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ABSTRACT. Near-IR (NIR) excitation at liquid He temperatures of photosystem Il (PSIl) membranes from
the cyanobacteriurBynechococcuallcanusor from spinach poised in the State results in the production

of ag = 2.035 EPR resonance, reminiscent of metalloradical signals. The signal is smaller in the spinach
preparations, but it is significantly enhanced by the addition of exogenous quinones. Etha8®,(2

v/v) eliminates the ability to trap the signal. The= 2.035 signal is identical to the one recently obtained

by Nugent et al. by visible-light illumination of the, State, and preferably assigned t'g [Nugent, J.

H. A., Muhiuddin, I. P., and Evans, M. C. W. (200Bjochemistry 414117-4126]. The production of

theg = 2.035 signal by liquid He temperature NIR excitation of thestate is paralleled by a significant
reduction (typically 46-45% in S. vulcanug of the S state multiline signal. This is in part due to the
conversion of the Mn cluster to higher spin states, an effect documented by Boussac et al. [Boussac, A.,
Un, S., Horner, O., and Rutherford, A. W. (199Bipchemistry 374001-4007], and in part due to the
conversion to thg = 2.035 configuration. Following the decay of the= 2.035 signal at liquid helium
temperatures (decay halftimes in the time range of a few to tens of minutes depending on the preparation),
annealing at elevated temperatures8Q °C) results in only partial restoration of the State multiline

signal. The full size of the signal can be restored by visible-light illumination&Q °C, implying that

during the near-IR excitation and subsequent storage at liquid helium temperatures recombination with
Qa~ (and therefore decay of the State to the Sstate) occurred in a fraction of centers. In support of

this conclusion, thg = 2.035 signal remains stable for several hours (at 11 K) in centers poised in the
S;---Qa configuration before the NIR excitation. The extended stability of the signal under these conditions
has allowed the measurement of the microwave power saturation and the temperature dependence in the
temperature range of 3:81 K. The signal intensity follows Curie law temperature dependence, which
suggests that it arises from a ground spin state, or a very low-lying excited spin stak,,{h@crowave

power at half-saturation) value is 1.7 mW at 3.8 K and increases to 96 mW at 11 K. The large width of
the g = 2.035 signal and its relatively fast relaxation support the assignment to a radical species in the
proximity of the Mn cluster. The whole phenomenology of the 2.035 signal production is analogous

to the effects of NIR excitation on the; State [loannidis, N., Nugent, J. H. A., and Petrouleas, V. (2002)
Biochemistry 419589-9600] producing an &Y z* intermediate. In the present case, the intermediate is
assigned to & 7. The NIR-induced increase in the oxidative capability of the Mn cluster is discussed in
relation to the photochemical properties of a Mn(lll) ion that exists in botarl S states. The EPR
properties of the & z* intermediate cannot be reconciled easily with our current understanding of the
magnetic properties of the; State. It is suggested that oxidation of tyr Z alters the magnetic properties
of the Mn cluster via exchange of a proton.

The light-driven oxidation of water to molecular oxygen occurs, consists of two polypeptide chains, D1 and D2, to
in green plants, algae, and cyanobacteria is catalyzed by avhich a number of electron transport cofactors are attached.
membrane-protein complex known as photosystem 1l Upon photon excitation of a specialized chlorophyll moiety,
(PSIl)! The core of PSII, where the main photochemistry known as Rsq electron flow is initiated during which a
Mn cluster acts as an electron donor 4P via the redox
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intermediate oxidation states,;-SS,, during sequential  signal displays a characteristic= 2.035 narrow absorption-
photon absorption by PSIl. Oxygen evolves during théoS  type component accompanied by less well-defiged 2.0
S transition (S being a transient state)o,Swhich is the components, and decays in the dark either by back reaction
lowest active oxidation state of the complex, is slowly with Qa~ or by forward electron transfer from the Mn cluster,
oxidized in the dark by the distant tyrosine D (known as then giving rise to a multiline signal attributed to a “non-
Yp) to the dark-stable state; fsee refsl—7 for reviews). relaxed” conformation of the_State. An apparently similar
Significant effort has been devoted in recent years to the Signal was detected in control experiments during the study
detection of metalloradical intermediates during the cycling of the S state involving excitation of Sby NIR light (N.
of the OEC. A broadened radical EPR signal, @30 G loannidis and V. Petrouleas, unpublished results).
wide (depending on the treatment), was initially observed The sensitivity of the Mn cluster to near-IR light was
in PSII preparations in which advancement to thestate ~ detected by Boussac et aBB¥-35), who observed that
was inhibited by calcium depletion, ammonia or acetate €xcitation of the & state by NIR light (action spectrum
treatment, etc.8—16). The signal and variants of it were peaking at~820 nm) at temperatures between 65 and 200
attributed to the ¥* radical interacting with the Sstate of K caused spin transitions in the Mn clust88,(34). A similar
the Mn cluster (8Yz"; 13—18), and subsequent theoretical €effect was subsequently observed in thestite g8, 29),
simulations have implied a short distances(A) between but the spin transitions inside the Mn cluster were ac-
Y2 and the Mn clusterd@—23). This is in agreement with ~ companied in this case by the transfer of the positive hole
the recent X-ray crystallographic data. This proximity is to tyr Z in a fraction of centers2@). These results were
sufficient to imply a direct role of ¥ in the water oxidation ~ reproduced in a cyanobacterial preparatig6)( The work
process 1, 17, 24—26). presented here extends the earlier studies and shows that NIR
It has been thought that,Yis too short-lived in intact ~ €Xcitation of the Sstate at liquid helium temperatures results

