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Proximity of Acetate, Manganese, and Exchangeable Deuterons to Tyrogime Y
Acetate-Inhibited Photosystem || Membranes: Implications for the Direct
Involvement of ¥z* in Water-Splitting
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Receied May 28, 1997; Résed Manuscript Recegd July 16, 1997

ABSTRACT. The environment of the photosystem I*Yradical, trapped in the “split-signal” form, is
examined in acetate-treated PSIl membranes using pulsed EPR methods. The split-signal line shape is
simulated with dipolar and exchange couplings to the Mn cluster of 1260-&8dMHz, respectively.

The 1260-MHz dipolar coupling corresponds to a-M¥y* distance of 3.5 A in the point dipole limit. A
0.117-MHz dipolar coupling is observed between nonexchangeable deuterons of methyl-deuterated acetate
and Yz*. This interaction is modeled with a 3.1-A distance between an acetate methyl group deuteron
and the phenoxy oxygen ofzY. Since acetate inhibition is competitive with Clthis result strongly
suggests a close proximity between* ¥ind the Ct cofactor binding site. Analysis of pulsed ENDOR

and ESEEM experiments investigating the proximity of deuterons exchanged into the vicinity of Y
after incubation irfH,O-enriched buffer demonstrates that ¥apped in the split-signal form participates

in two hydrogen-bonding interactions, in contrast tg*,Ywhich forms a single hydrogen bond. This

result is inconsistent with a simple electron transfer role fgrand provides direct experimental evidence

for a role for Yz* in proton or hydrogen atom transfer.

Photosystem I (PSH) couples photooxidation of the is particularly crucial for the hydrogen atom abstraction
chlorophyll specie$sg to the cyclic oxidation of water to  model, due to the short tunneling distance possible for the
molecular oxygenX—6). The water oxidation chemistry relatively massive hydrogen atorhd). On the other hand,
occurs in an oxygen-evolving complex (OEC), consisting the proton abstraction mechanism, which decouples electron
of a tetranuclear manganese cluster, essential cofactéfrs Ca transfer from proton transfer, could operate over a longer
and CI, and the redox-active tyrosine;Y(D1-Tyrl61, distance, since electron transfer can take place over a distance
Synechocystisiotation). The oxygen evolution cycld)(  of many angstroms, and the proton transfer could involve
involves five 'S’ states S—S, where the subscript represents  one or more intermediate proton transfer sites between
the number of electron equivalents removed from the OEC, substrate water and,Y It is important to further refine our
referenced to the most reduced st&e, Molecular oxygen  estimate of the distance betweep &hd the Mn cluster and
is released following the formation of the fing state, and  jts substrate water ligands in order to better define possible
the OEC then resets to I8 state. mechanistic roles for ¥in the PSII water-splitting chemistry.

Recent models have invoked the redox-active tyrosine Y | terms of water accessibility to the,¥site, it is clear

directly in the water-splitting chemistr$(8-11). Inthese  thatin Mn-depleted PSII preparations, deuterons from bulk-
models, the neutral 2 tyrosine radical, present as an phaseH,0 can rapidly exchange into the immediate vicinity
oxidized electron transfer intermediate betwd®g," and of Y, in contrast to deuteron exchange into thg' ¥ite,

the Mn cluster, acts to abstract protoBsdr hydrogen atoms  \yhich is quite slow regardless of the presence or condition
(9) from substrate water molecules bound to the Mn cluster. ¢ the Mn cluster {3, 14. This is an important result

A requirement for these model; to be correct is a close yacause exclusion of water from the vicinity of Would
proximity between ¥ and water ligands to the Mn cluster, o jnconsistent with the predictions of models invoking Y

an(_j In part these mOO_'e'S were inspired by our previous directly in water oxidation. However, since these previous
estimation of a 4.5-A distance between the Mn cluster and deuteron exchange experiments were performed in Mn-

, n .
Yz in C&"-depleted PSIl membrane8)( A short distance depleted PSII particles, it is not clear how these results relate

to water accessibility in the Mn intact system. Unfortunately,
This work was supported by Grant MCB 9513648 from the due to the rapid Ma— Yz electron transfer rate in the intact,

Nafigga\:vﬁgiﬁncccir';ggggggﬁQé should be addressed fully functional OEC, it is not possible to trapYin oxygen-
® Abstract published i\dvance ACS Abstractsepterﬁber 15, 1997. evolving preparations. However, several treatments allow

~ 1 Abbreviations: EPR, electron paramagnetic resonance; CW, con- for Yz* trapping in PSIl membranes where the Mn cluster is
tinuous wave; OEC, oxygen-evolving complex; PSII, photosystem Il present, albeit in an inhibited form. In such inhibited

ESE, electron spin echo; ESE-ENDOR, ESE electron nuclear double : : ;
resonance; ESEEM, ESE envelope modulationad Yz, D2-Tyr160 systems, the ¥ EPR signal is broadened by magnetic

and D1-Tyrl61, respectivelySgnechocystisotation); Yo' and Ys*, interaction with the Mn cluster, resulting in a characteristic
neutral radical forms of ¥ and Yz, respectively; MES, 2N- split-signal line shape8( 11, 15-20). The conclusive

morpholino)ethanesulfonic acid; PPBQ, phepytbenzoquinone; Tris, ; i i i Qi .
tris(hydroxymethyl)aminomethane; EGTA, ethylene glycol fis( aSSIanéegt gSItEhEeMo”gm pf th;S Sp||t|S|gnaIPt(S)|zleas
aminoethyi ether)N,N,N,N-tetraacetic acid; DMSO, dimethyl sulfox- ~ Proviaed by experiments employing prepara-

ide. tions incorporating deuterated tyrosirkl.
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occurs at th&,-state, allowing one to trap the configuration

