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Abstract: Photosynthetic water oxidation catalyzed by Photosystem Il takes place at a site that comprises a
redox-active tyrosine, X, a tetramanganese cluster, and, in addition to its redox components, two inorganic
cofactors, calcium and chloride. Recent work suggests thand the metal site are intimately linked in the
oxidation and deprotonation reactions of substrate water. The metal cluster stores oxidizing equivalents and
provides binding sites for the substrate from whickt ¥ proposed to abstract hydrogen atoms during the
catalytic cycle of photosystem II. Intrinsic to this hydrogen-abstraction mechanism for water oxidation is an
intimate structural and functional relationship between the metal site gndhich predicts that the localY
environment will be sensitive to the composition and integrity of the metal cluster. To test this postulate, we
have examined theYsite and its status with respect to solvent exposure under varying degrees of disassembly
of the oxygen-evolving complex!H\?H-isotope exchange was carried out for various times in samples devoid

of Mn, C&", and CI, and in samples depleted exclusively ofCaThe Yz* and SYz* species were cryotrapped

to high yield in these two preparations, respectively, and the radical site was characterized by using electron
spin—echo envelope modulation spectroscopy. The isotope exchange ai site Yvas completed with an

upper limit on the minutes time scale in both the (Mdgpleted and the Ca-depleted samples. The number

of isotope-exchangeable protons in the site and their distanceg’ twefe found to be different in the two
systems, indicating thatYis shielded from the solvent in the Ca-depleted system and, upon removal of the
(Mn), cluster, becomes accessible to bulk water. The results from an electrenespio analysis of £ 7,

in the weak-coupling limit, suggest that*in samples that retain the (Miluster, but lack C#, is involved

in a bifurcated hydrogen bond. The data for both classes of samples are consistent with a hydrogen-abstraction
function for Yz in water oxidation and provide insight into the light-driven assembly of the {Mhister.

Introduction

Photosystem Il (PSIl) catalyzes the oxidation of water to
dioxygen in plants and algde? The water-splitting reactions
are thermodynamically driven by the light-induced oxidation
of the reaction-center chlorophyll complexs® A tetraman-
ganese clustéP and Yz, a redox-active tyrosine identified as
D1-Y16187 comprise the catalytic core of the PSIl oxygen-
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evolving complex (OEC). The (Mn)cluster binds substrate
water, and by cycling through five redox states, denotgd S
Sy, accumulates the oxidizing potential required for the catalytic
process. Oxidation of water occurs along a concerted pathway
upon formation of $and the dioxygen product is released as
the system relaxes back too.SIn addition to its redox
components, PSII requires two inorganic cofactors, calcium and
chloride, for functiont®°® The enzyme also containspY a
second redox-active tyrosine located at position D286, p
functions as an auxiliary electron donor and is not directly
involved in the water-splitting chemist@#!

Evidence has recently accumulated that indicates a more

§ Present address: The Johnson Research Foundation, Department offitimate role for Y in the water-oxidizing chemistry than had
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been suspected previously. These results include a comparisorthemistry on each S-state advance. In the model presented by

between the properties ofzYand those of ¥* that revealed
pronounced differences between the two raditalin particu-
lar, upon removal of the (Mg)cluster, the ¥ site becomes
severely perturbed, whereas the ¥ite is insensitive to the
status of the metal clustét. This observation was unexpected
in light of the prevailing view of ¥ as a charge-transfer
interface betweendg, and the (Mn) cluster and its proposed
remote position with respect to the metal site. Concomitant
with this work, data were presented that indicated thaahd
the (Mn), cluster were in closer proximity than earlier
estimates® Finally, fast proton release initiated by ¥xidation
occurs on each PSIlI turnovEr,which suggests a linkage
between ¥ and the protolytic chemistry associated with water
oxidation?”

Britt and co-workers, ¥ is not necessarily involved in the
deprotonation of substrate on all S-state transitfot8. In
addition, in the model proposed by Britt's group, the reduction
and protonation of ¥ occur as a pure sequential electron/
proton-transfer event while we favor a proton coupled electron-
transfer pathway? Both models, however, although different
in the mechanistic details, postulate that an electron and a proton
are transferred from the Mn/substrate unit tg.Y

Intrinsic to these ideas on water oxidation is a close structural
and function relationship between the metal site agd Yo
test this postulate, several recent EMR studies have examined
the distance betweenzYand (Mn) in samples in which water
oxidation is inhibited by perturbation of the Chnd/or C&"
cofactors®® In these preparations, PSII is blocked Y% that

These results and several others led us to propose a metalis characterized by an EPR spectrum, originally observed by

loradical mechanism that involveszWirectly in the water-
oxidizing chemistry and as the key component by which PSII

Rutherford and co-workef,which has been analyzed to derive
the nature and strength of the magnetic interactions between

liberates the protons produced by this process from the activethe two spin centers. These studied converge 8A as the

site. In this model, the (Mn)cluster provides binding sites for
substrate water/hydroxide from whichy*Yabstracts hydrogen
atoms upon each S-state transit?d#2° The oxidizing equiva-

center-to-center distance betweenand (Mn).23 An important
FTIR observation shows that the short distance observed in the
inhibited systems may extend to the native enzye.

lents generated in these processes are delocalized to the (Mn) Here we describe a different approach to investigate the
cluster, which increases the Mn valences by one upon eachproposed integrated (Mg structure that complements and
turnover. This model has recently been extended to include aextends the distance measurements. An intimate physical and

mechanism for the oxygeroxygen bond forming stéff and
the involvement of the Cland C&" cofactors in the catalytic
cycle? Britt and co-workers have proposed a similar metal-
loradical model for PSII in which ¥ is intimately involved in
the oxidation and deprotonation of substrate waiéfl A

functional association between the tyrosine and the metal site
predicts that the ¥ site will be sensitive to the composition
and integrity of the (Mnjcluster. The ¥ site is disordered26

and predicted to be accessible from bulk phase in the absence
of the metal cluster. Accessibility to bulk solvent in this view

difference between these two models is the pervasiveness ofis essential so that the Mhand C&" binding processes that

the Yz*-mediated hydrogen abstractions. In the model that we
have developed, X performs the same proton-coupled redox
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necessarily precede photoactivation and assembly of the func-
tional (Mn), cluster can occu¥. Formation of the metal cluster
is liable to bring order to the catalytic site so that two, somewhat
contradictory, requirements for water oxidation are met. On
one hand, PSII, which turns over about 100 molecules & H
s~ during steady-state illumination, must allow the high flux
of substrate water into the site. On the other hand, the structure
of the site and its protein surrounding must restrict access by
external reductants, which could reduce the higher S states and
compete with oxygen evolution. Finally, in addition to these
accessibility and order issues, mechanistic details of the H-atom
abstraction model for water oxidation predict that the hydrogen
abstractor, ¥, is involved in bifurcated hydrogen bonds at
various points in the catalytic cycle (see also ref 21).

Electron spir-echo envelope modulation (ESEEM) spec-
troscopy has the capability to test these predictions and provide
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insight into the structure and bulk accessibility of the (Wify)
site and into the hydrogen-bonding status of the tyrosine.
Characterization of ¥ in native PSII, however, is hampered
by the fast kinetics of the systemzYs oxidized by Rgg" on
the nanosecond time sc@l@nd rereduced by the (Mpgluster
within 10’s of us to 1 ms32° which prevents the buildup of a
high steady-state concentration of*Yunder conditions when
water is the substrate. Upon removal of the (Meclster3® or

of Ca&", the rereduction of ¥ is slowed, which allows
cryotrapping of the radicaf3334 In Mn-depleted PSII, ¥ is
oxidized by Rgg" within 10’s of us 2 and is rereduced on the
order of 10’s to 100's of m&%37 In Ca-depleted sampleszY
is oxidized by RBgg"™ on the microsecond time scafeand the
enzyme is blocked upon formation of,\§".142324 The
regeneration of &z is slow and occurs on the seconds time
scale3®

In the work presented here, we have cryotrappet and
S,Y 7 in samples depleted of Mn, €3 and CI and in samples
exclusively devoid of CH, respectively. The paramagnetic

species were studied by ESEEM spectroscopy to derive quanti-

tative information ortH\?H-exchangeable nuclei in the,ite
from these two types of PSII preparations. Analysis of the
ESEEM data provides information of the number of exchange-
able protons in the ¥ site, their hyperfine couplings, and how

these properties change as a function of the cofactor composition

of the metal sitéd® We consider the implications of these results

for several PSII phenomena including proton release, photoac-

tivation, and redox-induced chlorophyll bandshifts, and end by
discussing these data within the framework of the proposed
metalloradical models for the water-splitting process.