preparations to be trapped for EPR studies. A growing body in production of the same metallo_radical intermediate trapped
of evidence in recent years points, however, to the possibility Py Nugent et al.32), which is assigned to.$". The results
of trapping this radical at liquid helium temperatures. A are discussed on the basis of a model assuming proton
broadened radical EPR signal was observed ie@lving exchange between tyr Z and the Mn cluster.
_PSII preparations following a rather complex protocol, MATERIALS AND METHODS
including advancement to higher S states (by cycles of
illumination and dark adaptation), prolonged storage at 77 PSll-enriched membranes from market spinach (BBY
K, and subsequent excitation by white light at 1127y A preparations) were isolated by standard proced &s3g)
broadened radical signal was also observed following near-With some modifications. Samples for EPR measurements
IR (NIR) excitation of the $state at cryogenic temperatures Were suspended in a pH 6.5 buffer containing 0.4 M sucrose,
(28). In a follow-up study, the two signals were assigned to 15 mM NaCl, and 40 mM MES, at a final chlorophyll
the same intermediate state/Xs" (29), where $' is a one- concentration of 68 mg of Chl/mL, and subsequently stored
proton-deficient $ configuration trapped during the decay in liquid nitrogen (N). In certain experiments, the BBY
of S; at cryogenic temperature3(@). Visible-light excitation =~ membranes were supplemented with exogenous quinones,
of S;' in the experiment of Nugent et aR7) caused charge 1 MM DCBQ or PPBQ, from a stock solution in DMSO.
separation, while NIR excitation of;$n the experiment of ~ PSII core complexes frorBynechococcusulcanushighly
loannidis and Petroulea®8) caused backward electron active in oxygen evolution were isolated as described
transfer (from tyr Z to the Mn cluster), producing in both previously @9, 40).
cases the same metalloradical intermedia®. (A different Samples were poised in the Sate by dark adaptation at
radical intermediate has been trapped by a pH jump to 273 K for 1 h. The samples were advanced to thetdte
alkaline pH of samples in the;State. The radical has been by illumination at 200 K for 46 min. An 82 V, 360 W
assigned to the interaction ofwith a doubly deprotonated ~OSRAM 93525 halogen projector lamp filtered with a
S, configuration of the Mn cluster3(). saturated solution of CuS@as used. llluminations at liquid

In a recent straightforward experiment, a new broadened He temperatures were performed directly in the EPR cavity
radical EPR signal was detected by illumination with visible USN9 the same lamp for a maximum of 3 min in intervals
light at cryogenic temperatures 20 K) of O,-evolving PSII of 45 s, to avoid sample heatl_ng. A combllnatlon of water
membranes poised in the dark-stables@te 82). The signal ~ @nd @ 3 MMRG715 SCHOTT filter (absorbing below 715
was assigned to,%*, where X could be either ¥ (preferred nm) was used to select for_ near-mfrargd light, while a
option) or a carotenoid radical (C&). This new radical ~ combination 6a 3 mmBG389 filter (absorbing above 650

700 nm) and a saturated Cus&blution was employed to

I Abbreviations: PSII, photosystem Il OEC. oxygen-evolving select visible Iight. Poising the Mn cluster at_thgrﬁhltiline

complex; WOC, water o>'<idizing complexbé&, oxidation states of state and the primary electron acceptor quinong) @ the

the water oxidizing complex; tyr Z or Yand tyr D or Yp, fast and QXidi_Zed_ form, in BBY pre'parations, was aChieved. by
slow tyrosine electron donors of PSII, respectively; £ahd Car, illumination at 200 K for 6 min, followed by a short period

chlorophyll and carotene, respectively, acting as electron donors in side(15 s) of dark incubation at 0C and immediate freezing at

pathways; Q and @, primary and secondary plastoquinone electron f -
acceptors of PSII, respectively; BBY membranes, thylakoid membrane 77 Kin the presence of DCBQ or PPB@1]. Alternatively,

fragments enriched in PSII; MES, B{morpholineethanesulfonic acid); ~ the non-heme iron was preoxidized with 5 mMR€(CN);

chl, chlorophyll; PPBQ, phenyp-benzoquinone; DCBQ, 2,5-dichloro-  and acted as a stable electron acceptor during charge
benzoquinone; DMSO, dimethyl sulfoxide; NIR light, near-infrared se ;

Jenz . . acd. separation.

light; EPR, continuous wave electron paramagnetic resonance; liquid .

helium temperatures, temperatures well below 77 K reached by the EPR measurements were performed with a Bruker ER-

use of liquid helium as a cryogen. 200D-SRC spectrometer interfaced with a personal computer
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and equipped with an Oxford ESR 900 or ESR 910 cryostat,
an Anritsu MF76A microwave frequency counter, and a
Bruker 035M NMR gaussmeter. Typically, the spectra that
are obtained are averages of two scans, by using 4 mm
standard EPR tubes.

