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Abstract: Photosynthetic water oxidation catalyzed by Photosystem II takes place at a site that comprises a
redox-active tyrosine, YZ, a tetramanganese cluster, and, in addition to its redox components, two inorganic
cofactors, calcium and chloride. Recent work suggests that YZ and 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 which YZ

• is 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 and YZ, which predicts that the local YZ
environment will be sensitive to the composition and integrity of the metal cluster. To test this postulate, we
have examined the YZ site and its status with respect to solvent exposure under varying degrees of disassembly
of the oxygen-evolving complex.1H\2H-isotope exchange was carried out for various times in samples devoid
of Mn, Ca2+, and Cl-, and in samples depleted exclusively of Ca2+. The YZ

• and S2YZ
• 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 at the YZ site was completed with an
upper limit on the minutes time scale in both the (Mn)4-depleted and the Ca-depleted samples. The number
of isotope-exchangeable protons in the site and their distances to YZ

• were found to be different in the two
systems, indicating that YZ is shielded from the solvent in the Ca-depleted system and, upon removal of the
(Mn)4 cluster, becomes accessible to bulk water. The results from an electron spin-echo analysis of S2YZ

•,
in the weak-coupling limit, suggest that YZ

• in samples that retain the (Mn)4 cluster, but lack Ca2+, 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 (Mn)4 cluster.

Introduction
Photosystem II (PSII) catalyzes the oxidation of water to

dioxygen in plants and algae.1-4 The water-splitting reactions
are thermodynamically driven by the light-induced oxidation
of the reaction-center chlorophyll complex, P680. A tetraman-
ganese cluster2,5 and YZ, a redox-active tyrosine identified as
D1-Y161,6,7 comprise the catalytic core of the PSII oxygen-

evolving complex (OEC). The (Mn)4 cluster binds substrate
water, and by cycling through five redox states, denoted S0-
S4, accumulates the oxidizing potential required for the catalytic
process. Oxidation of water occurs along a concerted pathway
upon formation of S4 and the dioxygen product is released as
the system relaxes back to S0. In addition to its redox
components, PSII requires two inorganic cofactors, calcium and
chloride, for function.1,8,9 The enzyme also contains YD, a
second redox-active tyrosine located at position D2-160.6,10YD

functions as an auxiliary electron donor and is not directly
involved in the water-splitting chemistry.3,11

Evidence has recently accumulated that indicates a more
intimate role for YZ in the water-oxidizing chemistry than had
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been suspected previously. These results include a comparison
between the properties of YZ

• and those of YD• that revealed
pronounced differences between the two radicals.12 In particu-
lar, upon removal of the (Mn)4 cluster, the YZ site becomes
severely perturbed, whereas the YD site is insensitive to the
status of the metal cluster.13 This observation was unexpected
in light of the prevailing view of YZ as a charge-transfer
interface between P680 and the (Mn)4 cluster and its proposed
remote position with respect to the metal site. Concomitant
with this work, data were presented that indicated that YZ and
the (Mn)4 cluster were in closer proximity14 than earlier
estimates.15 Finally, fast proton release initiated by YZ oxidation
occurs on each PSII turnover,16 which suggests a linkage
between YZ and the protolytic chemistry associated with water
oxidation.17

These results and several others led us to propose a metal-
loradical mechanism that involves YZ directly in the water-
oxidizing chemistry and as the key component by which PSII
liberates the protons produced by this process from the active
site. In this model, the (Mn)4 cluster provides binding sites for
substrate water/hydroxide from which YZ

• abstracts hydrogen
atoms upon each S-state transition.9,12,20 The oxidizing equiva-
lents generated in these processes are delocalized to the (Mn)4

cluster, which increases the Mn valences by one upon each
turnover. This model has recently been extended to include a
mechanism for the oxygen-oxygen bond forming step20d and
the involvement of the Cl- and Ca2+ cofactors in the catalytic
cycle.9 Britt and co-workers have proposed a similar metal-
loradical model for PSII in which YZ is intimately involved in
the oxidation and deprotonation of substrate water.2,14,21 A
difference between these two models is the pervasiveness of
the YZ

•-mediated hydrogen abstractions. In the model that we
have developed, YZ performs the same proton-coupled redox

chemistry on each S-state advance. In the model presented by
Britt and co-workers, YZ is not necessarily involved in the
deprotonation of substrate on all S-state transitions.2,14b In
addition, in the model proposed by Britt’s group, the reduction
and protonation of YZ• occur as a pure sequential electron/
proton-transfer event while we favor a proton coupled electron-
transfer pathway.22 Both models, however, although different
in the mechanistic details, postulate that an electron and a proton
are transferred from the Mn/substrate unit to YZ