Materials and Methods

Sample Preparations. PSll-enriched BBY membranes were pre-
pared from market spinach according to the method developed by
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Yocum and co-workers, with 1 mM of EDTA included in all steps of
the preparatio®?*® The final resuspension buffer (SMN buffer)
contained 0.4 M sucrose, 40 mM MES pH 6.5, and 20 mM NaCl. BBY
samples at a final concentration of 0.5 mg of Chl/mL were depleted of
manganese by incubation in 0.8 M TRIS buffer, pH 8.0 af@3and
containing 1.0 mM EDTA, at 0C for 20 min in room light. The
Mn-depleted BBYs were collected by centrifugation, washed once in
40 mM MES pH 6.5, 20 mM NacCl, and 1.0 mM EDTA, and finally
resuspended in 25% v/v glycerol, 40 mM MES pH 6.5, 20 mM NacCl,
and 1.0 mM EDTA. Calcium-depleted PSIlI samples containing the
three extrinsic polypeptides were prepared by the low-pH method,
and samples lacking the 17 and 23 kDa extrinsic subunits were
generated by using the NaCI/EDTA procedtfreThe samples devoid

of Ca&* were resuspended in SMN buffer containing 1.0 mM EDTA.
The presence of the 17, 23, and 33 kDa subunits in the low-pH treated
samples was verified with SDS-PAGE (not shown). The sucrose (BDH
ARISTAR) used for the Ca-depletion procedures contaigddppm

of C&". The samples were frozen in liquidnd stored at-80 °C

until use.

Oxygen Evolution. The oxygen-evolving activities of the PSII
preparations were measured at°25in a Clark-type oxygen electrode
at a Chl concentration of 6.Zg/mL in SMN buffer at pH 6.0. 2,6-
Dichlorobenzoquinone at a final concentration of 0.5 mM was used as
the external electron acceptor. The oxygen-evolving rates were
typically 800 umol O,/mg of Chl*h in native samples, O upon Mn
depletion, and<100 and 600 upon Ca depletion and Ca repletion,
respectively. The oxygen-evolving activity in the low-pH treated, Ca-
repleted samples was found to be unaffected by incubaticili®
buffer, as compared to incubationtid,O buffer, even after more than
2 h of incubation.

1H\?H-Isotope Exchange Procedures ForH\?H-isotope exchange,
the Mn-depleted samples were washed three timedy® buffer
containing 25% v/v glycerol, 40 mM MES pD 6.5 (pB pH + 0.4),
20 mM NacCl, and 1.0 mM EDTA, and resuspended in 25% fully
deuterated glycerol, 40 mM MES pD 6.5, 20 mM NacCl, and 1 mM
EDTA. The samples devoid of calcium were washed three times and
finally resuspended ifH,O buffer containing 0.4 M sucrose (BDH
ARISTAR), 40 mM MES pD 6.5, 20 mM NaCl, and 1 mM EDTA.
The isotope exchange was performed on ice in weak room light. The
IH contamination after théH\’H-isotope exchange was estimated to
<8%. The'H\?H procedure was done immediately prior the cryotrap-
ping procedures.

Low-Temperature Trapping Procedures. For the Mn-depleted
samples, phenyp-benzoquinone (PPBQ) and;Re(CN) were used
as electron acceptors at final concentrations of 2.5 and 20 times the
concentration of PSII centers, respectively. For the Ca-depleted system,
PPBQ was used at a final concentration of 10 times the PSII
concentration, which was typically 2¢eM (6.0 = 0.2 mg Chl/mL) in
the samples prepared for the cryotrapping procedure. After the addition
of the electron acceptors, the samples were transferred into calibrated
EPR tubes, 4.0 mm OD, and placed in a glass dewar positioned between
two 410 W/82 V lamps (Osram Sylvania Inc., Winchester, KY) on an
optical bench equipped with a light-collection system. The two lamps
were connected to variable voltage transformers and the light intensity
at the samples was about 30 mE sn' per lamp. The Mn-depleted
samples were illuminated f& s at 0+ 1 °C, followed by illumination
for 10 s as the temperature of the samples was lowered in an ethanol/
solid CO//liquid N, bath maintained at- 90 °C. The light was then
switched off and the samples were rapidly transferred to liquidmd
then directly to the EPR spectrometer. The same procedure was
performed for the Ca-depleted samples with the exception that these
samples were illuminated for 10 s att01 °C, followed by illumination

(41) Babcock, G. T.; Espe, M.; Hoganson, C.; Lydakis-Simantiris, N.;
McCracken, J.; Shi, W.; Styring, S.; Tommos, C.; WarnckeAita Chem.
Scand.1997, 51, 533-540.
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134,231-234.
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FEBS Lett.1984 170,169-173.

(40) Preliminary analyses of these results have been presented in refs (44) Ono, T.; Inoue, YFEBS Lett.1988 227,147—-152.
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for 15 s as the temperature was lowered-@0 °C. The temperature A
in the samples during the illumination was controlled by a flowing
N2-gas system, cooled by a 200 K ethanol/solid,@ath, connected

to the glass dewar. For induction and trapping ef, Yhe Mn-depleted
samples were illuminated for-510 s at 0+ 1 °C and then frozen in

the dark.

EMR Spectroscopies. Continuous-wave EPR measurements were
made on a Bruker ESP 300E X-band spectrometer equipped with an
TEiozmode cavity. Measurements at 77 K were performed by using
a liquid N, finger dewar. For measurements below 77 K, the
spectrometer was equipped with a liquid He cryostat and temperature
controller from Oxford Instruments. Processing of the cw-EPR spectra
was performed by using the ESP 300E software. The ESEEM spectra
were recorded by using a pulsed EPR spectrometer constructed at
Michigan State Universit§® Processing of the experimental data,
Fourier transform, and simulation of powder-pattern ESEEWMere
performed by using the Matlab program provided by Matworks Inc.
(Natick, MA). Dead-time reconstruction of the experimental and
simulated time-domain data was calculated as descffbed.

dy'/dH

Results

Cryotrapping of Y z* in Cofactor-Depleted PSII. To study L L L L N
the Y; site by ESEEM at different levels of disintegration of 3320 3340 3360 3380 3400
the OEC, procedures were developed for trapping the transient Magnetic Field (Gauss)

Yz and SY2* states at high yield in Mn-depleted and in Ca-
depleted PSII samples, respectively. About 70% gf d6uld

be trapped at low temperature in Mn-depleted BBY samples,
as shown in Figure 1A. The dark trace, spectrum b, represents

the stable ¥ radical, and the light-induced increase observed
in spectrum a represents cryotrapped:.Y The pure %
spectrum is shown as the light-minus-annealed trace in spectrum 3):17.23 SRS

c. Small differences in line width and hyperfine structure are
observed between thesYand Yp* spectra shown in Figure 1A,
which are consistent with earlier studi@£8 The Yz* spectrum

is slightly more resolved and has a peak-to-trough line width
of about 22 G, as compared to the line width of theg'Y
spectrum, which is 20 G in spinach. The hyperfine interactions b) intact
to the tyrosine ring- an@-methylene protons and the electron
spin-density distribution of ¥ and Yp*, which are reflected in

their overall cw-EPR line shapes, have been evaluated in
detai|_12,13d,49,50

B 8115 4.056 2.705 2.029 1.623
| I | | 1

dy'/dH

Illlllllllllll'lllllllll

Figure 1B shows 4900 G wide cw-EPR spectra obtained from 0 1000 2000 3000 4000 5000
Ca-depleted samples, in the absence and presence of the 17 and M —

. =C i o agnetic Field (Gaus

23 kDa extrinsic polypeptides. The two top spectra in Figure & ( )
1B represent a NaCl/EDTA-washed BBY sample frozen during Figure 1. (A) Continuous-wave EPR spectra obtained at 77 K on a
illumination (black spectrum) and after a 10 min dark incubation Mn-depleted, PSil-enriched BBY sample from spinach (a) frozen during
at 0°C (gray spectrum). The 145 G wide, light-induced signal illumination, (b) after two min at 20C in the dark, and (c) light-
centered in the = 2 region is apparent in the sample frozen minus-annealed difference spectrum. The spectra were obtained with
during illumination and represents the magnetically coupled nonsaturating microwave power. Experimental conditions; 9.433