The power and temperature dependence ofjtke2.035
signal was studied primarily in BBY samples with Qoised
at the oxidized state. Control experiments with samples from
S.ovulcanuswere subjected to small corrections for the decay
of the signal during the experiments. The temperature was
calibrated with a thermocouple placed inside a test sample.
A separate control of the temperature was provided by
comparison with the temperature variation of tyr. Dhe
microwave power at half-saturatioR(,) of the SY;* signal
was calculated from a least-squares fit of the signal amplitude
(S versus the microwave pow& with eq 1

S=kP,,/(1+ PIP,,)"? (1)
wherek is a scaling constant and the paraméteras fixed
at 1 (limit of totally inhomogeneous line broadening).

RESULTS

A Broadened g= 2.035 Radical Signal Is Induced by NIR
Excitation of the $State at Liquid Helium Temperatures.
Samples prepared in the State have an unusual sensitivity
to NIR excitation, as was originally detected by Boussac et
al. (33—35). The Mn multiline signal arising from a8 =
Y, manifold converts in a large part to higher-spin states.
The effect is more pronounced in the presence 8%
ethanol which enhances the fraction of centers inShe
1/, configuration. It is shown below that NIR excitation at
temperatures close to 4.2 K of samples prepared in the S
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Ficure 1: Production and decay of tige= 2.035 signal in PSII
core complexes frorS.vulcanus The EPR spectra are the average
of four independent data sets. The following sequential treatments
are shown: (A) illumination at 200 K for 4 min of a sample poised
in the § state, (B) illumination of the Sstate &5 K with near-IR

light for a period of 3 min, (C) dark incubation for 30 min at 35 K

in the EPR cavity, and (D) dark incubation-aB0 °C for 5 min.

The EPR spectrum of the initial dark-stable §ate has been
subtracted from all spectra. EPR conditions were as follows: 11
K, microwave frequency of 9.41 GHz, microwave power of 38 mW,
and modulation amplitude of 25 G. The insets are the same spectra
multiplied by a factor of 5 to distinguish the spectral details. The
g = 2.035 signal induced by NIR illumination, theaQ-Fe**
signal, and the broad = 9.3 EPR signal are denoted by arrows.
The central region a = 2.0 has been omitted for clarity.

recorded following a subsequent incubation of the sample
at—80 °C for a period of 5 min. Thg ~ 9 signal decays to
the initial level, but the multiline signal is not fully restored.
While part of this decreased intensity could be attributed to

state induces a broadened radical signal. Experiments weréghe noncomplete conversion of tige= 5—9 signal, it can

performed in two types of preparations, a cyanobacterial
preparation fron$. vulcanusand a PSII membrane prepara-
tion from spinach.

be noted that the QFe*' signal is also smaller compared
to Figure 1A. Quantitations of the latter signal cannot be
accurate, however, because of the overlap with the multiline

Figure 1 summarizes the experimental observations on thesignal and with a potential negative contribution of the:

PSII core complex isolated fror8. vulcanus If one starts
with complexes poised in the State, illumination at 200 K
for 4 min causes advancement to thestte (Figure 1A)
which is concomitant with the reduction of the quinene
iron, QuFet, electron acceptor. In these cyanobacterial
preparations, the ;Sstate is characterized by the multiline
EPR signal centered @ = 2 and nog ~ 4 signal @85).
Other features in the difference spectra include theF@"
signal atg ~ 1.9 and negligible contributions gt= 3 due
to cytochromessso andbsss. lllumination & 5 K with NIR
light for 3 min (Figure 1B) induces several changes. The
amplitude of the & state multiline signal is reduced by
approximately 45%. This is accompanied by the formation
of a sharp signal aj = 2.035. A broad EPR signal gt~
5—9 can be also discerned in the 5-fold expanded traces.
The latter is attributed to the formation of high-spin states
(S= 9%,) of the Mn complex in a fraction of centers due to
the NIR illumination @5). A small portion of this signal
appeared to exist already in the Sate spectrum of Figure
1A. Sample incubation at+35 K for 30 min (Figure 1C)
results in complete decay of tlge= 2.035 signal.

In the experiments of Boussac et &3¢ 35), the original
multiline signal intensity was restored following storage for
a few seconds at 200 K. Figure 1D shows the spectrum

2.035 signal in Figure 1B. Further illumination at 200 K
results in restoration of the size of the signals in Figure 1A
(data not shown). In a separate control experiment (not
shown), storage of the,Q,~ state at—80 °C for a similar
period of time did not result in any noticeable charge
recombination. These observations suggest that the low-
temperature NIR excitation followed by the subsequent
storage at 35 K resulted in charge recombination in a fraction
of centers. This phenomenology is similar to the effects of
NIR excitation of the $state 80). Additional evidence for
this effect will be provided later.