•.
Intrinsic to these ideas on water oxidation is a close structural

and function relationship between the metal site and YZ. To
test this postulate, several recent EMR studies have examined
the distance between YZ and (Mn)4 in samples in which water
oxidation is inhibited by perturbation of the Cl- and/or Ca2+

cofactors.23 In these preparations, PSII is blocked in S2YZ
• that

is characterized by an EPR spectrum, originally observed by
Rutherford and co-workers,24 which has been analyzed to derive
the nature and strength of the magnetic interactions between
the two spin centers. These studied converge to∼8 Å as the
center-to-center distance between YZ and (Mn)4.23 An important
FTIR observation shows that the short distance observed in the
inhibited systems may extend to the native enzyme.25

Here we describe a different approach to investigate the
proposed integrated (Mn)4YZ structure that complements and
extends the distance measurements. An intimate physical and
functional association between the tyrosine and the metal site
predicts that the YZ site will be sensitive to the composition
and integrity of the (Mn)4 cluster. The YZ site is disordered12,26

and predicted to be accessible from bulk phase in the absence
of the metal cluster. Accessibility to bulk solvent in this view
is essential so that the Mn2+ and Ca2+ binding processes that
necessarily precede photoactivation and assembly of the func-
tional (Mn)4 cluster can occur.27 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 of H2O
s-1 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, YZ•, is involved in bifurcated hydrogen bonds at
various points in the catalytic cycle (see also ref 21).9

Electron spin-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 (Mn)4YZ

site and into the hydrogen-bonding status of the tyrosine.
Characterization of YZ• in native PSII, however, is hampered
by the fast kinetics of the system; YZ is oxidized by P680

+ on
the nanosecond time scale28 and rereduced by the (Mn)4 cluster
within 10’s of µs to 1 ms,3,29 which prevents the buildup of a
high steady-state concentration of YZ

• under conditions when
water is the substrate. Upon removal of the (Mn)4 cluster,30 or
of Ca2+, the rereduction of YZ• is slowed, which allows
cryotrapping of the radical.26,33,34 In Mn-depleted PSII, YZ is
oxidized by P680

+ within 10’s of µs,35 and is rereduced on the
order of 10’s to 100’s of ms.36,37 In Ca-depleted samples, YZ

is oxidized by P680
+ on the microsecond time scale,38 and the

enzyme is blocked upon formation of S2YZ
•.14,23,24 The

regeneration of S2YZ is slow and occurs on the seconds time
scale.39

In the work presented here, we have cryotrapped YZ
• and

S2YZ
• in samples depleted of Mn, Ca2+, and Cl- and in samples

exclusively devoid of Ca2+, respectively. The paramagnetic
species were studied by ESEEM spectroscopy to derive quanti-
tative information on1H\2H-exchangeable nuclei in the YZ site
from these two types of PSII preparations. Analysis of the
ESEEM data provides information of the number of exchange-
able protons in the YZ• site, their hyperfine couplings, and how
these properties change as a function of the cofactor composition
of the metal site.40 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. PSII-enriched BBY membranes were pre-
pared from market spinach according to the method developed by

Yocum and co-workers, with 1 mM of EDTA included in all steps of
the preparation.42,43 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 at 23°C and
containing 1.0 mM EDTA, at 0°C 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 NaCl, and 1.0 mM EDTA, and finally
resuspended in 25% v/v glycerol, 40 mM MES pH 6.5, 20 mM NaCl,
and 1.0 mM EDTA. Calcium-depleted PSII samples containing the
three extrinsic polypeptides were prepared by the low-pH method,44

and samples lacking the 17 and 23 kDa extrinsic subunits were
generated by using the NaCl/EDTA procedure.45 The samples devoid
of Ca2+ 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 containede1 ppm
of Ca2+. The samples were frozen in liquid N2 and stored at-80 °C
until use.

Oxygen Evolution. The oxygen-evolving activities of the PSII
preparations were measured at 25°C in a Clark-type oxygen electrode
at a Chl concentration of 6.7µg/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 µmol O2/mg of Chl*h in native samples, 0 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 incubation in2H2O
buffer, as compared to incubation in1H2O buffer, even after more than
2 h of incubation.

1H\2H-Isotope Exchange Procedures.For 1H\2H-isotope exchange,
the Mn-depleted samples were washed three times in2H2O buffer
containing 25% v/v glycerol, 40 mM MES pD 6.5 (pD) pH + 0.4),
20 mM NaCl, and 1.0 mM EDTA, and resuspended in 25% fully
deuterated glycerol, 40 mM MES pD 6.5, 20 mM NaCl, and 1 mM
EDTA. The samples devoid of calcium were washed three times and
finally resuspended in2H2O 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
1H contamination after the1H\2H-isotope exchange was estimated to
<8%. The1H\2H procedure was done immediately prior the cryotrap-
ping procedures.