. GHz; power 9.2uW; modulation amplitude 1.6 G; time constant 41
. 51
SY7 state in Ca-depleted PS> The two bottom spectra ¢ scan rate 0.6 G/s; 20 scans/spectrum; [Chl]-8.8.2 mg/mL;

temperature 77 K. (B) Continuous-wave EPR spectra of Ca-depleted
BBY membranes in the absence and presence of the 17 and 23 kDa

(46) McCracken, J.; Shin, D.-H.; Dye, J. BAppl. Magn. Resonl992

3 ?275)_(:36%“”,5, W. B.Phys. Re. B 1972 5, 2409-2419. (b) Mims, W. extrinsic polypeptides. (a) Spectra representing a NaCI/EDTA-washed
B. Phys. Re. B 1972 6, 3543-3545. sample frozen during illumination (black spectrum) and after 10 min
(48) Mims, W. B.J. Magn. Reson1984 59, 291-306. at 0°C in the dark (gray spectrum). (b) Spectra obtained on an intact,
(49) (@ Hogagsor), bC' W.; Babcock, G. Bjochem.istrylgﬁz 31, low-pH treated BBY sample frozen during illumination (black spectrum)
é%c?ghtnlmls?gggé 4)3§,I%7§£i7EQ.J(é)ercj)?nerrr]]tc')s\,].CT'M’gésgn'\,Aé;eg'tyﬁh(i' and prior to the illumination (gray spectrum). Experimental condi-
S.; Vermaas, WBiochemistry1994 33, 11805-11813 t!ons: vmw 9.464 GHz; power 7.9 mW; modulation amplitude 20.1 G;
(50) (a) Hoganson, C. W.; Sahlin, M.; ®jerg, B.-M.; Babcock, G. T. time constant 82 ms; scan rate 14.6 G/s; 1 scan/spectrum; [Ch#} 6.0
J. Am. Chem. Sod996 118 4672-4679. (b) Dole, F.; Diner, B. A, 0.2 mg/mL; temperature 10 K.

Hoganson, C. W.; Babcock, G. T.; Britt, R. D. Am. Chem. So0d.997,
119 11540-11541. . .

(51) The SY7 state forms a tyrosyimanganese exchange-coupled iN Figure 1B represent a low-pH treated BBY sample frozen
system, whose EPR spectrum contains the prominent, split features in theduring illumination (black spectrum) and prior to illumination

g = 2 region dominated by ¥ transitions and the low intensity;2000 G (gray spectrum). In the low-pH treated samples, which contain
wide multiline part dominated by (Ma)ransitions (for a discussion, see L . L )
refs 23b and 23c). The 87 notation used here refers to the sptit= all three extrinsic polypeptides, the¥s* signal is 190 G peak-

2 region of the whole spectrum. to-trough. In addition to & 7*, there are several paramagnetic
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centers that are routinely detected in PSIl samfledhe (a) Solvent Accessibility to the ; Site. There are sub-
spectrum from * occurs as the narrow feature centered at 3372 stantial differences in accessibility by the bulk medium to the
G. A feature assigned to rhombic¥eds observed afj = 4.3. Yz site as compared to pY which are well demonstrated by
The gy and g, components of the low-spin heme from cyto- 'H\?H-isotope exchange combined with ESEEM spectroscopy.
chromebssg are observed aj ~ 2.3 and 3.0, respectiveff.In The experimentally observed time-domain trace from a 2-pulse,

some preparations, we observed a featurgat2.067, which 90°—7—180C° experiment, derived by plotting the integrated
we assign to C#r.5* In Ca-depleted samples prepared with spin—echo intensity as a function af is given by80-62
millimolar concentrations of chelators, the rBultiline signa?®
exhibits a modified, less-resolved spectrum, which, once i
induced, remains stable for several hours in the &&t%éSpin- E(7) = Vaecay| | Emod®) (3)
guantifications on the & z* signal obtained from the two Ca- =

depleted preparations indicate that we can &af5% of the  \yhere V., describes the decay of the overall echo intensity
PSII center in the § 7" state (not showrf)! We estimate the g 1o spin-relaxation mechanismétepresents the number of
absolute spin concentrations to be about 27 andNador Y p* nuclei magnetically coupled to the electronic spin, and f& a
and Y*/S,Y z*, respectively. =1/, and| = Y, systemB3.64

Exchangeable 'H Nuclei in the Yz Site. The H\2H
exchange rate and the hyperfine (hf) interactions of exchange-E, (7) = 1 — k/2 + k/2[cos(2tv,T) + cos(2wvy7)] —
able protons in the ¥site in the two cofactor-depleted systems _
were studied by 2- and 3-pulse ESEEM spectroscopy. The K/4lcos(2u(v, + Vﬂ)r) + cos(2i(v, Vﬁ)r)] @)
different magnetic properties of tl and’H nuclei combined  Tpe, and vy are the frequency components representing the
with the ESEEM technique provide a sensitive tool to study fundamentalAm; = +1 hf transitions associated with the-/,

the accessibility by the bulk phase to the ‘$ite. Upon and —1/, spin manifolds, respectively. THefactor is defined

N

complete!H\?H exchange, the hf interactions wiflil nuclei as the modulation depth parameter and is givefiby:

can be analyzed to derive information on the protein environ-

ment surrounding ¥. The hyperfine interaction betweery®Y k= (vBly Vﬂ)z 5)
o

and a nearby nuclear spin is given By= Ao + Adgip, Where

Aiso represents the isotropic Fermi contact interaction Adgqgl The v, term is the Larmor frequency of the coupled nucleus,
is the anisotropic dipoledipole coupling tern®® For the andB = 3Tq;,(cos@ sin §) whered represents the angle between
weakly coupled nuclei studied here, we assume point-dipole the external magnetic field and the line joining the electron and
interactions between the electron spin and the surroundingnyclear spins.
nuclear spins. This type of interaction is represented by axial  Figure 2 displays 2-pulse ESEEM data fromy*¥n Mn-
hf tensors that contain the following elements: depleted samples after 35 min (trace a), 75 min (trace b), 24 h
(trace c), and 46 h (trace d) 8H,O incubation. The poor
A=Ay = Aso ~ Tap andA, = A+ 2Tg, (1) accessibility by solvent water to thep\site is revealed by the
s long ?H,0 incubation required to reduce the appearanciof
Tap = PIINB LN 2) modulations in the ¥° ESEEM pattern. In Figure 2, the
fundamental(y,s) and sum-combinatiorvg + vg) hf frequen-
wherep is the electron spin density on the atom to which the cies of the'H nuclei coupled to ¥ are seen as the rapid
nucleus is couplede is the experimental electrapvalue, g modulation with periods of 37 and 73 ns, respectively. Con-
is the nuclearg value, 8e and By are the Bohr and nuclear  comitant with the decrease of tRel modulations, the funda-
magneton, respectively, andrepresents the radial distance mental?H modulation with a period of 478 ns appears in the
between the two coupled spin centers. Féidar alH nucleus spin—echo envelope. These results show ###H exchange
coupled to ¥*, with age of 2.00466%° Tgip(MHz) = p12.1573 at the Yp site occurs on the hour time scale, consistent with
(A3 and Taip(MHz) = p79.16 3 (A3), respectively. earlier works?
(52) Miller, A.-F.; Brudvig, G. W.Biochim. Biophys. Actd991, 1056 In Contr?‘SI’ for the ¥ S.Ite in Ca-dep_let_ed PSll th.ﬁ-I\ZH .
1-18. exchange is completed with an upper limit on the minute time

(53) Babcock, G. T.; Widger, W. R.; Cramer, W. A; Oertling, W. A;;  scale, as shown by the 3-pulse ESEEM data displayed in Figures
Metz, J. G.Biochemistryl985 24, 3638-3645.