Similar results were obtained with PSII preparations from
spinach. These are summarized in Figure 2.

The spectrum in Figure 2A represents thetate obtained
by illumination at 200 K, exhibiting contributions from both
the multiline and theg = 4.1 signal configurations. NIR
illumination of this state at liquid He temperatures results
in a decrease in the magnitude of the multiline signal (by
ca. 40% in this experiment) as evidenced from the difference
spectrum (NIR illuminated minus ,Sstate) (Figure 2B)
displaying an inverse multiline EPR signal. In addition, a
small g = 2.035 signal is induced. The latter signal is
significantly enhanced (by a factor of-3.5) in samples
supplemented with 1 mM DCBQ (Figure 2C) or PPBQ (data
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FiIGure 2: Production of they = 2.035 signal in PSIl membranes  preparations (A) or spinach BBY particles (B and C) by illumination
from spinach and enhancement of the signal size by the additionat 5 K in the EPR cavity for a period of 3 min. In each case, the
of DCBQ. The following spectra are shown: (A) the State signal was produced by the following procedures: (A and B) NIR
multiline signal produced by illumination at 200 K for 3 min of a  light starting with a sample poised at the Sate and (C) visible
sample poised in the;State (the spectrum of the initial dark-stable light starting with the same sample as in part B poised at the S
S, state has been subtracted), (B) changes induced by subsequertate. The EPR spectrum obtained after dark incubatier8at°’C
excitation by NIR light &5 K for 3 min (the spectrum of the,S for 3—5 min of each sample following NIR illumination has been
state has been subtracted), and (C) the difference spectrum as isubtracted from all EPR spectra. EPR conditions were the same as
part B but after initial addition of 1 mM DCBQ. EPR conditions those described in the legend of Figure 1.
were as described in the legend of Figure 1. The central region at
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g = 2.0 has been omitted for clarity. The insets are the same spectr,
multiplied by a factor of 5 to enhance the weak low-field spectral
details.

not shown). The contributions from the NIR-induced high-
spin signals in the low-field region of the EPR spectra are
weak compared to the earlier studi&3,(34), because of

8s entirely analogous to the production of the sam&/ 8

intermediate either by NIR excitation of the Sate or by

visible-light excitation of g (a proton-deficient Sconfig-

uration) @9).
It should be noted that no changes in the signal Il level

were observed during the production or decay of ghe

the absence of ethanol (ethanol enhances the NIR-sensitive2.035 signal.

fraction of centers) and the lower temperature of excitation

Decay Rate of the Radical Signaht Liquid Helium

of the samples in the experiments presented here. The spinacifemperatures, the Signal Decays PredominastlyCharge

samples displayed behavior qualitatively similar to that of
the S.vulcanussamples during sequential treatments similar
to those described for parts C and D of Figure 1.

Experiments similar to those in Figure 2 in the presence
of 2—3% ethanol resulted in ng= 2.035 signal formation.
Also, visible-light excitation of the Sstate produced ca. 35%
of the g = 2.035 signal compared to the size of the signal
produced by NIR excitation of the same state. Although the
action spectrum of the NIR effect was not determined, an
approximate window of~700—900 nm could be set as in
ref 28.

NIR Excitation of the SState or Visible-Light Excitation
of the S State, at Liquid Helium Temperatures, Induces the
Same Radical Signal in both Spinach and J8lcanus
Preparations.Figure 3 displays thg = 2.035 EPR signal
obtained in eithe&.yulcanus(Figure 3A) or spinach (Figure
3B) PSII preparations; samples were initially poised at the
S; state and subsequently illuminated with NIR light at 5 K.
When the same spinach PSIl sample is poised at lséae
and subsequently illuminated with visible light at 5 K, an
identical (in form and positionly = 2.035 EPR signal is
obtained (Figure 3C). A similar signal, but much smaller in
size than the one in Figure 3A, is also induced by visible-
light excitation ofS. vulcanussamples (not shown). The
signal induced by visible-light excitation of; Svas first
observed by Nugent et aB?) and assigned to;X*, where
X could be Yz* or Cart. Arguments in favor of the first
option (assignment to ;8;°) will be presented in the

Recombination with . The decay rate of thg = 2.035
signal at liquid helium temperatures depends on how it is
produced. In agreement with the study of Nugent et3) (
who reported &j, of approximately 4 min at 11 K, our
experiments indicated ta, between 3 and 6 min (data not
shown) when the signal is produced by illumination of the
S state with visible light. When thg = 2.035 signal is
produced by NIR illumination of the State, it decays with

a slower rate. Figure 41) shows the decay of the NIR-
induced signal in BBY samples supplemented with 1 mM
DCBQ. Fitting with biexponential kinetics yields, values

of approximately 3 min (45% of the signal) and 50 min (55%
of the signal). In PSII membranes isolated fr@mulcanus

the decay of the signal is even slower with an average half-
time (t12) of ca. 2 h (data not shown). A notable difference
in the samples fromS. vulcanus was the presence of
spontaneously oxidized iron in a fraction of centers.