S + Y7z (23, 24).2 In such acetate-inhibited PSIl mem-
branes, we have examined the accessibility of exchangeable
hydrogen sites in the immediate vicinity ofo deuterons
introduced fron?H,O-enriched buffer using the pulsed EPR
methods of electron spin echelectron nuclear double
resonance (ESE-ENDOR) and electron spin echo envelope
modulation (ESEEM).?H ESE-ENDOR experiments dem-
onstrate the presence of a class of deuteron(s) with hyperfine
couplings comparable to that of the well-characterized
hydrogen-bonded proton/deuteron site of the dark staple Y
radical. Analysis of théH envelope modulation indicates
that there are two such deuterons, in contrast to the case of
the?H modulation pattern of ¥*, which arises from a single
deuteron. The presence of two such coupled deuterons in
close proximity to z* provides direct experimental support
for the recent models invoking 2Y directly in water
oxidation.

In addition, we have performed the ESEEM experiment
on PSIlI samples treated with acetate deuterated at the
nonexchangeable methyl group positiond3HgCOO™). This
experiment probes the distances front ¥ these’H sites,
and we model the observédl modulation as arising from
an acetate methyl deuteron positioned approximately 3.1 A
from the Yz* phenoxyl oxygen. Given that acetate binds
competitively with chloride, this result suggests that the CI
cofactor binding site is quite close ta*Y No 3C modulation
was observed from preparations incubated with acétate
labeled at either the methyl or the carboxylate carbon. The
lack of 1*C modulation provides constraints to the orientation
of the acetate molecule relative tg'Y In addition, a new
analysis of the split-signal line shape in the acetate-treated
sample provides an effective dipolar coupling distance of
3.5 A between ¥ and the Mn cluster. Thus our EPR results
lead to a picture of an oxygen evolving complex containing
the Mn cluster, the ¥ tyrosine radical, and the cofactorCl
all within very close proximity.

MATERIALS AND METHODS

Materials. ?H,O (99.96% deuterium enrichment; low
paramagnetic ion content), isotopically-labeled sodium ac-
etates (133C, 99% enrichment; 23C, 99% enrichment) and
isotopically-labeled glacial acetic acids {3z, 99% enrich-
ment; 213C, 99% enrichment; acetic acitl; 99.5% enrich-
ment) were purchased from Cambridge Isotope Laboratories
and used as received. Sodium acetat€99% deuterium

CW derivative EPR spectra (a and b) and ESE absorption EPR €Nfichment) was purchased from ISOTEC and used as
spectrum (c) of acetate-treated PSII particles (illuminated minus received. Phenyb-benzoquinone (PPBQ) was purchased
dark-annealed signals). The large= 2 Yo' signal has been excised ~ from Aldrich and recrystallized from an ethanol solution.
‘;Or';C'?c:;%angBefpg“r_n%mal E&egrriarln glrsnglay;(rjalnr;erigrsls bandc  sample Preparation. Oxygen-evolving PSli-enriched
9.51pGHZ MW pgwer: s?iz'mwpmodulatioﬁ amp”tudéM‘SNG_ membranes were isolated from market spinach using a
modulation frequency= 100 kHz, temperature= 10.0 K (a and ~ Mmodification of the method of Bertholet al. (25-27). All

b); vmw = 10.013 GHz;z = 210 ns;7/2 = 15 ns, MW power~ steps were performed under coldroom conditions in the dark
50 V\ll,t_repetmon t:flt_e= dGE Hz, tenlﬂperatlﬁr? 4.2 K (C%- IThe . or under very dim green light. Isolated PSIl membranes were
simulation was obtained by convolving the experimental spectra ragyspended in a storage buffer (400 mM sucrose/20 mM
with a Pake patterr§= 1/2, S= 1/2) with 1260 MHz dipolar and MES—NaOH (pH 6.0)/15 mM NaCl/5 mM MgGI5 mM

—28 MHz exchange coupling; = 3.5 A. Aaivii
CaChb) and frozen in liquid M. 2H,0O-exchanged, non-

Acetate incubation is one treatment that gives rise to the
broadened split-signal version of the*Yadical EPR signal, 2The split-signal has often been referred to asSastate signal,

i i i inhibhi and indeed it arises from the electron donor side of PSII trapped in a
as displayed in Figure 1a. Acetate appears to inhibit the state three oxidation equivalents removed firbut since the origin

oxygen evolution chemistry by SUbStitu_ting for the essential f the signal has been identified as*¥nteracting magnetically with
Cl~ cofactor @1, 22). The blockage inSstate turnover  the Mn cluster in theS-state, we prefer the “split-signal” denotation.
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acetate-inhibited PSIl membranes were resuspended inT in the stimulated echo sequencel2—t—7a/2—T—n/2—

storage buffer made witfH,O and allowed to incubate in
the dark in ice/water with gentle stirring for 12 or 24 h.
Control samples in natural abundant¢,O buffer were

prepared in a parallel fashion. Acetate-treated PSIl mem-

branes (natural abundance, £HDO; methyl deuterated,
C?H;COO; and carboxy carbon labeled, GfCOO™) were