(54) Sheptovitsky, Y. G.; Brudvig, G. VlBiochemistryL996 35, 16255~ (60) Rowan, L. G.; Hahn, E. L.; Mims, W. BPhys. Re. 1965 137,
16263. AB1-A71.
(55) Dismukes, G. C.; Siderer, YYEBS Lett.198Q 121, 78—80. (61) (a) Kevan, L. InTime Domain Electron Spin Resonané&van,
(56) Boussac, A.; Zimmermann, J.-L.; Rutherford, A. REBS Lett. L., Schwartz, R. N., Eds.; John Wiley & Sons: New York, 1979; pp-279
199Q 277,69-74. 341. (b)ESEEM Spectroscopfpikanov, S. A., Tsvetkov, Y. D., Eds.; CRC
(57) Due to the exchange-coupled nature of thé Sstate, the area of Press: Ann Arbor, 1994.
the light-minus-annealed,%;* signal in theg = 2 region may exceed one (62) (a) Mims, W. B.; Peisach, J. lAdvanced EPR: Applications in

spin per PSII, when compared to the area @f,Yvhich was used as the Biology and Biochemistryoff, A. J., Ed.; Elsevier: New York, 1989; pp
spin standard. If this is the case, the 75% estimate represents an upper limitl—57. (b) McCracken, J. Ihlandbook of Electron Spin ResonanPeole,

in the SY2* trapping yield. C. P., Jr., H. A., Farach, Eds.; Vol. Il, in press.

(58) (a) Gordy, W. InTechniques of Chemistry Vol. XV: Theory and (63) The QY7 state is an exchange-coupled system, but appears to be
Applications of Electron Spin Resonand&est, W., Ed.; John Wiley & in the weak-coupling limi#3>¢ Within this assumption, we analyze the
Sons: New York, 1980. (b) Atherton, N. MPrinciples of Electron Spin deuterium ESEEM data obtained opYS* from the Ca-depleted samples
Resonancekllis Horwood and PTR Prentice Hall: London, 1993. (c) Weil, in aS= 1/,, | = 1 context, rather than with &= 1, | = 1 spin model.

J. A,; Bolton, J. R Wertz, J. E.Electron Paramagnetic Resonance: (64) The 2- and 3-pulse modulation functions foBa= 1/, andl = 1
Elementary Theory and Practical Application’kyhn Wiley & Sons: New system contain, in addition to the terms shown in egs 4 and 7, higher order

York, 1994. (d) Piekara-Sady, L.; Kispert, L. D. andbook of Electron terms with respect t& and components arising from nuclear quadrupole

Spin Resonance: Data Sources, Computer Technology, Relaxation, andinteractions (see ref 61, and references therein).

ENDOR.; Poole, C. P., Jr., Farach, Eds.; H. A., AIP Press: New York, (65) For the spin= 1 2H nucleusk is equal to 8/3¢B/vqvp)?.

1994; pp 31+357. (66) (a) Babcock, G. T.; Sauer, Biochim. Biophys. Actd973 325,
(59) Un, S.; Tang, X.-S.; Diner, B. ABiochemistry1996 35, 679~ 504-519. (b) Ghanotakis, D. F.; Yerkes, C. T.; Babcock, GBiachim.

684. Biophys. Actal982 682 21—-31.
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T (us) Figure 3. Three-pulse ESEEM recorded og¥S* in Ca-depleted BBYs
H incubated ir’H,O for (a) 40 and (b) 60 min. The time-domain traces

Figure 2. Two-pulse ESEEM obtained onpYin Mn-depleted BBYs shown represent light-minus-dark difference data. The difference data
incubated ir’H,O for (a) 35 min, (b) 75 min, (c) 24 h, and (d) 46 h.  were obtained by dividing each sample, aftei\?H exchange and
The traces shown represent light-minus-reduced difference data. Theaddition of PPBQ, into two calibrated EPR tubes. One sample was
background traces were obtained by adding 0.2 mM carbonylcyanide- frozen during illumination and the other in the dark. Th¥ S ESEEM
m-chlorophenylhydrazone to the thawed samples, incubate in the darkdata shown were obtained 40 G upfield from the center field of the
for 10 min at 20°C to reduce ¥.5¢ The samples were then refrozen Y spectrum, and are reproducible at other field positions within the
in the dark. The ESEEM traces shown were obtained at the center field S,Y* EPR spectrum (not shown). Experimental conditioms:, (a)
of the Yp* EPR spectrum. The baseline in the time-domain traces is 8.990 and (b) 8.980 GHzi, (a) 3248 and (b) 3244 G; (a) 238 and
derived by displacing the integrator away from the electron-spho (b) 236 ns; startindl (a) 42 and (b) 44 ns; microwave pulse power
for the last 10 points of the acquisition. Experimental conditionsy 40-50 W; pulse sequence repetition rate 60 Hz; events per point 32;
(a, b) 8.990 and (c, d) 8.960 GHE (a, b) 3204 and (c, d) 3194 G;  each scan contains 512 points collected at 10 ns increments; 20 scans/
startingz 140 ns; microwave pulse power 460 W; pulse sequence  trace; [Chl] 6.0+ 0.2 mg/mL; temperature 1.8 K.
repetition rate 20 Hz; events per point 10; each scan contains 512 points
f:;!e(:f&gu?teigsléncremems‘ 6 scansftrace; [Chl]-5.0.2 mg/mL; 3, which is reflected in the frequency domain in that the
P T amplitude of the fundamentaH peak, resonating at 2.11 MHz,
from the two different samples is of equal height. The identical
3and 4. Ina 3-pulse, 96-7—-90°—T—90° spin—echo experi-  damping pattern of the two ESEEM traces in Figure 3 is
ment the intensity of the stimulated echo, which appears at areflected in the equal width of thé peak, 0.48 MHz, in the
time equal tor after the third microwave pulse, is plotted as a two spectra in Figure 4. Two-pulse ESEEM obtained ¢¥i;S

function of T. The observed spirecho envelope for 8=/, gave results consistent with the 3-pulse data (not shown).
and| = Y/ spin interaction is described 15y:568 Consequently, théH\2H exchange at the Xsite in the Ca-
\ N depleted system is completed with 40 min representing the upper
1 . ) limit.
E(zT) = Vdecayé[ E(rT) + I_l ExzD]  (6) A similar set of data were obtained fop*n the Mn-depleted
1= =

system. For these samples th#\?H exchange at the Xsite
. . was completed within 35 min (not shown).
Eop(@T) =1- KI2[(sirf(zrv,z))(1 — cos(2m(z + M) + (b) ESEEM Analysis. Figure 5 displays a comparison of
(sinz(nvﬁr))(l — cos(2tv (T + T)) (7) the SYz* ESEEM pattern from Ca-depleted PSII after complete
IH\?H exchange, and simulated data based &'/, | =1
Figure 3 shows 3-pulse ESEEM representiny & in low-pH model in which the number of magnetically coupled nuclei and
treated, Ca-depleted BBY samples after,O incubation for the magnitude of the hf interactions were varfédin Figure
40 min (trace a) and for 60 min (trace b). As opposed to the S5A two calculated ESEEM traces are shown: trace a was
Yo' data in Figure 2, in which the deuterium modulations Simulated with a weak hf interaction to one deuteron Wi
continuously grow into the ESEEM pattern as tAd,O equal to 0.22 MHzH 1.43 MHz); trace b was calculated with
incubation period is increased, the two sets of data obtained ona Taip 0f 0.54 MHz (H 3.52 MHz), which corresponds to the
SY 7 are, within the signal-to-noise, identical. Figure 4 shows hf coupling measured for the hydrogen bond ¢f.¥% The
the corresponding frequency-domain spectra obtained by Fouriersimulated data in Figures 5B represent the same strength in the
transform of the time-domain data in Figure 3. The depth of hf couplings,Tqj, equal to 0.22 (trace a) and 0.54 MHz (trace

the2H modulation is the same in the two traces shown in Figure b), respectively, but include two interacting deuterons. Other
- parameters used to generate the simulated ESEEM traces are
(67) (a) Rodriguez, I. D.; Chandrashekar, T. K.; Babcock, G. T. In

Progress in Photosynthesis ResearBiggins, J., Ed.; Martinus Nijhoff given in the captlon. to Flgure.S. . .

Publishers: The Netherlands, 1987; Vol. |, pp 4AT4. (b) Tang, X.-S.; The calculated time-domain data in Figure 5 show the

Chisholm, D. A.; Dismukes, G. C.; Brudvig, G. W.; Diner, B. A.  sensitivity of the ESE modulation pattern to changes in the

Biochemistry1993 32, 13742-13748.
(68) Dikanov, S. A.; Shubin, A. A.; Parmon, V. N. Magn. Reson. (69) Force, D. A.; Randall, D. W.; Britt, R. D.; Tang, X.-S.; Diner, B.