The decay of the ¥ z* intermediate, produced by visible-
light excitation of the $state, has been attributed to charge
recombination at liquid helium temperatures, and forward
electron transfer, i.e., electron transfer from the Mn cluster
to Yz at =77 K (32). This general motif, charge recombina-
tion being favored at liquid helium temperatures and forward
electron transfer favored at77 K, was also observed with
the intermediate SY 7, produced by NIR excitation of the
S; state or visible-light excitation of the;Sstate (the decay
product of at 77 K) 9, 30). To test the potential influence
of the acceptor side on the decay of the NIR-induced Y

Discussion. It should also be noted that this phenomenologysignal, the decay rate was also examined in samples where
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FIGURE 4: Decay kinetics of the & signal at 11 K. The signal obtained at two different nonsaturating microwave powers (0.25
was induced by NIR illumination of the,State at 5 K. PSlI spinach ~ and 0.13 mW). The error bars correspond to an uncertainty of 7%
membranes were supplemented with 1 mM DCB@) $amples in the signal intensity. A linear fit is shown superimposed on the
with reduced, @, and @) samples with oxidized, Q The experimental data.

semiquinone oxidation was achieved by a brief (15 s) incubation

at 0°C of a sample poised at the-SQa™ state (see Materials and  vations of Nugent et al3@) and provide additional evidence
Methods). for the close association of the radical with a nearby
paramagnet, the Mn cluster in the Sate. The existence of

a paramagnetic form of the, State has been established in
the past via indirect43) and direct 44—47) observations

Table 1: Py, Values of theg = 2.035 (3Y") Signal Calculated
from Microwave Power Saturation Data

T(K) P2 (MW) (see the Discussion for further considerations). Fhe
g.g 11.11 2-3 values in Table 1 display magnitudes on the same order with

those of the “QYz” signal trapped in acetate-inhibited
samples42). Direct comparison cannot be made, however,

o ) because of the differing spin states of the Mn cluster in the
Qa~ was oxidized by short term (15 s) dark adaptation at g cases.

0—4°C of the $---Qa~ state in the presence of the external
quinone, DCBQ. The decay of tlge= 2.035 signal produced
by NIR excitation of the §--Qa state is plotted in Figure 4
(m). Clearly, apart from a fast decaying component (resulting
presumably from centers in which\Qwas not oxidized), a
significant nondecaying fraction (55%) exists. Qualitatively
similar results were obtained in experiments where the
S;-++Qa State was produced by illumination of the Sate
in which the non-heme iron was chemically oxidized. The
stabilization of theg = 2.035 signal in samples with oxidized
Qa strongly indicates that the signal in a significant fraction
of centers decays via charge recombination at 11 K. A lower
stability of Qa~ when produced by visible-light excitation
of S, at liquid helium temperatures could explain the faster
decay of theg = 2.035 signal compared with its homologue
produced by NIR excitation of the,State.
It is more difficult to check the high-temperature {7
K) fate of the Yz signal due to the presence of a significant pscussioN
fraction of nonreacted,%tate signals and the NIR-induced
interconversion among them. It is reasonable to assume, Assignment of the g 2.035 SignalThe phenomenology
however, that at high temperatures forward electron transferof the production of theg = 2.035 signal bears strong
(the normal pathway of decay of the;Y$* state via similarities to the trapping of a metalloradical signal during
conversion to 87) is favored. excitation of the gstate by NIR light 29). In that case, the
Power and Temperature Dependence of the Radical signal was assigned to;Ymagnetically interacting with the
Signal. The slow decay kinetics of thg = 2.035 signal Mn cluster in a singly deprotonated Sonfiguration. This
produced by NIR illumination of the State inS. vulcanus present signal is also assigned tg Magnetically interacting
and its increased stability in BBY membranes with preoxi- with the S state. The arguments in support of this assignment
dized Q (as described above) allowed for a measurement are the following. The same transient species appears as an
of its relaxation characteristics via, measurements as well  intermediate in the forward (charge separation}ps; (32),
as examination of its temperature dependence. Table 1 givesand the backward (charge recombination)td&S,, transition
the Py, values obtained at three different temperatures. The (this work), and tyr Z is the natural intermediate of the S
measurements are in agreement with the preliminary obser-state transitions. The broadened shape and the saturation

11 96+ 12

The temperature dependence of the= 2.035 signal
intensity at nonsaturating microwave powers is shown in
Figure 5. The inverse of the signal intensity varies linearly
with temperature (Curie law dependence) in the temperature
range that was employed (3:81 K). Consequently, it is
concluded that thg = 2.035 signal results from a ground
state, although, due to the limited accuracy of the temperature
determination in EPR experiments, one cannot exclude the
assignment to a low-lying excited state. It should be noted,
however, that no alternative signals attributed to the interac-
tion of the radical with a different spin manifold of the Mn
cluster could be detected. Of interest is, in particular, the
absence of a light-induced increase in a signal Il type
spectrum, which could result from the interaction of tyr Z
with an S = 0 state of the Mn cluster (see the Discussion
for further considerations).
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Scheme 1: Tentative Flowchart Summarizing the Scheme 2: Two Pathways of Formation of the/ o
Observations of This and Earlier Pagers Intermediate and Proton Equilibfia