7—stimulated echo33, 39. ESEEM spectra were recorded
both following illumination to trap the split-signal and
following subsequent annealing to detrap the split-signal.
After subtraction of the annealed sample data from the
illuminated sample data, the resultant “light-minus-dark” time
domain data sets were then normalized in deuterated/natural

prepared by washing PSII membranes three times in a bufferabundance pairs, and (deuterated/natural abundance) ratioed

containing 400 mM sucrose/40 mM ME®IaOH (pH 5.5)/
500 mM sodium acetate (SMAc buffer) at sequential

modulation patterns were generated in order to isolate only
those features arising from deuteron exchai®gg (A cosine

concentrations of 0.2, 0.3, and 0.6 mg of Chl/mL, based on Fourier backfill procedure3g) was used to reconstruct the

the methods of MacLachlan and Nuge8) and Szalai
and Brudvig 23). The methyl carbon-labeled acetate
(33CH;COO") samples were washed twice in 400 mM
sucrose/40 mM MESNaOH (pH 5.5) (SM buffer) and once
in 13CH;COO™ SMAc buffer; these samples were found to
display equivalent split-signal EPR line shapes and ampli-

instrumental dead time for all three-pulse data in order to
generate the final displayed Fourier transforms. Computer
simulations of the ESEEM time domain data were based on
the density matrix formalism of Mims3{) using the
numerical algorithm described by Brigt al. (38). ESE-
ENDOR experiments utilized the sequence introduced by

tudes as the samples prepared with acetate in all three wasiims (39), which employs the stimulated echo sequence with

steps (data not shown¥H,0-exchanged acetate-treated PSlI

a radio frequency pulse applied during thénterval.

membranes were prepared by 1.5-, 12-, and 24-h incubations

in SMAc buffer (pD 5.5) made with®H,0. All the
previously listed buffers were pH[pD] adjusted using the
corresponding isotopically-labeled glacial acetic &cifihe

RESULTS

We have previously demonstrated tiet ENDOR can

PSII samples were loaded into 3.8 mm o.d. precision quartz provide detailed information about hydrogen bonding to

EPR tubes at a concentration of-180 mg of Chl/mL in
the appropriate buffers with 1 mM PPBQ added (final
concentration; from a 200 mM stock solution in DMSO).
After 30—45 min of dark adaptation in ice/water, the samples
were stored in liquid Nuntil use.

lllumination of the acetate-treated PSII samples in order
to generate the split-signal form of the~“Yadical was per-
formed at room temperaturerfé s using a focused 300-W
IR-filtered Radiac light source along with a Schott 150-W
IR-filtered fiber optic lamp, immediately followed by freez-
ing in liquid No. “Annealing” of split-signal samples was
performed by incubation in total darkness for 25 min in ice/
water before refreezing in liquid N The Yp® radical was
generated in PSII samples by 1-min illumination in ice/water,
followed by a 1-min dark incubation before freezing in liquid
Na.

tyrosine radicals40). Couplings to exchangeable hydrogens
in the vicinity of the radicals can in principle be measured
by subtraction ofH ENDOR spectra obtained before and
after exchange witt?H,O, but the use oH ENDOR
alleviates the need for the potentially problem&tidENDOR
spectral subtractions and can also give information about the
nuclear quadrupole interaction for the= 1 ?H nucleus.
Figure 2 displays the Mim@H ESE-ENDOR spectrum
obtained for ¥ trapped in the split-signal form in acetate-
treated membranes, as well as results fgr, Y2 in a Mn-
depleted Y-less preparation, and the tyrosine radical of
Escherichia colribonucleotide reductase (RNR). The traces
denoted (a) show th#H ENDOR obtained for the acetate-
treated PSII preparation with the shortest time exposure
(1.5 h) to’H,0-enriched buffer. The ENDOR spectra were
collected at a field position 75 G upfield from the center of

The ribonucleotide reductase R2 protein samples were the 1arget” radical signal, as denoted with an asterisk in
provided by Dr. Pamela Riggs-Gelasco and Professor the ESE-EPR spectrum of Figure 1c. The ENDOR spectrum

JoAnne Stubbe. These were prepared as described b);“light") obtained on the split-signal shows a broad bi-lobal

Salowe and Stubbe?®) with modifications as reported in
Bollinger et al. (30). The °H,0O-exchanged sample was
prepared by an incubationrfé h in 100 mMMHEPES buffer
(pH 7.7) prepared irtH,O. This 2H,O sample and the
parallel*H,O control sample were loaded into EPR tubes at
approximately 1 mM protein concentration and stored in
liquid N2 until use.

EPR SpectroscopyCW-EPR spectra were collected at a
temperature of 10.0 K with a Bruker ECS106 X-band CW-
EPR spectrometer equipped with an Oxford ESR900 liquid
helium cryostat and an ITC503 temperature controller. Field-

swept ESE, ESEEM, and ESE-ENDOR spectra were col-

lected at a temperature of 4.2 K with a laboratory-built pulsed
EPR spectromete3(, 39. Three-pulse time-domain ES-
EEM experiments were performed by incrementing the time

3 ESEEM of acetate-treated samples prepared in 40?h® buffer,
supplying an exchangealddl concentration higher than that provided
by the CH;COCPH glacial acetic acid used for pD adjustment, showed
no detectabléH modulation.