1981, 42, 474—487. A. J. Am. Chem. S0d.995 117, 12643-12644.
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Figure 4. (A) Frequency-domain spectrum obtained by Fourier Figure 5. Three-pulse ESEEM representingrs in Ca-depleted PSI|
transform of the ®rz* time-domain trace a in Figure 3, and (B) compared to simulations. The\s' time-domain data (trace c) are the
corresponding frequency-domain spectrum of trace b in Figure 3. The same as shown in Figure 3 trace a. The calculated ESEEM traces
features resonating at 2.11 and 13.7 MHz correspond to the fundamentarepresent (A) onéH nucleus withTg,, equal to (a) 0.22 and (b) 0.54

hf frequencies of the incorporatéd and nonexchangeabtel nuclei MHz and (B) two?H nuclei with aTgj, of (a) 0.22 and (b) 0.54 MHz.
coupled to Y7, respectively. Simulation parametersty 3248 G;7 238 ns;Asc 0 MHz; €29Q 0.25
MHz; # 0.

magnetic environment of the unpaired electron spin. The In an ESEEM experiment, the observed modulation pattern
frequency of the modulation depends on the identity of the will, in addition to the number of nuclei involved and the
coupled nucleus and on the strength of the electrarclear magnitude of the hf couplings, be effected\iycay the overall
interaction. The depth of the modulation with respect to the decay of the echo intensity due to relaxation processes (see
overall echo height is sensitive to the anisotropy of the hf above)f2® A more detailed simulation analysis of theYs*
interactions and to the number of nuclei involved. The damping ESEEM data that includes spin relaxation is shown in Figure
of the modulation pattern becomes considerably more pro- 6, parts A and B, which display twa,®;* traces, obtained from
nounced as the dipotedipole interaction increases. The two different preparations and recorded with differentilues.
ESEEM pattern of weakly coupled deuterons will also be The experimental traces are overlaid with simulated data
influenced by nuclear quadruple couplings, albeit these effects obtained with one set of hyperfine and quadrupole couplings
are substantially smaller relative to the hf interactibhs. (see caption for details). The calculated traces represent 2
The time-domain data recorded os¥$® in Ca-depleted PSII deuterons with an averaggs, of 0.48 MHz ¢H 3.13 MHz).
exhibit fairly deep, rapidly dampingH modulations. From a  The frequency-domain spectra representing the experimental and
direct comparison between theY$* trace and the simulated simulated ESEEM traces in Figure 6A are shown in Figure 7A.
data sets in Figure 5, two conclusions can be made. First, theThe close fit of the depth and the damping of th¥ 3 trace is
overall fit to the modulation pattern is better willy, on the reflected in the good agreement between the experimental and
order of 0.54 MHz; the shallow modulations representing the calculated frequency-domain spectra. Figure 8 displays a
weak, 0.22 MHz interaction do not provide a good fit. Second, 2-pulse trace calculated with 2 deuterons Viligh equal to 0.48
the ESE modulation depth cannot be reproduced by a singleMHz on top of a SYz* trace, which shows that the simulations
deuteron. ESEEM traces calculated for 8Hawith T, > 0.54 are consistent with both 2- and 3-pulse data.
MHz exhibit dominant modulation damping and the overall In the simulations, the 0.48 MHz value ©f, represents an
ESEEM pattern deviates considerably from th¥ B trace (not average of two interactindH nuclei. A set of simulations were
shown). Trace b in Figure 5B, which includes 2 deuterons with done to determine what the limits of this 0.48 MHz average
an averagelgp of 0.54 MHz, shows a fairly good fit to the  are and if the fit could be improved by separating the hf values
SY 7 trace. for the 2 interacting deuterons. The changes in the simulated
From the coarse comparison between the calculated anddata were within the noise of the experimental data to a
experimental ESEEM data presented in Figure 5, we can separation iffg, of 0.44 and 0.52 MHz, respectively. The fit
conclude that there is more than ot nucleus in theé'H\?H of the experimental data did not improve by invoking an
exchanged ¥ site in Ca-depleted PSII. In addition, the depth inequivalence in the hf couplings (not shown).
and the damping of th#H modulations suggests hf interactions A similar analysis was done for thrée nuclei in which the
on the order of a moderately strong hydrogen bond. hyperfine and quadrupole couplings were optimized to fit the
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Figure 6. Experimental (solid lines) and simulated (dotted lines)
3-pulse ESEEM representing (A, ByYS" in Ca-depleted PSIl and
(C) Yz in Mn-depleted samples. The experimental traces are (A, B) LN AL BLELALRESN BN U
light-minus-dark and (C) light-minus-annealed difference data. Experi- 0 0.5 1.0 1.5 2.0
mental conditions:?H,0O incubation (A) 40, (B) 60, and (C) 35 min; T (Us)

vmw (A) 8.990, (B) 8.980, and (C) 9.095 GHe (A) 3248, (B) 3244, Figure 8. Experimental and simulated 2-pulse ESEEM representing
and (C) 3247 Gr (A) 238, (B) 253, and (C) 235 ns; startifigA) 42, S,Y 7 in Ca-depleted samples. The experimental trace represents light-

(B) 37, and (C) 45 ns; microwave pulse power—8D W; pulse minus-dark difference data. Experimental conditions;, 8.990 GHz;
sequence repetition rate (A, B) 60 and (C) 20 Hz; events per point (A, Ho 3248 G:7 160 ns; microwave pulse power-460 W: pulse sequence

B) 32 and (C) 10; each scan contains 512 points collected at 10 ns g patition rate 60 Hz; events per point 10; the scan contains 512 points
increments; (A, B) 20 scans/trace and (C) 6 scans/trace; [Chi:6.0 collected at 4 ns increments; 10 scans/trace: [Chl6.0.2 mg/mL:

0.2 mg/ml; temperature (A, B) 1.8 and (C) 4.2 K. Simulation  temperature 1.8 K. Simulation parametets; 3248 G;t 160; Ago 0
parameters:As, 0 MHz; €9Q 0.25 MHz;7 0; (A, B) two ?H nuclei MHz; €9Q 0.25 MHz; 0; two 2H nuclei with Ta, equal to 0.48 MHz.
with Tgip equal to 0.48 MHz, (C) onéH nucleus withTg, equal 0.40 The Vaecay fUinction was simulated by expt/1.245)°.

MHz plus 3 deuterons witfigj, of 0.24 MHz. TheH, andz values for

each simulated trace were identical to those for the corresponding . . . .
experimental data. Th¥uecs function was simulated by exp(r + 3.13+ 0.26 MHz) give the best fit of the experimentalYs

T)/t)L5 with t equal to 2.6-2.8 us. ESEEM data.
The same type of analysis as described above §¥°Sn

Ca-depleted PSIl was performed ogf ¥h Mn-depleted samples.
experimental &Yz traces. A reasonably good fit could be Figure 9 shows a 3-pulsezY ESEEM trace, obtained after
obtained by assuming thréel nuclei with an averag@ui, of complete 'H\?’H exchange, compared to a similar set of
0.40 MHz (H 2.61 MHz). The fit of the 2- and 3-pulse calculated data as shown in Figure 5: one and two coupled
experimental & z* data, however, was clearly not as good as deuterons with averaggj, equal to 0.22 and 0.54 MHz. A
the fit with only 2 deuterons (not shown). We conclude that direct comparison between the two experimental traces in
within an analysis based on a weak-coupling scenariof6y"S Figures 5 and 9 shows that the ¥ite has an exchangeabBlé
two exchangeabléH nuclei with Ty, = 0.48+ 0.04 MHz ¢H occupancy that depends on the presence or absence of the (Mn)
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A 1o Discussion

Radical Yield and Spectral Quality. We have been able
to trap 70% of the transient,Y species in samples devoid of
c the essential cofactors Mn, €a and Ci. The cryotrapping
protocol used for ¥ in the Mn-depleted PSII samples in this
work is similar, but not identical, to those described earlier for
samples from spinaéf3*and fromSynechocysti§80325 In
terms of trapping yield, the amount ofMrapped by Kawamori
and co-workers is difficult to evaluate, as they used a 30 min

annealing period to obtain the purg’Yspectrum, which was
AR B B S LN L I . . . .
0 08 1.6 2.4 3.2 4.0 4.8 5.6 used as the spin standard.p*¥is likely to decay during this
relatively long dark adaptation, which could produce errors in

