) illuminations.

gaussmeter. Where not specified, the perpendicular 4102STdecayed almost completely. In a further experiment, Figure
cavity was used, and the microwave frequency was 9.391, the sample, following population of the State (Figure

GHz with 5 mm tubes. The spectra obtained with the stand-

ard cavity are the average of-2 scans. Tubes of 5 mm

were also used with the dual mode cavity, 4116 DM, and 4

1la) and excitation by NIR light for 1 min at 4.2 K, was
immediately transferred to 77 K for 5 min.
Figure 1b shows the spectrum recorded following five

or 10 accumulations were done in the perpendicular or the “NIR at 4.2 K, 5 min at 77 K” cycles. Qualitatively similar
parallel mode, respectively. The microwave frequency was spectra were obtained following the first cycle, but the

9.60 GHz in the perpendicular and 9.31 GHz in the parallel
mode.

RESULTS

Flowchart. The rather complex phenomenology described

repeated cycles result in an enhanced conversion of the S
state. The sample was subsequently transferre€8® °C

for 2 min, Figure 1c, and te-50 °C for 2 min, Figure 1d.
The sample was then allowed to relax to thesgte, and
the spectrum of the Sstate, showing the yield of this state

in this paper can be rationalized with the help of the flowchart in this sample, was obtained by illumination a80 °C,

of Scheme 1. Although this chart will be fully justified at

Figure 1le.

the end of the Results section, it is placed here as a guide to The S state is characterized by the broad resonangg at

tracing the various intermediates.

= 10 (Figure 1a). At 4.2 K (but not at 11 K), this signal and

The scheme starts at the right-upper corner with the statethe signals of the Sstate § = 4.1 and multiline) are saturated

S;...QuFe*". lllumination of this state at the working pH of
6—7 leads via $to the S...Qx~ state, which is central in
Scheme 1. The S.Qx~ state can be converted to various
intermediates via two main pathways: (A) excitation by NIR
light and (B) slow recombination at 77 K.

under the present conditions (a detailed account of the
temperature and power-saturation dependence of the signals,
see also refd8, will be presented elsewhere). In contrast,
certain of the signals induced by the NIR excitation are only
slightly saturated at 4.2 K, and this allows for a better

Route A, Spectral Changes Induced by Low-Temperatureresolution of the spectral changes at this temperature, as

NIR Excitation of the $State.The identified terminal EPR
products of the NIR excitation of;&re the $ (g = 5) state

described below.
A g = 5 signal is induced in Figure 1b, and this is

and a state characterized by low-field EPR signals at both superimposed on the residual= 4.1 S state signal. The

the perpendicular and the parallel mo@é,(42). This latter
state is denoted as'Sn Scheme 1. The two states evolve
along different pathways, as will be justified below, arising
presumably from a common precursor statg..Sa",
Scheme 1. The decay o#’S.Qa~ along the two different
pathways is determined by thermal barriers, as will be
illustrated below.

De-Excitation of $...Qa~ via Elevated-Temperature
Intermediates.In the experiment of Figure 7 of the ac-

signal is smaller than what would be expected by comparison
with Figure 7 of the accompanying paper, particularly if
corrected for the contribution of the; § = 4.1 signal (see
Materials and Methods). A more accurate comparison will
be made with the experiment of Figure 3 that is described
below. Pronounced changes occur following 2 min incubation
at—80°C (Figure 1c). They = 5 signal decreases, and new
signals appear a = 21 and 3.7. Thegy = 21 signal was
presented in the previous study, but thes 3.7 derivative-

companying paper, the sample, after NIR excitation at 4.2 shaped contribution was not specifically mentioned, although

K, was kept at the same temperature until he 2 signal

it was apparent in the spectré?j. It was observed that the
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Ficure 1: Conversion of the sSstate by NIR excitation at 4.2 K
followed by immediate transfer to 77 K and then annealing at higher
temperatures. (a);State as prepared. (b) Following five subsequent
cycles of NIR illumination for 1 min at 4.2 K immediately followed
by transfer at 77 K for 5 min. (c) Subsequent incubation-&80

°C for 2 min. (d) Subsequent incubation-at50 °C for 2 min. (e)
The sample was subsequently allowed to relax to thet&e at 4

°C, and the spectrum of the State was obtained by illumination
at —30 °C. All spectra are difference spectra obtained after
subtraction of the dark-adapted;(Spectrum as described in the
Materials and Methods section. EPR conditions: recording tem-
peratures 11 and 4.2 K (same plotting scale), bimodal cavity,
receiver gain 6300, microwave frequency 9.60 GHz, microwave
power 32 mW, modulation amplitude 10 Gpp, modulation frequency
100 kHz.

g = 21 and 3.7 signals appear with constant relative ratio in
all our experiments. It will be therefore tentatively assumed

loannidis et al.
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Ficure 2: Effects of the NIR illumination on the;State parallel-
mode spectra, recorded at 11 and 4.2 K (same plotting scale).
Labeling of the spectra is the same as that in Figuredl&EPR
conditions: receiver gain 63000, microwave frequency 9.31 GHz,
microwave power 126 mW (spectra at 11 K), 8 mW (spectra at
4.2 K) modulation amplitude 10 Gpp, modulation frequency 100
kHz.

All signals induced by the above procedure disappear, and
theg = 10 signal is restored to about #B0% of its initial
intensity, following 2 min incubation at50 °C (Figure 1d).
The enhancement of the untreategstte spectrum af =
10 appears to occur at the expense ofdhe 21/3.7 (S')
EPR signals. Another observation, to be contrasted later with
the experiment of Figure 3, is that after the incubation at
—50 °C (Figure 1d, 11 K) the multiline signal is not
significantly enhanced, at least to a detectable level, in
comparison to its initial intensity (Figure 1a).