+

<1 min Ml / hv (visible] ™ S .. H' Yo
vl e / 200K _—" "2 z

Tl—‘”" >77 K< 70K | 40/4 min % Sy H Y, = o NIR

N (visible) T<70K

kfi?ﬂ.‘(t + .
- - SH Y,

o ) . . a5, is assumed to exist as a mixture of a protonated)®d and a
a Excitation by NIR light of the $state results in the formation of deprotonated, S configuration.

a hypothetical excited state*Swhich at elevated temperatures returns

progressively to Svia high-spin intermediate84). At liquid helium evolve in sequence. The experiments of Boussac et al.

temperatures, 55 converts predominantly to the metalloradical inter-  suggested, however, that tige= 4.1 signal, generated at

mediate, 97" (this work). This is the same intermediate that is 140 K  js the result of two photochemical events. The visible

produce_d by visible-light excitation of the, State B2). See the te_xt light ind h fi d the® tili

for details about the two half-time constants given for thé;S--Qa 9 '_n_ uces charge separation an, h - SZ (multi ,'ne)

to Si-+-Qa step, and about the thermal barriers affecting the decay of transition, and the NIR part of the illumination excites the

the S*-+-Qa~ state along the two different pathways. Thesfate is S, multiline configuration to theg = 4.1 signal 83). It

assumed for simplicity to be characterized by the Mn multiine EPR gppears therefore that the high-spin configurations evolve

signal, MI, only. See Materials and Methods for a description of the 51ong g pathway different from the one that produces the

NIR and visible-light (v.1.) illuminations. . . . . .
metalloradical state. The fact that the high-spin configurations

properties of the present and also of all the related metallo- evolve at higher temperatures than the metalloradical state

radical signals associated with the donor side (see themay indicate the presence of a thermal activation barrier in

introductory section) indicate proximity to a fast relaxing the former case. This interpretation is similar to the observa-

species. Furthermore, the signals vary in shape dependingions relating to the NIR excitation of the; State R9).

on the oxidation state of the Mn cluster. Clearly, the signals Accordingly, NIR excitation of $is assumed for simplicity

must result from a species in the proximity of the Mn cluster. to produce a single transient*S S,* decays along two

Of the known electron donors implicated in direct or side independent pathways as shown in the flowchart of Scheme

pathways of electron donation, Gldnd Car (48—54) are 1.

rather far from the Mn clustei56, 56) and were shown to The flowchart in Scheme 1 is simplified in a number of

have radical EPR spectra independent of the presence omways. The $state is represented only by the configuration

absence of Mn48, 55). Clearly, tyr Z is the only suitable  exhibiting the multiline signal. In many preparations, how-

candidate. ever, theg = 4.1 signal represents the stable configuration
A Flowchart.The results of this and of the earlier related in a significant portion of centers. The situation with the
observations32—35) are incorporated into the flowchart of = 4.1 signal representing the ground state configuration in

Scheme 1. The chart starts at the upper right corner with thea number of centers and an NIR-excited configuration in
S, state. Visible-light excitation of Sat 200 K results in centers exhibiting the multiline signal (see &7 for a
advancement to the,State (horizontal step). The intermedi- thorough review of thg = 4.1 configuration) would be too
ate SY 7 is too short-lived at this temperature, but it can be complicated to consider here. The Sate is also heteroge-
trapped by visible-light excitation of;Sat liquid helium neous, and this will be considered below in Scheme 2.
temperatures (right vertical step3d). This intermediate Furthermore, not all steps in the flowchart can be optimally
recombines slowly at liquid helium temperatures (several to produced in a single type of preparation. Ethanot 3%,
tens of minutes at 11 K) with £. Transfer, however, to  v/v) enhances the fraction of centers in the multiline
>77 K immediately after the illumination results in advance- configuration and allows for the clear observation of the spin
ment to $ (diagonal transition)32). It has been shown in  transitions in spinach preparatior83(34). The presence of
the work presented here that the reverse pathwayo S,, ethanol on the other hand precludes the observation of the
can also be activated at liquid helium temperatures. NIR metalloradical intermediate (r&2 and this work). Further-
excitation of the  state induces the same metalloradical more, theg = 4.1 state cannot be trapped in cyanobacterial
intermediate, 9§ z°, which decays along the same routes, as preparations, and thg = 10/6 state evolves at higher
shown in the lower right part of the diagram, albeit with temperatures and with somewhat modifgedalues 85). The
somewhat different kinetics reflecting perhaps differences flowchart can be accordingly considered tentative at present
in the stability of Q™. and form the basis for future refinements. On the other hand,
The left side of the chart includes the original observations the chart presents an interesting analogy with the one
of Boussac et al. 33—35), who demonstrated that NIR characterizing the Sto S transition @9) in stressing two
excitation at cryogenic temperatures converts reversibly theimportant experimental facts. The tyr ihtermediate can
multiline-exhibiting S = '/, state to higher-spin states. At be trapped at liquid helium temperatures, and NIR excitation
~65 K, anS = %, intermediate withg = 10 and 6 EPR induces similar effects onp,@nd S: oxidation of the tyrosine
signals can be trapped. This is converted at higher temper-by the Mn cluster and internal spin transitions in the Mn
atures to the § = 4.1” configuration, which in turn decays cluster. Insights into the unusual NIR sensitivity of both S
to the multiline configuration at approximately 170 K and and S are provided below.
higher temperatures. It might be argued that the metallo- NIR Sensitiity of the $ and S StatesExcitation of the
radical intermediate and the high-spin configurations of S Mn cluster in the $and S states with NIR light can result
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in two different phenomena. It can cause spin state transitionsin the formation of an initial excited state, which promptly
(evolution of transient excited states characterized by newdecays to a thermally relaxed excited state Mn(lll)*. The