Echo Amplitude
o
N
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T +1(us) . P e
the spin quantification. In the work here, the samples containing
B 1.0 . the trapped ¥* radical were thawed and incubated for 2 mins
. a in darkness. The ¥ decay is quantitative during the annealing
0.8 period, but Y* is stable, which allows us to obtain an accurate
0.6 ] b Yz spin concentration. For th8ynechocystisamples, Diner
c and co-workers reported trapping™at close to one per reaction

center. The higher trapping yield Bynechocystimay reflect
the slower Bsg"/Qa~ charge-recombination rate in cyanobacteria
relative to higher plant®

Yp* and Cht radicals give rise to signals that overlap the
T Yz spectrum and could interfere thh ESEEM measurements
0 0.8 1.6 2.4 32 4.0 4.8 5.6 on Mn-depleted samples. We avoided contamination by Y
in the light-minus-annealed data by maintaining the concentra-
] ] tion of Yp* constant in the light and dark-annealed samples.
Figure 9. Three-pulse ESEEM representing;'Yin Mn-depleted oy trapping procedure was optimized to avoid Chpecies,
samples compared to simulations. The time-domain data {trace c) s indicated by the purezYspectrum shown in Figure 1A. As
are the same as shown in Figure 6C. The simulated traces represeng result, the ESEEM traces were reproducible at different field
(A) one?H nucleus with argp of (a) 0.22 and (b) 0.54 MHz and (B) e P .
two 2H nuclei with Ty, equal to (a) 0.22 and (b) 0.54 MHz. Simulation pos't'ons_w'th'n the ¥ _EPR spectrum, which would not be
parameters:Ho 3247 G;7 235 ns;As, 0 MHz; €qQ 0.25 MHz; 7 0. the case if narrow Chisignals were present under the broader

Yz line shape.

) For the Ca-depleted system, neithes* Yhor Chl" caused
cluster. In contrast to 37" in Ca-depleted PSII, the trace concern, as the ESEEM data were recorded in the wings of the
representing ¥* in the Mn-depleted samples shows shallow and proad SY,* spectrum, and therefore, outside the EPR spectra
more long-lived modulations. The data in Figure 9 indicate of these radicals. For background subtraction in the Ca-depleted
that, as opposed to.%;" in Ca-depleted PSII, only one  samples, the multiline signal became fully induced during the
moderately strongH coupling might be involved. In addition,  preparation andH\?H-exchange procedures and formed a dark-
the decreased modulation depth and the persistence 8Hthe siaple stat@34556 Signals from other metal centers (see Figure
mOdu|ati0nS f0r>3 IMS indicate that there iS a SubStantia| lB) have broad ||ne Shapes and IOW amp“tudeS, Consequenﬂy,
contribution from weakly coupleéH in the Yz* trace. Asfor  thejr spectral contributions are weak. Small differences in
the Ca-depleted system, the coarse comparison between experigmplitude between the light and dark spectrum are observed
mental and simulated data shown in Figure 9 was followed by for Cytochromebssg These Changes are, however, neg||g|b|e
amore detailed simulation analysis. A calculated ESEEM trace, a5 compared to the amplitude of theY$' spectrum. We
which includes one deuteron withTa;, of 0.40 MHz ¢H 2.61 conclude that EPR signals form sources other thafy'Sn our
MHz) and 3 deuterons coupled with an averagg of 0.24 samples provided a stable background and their spectral
MHz (*H 1.56 MHz), is overlaid on the ¥ trace in Figure 6C.  contribution could be efficiently subtracted.

The corresponding frequency spectra are shown in Figure 7B. At the outset, ESEEM measurements were performed on both
Spectral features consistent with heterogeneous hydrogen bondihe low-pH treated and the NaCI/EDTA-washed material. The
ing of Yz' and a general disorder in the site have been reported |0W_pH prepared Samp|e31 however, were better suited for a
for Mn-depleted samples and, consequently, these numbers dqjetailed characterization, as this material, which contained the
not necessarily represent a unique solution to theBSEEM three extrinsic subunits, was more resistant to Mn release and
data (eg refs 12 and 69) Nonetheless, although minor Variationthe resumng spectra| contaminations from hexaaquozﬂ\/ln
in the hf couplings may be present, the modulation depth and species.
the damping of the ¥ ESEEM data are consistent with one Hydrogen Bonding of Yz. The ESEEM analysis on Y in
more strongly interacting deuteron and, in addition, several \n-depleted samples revealed hf interaction to a sifgle
weakly coupled deuterons. nucleus withTgp, of 0.40 MHz ¢H 2.61 MHz). If we make the

We estimate, with the signal-to-noise of our data, that the reasonable assumption that the 0.40 MHz coupling occurs to
changes in ¥* environment observed in the two cofactor- the tyrosine oxygen, which carries a spin density of 3728,
depleted systems occur within a-4.5 A radius from the the calculated distance of 2.04 A between the two nuclei
magnetic center of the radical. We note that we do not attempt suggests a hydrogen bond interaction. Several studies indicate
to fit the rapid modulations from the nonexchangeadbleuclei that the H-bonding partner to Ms D1-H190, as this residue is
that ride on top of the slowé&H modulations, as is clearly seen essential for ¥ function’%7! Retardation in ¥ oxidation by
in the experimental data in Figures-S. Psgo' is observed in all D1-H190 mutants reported, and the usual

Echo Amplitude
(=4
N

T + 1 (us)
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phenotype is complete inactivation of water oxidation. As-
sembly of a functional (Mn)cluster and low rates of oxygen

Tommos et al.

MHz). Within a simple point-dipole model, a 0.24 MHz
interaction translates into a radial distance of about 3.7 A

evolution are only detected upon changing the histidine to an between ¥* and the incorporatett nuclei. We did not observe

arginine or a lysing%71 These data point to the acithase
properties of D1-H190 as its key functional role in PSII and
suggest that this residue is the initial proton acceptor uppn Y
oxidation, as discussed in detail elsewh&fe.In agreement

similar weak hf interactions in Ca-depleted samples. These
results suggest thatyYis more shielded from the solvent in the
Ca-depleted system and, upon removal of the gvah)ister,
that bulk water enters the site. Alternatively, carboxylates in

with this interpretation, optical studies on Mn-depleted samples the (Mn), binding site that normally ligate the metal ions may
have shown that the electron- and proton-transfer reactionsbecome protonated from bulk as the manganese is extracted.

associated with ¥ redox chemistry are modulated by a base
with a pK, consistent with that of a histidin€.”272 Finally,
analogies to the D2 side suggest a clogdD1-H190 interaction,
as the H-bonding partner topYis D2-H18967b.74

Hydrogen bonding to £ z* in samples that retain the (Mn)
cluster, but lack C#, is clearly distinct from ¢* in samples
devoid of both metal ions. The electron spif nuclear spin
1 ESEEM analysis of &7 in the Ca-depleted system is
consistent with two interactingH nuclei with Ty of 0.48 +
0.04 MHz. The presence of two deuterons with similar hf

In any event, the spinecho data indicate a more solvent
accessible site in the absence of the metal center. Rigid control
of the accessibility to the Xsite in the presence of the (Mn)
cluster is consistent with the long lifetime o£Ys* in Ca-
depleted PSIl, on the order of seconds, and its relative
insensitivity to externally added reductafisin contrast, ¥%*
decays on the millisecond time scale in Mn-depleted samples
and, upon addition of exogenous reductants, is reduced with
fast second-order kinetics indicating close appro@éhseb.77

In addition, thermal melting of the ¥ site in Ca-depleted

couplings suggests a bifurcated H bond to the oxygen of the samples exhibits a highly cooperative transition with,a~50

tyrosine headgroup, as has been proposed 6°Sn acetate-

°C lower than that in Mn-depleted samplésThe relatively

treated PSIl based on studies similar to those described hereuncooperative melting process and high in the absence of

(but see also ref 23&. With this assumption, the observed hf

the (Mn), cluster support the finding here that bulk water has

couplings correspond to dipolar distances around 1.92 A. Oneaccess to the Xsite in this system.

of the H-bond donors to ¥ in Ca-depleted PSill is likely to be

Yz Deprotonation and Chlorophyll Optical Absorption

D1-H190. The second donor may be substrate water ligated toBandshifts in Mn-Depleted PSIl. The metalloradical mech-
the (Mn), cluster or an endogenous protein donor, as discussedanism for water oxidation postulates that ‘eprotonates

below.