The events depicted in Figure 1 were also followed using
parallel mode EPR, and this is shown in Figure 2 (where
the labeling of Figure 1 is preserved). Figure 2a shows the
spectrum of the Sstate as prepared. The broad characteristic
signal at low fields § ~ 17) (42) is clearly visible. The

that they belong to the same electronic configuration. The spectrum at 4.2 K appears weaker because lower microwave

state represented by the= 21/3.7 signals, and their parallel

power has been used to reduce saturation. Following the NIR-

mode counterparts (to be described below) will be referred illumination-at-42 K 5 min-at-77 K cycles, thg ~ 17 peak

to as an $ state.

is greatly diminished, Figure 2b, matching the diminution
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of the g = 10 signal in perpendicular mode (Figure 1).

Drastic changes occur upon subsequent incubationg8ét
°C for 2 min (Figure 1c). A new feature gt~ 23 appears. WW
Notable is the relatively large intensity of the signal at 4.2

K. Preliminary experiments show that this signal, unlike the
g ~ 17, does not saturate easily at 4.2 K. A detailed study .JWW
of the saturation properties of the various signals is currently

in progress. At 11 K, Figure 2c, the signal is a mixture of

theg = 23 and a portion of the initiay = 17 signal, which ’/AJ\\/_,/NWM
does not saturate at this temperature. Further warming to

—50°C for 2 min restores by about 80% the spectral feature

of the initial § state (Figure 2d), in agreement with the

spectra at perpendicular mode. It should be noted, however, N\/m/mw
that the determination of signal intensities at parallel mode

is hampered by uncertainties in the baseline.

The behavior of the parallel-mode spectra in Figure 2
closely follows the observed changes in their perpendicular
mode counterparts, Figure 1. It appears therefore thag the
~ 23 signal (Figure 2c) accompanies thes 21/3.7 signals 0
at perpendicular mode EPR (Figure 1c¢f, Sate, just as the
g ~ 17 (parallel) accompanies tlge~ 10 (perpendicular)
in the untreated $Sstate 48, 42. 5o10 47

Decay of &...Qa~ at Liquid Helium Temperature3.he b1, ! :
intermediates of thesS..Qa~ decay at 4.2 K were examined 5
in the experiment of Figure 7 of the preceding pa®8).(
These include the metalaadical state $Z°...Qx", the
transient charge-recombination product at 4.2,KS...Qa,
and the terminal S...Qa state, Scheme 1. Figure 3 is an
extension of the experiment of Figure 7 of the accompanying
paper £6) and is included here for comparison with the decay
products of $..Qx~ at elevated temperatures in Figure 1.

Following production of the $state, Figure 3a, four cycles
of NIR-excitation and dark adaptation (for 40 min) at 4.2 K
were performed to enhance the NIR induced changes. The
spectral changes during the NIR excitation and decay at 4.2
K are not repeated here, as they were adequately described
in Figure 7 of the preceding paper. At the end of the fourth
cycle, the sample was transferred to successively higher
temperatures: 77 K for 5 min, Figure 3b80 °C for 2 min,
Figure 3c, and-50 °C for 2 min, Figure 3d. The sample h
was allowed to relax to the,;Sstate at the end, and the
spectrum of the Sstate obtained by illumination at30 °C
was recorded, Figure 3 e. Ficure 3: Conversion of the sstate, following NIR excitation at

. . . I . 4.2 K and dark adaptation at 4.2 K, and then annealing at higher
The trend in the spectra of Figure 3 is qualitatively similar temperatures. (a) ThesSstate as prepared. The sample was

to the changes observed in Figure 1. Important quantitative sunsequently subjected to four cycles of NIR-light excitation and
differences can be noted, however. T 5 signal in Figure subsequent 40 min dark adaptation at 4.2 K and successively

3b is larger than the corresponding signal in Figure 1b, incubated (b) at 77 K for 5 min, (c) at80 °C for 2 min, and (d)

; ; ; ; at— 50°C for 2 min. (e) The sample was subsequently allowed to
particularly if one takes into account the interference from relax to the $ state at #C, and the spectrum of the, State was

theg = 4.1 signal of the Sstate (see Materials and Methods).  gpained by illumination at-30 °C. All spectra are difference
On the contrary, thg = 21/3.7 signal, formed by subsequent = spectra obtained after subtraction of the dark-adaptgasg@ctrum
incubation at—80 °C (Figure 3c), is smaller relative to its as described in the Materials and Methods section. EPR condi-
counterpart in Figure 1c. These differences are not large,tions: Spectra were recorded at 11 and 4.2 K (same plotting scale),
but they are reproduced in all similar experiments. It appears‘é"'é% %ﬂmodal cavity, receiver gain 6300, microwave frequency
) ; ) T . z, microwave power 32 mW, modulation amplitude 10

therefore that incubation of the NIR excited state at liquid Gpp, and modulation frequency 100 kHz.
helium temperatures favors the*S.Qa~ to S'...Qa branch,
while higher temperatures favor the transition to the S the S and S states (see Materials and Methods), it appears
intermediate. that the missing population of;®as decayed t0,SAs the

In support of the above observations, noticeable in Figure decay of the $state at—50 °C is slow @6), the major
3 (spectra at 11 K) is an increase (by-2Zb%) in the portion of the $to-S, conversion must be attributed to the
state spectral intensities following the50 °C incubation NIR-induced charge recombination via the'(§ = 5)
step (Figure 3d) as compared to their initial levels in Figure intermediate. The above changes should be accompanied by
3a. Assuming, approximately, equal initial populations of a decline in the @ Fe signal. As, however, this signal in
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Figure 1a represents 100% of the centers and is inherently
weak, the expected decrease of-112% would be difficult

to detect. Careful comparison of the spectra indicates that
the final intensity of the irorrsemiquinone (@ Fe(ll)) signal
shown in Figure 3d appears indeed diminished in comparison
to that of the initial $ state, but it is difficult to determine
the step at which the major decrease occurs. Figure 3e is
included as a reference and shows the spectrum of the S
state.