Low-Temperature Trapping Procedures. For the Mn-depleted
samples, phenyl-p-benzoquinone (PPBQ) and K3Fe(CN)6 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 27µM (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 m2 s-1 per lamp. The Mn-depleted
samples were illuminated for 5 s at 0( 1 °C, followed by illumination
for 10 s as the temperature of the samples was lowered in an ethanol/
solid CO2/liquid N2 bath maintained at- 90 °C. The light was then
switched off and the samples were rapidly transferred to liquid N2 and
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 at 0( 1 °C, followed by illumination
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for 15 s as the temperature was lowered to-90 °C. The temperature
in the samples during the illumination was controlled by a flowing
N2-gas system, cooled by a 200 K ethanol/solid CO2 bath, connected
to the glass dewar. For induction and trapping of YD

•, the Mn-depleted
samples were illuminated for 5-10 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
TE102-mode cavity. Measurements at 77 K were performed by using
a liquid N2 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 University.46 Processing of the experimental data,
Fourier transform, and simulation of powder-pattern ESEEM47 were
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 described.48

Results

Cryotrapping of Y Z
• in Cofactor-Depleted PSII. To study

the YZ site by ESEEM at different levels of disintegration of
the OEC, procedures were developed for trapping the transient
YZ

• and S2YZ
• states at high yield in Mn-depleted and in Ca-

depleted PSII samples, respectively. About 70% of YZ
• could

be trapped at low temperature in Mn-depleted BBY samples,
as shown in Figure 1A. The dark trace, spectrum b, represents
the stable YD• radical, and the light-induced increase observed
in spectrum a represents cryotrapped YZ

•. The pure YZ•

spectrum is shown as the light-minus-annealed trace in spectrum
c. Small differences in line width and hyperfine structure are
observed between the YZ

• and YD
• spectra shown in Figure 1A,

which are consistent with earlier studies.12,26 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 the YD

•

spectrum, which is 20 G in spinach. The hyperfine interactions
to the tyrosine ring- andâ-methylene protons and the electron
spin-density distribution of YZ• and YD

•, which are reflected in
their overall cw-EPR line shapes, have been evaluated in
detail.12,13d,49,50

Figure 1B shows 4900 G wide cw-EPR spectra obtained from
Ca-depleted samples, in the absence and presence of the 17 and
23 kDa extrinsic polypeptides. The two top spectra in Figure
1B represent a NaCl/EDTA-washed BBY sample frozen during
illumination (black spectrum) and after a 10 min dark incubation
at 0°C (gray spectrum). The 145 G wide, light-induced signal
centered in theg ) 2 region is apparent in the sample frozen
during illumination and represents the magnetically coupled
S2YZ

• state in Ca-depleted PSII.23,51 The two bottom spectra

in Figure 1B represent a low-pH treated BBY sample frozen
during illumination (black spectrum) and prior to illumination
(gray spectrum). In the low-pH treated samples, which contain
all three extrinsic polypeptides, the S2YZ

• signal is 190 G peak-
to-trough. In addition to S2YZ

•, there are several paramagnetic

(46) McCracken, J.; Shin, D.-H.; Dye, J. L.Appl. Magn. Reson.1992,
3, 305-316.

(47) (a) Mims, W. B.Phys. ReV. B 1972, 5, 2409-2419. (b) Mims, W.
B. Phys. ReV. B 1972, 6, 3543-3545.

(48) Mims, W. B.J. Magn. Reson.1984, 59, 291-306.
(49) (a) Hoganson, C. W.; Babcock, G. T.Biochemistry1992, 31,

11874-11880. (b) Rigby, S. E. J.; Nugent, J. H. A.; O’Malley, P. J.
Biochemistry1994, 33,1734-1742. (c) Tommos, C.; Madsen, C.; Styring,
S.; Vermaas, W.Biochemistry1994, 33, 11805-11813

(50) (a) Hoganson, C. W.; Sahlin, M.; Sjo¨berg, B.-M.; Babcock, G. T.
J. Am. Chem. Soc.1996, 118, 4672-4679. (b) Dole, F.; Diner, B. A.;
Hoganson, C. W.; Babcock, G. T.; Britt, R. D.J. Am. Chem. Soc.1997,
119, 11540-11541.