Solvent Accessibility to the Y Site. Regardless of the
integrity of the OEC!H\?H-isotope exchange occurs on the hour
time scale at the ¥ site, as shown in earlier studfésand
verified here. For the ¥ site, however, théH\?H exchange is
completed more rapidly, with an upper limit ef35 min, in
both Mn-deplete® and Ca-depleted samples (Figures 3 and 4).
Thus, although ¥ and Yp are expected to lie at the same depth
in the thylakoid membran®,there is a substantial variance in
the water accessibility to the two tyrosines. On the basis of
more indirect evidence, a similar conclusion was made from
cw-ENDOR studies on ¥ and Yp* in Mn-depleted PSI#?

Our results show thatH\?H exchange at ¥ occurs within
minutes or faster in the absence or presence of the,(6hmter,
consistent with the metalloradical mechanism for water oxida-
tion. There is, however, a marked difference in the number of
exchangeable protons detected in the vicinity gfaé a function
of the integrity of the Mn site. The ESE characterization of
Yz in Mn-depleted PSII revealed hf interactions to several
weakly coupled deuterons withTa, of ~0.24 MHz {H 1.56

(70) (a) Diner, B. A.; Nixon, P. J.; Farchaus, J. @urr. Opin. Struct.
Biol. 1991 1,546-554. (b) Nixon, P. J.; Diner B. ABiochem. Soc. Trans.
1994 22,338-343. (c) Roffey, R. A.; Kramer, D. M.; Govindjee; Sayre,
R. T.Biochim. Biophys. Act&994 1185,257—270. (d) Chu, H.-A.; Nguyen,
A. P.; Debus, R. JBiochemistryl995 34, 5839-5858.

(71) Hays, A.-M. A,; Vassiliev, I. R.; Golbeck, J. H.; Debus, R. J.
Biochemistry1998 37, 11352-11365.

(72) Rappaport, F.; Lavergne,Biochemistryl 997 36,15294-15302.

(73) Conjeaud, H.; Mathis, PBiophys. J.1986 49, 1215-1221.

(74) (a) Tommos, C.; Davidsson, L.; Svensson, B.; Madsen, C.; Vermaas
W.; Styring, S.Biochemistryl993 32,5436-5441. (b) Campbell, K. A.;
Peloquin, J. M.; Diner B. A.; Tang, X.-S.; Chisholm, D. A.; Britt, R. .
Am. Chem. Sod 997, 119, 4787-4788.

(75) The observation of completel\?’H exchange on the minutes time
scale at the ¥ site in the Mn-depleted system is consistent with optical
measurements ditl\?H-isotope effects on the reduction rate @ (Diner,

B. A. Unpublished. Lydakis-Simantiris, N.; Babcock, G. T.; Golbeck, J.
Unpublished.)}-?

(76) (a) Innes, J. B.; Brudvig, G. \Biochemistry1989 28, 1116-
1125. (b) Isogai, Y.; Itoh, S.; Nishimura, NBiochim. Biophys. Actd99Q
1017 204-208. (c) Koulougliotis, D.; Tang, X.-S.; Diner, B. A.; Brudvig,
G. W. Biochemistryl995 34, 2850-2856.

through the protein matrix to bulk solvent upon its oxidation
by Psgo™. Consistent with this proposal7Yis a neutral radica}

and optical measurements on Mn-depleted samples detect proton
release and uptake upon oxidation and reduction ef Y
respectivelyt®7279 In dispute, however, is whether these data
indicate that the local, redox-driven acid/base chemistry in the
Yz site equilibrates with the bulk medium through the protein
matrix to give rise to the observed pH transients. An alternative
interpretation is that the proton released upon okidation
remains locally trapped in the site and that a charge is created,
which gives rise to electrostatic shifts in thi€{s of peripheral
amino acid$8® Upon rereduction of ¥ in this model, the
locally trapped proton reassociates with the phenol, the charge
is quenched, and the peripheral amino acids relax to their
original pKg's.

The spir-echo results on Mn-depleted preparations above
support the notion that the proton release/uptake observed in
the bulk medium in response to redox changes ati¥
chemically induced rather than of electrostatic origin, as they
show that the perturbed water-splitting site is in facile contact
with solvent. Several other points also argue in favor gf Y
equilibration through the protein matrix with the bulk phase.
The ready access of external reductants il the absence
of the (Mn), cluster has been mentioned above. Moreover, if
a charge were retained in the*\site, there would be substantial
energetic consequences associated with stabilizing it in the low
dielectric protein medium. Consideration of the’¥ ;7 reduc-
tion potential relative to the midpoint potential afsf" indicates

'that there is little excess driving force in thePgg™ — Y 2°Psso

reaction® Accordingly, the source of the additional energy
necessary to stabilize the hypothesized local charge is prob-
lematic. These energetic concerns are reinforced by recent
density functional calculations that indicate that removing the
proton from the site is essential for effective ¥xidation by

(77) Babcock, G. T.; Ghanotakis, D. F.; Ke, B.; Diner, B.Biochim.
Biophys. Actal983 723 276-286.

(78) Tommos, C.; Dorlet, P.; Babcock, G. T. Manuscript in preparation.

(79) Renger, G.; Voelker, MFEBS Lett.1982 149, 203-207.
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Figure 10. Summary of the environment and hydrogen bonding gf iM (A) Mn-depleted PSIlI and in (B, C) Ca-depleted PSII (see text for
details). The gray shading in each of the panels indicates diffusion barriers for protonic contact with bulk phase.

Psgo.89 Overall, there is a reasonable body of data that suggestsin apo-plastocyanin (apo-PC), for example, the structure of the
that proton release upon formation og*Yequilibrates rapidly enzyme in the apo-state is not significantly perturbed from the
with the bulk phase, although there appears to be a preparationholoenzyme and structural fluctuations in the protein to allow
dependent diffusion barrier through the protein that affects the metal incorporation are thought to be necesgaryn other
kinetics observed® proteins, for example, lactoferrin and hemerythrin, the native
In support of the electrostatic model for the observed pH enzyme structure is dependent upon the presence of the metal
transients upon redox change at,Yhowever, are optical  and, in its absence, the empty metal site is exposed to sé®ent.
absorption bandshifts in PSII chlorophyli(s) that accompany the  The behavior of the apo-PSIl appears to be more similar to
tyrosine redox changes. Several groups have argued that thesghat of apo-RNR and apo-PC, as access from bulk to the metal-
bandshifts arise as the result of the postulated retained positivedepleted ¥* site occurs, but appears to be kinetically limited.
charget® 7281 The interpretation of these bandshifts as reflecting This suggests that local fluctuations in the &vironment are
an electrostatic, as opposed to a chemical, origin, however, isrequired to allow MA" and C&" access from the bulk phase.
ambiguous and compromised by the facts that neither the extentRecent detailed studies on the photoactivation process suggest
nor the kinetics of proton release correlates with the amplitude that the metal ion incorporation proceeds relatively slowly and
and kinetics of the chlorophyll bandshifts’?2 The pigment may rate limit the proces¥. The proton equilibration data
absorption changes follow the redox state gfctosely, which support this notion as the release/uptake kinetics that follows
suggests that a shift in a local interaction of a chlorophyll the Y7 redox cycle in Mn-depleted samples vary depending on
pigment may be coupled to thezYredox cycle?®e If, for the specifics of the preparatiéh’? Moreover, effective oxida-
example, a weak hydrogen bond to the 9-keto carbonyl of a tion of Yz by Psge™ in the absence of the (Mpkluster still
chlorophyll became stronger upon oxidation of &hd relaxed requires the presence of D1-H190. Neither of these phenomena
upon its reduction, red shifts in both the Soret adégion of would be expected if the site were directly open to solvent.
the chlorophyll would occur and correlate with electron transfer Finally, the recent chemical rescue work reported by Debus and
through Yz. Recent FTIR work by Wydrzynski and co-workers  co-workers indicates that imidazole, added to the bulk phase,
indicates that this situation may indeed h&ldBriefly, they can restore both Yoxidation by Rgs™ and Yz* recombination
showed that the oxidation of zYis accompanied by a large  with Qa~ in D1-H190 mutant$! The second-order rate constant
differential band at 1706/1699 crh As tyrosine modes are  for this process is on the order of 3B~ s71, indicating that
not expected in this region, they attributed the vibrational shift the entry of imidazole into the active site is not diffusion limited,
to the keto group of a chlorophyll. Such a shift#(C=0) is which points to protein structural fluctuations as limiting the
characteristic of a change in H-bond stren@tiyhich suggests overall process. Taken together, the spatho results and the
that the H-bonding interaction and hence the optical absorption considerations above suggest that thesite equilibrates rapidly
spectrum of the chlorophyll are coupled to the redox state of with bulk phase in the absence of the (Mw)uster, but that
Yz. These data provide a means by which to rationalize the this equilibration is rate-limited by local protein fluctuations.