EPR signals at low magnetic fields) (see r@fsand 35 for
S; and ref28 and29for S3), or it can result in the oxidation
of tyr Z, as described in detail here and in rég 29, and

36. Boussac et al. attributed the phenomenon of the spin state

transitions in the Sstate to either an intervalence charge

transfer within a Mn(ll1)-Mn(1V) unit of the cluster 83)

or a spin state transition of a Mn(lll) atom from &~ 2

state (high-spin) to ars = 1 state (low-spin) 34). The

phenomenon of the oxidation of tyr Z implies an NIR-

induced increase in the oxidative capability of the Mn cluster.
An NIR electronic transition in @evolving photosynthetic

energy of the latter can be roughly estimated to~00
nm (11 111 cm?).

Mn(ll1) <= Mn(lIn* 1)
Mn(lll) + e == Mn(ll) (2)
Mn(lll)* + & = Mn(ll) 3)

Reaction 1 shows the excitation and relaxation to a

membranes was first noted by Dismukes and Mathis in the thermally relaxed excited state Mn(lll)*, which results in

range of 736-900 nm, and this was found to correlate with
the population of the Sstate 68). The action spectrum of
the NIR-induced spin state transitions in thesgte exhibits

a broad maximum at+825 nm @3). The action spectrum of
the NIR effects on $or the induced oxidation of tyr Z was
inferred to lie in the range of 766000 nm @8). Recent

an energy gain of 1.4 eV (900 nm or 11 111 ¢ The

free energy change\G*) of reaction 1 equals-nE*. Thus,

E* = —1.4 V. The standard redox potential for reaction 2
[E%umyap] is not known. Reaction 3 can be obtained by
subtracting reaction 1 from reaction 2. Therefore, the standard
redox potential for reaction Ep+n] is calculated with

experiments detected a weak NIR absorption band in the S the relationE%uym — E* = E%uyqy + 1.4 V. This increase

state that closely matches the action spectrum of the NIR-

induced spin transitions in the, State §9). These authors,

of 1.4 V represents an upper limit, since some loss of
absorbed energy due to reorganization of the excited state

on the basis of previous work (see below), assigned the NIR may occur. Hence, the Mn cluster upon NIR light irradiation

band to a &-d transition within the gorbitals of a Mn(lll)
atom of the cluster59). NIR absorption bands have been
observed in a number of six-coordinate monomeric Mn(lll)
complexes §0) and dimeric dix-oxo Mn(lll)—Mn(lV)
complexes §1). These bands have been attributed to spin-
allowed d-d transitions within the levels of theglground
state of the ¢ Mn(lll) ion, which are split due to Jahn
Teller distortion. In monomeric complexesPa, symmetry
was assumed and the band was assigned teBthe—~ 5A4
transition 60). In the dimeric dig-oxo Mn(lll)—Mn(IV)
complexes, a symmetry @, was assumed for the M@,
core, and the NIR band was attributed to fiilz — 5A;
transition @1).

Excitation of metal complexes by light absorption results

acquires a highly oxidative center, an excited Mn(lll) atom,
which is capable of abstracting an electron from the nearby
tyr Z.

The fact that both the ;Sand S states show the same
sensitivity to NIR illumination suggests that there is a
common Mn(lll) which does not change oxidation state
during the $— S; step. If it is assumed that in the State
the cluster contains two Mn(lll) and two Mn(lV) atoms [an
assignment favored by most authors, but see/r&dr the
assumption of a four-Mn(lll) arrangement], the above
considerations add weight to the view of ligand-centered
oxidation @6, 67) as opposed to Mn oxidatio®8, 69) during
the S to S transition. Evidence suggesting the presence of
a radical in the $state 70) has been discussed previously

in excited states, which possess considerably more stored29). It should be noted, however, that the possibility of
energy; as a result, excited states may have different bondequilibrium between ligand-centered oxidation and Mn-
distances and angles, and larger vibrational and rotationalcentered oxidation configurations cannot be excluded on the
energies. Markedly different redox potentials are observed basis of the considerations presented here. Static or dynamic
between ground and excited states, too. Therefore, excitedequilibria between heterogeneous configurations appear to
states exhibit a different driving force for electron transfer be a characteristic feature of the precursgstate.