The Two Pathways of Decay of the NIR-ExcitgBgte
Leading to the $(g = 21/3.7) and 8(g = 5) Intermediates
Are SeparateThe g = 21/3.7 conformation in the spectra
of Figure 1 does not form at the expense of ¢ve 5 signal.

The g = 5 state is a half-integer-spin state,= “/, (odd
number of unpaired electrons}d), assigned to a lower
oxidation state of the OEC,,S(26, 41). Theg = 21/3.7
configuration having parallel mode components is assigned
to a state with an even number of unpaired electrons (a
modified S, S5'). Furthermore, no correlation could be found
between they = 5 and 21/3.7 signal sizes. More notably, in
the following experiments relating to route B of Scheme 1
(Figures 4-6 below), a sample with a prominegt= 5 sig-

nal (S state) leads by illumination to the,’&:...Qa"
intermediate (Scheme 1), but clearly ge= 21/3.7 signal is
formed after annealing te-80 °C. Therefore, the $5 and

S, pathways evolve independently and branch earlier than
the metallo-radical intermediate &°...Qs~. A common
precursor state,sS is assumed. The pathway of*3o S;'

is assumed to proceed via an unidentified intermediate,
denoted as8...Qx~ in Scheme 1. § appears to be an EPR-
silent configuration and is introduced to account for the
absence of a detectable predecessor of ghe 21/3.7
configuration during the 77 K incubation step, Figures 1b
and 3b. At 4.2 K (but not at 77 K), the transition of*So

S occurs more slowly than the evolution of the metallo
radical intermediate. This is suggested by the reduced
formation of theg = 21/3.7 configuration in the experiment
of Figure 3. The transition of 5 to &' requires higher

loannidis et al.
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Ficure 4: Prolonged incubation of the;State at 77 K and the

0 2000 3000 4000 5000

temperatures for activation, a few min at 200 K. It is effect of visible-light excitation at 4.2 K. The same sample was

interesting, however, that this latter transition can be activated
by prolonged NIR illumination at 4.2 K: in other experiments
(not shown) where 8 was reached by NIR illumination of

S; at 4.2 K and incubation (a few min) at 77 K, subsequent
prolonged NIR illumination at 4.2 K resulted in the evolution
of a significant fraction of § (g = 21/3.7 signal) during a
few minutes of dark adaptation at 77 K.

Route B. Prolonged Storage of the &tate at 77 K and
Subsequent Light Excitatiorlt was shown in the ac-
companying paper that prolonged storage £$tate samples
at 77 K results in the conversion of tige= 10 signal tog
5. The latter was assigned to an excited Sate
configuration, $, with spinS= 7/, (45). Nugent et al. 41)
showed that light excitation of this state at liquid-helium
temperatures inducegga~ 2 broad radical signal. This signal
appears to be similar to thgg~ 2 signal induced by NIR
excitation of the & state 42). The phenomenology ac-
companying thg ~ 2 signal formation in Nugent et ak{)

treated successively as follows: (a} State as prepared, (b)

incubation at 77 K for 55 days, (c) illumination with visible light

for 1 min at 4.2 K, (d) incubation at 4.2 K for 30 min and at 11 K
for 30 min, (e) incubation at 77 K for 10 min, (f) incubation-at

80 °C for 3 min, and (g) incubation at 50 °C for 2 min. (h) The
sample was subsequently allowed to relax to thet8te at 4£°C

and the spectrum of the, State was obtained by illumination at
—30°C. All spectra are difference spectra obtained after subtraction
of the dark-adapted spectrum as described in the Materials and
Methods section. The spectra at 4.2 K are scaled down by a factor
of 2 relative to the 11 K spectra. EPR conditions: standard cavity,
receiver gain 6300, microwave frequency 9.39 GHz, microwave
power 32 mW, modulation amplitude 25 Gpp, modulation frequency
100 kHz.

4a. Following 2 months storage at 77 K, thesiateg = 10
signal decreased significantly, and the sample developed a
strongg = 5 signal (Figure 4b). At the same time, the
Qa Fe(ll) signal decreased to about 30% of its initial size,
due to charge recombination. The recombining partners in
this particular experiment were approximately estimated to

is interesting, and we have looked at the respective changede S in 24% of the centers,,3n 9%, and tyr D in 37%.

more closely.

Figure 4 shows the effect of white-light illumination of
samples prepared in theg §ate and subsequently incubated
at 77 K for 2 months. The initial $state is shown in Figure

The estimations were based on a comparison of the initial
and final signal levels, as was described in the experiment
of Figure 3 of the preceding pape2€). The sample was
subsequently illuminated at 4.2 K with a white-light source
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(Figure 4c). Ag ~ 2 signal developed with a concomitant

decrease of thg = 5 signal (see alsdl and Figure 6). M 42K .
Notable is also the restoration t685% of the Q~Fe(ll) e
signal, indicating the rereduction ef55% out of the 70%

centers that had recombined during the 2-month storage. This

was accompanied by an approximate restoration of the signal b vis

Il size (i.e., oxidation of tyr D in a maximum of 35% of the
centers). As no other donor appeared to be oxidized, we
suggest that the species represented bygthe? radical is

the alternative electron donor.