(51) The S2YZ
• state forms a tyrosyl-manganese exchange-coupled

system, whose EPR spectrum contains the prominent, split features in the
g ) 2 region dominated by YZ• transitions and the low intensity,∼2000 G
wide multiline part dominated by (Mn)4 transitions (for a discussion, see
refs 23b and 23c). The “S2YZ

•” notation used here refers to the split,g )
2 region of the whole spectrum.

Figure 1. (A) Continuous-wave EPR spectra obtained at 77 K on a
Mn-depleted, PSII-enriched BBY sample from spinach (a) frozen during
illumination, (b) after two min at 20°C in the dark, and (c) light-
minus-annealed difference spectrum. The spectra were obtained with
nonsaturating microwave power. Experimental conditions:νmw 9.433
GHz; power 9.2µW; modulation amplitude 1.6 G; time constant 41
ms; scan rate 0.6 G/s; 20 scans/spectrum; [Chl] 8.3( 0.2 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
extrinsic polypeptides. (a) Spectra representing a NaCl/EDTA-washed
sample frozen during illumination (black spectrum) and after 10 min
at 0 °C in the dark (gray spectrum). (b) Spectra obtained on an intact,
low-pH treated BBY sample frozen during illumination (black spectrum)
and prior to the illumination (gray spectrum). Experimental condi-
tions: νmw 9.464 GHz; power 7.9 mW; modulation amplitude 20.1 G;
time constant 82 ms; scan rate 14.6 G/s; 1 scan/spectrum; [Chl] 6.0(
0.2 mg/mL; temperature 10 K.
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centers that are routinely detected in PSII samples.52 The
spectrum from YD• occurs as the narrow feature centered at 3372
G. A feature assigned to rhombic Fe3+ is observed atg ) 4.3.
The gy and gz components of the low-spin heme from cyto-
chromeb559 are observed atg ≈ 2.3 and 3.0, respectively.53 In
some preparations, we observed a feature atg ) 2.067, which
we assign to Cu2+.54 In Ca-depleted samples prepared with
millimolar concentrations of chelators, the S2 multiline signal55

exhibits a modified, less-resolved spectrum, which, once
induced, remains stable for several hours in the dark.33,45,56Spin-
quantifications on the S2YZ

• signal obtained from the two Ca-
depleted preparations indicate that we can trap∼75% of the
PSII center in the S2YZ

• state (not shown).57 We estimate the
absolute spin concentrations to be about 27 and 20µM for YD

•

and YZ
•/S2YZ

•, respectively.
Exchangeable 1H Nuclei in the YZ Site. The 1H\2H

exchange rate and the hyperfine (hf) interactions of exchange-
able protons in the YZ site in the two cofactor-depleted systems
were studied by 2- and 3-pulse ESEEM spectroscopy. The
different magnetic properties of the1H and2H nuclei combined
with the ESEEM technique provide a sensitive tool to study
the accessibility by the bulk phase to the YZ site. Upon
complete1H\2H exchange, the hf interactions with2H nuclei
can be analyzed to derive information on the protein environ-
ment surrounding YZ. The hyperfine interaction between YZ

•

and a nearby nuclear spin is given byA ) Aiso + Adip, where
Aiso represents the isotropic Fermi contact interaction andAdip

is the anisotropic dipole-dipole coupling term.58 For the
weakly coupled nuclei studied here, we assume point-dipole
interactions between the electron spin and the surrounding
nuclear spins. This type of interaction is represented by axial
hf tensors that contain the following elements:

whereF is the electron spin density on the atom to which the
nucleus is coupled,ge is the experimental electrong value,gN

is the nuclearg value, âe and âN are the Bohr and nuclear
magneton, respectively, andr represents the radial distance
between the two coupled spin centers. For a2H or a1H nucleus
coupled to YZ

•, with age of 2.00466,59 Tdip(MHz) ) F12.15r-3

(Å3) andTdip(MHz) ) F79.16r-3 (Å3), respectively.

(a) Solvent Accessibility to the YZ Site. There are sub-
stantial differences in accessibility by the bulk medium to the
YZ site as compared to YD, which are well demonstrated by
1H\2H-isotope exchange combined with ESEEM spectroscopy.
The experimentally observed time-domain trace from a 2-pulse,
90°-τ-180° experiment, derived by plotting the integrated
spin-echo intensity as a function ofτ, is given by:60-62

whereVdecay describes the decay of the overall echo intensity
due to spin-relaxation mechanisms,N represents the number of
nuclei magnetically coupled to the electronic spin, and for aS
) 1/2 and I ) 1/2 system:63,64

The νR andνâ are the frequency components representing the
fundamental,∆mΙ ) (1 hf transitions associated with the+1/2
and-1/2 spin manifolds, respectively. Thek factor is defined
as the modulation depth parameter and is given by:65

The νI term is the Larmor frequency of the coupled nucleus,
andB ) 3Tdip(cosθ sinθ) whereθ represents the angle between
the external magnetic field and the line joining the electron and
nuclear spins.