ENDOR pattern centered at thig Larmor frequency. After
annealing the sample in the dark to detrap the rddical
giving rise to the split-signal, théH ENDOR spectrum
(“dark”) is essentially flat in the region around tf¢ Larmor
frequency, demonstrating that the observed features indeed
arise from the trapped_zyradical. The overall width of the

°H ENDOR powder pattern is quite comparable to that of
the dark stabley* radical (trace b) measured in spinach PSII
preparations following 24 PH,O exchange40). We have
recently demonstrated in PSII particles fr@&gnechocystis
that the hydrogen bond donor tg¥is the D2-His189¢
nitrogen @1). In spinach PSII, the distance between the
phenoxyl oxygen and the hydrogen-bondel¢H) provided

by the analogous histidine nitrogen (His190) is approximately
1.81 A* The breadth of théH ENDOR pattern in trace (a)
provides convincing evidence that*Ytrapped in the split-
signal form in acetate-treated PSII membranes is also
hydrogen bonded. The major spectral difference between
the split-signal spectrum (trace a) and ths 8pectrum (trace

b) is that?H (I = 1) quadrupolar doublets are not resolved
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FiIGURE 2: Mims2H ESE-ENDOR spectra of tyrosine radicals. (a)
Spectra from illuminated (light) and dark-annealed (dark) acetate-
treated spinach PSIl membranes incubated for 1.5Hi® buffer.

(b) Spectrum of ¥* in Tris-washed Mn-depleted spinach PSII
membranes incubatedrfd h in2H,0 buffer (adapted from ref 40).
(c) Spectrum of ¥* in a Mn-depletedSynechocysti®SIl core
preparation from a ¥-less mutant (D2-Tyr160Phe) incubated in
2H,0 as in panel b (adapted from ref 40). (d) Spectrum gh¥h

E. coli ribonucleotide reductase incubated foh in 2H,O buffer.
Spectra are plotted a% = vrg — v2y; v2y = 2.38 MHz atB =
3650 G (a). Experimental parametergyw = 10.013 GHz (a),
10.103 GHz (b), 10.106 GHz (c), 10.109 GHz (d); B 3650 G (a),
3603 G (b), 3609 G (c), 3618 G (dy;= 500 ns;n/2 = 15 ns;
MW power~ 70 W (a), 60 W (b), 40 W (c), 10 W (d); RF pulse
= 40 us; RF power~ 0.3 kW (a), 0.1 kW (b and c), 1 kW (d);
repetition rate= 333 Hz (a), 25 Hz (b and c), 200 Hz (d);
temperature= 4.2 K.

in the former® However the overall splitting pattern is
consistent with dipolar coupling between the spin density
on the tyrosyl oxygen and one or more hydrogen-bonded

2H nuclei. The spectrum can be compared to the featureless

ENDOR pattern observed forzYin Mn-depleted ¥-less
SynechocystiBSII particles (trace cQ). This structureless
°H ENDOR spectrum has the same overall line width as the

4 Radial distances between the electron spin and an exchangeabl
proton or deuteron can be calculated from the dipolar hyperfine
couplings used in the expressidf, = pogdOnSsOn/r3, Wherepo is the
unpaired spin density on the tyrosyl oxyggnandp. are the electronic
g-factor and Bohr magneton, amf, and Sy are the nucleag-factor
and nuclear magneton. In this work, we use ph€’O) = 0.28 spin
density value recently measured fosYn 1’O-labeled PSII membranes
from Synechocystig?2) to obtain 1.81 A for the radial distance. It is
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split-signal spectrum and the spectrum ef,¥ndicating that

Yz is hydrogen-bonded even in the Mn-depleted preparation.
However, the complete lack of structure indicates that this
hydrogen bonding is highly disordered. These PSlI tyrosine
radical?’H ENDOR line width can be contrasted to the much
narrower?H ENDOR line widths observed for the. coli
ribonucleotide reductase tyrosinesg¥, trace d), a tyrosine
radical in which hydrogen bonding appears to be abgEit (

The ESE-ENDOR technique provides for high-resolution
spectra of magnetically coupled deuterons, but it is difficult
to determine the number of nuclei contributing to the spectra.
Conversely, the modulation depth of ESEEM patterns
contains quantitative information about numbers of proximal
nuclear spins, though the spectral resolution may be poor
because the frequency domain ESEEM powder patterns of
dipolar coupled nuclei have zero intensity at the canonical
parallel and perpendicular turning poin&s). However, the
combinationof ESEEM and ESE-ENDOR can provide full
characterization of the nuclear spin environment of the
tyrosine radicals. Figure 3a displays f#'H ratioed three-
pulse time-domain ESEEM spectrum of the 1.5HpO-
incubated split-signal sample used in tAd ENDOR
experiments of Figure 2a. Figure 3hows the Fourier
transform of the ratioed time-domain spectrum, with a single
peak occurring at the 2.38-MH# Larmor frequency. From
our previous ESE-ENDOR study@), we know accurate
spin Hamiltonian parameters for the class of deuterons
coupled to ¥%* (Aiso = O; Taip = 0.570 MHz;€2gQ = 0.20
MHz; # = 0). Since the line shape of the split-sigriul
ENDOR spectrum of Figure 2a is similar, albeit less resolved,
we can use these fixed parameters to simulatéHHESEEM
of the split-signal. The simulation using a single deuteron
with these parameters (Figure 3a, upper dashed trace) shows
much shallower modulation than observed in the experi-
mental spectrum. Simulations employing one such hydrogen-
bonded deuteron supplemented with a number of more
weakly-coupled deuterons modeling more distant sites also
fail to match the experimental spectrum (data not shown).
However, the simulation obtained usitwgo deuterons with
the spin Hamiltonian parameters of thg*Yiydrogen-bonded
deuteron provides an excellent simulation of the experimental
ESEEM spectrum (Figure 3a, lower dashed trace). This
excellent simulation obtained with known hydrogen-bonded
tyrosine?H ENDOR spectral parameters, with no variables
other than the number of coupled deuterons, provides very
strong evidence that two deuterons exchange into hydrogen-
bonding positions about the ;Y radical in the acetate-
inhibited PSII membranes. The moderate disorder inherent
in the?H ENDOR of the split-signal may arise from a slight