Following 60 min storage at 4-211 K, the radical signal
decayed to a very small level, while the initial intensity of
theg = 5 signal was restored partially (Figure 4d), and the
Qa~Fe(ll) signal decreased t875% (and remained at this
level in the following spectra). The decay of the- 2 signal
is attributed to charge recombination of this species with the To B M. 7510

L time (mi
QaFe(ll) species and in part to oxidation of the Mn cluster o 32;;?-(";:-20 Y
(see below). A subsequent storage for 10 min at 77 K (Figure
Magnetic field (Gauss)

4e) resulted in an additional increase of thes 5 intensity
to about 90% of its initial size. Brief incubation ai80 °C Ficure 5: Broad radical ag ~ 2 in freshly prepared and 77 K

(Figure 4f) resulted in a significant decrease of the= 5 Stored g state samples. (a) Freshly prepargas&mple; induction
. . . . -1 by NIR illumination. (b) S sample incubated at 77 K for 55 days,
signal, but unlike the experiments of Figures 1 and 3 with visible-light induction. In both cases, the spectrum prior to

the NIR excitation of the Sstate, nog = 21/3.8 signal jjlumination at 4.2 K has been subtracted. EPR conditions: receiver
developed. This observation supports strongly the indepen-gain 6300, microwave frequency 9.39 GHz, microwave power 32

dence of the two pathways branching out of the NIR- mW, modulation amplitude 25 Gpp, modulation frequency 100 kHz.

excitation of the $state (see previous section). Inset: comparison of the decay rates of the broad radical in the

. . . . le. Circl |
Effects similar to those in Figure 4 are also observed by mgubcgzgsat%”;rf;’ 5%652%_ prepared sample. Circles, sample

NIR instead of visible light excitation of samples that had

been stored at 77 K. The results in this case are, howeversince bothg ~ 2 signals appear to be identical and their

complicated by the changes induced to the remaining nativedecay at 4.2 K is attributed to charge recombination with

S; state. The NIR excitation of the portion of centers that Q.. It may be argued that the difference lies in thg Q

have not decayed during prolonged incubation at 77 K, and acceptor. In fresh samples,nQis trapped by the initial

thus are still at the $state, results in spectral changes similar illumination leading to formation of §5In the 77 K stored

to those reported in Figures 1 and 3. samples, @ is reformed by illumination at 4.2 K after its
Transition of $ to $ at Elevated Temperature$Starting slow oxidation at 77 K. Therefore, there could be confor-

at —80 °C but more notably at-50 °C (Figure 4g), the mational differences at the acceptor side according to which

relaxation of theg = 5 and partial decay of the remainigg the Q. radical is more stable when formed-a80 °C, rather

= 10 signal resulted in an increase of therultiline, as than when formed at 4.2 K. An alternative explanation is,

compared to the spectrum in Figure 4b (11 K). The however, the following. The formation (via the NIR-excited

conversion of they = 5 (&' state) to the multiline and = Sg* intermediate) and decay (via recombination witlhQ®

4.1 signals (& state) at elevated temperatures was noted of the g ~ 2 radical in the fresh samples may have

earlier @41) and also in the preceding pap26) and in Figure comparable time constants, resulting in an apparent slow

3 of the present paper and is accounted for by thedSS, decay of the radical. In comparison, the formation of ghe

branch in Scheme 1. ~ 2 radical in 77 K stored samples;(State), via oxidation
White-Light Excitation of the ;S..Qu State Produces the by Psgo", must be very fast.

Same Metalle-Radical Intermediate, 22°..Qa~, That is To account for the above observations, two half times are

Reached by NIR-Light Excitation of the; State. (a) indicated in Scheme 1 for the stepB...Qx" t0 ' Z7...Qn.

Comparison of the g~ 2 Signals and Decay Kineticén The longer probably contains contributions from the stgp S

Figure 5, we compare thge~ 2 signal of a fresh Ssample to S'Z°, while the shorter is probably the true one and is
excited by NIR light (Figure 5a) to the spectrum of a 77 K measured during the cycle’SQy 10 S'Z°..Qn" 10 $'Z7...Qn.
stored sample excited by visible light (Figure 5b). The spectra  (b) Changes in the g- 5 Signal.As was noted in Figure
within the present experimental resolution appear very 4, white-light excitation of $samples that decayed to the
similar. S’ state by prolonged storage at 77 K results in the formation
However, a notable difference exists in the decay kinetics of theg ~ 2 signal concomitantly to the decrease of thre
of the two signals. The inset in Figure 5 shows two typical 5 signal (see alsdl). The diminution of the latter signal is
decay-kinetic traces of thg ~ 2 signal induced in a fresh  more clearly shown in the difference spectra of Figure 6.
S; sample and in a 77 K stored; Sample, at 4.2 K. The Spectrum a is the difference of spectrum-spectrum b
decay curves are best fitted with two exponential compo- in Figure 4 at 4.2 K, while spectrum b is the same difference
nents. Thus, in the case of the fresh sample, the signal decayat 11 K. It is apparent that white-light irradiation also results
with half times of approximately 20 and 185 min, while in in the appearance of the= 2.9 derivative signal. This can
the 77 K stored sample the half times decrease to ap-be explained in the context of the analysis of the 5/2.9
proximately 7 and 35 min. This difference is unexpected signals employing ar8 = 7/, spin Hamiltonian 26, 45).
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companion paper2g), the sample was transferred to tem-
peratures higher than 77 K immediately after the light
excitation at 4.2 K. Charge recombination was negligible in
this case, and an enhancement of thesi§nal atg = 10