chlorophyll bandshifts without the necessity of postulating a  Cofactor-Dependent Structure of the Y, Site. Figure 10
charge in the ¥* site?0¢ summarizes the ¥site as a function of the metal composition
The question above as to the equilibration of thesite with of the OEC. Figure 10A shows the;¥structure and environ-
bulk solvent is pertinent of the light-driven assembly mechanism ment in the C&"/(Mn)s-depleted system. For the Ca-depleted
of the OEC?’ In other metalloenzymes, the extent of exposure system, two possible H-bonding arrangements are shown in
of the apoenzyme active site and the metal incorporation processFigure 10, parts B and C. Independent of the status of the metal
vary widely® In apo-ribonucleotide reductase (apo-RNR) and

(84) Mechanisms of Metallocenter Assemlbhausinger, R. P., Eichhorn,
(80) Blomberg, M. R. A.; Siegbahn, P. E. M.; Babcock, G.JT Am. G. L., Marzilli, L. G., Eds.; VCH Publishers: New York, 1996.
Chem. Socln press. (85) (a) Aberg, A.; Nordlund, P.; Eklund, HNature 1993 361,276~
(81) Diner, B. A; Tang, X.-S.; Zheng, M.; Dismukes, G. C.; Force, D. 278. (b) Garrett, T. P. J.; Clingeleffer, D. J.; Guss, J. M.; Rogers, S. J.;
A.; Randall, D. W.; Britt, R. D. InPhotosynthesis: from Light to Biospere Freeman, H. CJ. Biol. Chem.1984 259, 2822-2825.
Mathis, P., Eds.; Kluwer Academic Publishers: The Netherlands, 1995; (86) (a) Anderson, B. F.; Baker, H. M.; Norris, G. E.; Rumball, S. V.;

Vol. I, pp 229-234. Baker, E. N.Nature 199Q 344, 784-787. (b) Kurtz, D. M., Jr. In
(82) Zhang, H.; Razeghifard, M. R.; Fischer, G.; Wydrzynski, T. Mechanisms of Metallocenter Assemibausinger, R. P., Eichhorn, G. L.,
Biochemistry1997, 36, 11762-11768. Marzilli, L. G., Eds.; VCH Publishers: New York, 1996; pp-190.
(83) Babcock, G. T.; Callahan, P. NBiochemistry1983 22, 2314~ (87) Zaltsman, L.; Ananyev, G. M.; Bruntrager, E.; Dismukes, G. C.

2319. Biochemistry1997, 36, 8914-8922.
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cluster, Yz is most likely H bonded to D1-H190 in both its
reduced and oxidized form, as discussed above.
In Mn-depleted PSII, Figure 10A, hydrogen bonding tg Y

Tommos et al.

tion, the status of the extrinsic subunits, and the composition
of the metal clustet9-38.%0
A more specific prediction of our mechanistic model is that

spans a range of geometries and the position of its phenol Yz is involved in two hydrogen bonds during the catalytic cycle

headgroup is disorderé@?26:5969 |n addition, the site is in
equilibrium with the bulk phase and water molecules and/or
protonated carboxyl groups, which ligate the (Mojuster in

the holoenzyme, are present in the direct vicinity of the tyrosine.
During assembly of the (Mn)cluster, the carboxylate ligands

(see also ref 213. One of these H bonds is to D1-H190, which
serves as the first residue in a proton-transport pathway through
the protein matrix that eventually leads to the bulk medium.
The second H-bonding partner is predicted to be substrate
coordinated to the (Mn)cluster in the intact system. Figure

must deprotonate, which accounts for the observation of proton 10, parts B and C, displays possible structural arrangements of

ejection during the cluster assemBFlY. The accessibility of ¥

to the bulk medium in Mn-depleted PSII may rationalize
observations that have been interpreted to indicate thasY
not H bonded to D1-H190 in its radical form. Point-mutations
at D1-H190 do not perturb the cw-EPR spectrum gf t6 any
significant exter® in contrast to mutations introduced at D2-
H189, which abolish or severely perturb the EMR features of
Y p°.20c67b,74 The studies on the D1-H190 mutants, however,
were performed on samples that did not contain the {(Mn)

the Yz site in the QY state of the Ca-depleted enzymez*Y
may be involved in a bifurcated H bond to D1-H190 and to
one of the substrate molecules coordinated to the catalytic Mn
ions (Figure 10B) or, alternatively, to some other base in the
vicinity of the tyrosine (Figure 10C). The structures shown in
Figure 10, parts B and C, are consistent with a (M2
center-to-center distance around 8AMoreover, parts B and

C in Figure 10 are in agreement with the fact that we detect
only two exchangeabléH nuclei, since the upper limit for

cluster. In light of the results shown here, we suggest that bulk detection of a singléH coupled to the tyrosine oxygen is about

water, present in the Xsite, can replace, although not in a
kinetically competent fashion, D1-H190 as the proton accep-
tor.

In the proposed hydrogen-abstraction models, gMpYforms
a single structural and functional unit and, within the framework

3.0 A within the signal/noise of our data.

As discussed earlier, the Ca-depleted PSII enzyme is inhibited
after formation of the &r;* state. If the contact betweensY
and substrate is broken, as illustrated in Figure 10C, the reason
for the inhibition is clear. If, however, the structure shown in

of this model, ¥ is expected to be disordered in the absence Figure '1OI'3 more accurately despribes the system, other reasons
of the metal cluster. Moreover, on the basis of photoactivation for the inhibition have to be considered. Hydrogen atom transfer
arguments, solvent should be detectable in the immediaterates dependent on the potential surface that describes the
vicinity of Yz. Both of these predictions are consistent with donor-acceptor system. Owing to the relatively large mass of

the experimental observations. Binding of Mrand C&" ions
and assembly of the (Makluster are likely to increase order
in the active site and impose rigid control of its accessibility to
bulk water. Although our studies are restricted to the Ca-
depleted system, a decrease in accessibility Aoify samples
that contain the (Mn) cluster is observed. In addition, the
cooperative melting of the X site in Ca-depleted PSII, relative

the proton compared to the electron, a minor shift in the distance
that separates the donor and acceptor will have a significant
effect on the H-atom tunneling ral&. Thus, it is possible that
Ca" depletion perturbs the (Mgyz structure sufficiently to
block the normal S cycle. Alternatively, in Ca-depleted PSII,
the (Mn)Yz structure and the positioning of the substrate may
be close to native, but a normal &ate cannot be formed owing

to the Mn-depleted system, suggests a more homogenepus Y t0 changes in the reduction potentials of the redox cofactors

environment in the presence of the (Mrcjuster’®

The predictions from the metalloradical model made above
are fairly general and do not necessarily require thafuvictions
as a H-atom abstractor.
depleted samples relative to the Ca-depleted enzyme reveal
sensitivity of the Y site to the removal of the (Ma)cluster
that is consistent with an intimate relationship between the two
redox cofactors. This is also reflected in the thermodynamic
and kinetic properties of X which depend on the redox and
compositional state of the OEC metal site. The midpoint
potential of Y varies as a function of the S stafeand upon
removal of the (Mn) cluster, is decreased by 5020 mV in
the pH range 58.58° Moreover, the oxidation and reduction
rates of Y; vary dramatically as a function of sample prepara-

(88) (a) Roffey, R. A.; van Wik, K. J.; Sayre, R. T.; Styring, B Biol.
Chem.1994 269, 5115-5121. (b) Bernard, M. T.; MacDonald, G. M.;
Nguyen, A. P.; Debus, R. J.; Barry, B. A.Biol. Chem1995 270,1589-
1594.

Nonetheless, our results in the Mn-

and/or the bond-dissociation energies of the substrates.
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