Snequivalence in the hyperfine and/or quadrupolar couplings

of the two deuterons. However, the inequivalence in the
hyperfine coupling must be small, because ESEEM simula-
tions generated by varying the dipolar couplings by more
than approximately 15% show a significantly poorer match
to the experimental spectrum (not shown). Longer term

certainly possible, however, that there are slight species variations injncubation of the acetate-treated sampledHpO resulted

po, as there are for the spin densities at other tyrosine posités)s (
However, the literature value currently available for spinat3) (s a
combined G and tyrosyl oxygen spin densitpc,.0 = 0.22; to use
this number apo, one must assume;,, = 0. In that case, the analogous
calculated radial distance is 1.67 A as previously publisH& (

5 The spectral resolution is more comparable to the first hydrogen-
bonded?H Mims ENDOR reported, that observed inabaena
ferredoxin(44).

in slightly deeper?H modulation, with an increase of
approximately 10% following 12- or 24-#1,0 incubation
(data not shown). The modulation patterns for the longer
exchanged samples cannot be fit as well with a pair of
equivalent deuterons, probably because additional, more
remote, slowly exchanging sites become deuterated. We
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Ficure 3: Time domain and frequency domain f#/*H ratioed three-pulse ESEEM spectra of the split-signal of acetate-treated PSI|
membranes incubated for 1.5 h3d,0 buffer (a and ailluminated minus dark-annealed signalsh* Y spinach PSII particles incubated

for 24 h in2H,0 buffer (b and B, and the split-signal of &;COO~ acetate-treated PSIl membranes (c andleminated minus dark-

annealed signals). Inset c: time domain magnified to show detail. The experimental data are shown as solid lines; the time domain simulations
are short dashes for orll (a, b, and c: inset) and long dashes for &b(a and b). Experimental parametengyw = 10.013 GHz (a and

d), 9.203 GHz (b and'p 9.2594 GHz (c and’; B = 3650 G (a and’p 3292 G (b and I, 3385 G (c and'§; 7 = 210 ns (a and'p 214

ns (b and B, 208 ns (c and}; startingT = 65 ns (a and ' 66 ns (b and I, 72 ns (c and §; 7/2 = 15 ns; MW power~ 50 W (a, a

b, and b, 13 W (c and 9; repetition rate= 200 Hz (a and 3y 25 Hz (b and ), 333 Hz (c and §; temperature= 4.2 K. Simulation
parametersiAs, = 0; €29Q = 0.20 MHz; 5 = 0; Tgip = 0.570 MHz (a and b), 0.117 MHz (c).

consider the quickly exchangeable sites, populated by Figure 3, panels ¢ and, displays the results of ESEEM
deuterons in the shortest time incubation, to be those mostexperiments utilizing acetate deuterated at the methyl
relevant to possible roles of ;Yin OEC substrate water hydrogen positions to probe the accessibility of acetate to
oxidation. the region immediately surrounding:’Y These experiments
For comparison with the modulation observed for the split- take advantage of the nonexchangeability of the methyl
signal, Figure 3 panels b and Hisplay the time and  deuterons: all observed deuteron modulation arises solely
frequency domain ESEEM for o in spinach PSIl mem-  from these chemically defined methyl deuterons and not from
branes incubated for 24 h ifH,O. The time-domain  deuterons exchanged into other sites as in the previously
ESEEM pattern is simulated very well using only one describec®H,0 incubation experiments. The illuminated-
deuteron with the ENDOR-determined hyperfine and qua- minus-annealed %E;COO/C'H;COO™ ratioed ESEEM
drupolar parameters (Figure 3b, upper dashed trace), conspectrum (trace 3c) shows shallow modulation that corre-
sistent with there being only one such hydrogen-bonded sponds to the Larmor frequency, as seen by the narrow peak
deuteron for the ¥° tyrosine radical. We have previously at 2.26 MHz in the Fourier transform (trac®% The shallow
argued 41) that the excellent simulation of the high- modulation dampens extremely slowly (Figure 3c and inset).
resolutior’H ENDOR for Yp* using a single class of coupled  The dashed line superimposed on the inset trace illustrates
deuteron(s) made it unlikely that there are two hydrogen bond a simulation for a singléH with a dipolar coupling of 0.117
donors to ¥%; in this case, unless the two deuterons possessMHz. If we consider this coupling to arise from an
extraordinarily equivalent couplings, they would give rise interaction with the spin density on the tyrosine oxygen (the
to a spectrum broadened beyond that of the single deuteronsame assumption used in the hydrogen bond distance
spectral simulation (such as the broadening seen in the split-calculations), this coupling corresponds téHa-O distance
signal spectra in Figure 2a). The excellent simulation of of 3.1 A. Because of the f¥ distance dependence on
the ESEEM spectrum using a single deuteron with modulation depth of weakly-coupled ESEEM, the distance
ENDOR-fixed parameters greatly strengthens the evidenceonly increases to 3.7 A if we assume that all three methyl
that there is indeed a single hydrogen bond tg. YWe deuterons are (equivalently) coupled to Y We also
observe slightly deeper modulation uptiO exchange for
times greater than 24 h, but again this additional modulation

; ; 6 There is alsc®H modulation in the background signal, so it is
appears to arise from more distant deuterons than theimportant to obtain accurate light-minus-dark difference spectra.

hydr_OQQn'bondEd deuteron that gives the modulation patternigentical difference spectra were obtained for two independent sets of
of Figure 3b. samples and pulsed EPR runs.
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performed analogous ESE-ENDOR and ESEEM experiments
on samples treated with acetdt€-labeled alternatively at
the methyl and carboxylate carbons. N couplings to

Y2 trapped in the split-signal form were observed.