was observed instead. It appears accordingly that storage at
4.2 K favors recombination of £ with the radical, while

at 77 K and above the positive hole on the radical is probably
transferred further on the donor side and charge separation
is stabilized 41). It is interesting that a similar phenomenol-
ogy applies to what appears to be ayZSstate produced
recently by white-light excitation of Sat liquid-helium
temperatures4@ see als®0). It would be more difficult to
confirm this high-temperature pathway with samples pre-
pared in the 8Z°...Qx~ state by NIR excitation of § due

to the presence of a significant fraction of centers that convert
to S via the §' pathway. Given the similarity of the
S)'Z°...Qn" states regardless of the way they were reached,
we assume in Scheme 1 that the high-temperature conversion

FiGURE 6: Induction of theg = 2.9 signal and decrease in the= to S is a common property of this metattoadical inter-
5 component caused by visible-light illumination at 4.2 K of a 77 mediate.

K stored § sample. (a) Difference spectrum generated by subtrac- . .
tion of spectrum b from c of Figure 4, at 4.2 K. (b) The same = Advances to 8 at Alkaline pH.It was shown in the

difference but at 11 K. EPR conditions are the same as those inaccompanying paper that illumination-a80 °C of samples
Figure 4. prepared in the Sstate at pH 8.1 produces tige= 5 signal,

characteristic of the Sstate. It appears accordingly that the

Small changes in the crystal field parameters would cause aS, state, while being a transient state at pH 6.5 (trapped at
deviation from the symmetry that favors a nearly isotropic 77 K), is comparatively stable at alkaline pH and can be
g = 5 signal and induce a diminution and perhaps broadeningformed directly by illumination of the Sstate at elevated
of theg = 5 feature and the appearance of ¢fve 2.9 contri- temperatures. Until the pH effects are more systematically
bution. As the exciting light may not be fully efficient in  studied, the $to-S' transition at high pH will be considered
converting all centers, the spectrum in Figure 4c is probably as tentative and is shown with a dashed arrow in Scheme 1.
a mixture of the unperturbed and the modified configuration.

It appears that the above crystal field change is triggered DISCUSSION
by the formation of they ~ 2 broad radical. Thg = 5 signal The Split Radical Signals at & 2 Are Assigned to Tyr
recovers slowly at 4.2 K during the decay of the- 2 signal, Z. Very similar (probably identicallg = 2 signals are
Figure 4d. Analysis of kinetic traces (not shown) indicates induced by two different mechanisms. In §amples that
that theg = 5 recovery is biphasic witlty, ~ 20 min for have decayed by charge recombination at 77 K (and have
the first phase. The second component is very slow and thus reached the state.SQa), production of they ~ 2 signal
difficult to determine with accuracy (half time in the range is due to light-induced charge separation (see also Nugent
of hours). Thus, the recovery rate of the= 5 signal is et al.,41). In fresh $ samples, induction of thg = 2 signal
slower than the decay rate of the broad radicaj at 2. In clearly is not due to charge separation, since the primary
the paper of Nugent et a4{), it was assumed that the two  acceptor, Q Fe(ll), is reduced in all centers prior to the
kinetic traces were similar, but careful examination of their low-temperature excitation. Besides, the effect is favored at
data shows a faster decay of the~ 2 signal. The latter ~ NIR wavelengths that are not efficient in producing charge
decays via recombination with the acceptor side as discussedeparation. Formation of the signal in this case parallels
above, while theg = 5 species requires warming up to 77 changes in the sEPR signals, suggesting that the signal is
K in order to reorganize and regain its initial crystal field the result of internal rearrangements in the Mn clustey (
parameters46, 45). The situation is fully analogous to the see also below). The decay of the split radical signals at 4.2
evolution of theg ~ 2 andg = 5/2.9 signals following NIR K is attributed to charge recombination with, Q while at
excitation of the & state described in the experiment of elevated temperatures, transfer of the positive hole to the
Figure 7 of the accompanying paper. Mn cluster is favored. These properties suggest a common

The $'Z..Qx~ to S'Z7..Qx t0 §'...Qx pathway in origin of theg = 2 signals in the two cases. The radical
Scheme 1 describes, accordingly, the gradual conversion ofresponsible for the signal is clearly a donor in redox
the metallo-radical intermediate regardless of how this state equilibrium with the Mn cluster, located close enough to the
was reached. The metattoadical state, £2°...Qx~, has also cluster, so that it is broadened by magnetic interaction with
an alternative pathway of de-excitation as discussed below.the Mn and can have an electrostatic influence on the crystal-

The Metallo-Radical Intermediate &&°...Qs~ Corverts field at the Mn site 26). The signal is reminiscent of the
to S...Qa~ at Elevated Temperaturedn the experiment of  broadened radical observed in inhibited samples and assigned
Figure 4, the sample, following light excitation at 4.2 K, to tyr Z° interacting with the Sstate of the clusterlQ, 32—
was incubated at the same temperature until the broad radicaB6). It is reasonable to assign the radical signal to tyag
decayed. This resulted in charge recombination between thewell.
radical species and QF€et, as judged by the decrease of Flowchart of the Various Eents.The complex phenom-
the Q."Fe* signal. In the experiment of Figure 6 of the enology described in this and the companion paper can be

1 'l 'l L
0 1000 2000 3000 4000 5000
Magnetic field (Gauss)
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followed more easily by means of the flowchart depicted in
Scheme 1. Following formation of the; State by white-
light excitation of the $state, two main routes are indicated
as described below.