reactions; i.e., they are stronger oxidants and reductants than The NIR sensitive Mn(lll) atom should be potentially
precursor ground states. This is exemplified by numerous present in the Sstate, too. In fact, in a recent resonance
studies on the photochemistry of Cr(lll) and Ru(ll) com- Raman scattering study, it was concluded that in thet&e
plexes 62 and references therein). For example, the Cr(Ill)/ there is an NIR electronic transition withia, of ~820 nm
Cr(Il) redox potentials in a series of substituted polypyridine (71). Preliminary experiments failed to produce agZS

complexes, which lie in the region 6f0.45 to—0.15 V,
increased to 1.231.55 V upon illumination at~400 nm.
That is, the Cr(II1)*/Cr(Il) couple, where Cr(lll)* represents

transient upon low-temperature NIR excitation of thestate
(in a fashion similar to formation of the;& intermediate
by NIR illumination of the $ state). Such an intermediate

the excited state, became more oxidative by approximately might be short-lived due to the redox potential of thes@te

1.7 V (63). Furthermore, electronically excited Re(l), coupled
to azurin 64), and Ru(ll), in a supramolecular complex
containing tyrosine 5), were shown to act as powerful

being lower than that of the,State 72). Recently, however,
what is most likely an &* intermediate has been obtained
by visible-light excitation of the Sstate at liquid helium

reductants by donating one electron to an electron-acceptingemperatures (J. H. A. Nugent, personal communication; C.
sink; their oxidized states afterward caused the formation of Zhang and S. Styring, personal communication). It is possible

tyrosyl radicals in high yields.

then that the NIR excitation energy is dissipated within the

According to the above discussion, the redox potential of Mn cluster [formation, e.g., of a Mn(H)Mn(IV) short-lived
the excited state of an Mn(lll) atom can be estimated as transient] in the low-valence ;SMore experiments are,

follows. Absorption of light at 825 nm (12 121 ch) results

however, required in this direction.
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Magnetic Interaction between &nd tyr 2. The S state all fractions advance to.®y illumination at>200 K, since
can be prepared in a diamagnetic or a paramagnetic config-the protonated Sfraction can displace its proton at these
uration @3, 44). Two different types of integer spin EPR elevated temperatures. The NIR-induceddS,Y 7 transi-
signals have been detected in the paramagnetoo&igu- tion does not require the net loss of a proton, but a proton
ration by parallel-mode EPR: an600 G broad EPR signal  (and electron) transfer from tyr Z to the Mn cluster over a
centered ag = 4.8 (44, 45) and a multiline signal centered  hydrogen bonding distance; it is accordingly not limited by
atg = 12 (46). The latter has been detected initially in PSIl the same restrictions that apply to thet& S, Y 7 transition.
preparations from the cyanobacteriuBynechocystisp. These ideas are illustrated in Scheme 2.
PCC6803 46) and subsequently in spinach preparations Clearly, the same$i*--Y* configuration is trapped via
depleted of the 23 and 17 kDa extrinsic polypeptid€s.( both pathways. The extent of protonation and the site of
In the present case, the same radical spectrum is obtained ifprotonation of the Mn cluster in this intermediate state are
a different cyanobacterial species and in a spinach preparadifferent from both starting Sconfigurations (the simplified
tion. The radical is broadened by a magnetic interaction, but notation SYz* used throughout this paper is misleading in
it is not clear what is the spin of the Mn cluster that is causing this respect), and this may affect its magnetic properties as
the broadening of the spectrum. Yamauchi et al. concludedimplied in the previous paragraph. The above considerations
that theg = 4.8 signal originates from a8 = 1 excited are entirely analogous to the trapping of the transient state
state separated by 2.5 K from tBe= 0 ground state45). S'Yz by NIR excitation of the $state or by white-light
Presumably, th&= 1 state could be the state that interacts illumination of §' (29). S, is the decay product of ;Sat
magnetically and broadens the radical signal. The dominantcryogenic temperatures, and represents a deprotonated S
fraction of centers should, however, be in tBe= 0 state stateS = 7/, configuration 80). Unlike the deprotonated;S
and exhibit an unperturbed radical signal from tyrQareful configuration which can represent a significant fraction of
experiments in thg = 2 region showed no changes in the centers, § must represent a negligible fraction of the S
level of signal Il during the production and subsequent decay state under normal conditions, since thé®S; advancement
of the SY* signal. It is unlikely that the expected weak in a variety of preparations is always accompanied by the
coupling between the tyrosine and the Mn clusgg) (vould net loss of one proton. Accordingly, visible-light excitation
affect considerably the magnetic structure of the Mn cluster. of S, at 4.2 K fails to produce detectable levels of the tyrosyl
It is possible, however, that oxidation of tyr Z modifies the transient Y.
Mn cluster via electrostatic interactions, as the following
considerations imply. ACKNOWLEDGMENT
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