DISCUSSION

EPR Line ShapesWe have previously§) estimated a
distance of 4.5 A from ¥ to the Mn cluster in C&-depleted
PSIl membranes. This distance came from the assumption
that the coupling is dipolar in nature and that the Mn cluster
is in an EPR silent integral spi8 = 1 state. The split-
signal generated in acetate-treated membranes (Figure 1) i
somewhat broader than that of Talepleted membranes.
Szalai and Brudvigd4) have presented clear evidence that
the Mn cluster is in theS-state when the split-signal is
present. In fact, after quenching this*¥signal with NO,
the familiar multiline signal reappear24). Moreover, the
acetate-inhibited form of the split-signal has a conspicuous
set of flanking features (marked with § in Figure 1) in the
field range past the principal split peaks. These satellite
peaks have amplitudes well above the peak heights of the
small underlying multiline signd. It is clearly not possible
for this additional structure to arise from &= 1/2 Mn
cluster state broadening thez‘Ysignal through a purely
isotropic exchange interaction. However, if the coupling
contains a considerable dipolar component, the principal
“split” peaks could correspond to the perpendicular turning
points of the overall Pake powder pattern, and the satellite
peaks could correspond to the parallel turning points. The
dashed lines of Figure 1, panels b and c, are simulations to

both the CW and ESE EPR spectra based on such an

assignment. The spectral features are very well simulated
with a relatively large dipolar coupling of 1260 MHz and a
smaller exchange interaction 628 MHz. In the limit of
a point dipole approximation, this dipolar coupling corre-
sponds to a MaY* distance of only 3.5 A. This would
appear to place the Mn cluster sufficiently close tg %
allow direct H atom transfer from water ligands of the cluster
to Yz'.g

Itis clear in our light-minus-annealed ESE spectra (Figure
1c) that there is no multiline signal of appreciable intensity
that disappears upon annealing. This is consistent with our
results on the Cd-depleted form &), in which the split-
signal was not observed to rise atop an ESE-detected dark
stable multiline signalZ0, 59. That work was in conflict
with results reported by Zimmermanet al. (53), who
reported that the multiline signal is detectable along with
the split-signal in ESE-EPR. In the case of the acetate
treatment, there is no “dark-stable” multiline, so any ESE-
detectable multiline signal should disappear during the 25-
min annealing step. We see no evidence of such changes
indicating that no significant multiline signal is detectable
by ESE (or CW-EPR) spectroscopy from thoSgstate
clusters coupled to X.

It is interesting to consider why no appreciable multiline
EPR signal is detected in the presence gf. YAfter all,
with a paramagnetic tetranuclear metal cluster close by, the

”No ¥C couplings were observed in the ESEEM for either
illuminated or annealed sample/SC ENDOR peaks were observed
for both labeled carbons, but within the signal-to-noise level these were
identical between illuminated and annealed samples, so we cannot
assign these features ¥ nuclei coupled to ¥.

3
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Yz radical can still be detected, albeit with broadened line
shape. It is clearly not possible that this same-Mf
coupling, viewed from the perspective of the Mn cluster,
could broaden a readily-detectable ESE spectrum with a
600-G line width (full width at half maximum peak height)
sufficiently to lead to its disappearence. Simulations utilizing
the same electrorelectron coupling and spectral broadening
that provide the good split signal simulation (Figure 1, panels
and c) do show a loss of resolv&din hyperfine features,
ut the increase in the overall line width of the multiline
field-swept ESE spectrum is negligible (simulation not
hown). We therefore suggest as an alternative explanation
hat the lack of observed multiline signal in centers with Y
trapped is not caused directly by thes¥Mn magnetic
interaction, but by a change in the couplinggthin the
tetranuclear Mn cluster caused by a perturbation of its
environment when the proximalyrosine is oxidized and
deprotonated. For example, Szalai and Bruddg) have
demonstrated that in the acetate-treated membranes the
= 4.1 EPR signal form§ = 5/2 or possibly 3/2) of th&,-
state Mn cluster is initially formed, but that tHe= 1/2
multiline signal form is observed when the diamagneticNO
Yz adduct is created. This clearly demonstrates that
chemical changes at the adjacent ¥rosine affect the
internal couplings within the Mn cluster. Perhaps when Y
is oxidized to Yz, the phenolic proton is transferred to a
ligand or bridging group of the cluster, affecting the internal
couplings. In any event, the change of internal coupling
could alter the ground spin state of the cluster, rendering it
effectively EPR silent. Although th&> 1/2g = 4.1 signal
is indeed EPR detectable, anotifer> 1/2 state with a
different set of zero-field splitting parameters and possible
dispersion of these parameters could have such a broad
magnetic field distribution of signal intensity so as not to be
observablé? Alternatively, the ground state of ti®-state
of the cluster could b&= 1/2, but changes in the intercluster
interactions could lead to very low-lying excited states that
provide ultrafast relaxation via the Orbach process{(56)

8 The underlying multiline signal isx6% the size of a control
multiline signal generated by 200K illumination of untreated PSII
membranes.