Route A: Immediate excitation by NIR light at temper-

Biochemistry, Vol. 41, No. 30, 2003597

excitation of a Mn(lll) ion @3, 44, 50), although this is not
proven at present. The presence of a Mn(lll) ion in the S
state would suggest that no Mn oxidation occurs during the
S,-t0-S; transition in models assuming a Mn(lI)Mn(1Y)
valence composition of the,State (favored by most groups

atures below about 77 K results presumably in the formation (see, e.g., ref23, 51), but see ref24 for an alternative,

of an excited $ state, denotedsS Sz* decays to various
intermediates via either of two pathways. Slowly at liquid
helium temperatures but much faster at 77 &, &cays to
an undefined state, denoted’S which by raising the

Mn(l11) sMn(1V), view.

(i) We favor the presence of a radical in thes$ate. This
does not follow directly from the EPR spectra of the
unperturbed Sstate 48, 42) (a radical strongly coupled to

temperature to ca. 190 K decays to a spin state characterizedhe Mn should lead to integer spin states just like, e.g., a

by signals ag = 21, 3.7 in perpendicular mode, and 23 in
parallel mode, denoteds'S Upon further warming to 220
K, S5’ relaxes to the untreated State. Of particular interest
is the alternative pathway via the intermediatéZS..Qn.
This metallo-radical transient can be trapped below about
77 K (more favorably at liquid helium temperatures) and is
characterized by the split radicgl= 2 signal and the =
5/2.9 configuration of the Mn cluster. At elevated temper-
atures tyr Z reoxidizes g to the initial S state. At
temperatures below about 20 K, tyri2combines with @,
leaving the cluster in the,&~ state. This latter state may

Mn(1V) 4 configuration) or from the results presented in this
paper (it is not essential either for understanding the present
phenomenology). It is suggested, however, by a number of
observations. Recent Mn/KX-ray emission spectroscopy
(23) added strong weight to the interpretation of XANES
results assuming ligand-centered oxidatibg)( as opposed

to Mn oxidation 63, 54) during the $to-S; transition.
Independent support for the presence of a radical in the S
state is provided by the unusual reactivity of NO with the
S; state and the known preference of NO for certain radicals.
Fluorescence experiments at ambient temperatures indicate

be differentiated by the same state in the presence of'tyr Z that NO reduces o S 5 times faster thanSo S, (55).

by a somewhat more intenge= 5 signal. This could result

This trend is opposite to what is observed with hydrazine or

from a small change in the crystal field parameters. Further hydroxylamine $6; Schansker, G. and Petrouleas, V. Manu-

warming to 77 K induces a change in the crystal field
parameters of this configuration, which results in the
narrowing and increase of tlge= 5 signal and the loss of
theg = 2.9 signal (g state) 26, 45).

Route B: Upon prolonged incubation at 77 K, thesgte
recombines slowly with @ to yield a modified $ state
(S, g = 5) presumably identical to the respective state
above. The & state relaxes to the untreated Sate at
significantly higher temperatures, 220 K. Light excitation

script in preparation), and the results can be best explained
if we assume that the radical is in a bridging positién1(6,
23).

(iii) Tyr Z is placed approximately at the third coordination
sphere of Mn. This is compatible with the observed relatively
weak magnetic coupling of tyr-Zvith the spin of Mn both
in inhibited 37—40) and untreated preparatiorgs+{ 2 signal
in the present case), as well as with the current crystal-
lographic data, suggestjra 7 A closest distance between

of the §' state at liquid-helium temperatures results in charge tyrosine and the Mn25). A water molecule is suggested to

separation and trapping of the metati@adical intermediate
S)'Z°...Qn~ characterized by the split= 2 signal, loss ofy
= 5 intensity, and the appearance of tipe= 2.9 feature.

bridge the Mn ligands and the tyrosine. Future refinements
could consider the presence of calcium at this site.
(iv) Insights into the protonation state of tyr Z. There is

The properties of this state are similar to the respective stategeneral agreement that tyr Z in the oxidized state is neutral
reached via route A, except that the recombination rate (deprotonated) (for reviews, see, e.g., réfs3, 5, 57, 58,
between tyr Zand Q. is 3 times faster. As was discussed 59). The protonation state when the tyrosine is reduced is
in relation to the data of Figure 5 of the present paper, the less obvious. A protonated neutral tyrosine is often assumed
difference may lie on the acceptor side or on the interferenceparticularly in models suggesting a proton (or hydrogen
of the rate of formation of £Z° from the precursor states’s atom) abstraction role of this tyrosinéQ — 12). Alterna-
when reaching the metaltaradical intermediate via route  tively, certain groups favor a deprotonated-reduced tyrosine
(A). (13, 20, 57, 60). The question on the protonation state of tyr

It is interesting that the terminal state of both routes, S  Z relates to the issue of the proton contacts of tyr Z with its
can be reached by direct light excitation of & alkaline environment, a complex issue by itself, complicated even
pH. This not only confirms the assignment of the 5 signal further by the fact that most of the available studies are on
to an S configuration but also supports the suggestion that Mn depleted or inhibited preparations (for detailed recent
S, is a proton deficient configuration. reviews, see ref§8 and61). Independent evidence on this

Insights into the Molecular MechanisnThe changes important issue can be obtained by comparison of the low-
occurring during the various steps in Scheme 1 can betemperature electron donating properties of tyr Z with the
rationalized with the help of a simple molecular model to better-understood tyr D.
be described below. The model borrows ideas from the Tyr D is neutral in both the reduced and the oxidized state
elaborate theoretical study of Siegbahb6)( but it is (reviewed in58). Reduced tyr D cannot displace its proton
simplified and stripped down to the constituents that are at cryogenic temperatures and therefore cannot be oxidized
essential for understanding the present results. The mainby Psgst (the oxidation potential of the D(H)/D(H)couple
assumptions in constructing the model are the following: is prohibitively high £8)). Tyr D is a good electron donor

(i) A Mn(lll) is present in the g state. This is supported only at temperatures above about 200 K where the proton
by the sensitivity of $to NIR excitation. This sensitivity ~ can leave. However, oxidized tyr D can be slowly reduced
was observed first in the,Sstate and was attributed to by recombination with @ at 77 K, giving presumably the
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Scheme 2: Molecular Model of the Sequence of Events Described in Sctfeme 1
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a Atoms where the primary changes occur during each transition are drawn in bold. Nonessential atoms (a fourth, Nir;)@ae omitted, and
certain intermediates have been simplified for clarity.

reduced-deprotonated tyrosine. In this state, tyi€a very
efficient electron donor even at 4.2 K (reviewed6g see
also preceding pape2g).

It is apparent from the above that the question on the
protonation state of reduced tyr Z may not have a unique
answer. The strength of the hydrogen bonding in the native

Tyr Z exhibits a behavior analogous to that of tyr D in OEC may depend on the S state, and the extent of
preparations were the Mn cluster is removed or inhibited by deprotonation of the Mn cluster, due to environmental factors,
a number of treatment82). We suggest that the reduced e.g., the pH. The situation with the oxidation of tyr Z by
tyr Z in these inhibited preparations is protonated at ambient low-temperature charge separation (this brings an extra
temperatures, and the proton abstraction pathway is inef-positive charge in the tyr Z-Mn ensemble) should be,
ficient at low temperatures. The presence of the native Mn however, contrasted with the NIR-induced oxidation of tyr
cluster appears to improve the low-temperature electron-Z (the charge of the Mn-tyrZ ensemble is preserved), which
donating efficiency of tyr Z. In untreated preparations, the may not be limited by the same restrictions.

Si-to-S; transition is known to efficiently occur at temper-

A Molecular Model The above ideas are incorporated into

atures close to 77 K. Furthermore, recently Nugent et al. the molecular model shown in Scheme 2. In addition to one

(49; see also reR0) provided evidence that illumination of
the S state at 4.2 K produces the intermediat&-Swhich
upon subsequent annealing to 77 K advances to ilstafe.

Mn(lIl) ion two u-oxo bridged Mn ions are included (the
fourth has been omitted). The arrangement and valence
assignments of the Mn ions follow those of the model of

Interestingly, the same intermediate is produced by NIR Siegbahn 16), but clearly, this is a schematic illustration,

excitation of the & state at 4.2 K (Koulougliotis and

and variant models that do not violate the above criteria can

Petrouleas unpublished). Additional evidence is provided by be considered. The sequence of main events in the molecular
the present experiments. White-light excitation of the model of Scheme 2 follows that of Scheme 1. The®S;

transient state Sor NIR excitation of 3 at liquid helium

transition results in the transfer of an electron to the acceptor

temperatures invariably produces the same spectrum atside (Q, not shown) and a proton to the agqueous phase.
tributed to a broadened tyr:&ignal (see also below). A The positive hole is assumed to be located on a bridging
common observation in control experiments during the oxyl radical, as discussed above. Rather than tracing the

present studies is, however, that no tyrsignal could be

various paths, as in the description of Scheme 1, we will

induced by visible-light illumination at 4.2 K of the untreated focus here on certain key intermediates.

S, state (see also refl). A similar observation was also
made in the state 3S.Qa, trapped by illumination/dark-

An excited $ configuration, $, is the stable product of
charge recombination at cryogenic temperatures and is

adaptation cycles in the presence of an exogenous quinonebserved as a signal @ = 5. S' has the highest spin
(results not shown). This indicates a more efficient de- identified so far in the Mn cluste§= 7/, (45), and following
protonation of tyr Z at 4.2 K in the lower S-states unless a the initial suggestion4l), we assign it to a nonprotonated

higher S state is already de-protonated, like S

configuration of 3. This implies that the proton lost upon
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the initial S-to-S; transition is remotely displaced and can Scheme 3: Tyr Z as a Proton Repeller/Electron Abstractor

be restored only after raising the temperature to abciQ lumen
°C. In support of this assignmenty' @ppears to represent - H
an alkaline pH configuration of ;Sstable at -30°C, as the B B B
experiment of Figure 8 in the preceding pap8)(suggests. OEHZ O§H2 ol
The precursors to the,Sstate, $Z°* and $'Z-, are also [Mn]" [Ma]" "
of particular interest. In both states, the Mn cluster is B a O e HZ > O o 2 M o o HZ
(<]

= [, configuration, but with somewhat different crystal field
parameters (particular the axial distorti@y), from those of

the relaxed § at 77K. This is indicated by thg = 2.9
resonance which accompanies the comrgos 5 feature
(see, e.g., Figure 7b,c of the preceding papérand Figure