% The simulations in Figure 1 utilized Pake patterns which pairwise
cross over thg = 2 region, i.e. the parallel features #P00 G are
associated with the perpendicular feature3200 G. The alternative
assignment, with parallel features-a200 G associated with perpen-
dicular features at100 G, gives a much poorer simulation (not shown).
Such an alternative simulation predicts an exchange coupling of 330
MHz and a dipolar coupling of 680 MHz, with a corresponding point
dipole distance of 4.3 A. In our analysis of proton ENDOR and deuteron
ESEEM spectra of the PSIl Mn cluster and relevant model compounds,
we are currently addressing the modifications needed to go beyond
the simple single-point dipole approximation to calcul#t#’H-Mn
distances in multinuclear Mn clusters. For dinuclear clusters, analytic
expressions can be developed for the hyperfine tensor components as
a function of distance and relative orientation with respect to the two
Mn ions, taking into account the appropriate spin projection factors
for the two ions in the exchange-coupled representation used to model
the ground-state magnetic parametetg, @8). For the tetranuclear
clusters, we are utilizing the projection factors that lead to good
simulations of the multiline CW EPR4@) and>*Mn ENDOR spectra
(50) along with various proposed structural models for the Mn cluster
to numerically calculate the range of possil#?H-Mn distances for
a given observed dipolar hyperfine couplingl). The maximum
distances calculated in this manner extend 25% beyond the simple
single-point dipole approximation distance. The same range of values
could equivalently be used in modeling the electrefectron dipolar
couplings in this work. Therefore we estimate a distance range of
between 3.5 and 4.4 A using this tetranuclear cluster modeling approach.
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or provide direct interspin-state mixing¥). In either case,
the presence of the Mn cluster in tBestate without an EPR
signal is well precedented; no Mn EPR signal is observed
after illumination of Ct-depleted membranes, yet subsequent
addition of CI in the dark leads to the formation of tiye=

2 multiline signal without further illumination58). We
would interpret the lack of a Mn EPR signal in the €l
depleted preparations in the same context as described above,
by which removing the essential Clpossibly as a ligand

to the cluster, alters the intracluster couplings in such a way
that renders the paramagnetic Mn cluster effectively EPR
silent.

OEC Topology.Our ESEEM study utilizing methyl group 50 4. Model for the acetate-inhibited OEC, based on our
deuterated acetate shows that even with the Mn clusterprevious structural modeky, incorporating the EXAFS-derived

present, the relatively large acetate ion can bind at a sitetetranuclear cluster modeb,(60) into a site proximal to ¥-.

within a few angstoms of ¥. This is certainly contrary to

the view that ¢ is buried well away from the aqueous phase, carbon is 4.0 A from the phenoxyl oxygen. The opposite
preventing this highly oxidizing species from forming orientation, with the carboxy moiety directed toward*Y
deleterious radical$@). Given the distance constraints from violates the constraint provided by the lack®€ modula-
the observedH modulation and the lack of observéiC tion.

modulation, we can extract information about the relative |t is appealing, given the similar distances calculated from

positioning, including Orientation, of the acetate ion relative YZ. to the Mn cluster and to the acetate ion, to also consider
to Yz*. Figure 4 displays a possible geometry of the acetate the possibility that acetate is bound directly to the Mn cluster.
ion relative to ¥, assuming théH modulation arises from  Thus in Figure 4, we also illustrate a possible Wacetate

a methyl deuteron close to the oxygen of thg ghenoxy  pinding motif, elaborating on the structural model discussed
side chain. This approximation seems appropriate given thein our recent @ evolution review ). In this OEC model,
unlikelihood that the acetate anion would dock along the a tetranuclear Mn C|USt95( GQ is shown with termina”y-
hydrophobic ring or methylene group of the tyrosine side phound waters adjacent to the phenoxyl group ef Y

phain. Utilizing theo(*"0) =0.28 value measured foro¥ Since the acetate ion inhibits oxygen evolution at a
In 17O—Iabelt_ad SynechocystiPSII membranes 4¢), the chloride-competitive site21, 22, we can infer that ¥ is
calculated distance between the acetate metHynd the also in very close proximity to the binding site of the Cl

.YZ' phenoxy O d:]stance is flﬁ& Iv:pdglin% pO§SiH@_Of cofactort? UV difference spectroscopy has recently shown
interactions in the same fashion limits the distance from y .. ~r s required to facilitate th& — S, transition 61).

either acetate carbon to the tyrosyl oxygen to greater than-l-hus when acetate inhibits by replacing Che Mn cluster

3.6 fﬁl In the]c geometry d?s_playgdl in Figur$h4, \;Vith the is trapped in the&S,-state, and ¥ can then be trapped in its
methyl group of acetate positioned closest {0, ¥he closest .5 qened split-signal form upon further oxidation kysP