6 of the present paperp). It is reasonable to assume that
oxidation of the tyrosine affects charge equilibria in the
vicinity and induces proton movements in the cluster
resulting in modifications of the crystal field symmetry
around the Mn. We show schematically such a movement
in the scheme. The proton that forms the hydrogen bond
between tyr Z and the proximal water in the stateg &hd

S, is repelled to a distal OH (a direct ligand to Mn) when
tyr Z is oxidized (:_;tate £7°). This coulq be the first step of true-integer-spin state and perhaps EPR-silent.
proton translocation under normal circumstances and not

easily reversed at liquid He temperatures. This is schematic, '"Sights into the Deprotonation Pathway of tyr Z. A Proton
of course, and alternative paths cannot be excluded. An Repeller MechanisniThe above considerations indicate an

efficient exchange of protons between the Mn cluster and
tyr Z. This fact has been recognized earlier (see, e.qg., refs
64 and65) and, actually, has been the basis of the H-atom
f (or proton) abstraction mechanisni0-12). The latter
hypothesis assumes that protons removed from the Mn cluster
are translocated to the aqueous phase via tyr Z and a
subsequent array of proton acceptors. His 190 of the D
protein is assumed to be the critical primary proton acceptor.
This assignment is based, however, on studies of Mn depleted
or inhibited preparations (reviewed in re88 and61,)) and

the earlier considerations in this section argued that the

S, configuration of the Mn cluster. No simple comparison efficient proton acceptors in untreated preparations should

can be made with the present State (assigned to a singly € @ssociated with the Mn cluster itself.
deprotonated configuration of)Sparticularly since the EPR An alternative hypothesis is outlined in Scheme 3. We
signature of 8’ is not known yet. assume that water associated with the Mn cluster is in
The EPR spectrum of thesSstate, trapped at 190 K hydrogen-bonding contact with tyr Z. An array comprising
following low-temperature NIR excitation of fresh samples, this water and adjacent water (or OH or O) ligands to Mn
has components in both parallel and perpendicular mode,followed by a sequence of proton acceptors acts as an
but the perpendicu|ar-mode Spectrum with a pronounced efficient proton translocation pathway under normal circum-
Component ag =37 probab|y originates from a non-true- stances. Alternative bases in the V|C|n|ty would contribute
integer-spin state. It probably arises from the interaction of to the extent of de-protonation, but their role becomes of
a radical with a half-integer-spin state of the Mn cluster (a Primary significance only in cases of deficiency of the Mn
theoretical analysis is currently in progress). The absencecluster. Oxidation of tyr Z therefore repels the hydrogen-
of a broadened radical signal in tiyge= 2 region and the bonding proton toward the cluster and initiates proton
presence of a parallel mode component in the spectra indicatdranslocation via the cluster. This first step in Scheme 3
that the coupling between the radical and the Mn cluster is describes tyr Z as a proton repeller, and it is entirely
Stronger than the Coup”ng between tyr Z and the cluster. In consistent with the eXperimental observation that, proton
the context of the present model, it would be reasonable torelease during S-state turnover precedes the actual S-state
position the radical at one of the nonbridging oxygen atoms. transitions being correlated withedg" reduction and tyr Z
According to the calculations of Siegbaht6), water that ~ oxidation, rather than with tyr Z reductio@@, 57—59). The
is not directly bonded to Mn can assist the transfer of the second step in Scheme 3, the reduction of Tyby’the Mn
radical character among the oxygens by facilitating the cluster can be viewed as an electron/proton or hydrogen atom
accompanying protonation/deprotonation, with low cost in abstraction.
energy. The transfer of the oxyl character from a bridging In conclusion, the present work places the observations
to a terminal position has been suggested to be a physiologi-of this and the accompanying paper in a comprehensive order
cal step during the &to0-S, transition in certain modeld.6, and on a molecular framework. The main intermediates
17, 23). Accordingly, the present results could be an induced by the low-temperature NIR excitation of thestate
experimental demonstration of such a movement. Theseare attributed to the transfer of the positive hole to different

considerations could be refined in a number of ways to
account for the much higher thermal activation barrier for
the S$*-to-S3' transition compared with the 3Sto-S,'Z°
transition (Scheme 1) or the fact that thg¢..SQ.~ recom-
bination rate appears to be slower than the.@,~ rate at

77 K (preliminary unpublished observations). It is possible
that these properties reflect constraints imposed by proton
reallocation. Finally, various possibilities exist for the
precursor to &, denoted 8' in Scheme 1. One attractive
possibility would be that this transient represents a state
where the positive hole is on Mn itself. That would be a

attractive alternative would be the transfer of the hydrogen-
bonding proton to the bridging oxygen, which is the site of
the positive hole in §

In S;'Z°, we also observe in the EPR spectra the signal o
the tyrosine, broadened by a weak magnetic interaction with
the Mn cluster. The magnetic counter effect of the tyrosine
on the broad Mr5 = 7/, signal is too weak to be detected.

An £"'Z* intermediate (the double prime on % our
notation to distinguish from the present Bitermediate) has
been trapped by a pH jump to alkaline pH of samples in the
S; state 63). S' has been assigned to a doubly deprotonated
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oxygen ligands of Mn (or to Mn itself) and to tyr Z, 29
accompanied by proton rearrangements. The observations
support an intimate relation between tyr Z and the Mn cluster.
The proposal that oxidation of tyr Z repels protons to and 37
out from the Mn cluster may be viewed as bridging the two

main extreme views in the literature. 32.
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