It has been suggested that~Cllacilites electron transfer

10 The fact that the split-signal is not observed with unity stoichi- Within the Mn cluster by binding directly as a bridging or
ometry could be a result of a higher-spin state of the Mn cluster if the
Yz signal coupled tojms > 1/2 manifolds is broadened beyond
detectability due to the greater anisotropy that would result from the 1 Utilizing the relationship between modulation depth and nuclear
larger|my| values. For example, if essentially aly ¥enters are trapped  spin, we can establish a maximum radial distance between an acetate
in the Yz* form, but the Mn cluster is in a8 = 3/2 state, only those 15C nucleus and the tyrosyl oxygen that could be detected with ESEEM.
tyrosine radical centers coupled to tim| &+ 1/2 manifolds would be Given a modulation depth that is 3/8 smaller & (I = 1/2) than’H
observed as “split-signal”, leading to the maximal 50% integrated area (I = 1) and a minimal experimental modulation depth of approximately
of this signal relative to that of ¥ reported by Szalai and Brudvig  0.007 based upon the signal-to-noise ratio of 4H¢éH ESEEM data
(23). Moreover, in such a model the calculated Mn clustéy distance [Figure 3c; the noise signature found in tH€/*°C ESEEM data (not
is independent of the specific half-integB¥alue because the observed shown) is essentially the same], we estimate a maximum distance of
split-signal would arise only from thgn £+ 1/2 manifolds. 3.6 A for detection of a single weakly-couplé#C nucleus.
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terminal ligand 61, 62. This direct binding model is  consistent with recent results on thgsfelectrochromism
certainly consistent with our results indicating that both the measurements, which have been interpreted to favor charge
Mn cluster and the Chbinding site are withire3—4 A of retention in the OEC 3, 65. However, the electro-
Yz. A model of the active uninhibited OEC could thus be chromism experiments provide a very indirect measure of
represented by a modification of Figure 4, with chloride charge retention in the OEC, and other interpretations can
replacing the bound acetate. This model shows just one ofpossibly explain the slow electrochromism relaxatié)(
many possible configurations consistent with the current data, We therefore do not consider that our observation of retention
but evidence is clearly building that;Y the Mn cluster, and  of the proton acceptor hydrogen bond in the acetate-treated
Cl~ cofactor are all localized in a compact catalytic unit.  sample rules out rapid proton transfer to the lumen on the

Evidence for Proton Transfer byz‘{ The proton/hydrogen time scale of ¥* oxidation. First, our results are obtained
atom abstraction models for water oxidation predict decidedly in inhibited PSII samples, and we do not know if the proton
different functions for % and Yz.. The Yp tyrosine is is retained in oxygen-evolving preparations. Second, even
oxidized and reduced by the same chlorophyll moietys'P if the accepted proton is retained, it may be accompanied
Psso (63). During the oxidation, the phenoxy proton is Dy injection of a secondary proton into the lumen. For
transferred to D2-His1834(), and the proton is transferred €xample, such a proton could originate from the distal
back to Y, upon its reduction@4). For this function, ¥ nitrogen of the histidine H-bond acceptor shown in Scheme
tyrosine needs to undergo hydrogen-bonding interactions with 1C.

a single proton donor/acceptor (D2-His189, Scheme 1a). This

is manifested in théH ESEEM of Yy being well simulated CONCLUSIONS

by a single deuteron at a characteristic hydrogen-bonded Tphe pulsed EPR results obtained in this study of Y
distance (1.81 A). trapped in the split-signal form in acetate-inhibited PSII

If Yz only served as an electron transfer agent, then it membranes lead to a picture of the OEC that locates the
would be functionally different from ¥ in that, although it tetranuclear Mn cluster, the redox-active tyrosing ¥nd
would be oxidized by Rq", it would be reduced by another the essential cofactor Gl all within a compact unit of a
species, the Mn cluster. However, there would be no few angstroms extent. Such an OEC geometry is consistent
functional need for more than one hydrogen-bonding with the proposals that the water-splitting chemistry proceeds
partner-the proton could shuttle back and forth in the same through a metalloradical mechanism employing both the Mn
way as described for thepvtyrosine (Scheme 1b). cluster and the ¥ neutral radical§, 8—10). The observa-

On the other hand, if ¥ acts to abstract protons or H tion that there are two hydrogen bond interactions fer Y
atoms from substrate water, i.ez Serves as a proton transfer in the trappeds—Y* configuration of the acetate-inhibited
agent as well as an electron transfer agent, then there willPSIl sample provides direct spectroscopic support for these
be two separate hydrogen-bonding interaction sites. One siteecent metalloradical proton/H atom transfer models.
provides for proton donation to Y upon the % — Y
reduction, either directly from substrate water or through a NOTE ADDED IN PROOF
proton transfer intgrmediate, while the (_)ther site accepts e have recently obtained split-signal EPR spectra of
protons from ¥ during the Y, — Y* oxidation, as the first  ,cetate-inhibited PSII membranes oriented on plastic sheets
step in proton translocation to the lumenal phase (Scheme(D_ A. Force, K. L. Clemens, K. A. Campbell, D. M. Gingell,
1c). Our split-signal ESEEM results, quantifying two anq R D. Britt, unpublished results). Analysis of these new
deuterons exchanged into sites at hydrogen-bondlng_o!stancespectra, particularly the spectrum obtained with the mem-
from the Yz* oxy group, therefore provide strong additional  hrane normal aligned parallel to the applied magnetic field,
support for the proton/H atom transfer models. shows that the Mn clustefY;* magnetic interaction has

The ESEEM results also provide information about the rhombic symmetry, probably due to the finite size of the
proton transfer kinetics in the OEC. The split-signal form Mn cluster and its close proximity to,Y. The simulations
of Yz is trapped by freezing illuminated PSIl membranes displayed in Figure 1 are based on the assumption of an
on the time scale of several seconds. Under these conditionsinteraction which has an isotropic exchange component and
in our model illustrated in Scheme 1c, thid modulation an axial point-dipole component. We are working to
depth indicates that the proton(deuteron) transferred to thesimulate both the nonoriented and oriented split-signal spectra

acceptor is retained at the site of this proximal base and notysing rhombic interactions, and these simulations may lead
transferred away to one or more remote sites. This is tg a revised estimate of the MtY* distance.
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