Figure 2 displays 2-pulse ESEEM data from YD
• in Mn-

depleted samples after 35 min (trace a), 75 min (trace b), 24 h
(trace c), and 46 h (trace d) of2H2O incubation. The poor
accessibility by solvent water to the YD site is revealed by the
long 2H2O incubation required to reduce the appearance of1H
modulations in the YD• ESEEM pattern. In Figure 2, the
fundamental (νR,â) and sum-combination (νR + νâ) hf frequen-
cies of the1H nuclei coupled to YD• are seen as the rapid
modulation with periods of 37 and 73 ns, respectively. Con-
comitant with the decrease of the1H modulations, the funda-
mental2H modulation with a period of 478 ns appears in the
spin-echo envelope. These results show that1H\2H exchange
at the YD site occurs on the hour time scale, consistent with
earlier work.67

In contrast, for the YZ site in Ca-depleted PSII the1H\2H
exchange is completed with an upper limit on the minute time
scale, as shown by the 3-pulse ESEEM data displayed in Figures

(52) Miller, A.-F.; Brudvig, G. W.Biochim. Biophys. Acta1991, 1056,
1-18.

(53) Babcock, G. T.; Widger, W. R.; Cramer, W. A.; Oertling, W. A.;
Metz, J. G.Biochemistry1985, 24, 3638-3645.

(54) Sheptovitsky, Y. G.; Brudvig, G. W.Biochemistry1996, 35,16255-
16263.

(55) Dismukes, G. C.; Siderer, Y.FEBS Lett.1980, 121,78-80.
(56) Boussac, A.; Zimmermann, J.-L.; Rutherford, A. W.FEBS Lett.

1990, 277,69-74.
(57) Due to the exchange-coupled nature of the S2YZ

• state, the area of
the light-minus-annealed S2YZ

• signal in theg ) 2 region may exceed one
spin per PSII, when compared to the area of YD

•, which was used as the
spin standard. If this is the case, the 75% estimate represents an upper limit
in the S2YZ

• trapping yield.
(58) (a) Gordy, W. InTechniques of Chemistry Vol. XV: Theory and

Applications of Electron Spin Resonance;West, W., Ed.; John Wiley &
Sons: New York, 1980. (b) Atherton, N. M.Principles of Electron Spin
Resonance;Ellis Horwood and PTR Prentice Hall: London, 1993. (c) Weil,
J. A.; Bolton, J. R.; Wertz, J. E.Electron Paramagnetic Resonance:
Elementary Theory and Practical Applications;John Wiley & Sons: New
York, 1994. (d) Piekara-Sady, L.; Kispert, L. D. InHandbook of Electron
Spin Resonance: Data Sources, Computer Technology, Relaxation, and
ENDOR.; Poole, C. P., Jr., Farach, Eds.; H. A., AIP Press: New York,
1994; pp 311-357.

(59) Un, S.; Tang, X.-S.; Diner, B. A.Biochemistry1996, 35, 679-
684.

(60) Rowan, L. G.; Hahn, E. L.; Mims, W. B.Phys. ReV. 1965, 137,
A61-A71.

(61) (a) Kevan, L. InTime Domain Electron Spin Resonance;Kevan,
L., Schwartz, R. N., Eds.; John Wiley & Sons: New York, 1979; pp 279-
341. (b)ESEEM Spectroscopy;Dikanov, S. A., Tsvetkov, Y. D., Eds.; CRC
Press: Ann Arbor, 1994.

(62) (a) Mims, W. B.; Peisach, J. InAdVanced EPR: Applications in
Biology and Biochemistry;Hoff, A. J., Ed.; Elsevier: New York, 1989; pp
1-57. (b) McCracken, J. InHandbook of Electron Spin Resonance; Poole,
C. P., Jr., H. A., Farach, Eds.; Vol. II, in press.

(63) The S2YZ
• state is an exchange-coupled system, but appears to be

in the weak-coupling limit.23b,c Within this assumption, we analyze the
deuterium ESEEM data obtained on S2YZ

• from the Ca-depleted samples
in a S ) 1/2, I ) 1 context, rather than with aS ) 1, I ) 1 spin model.

(64) The 2- and 3-pulse modulation functions for aS ) 1/2 and I ) 1
system contain, in addition to the terms shown in eqs 4 and 7, higher order
terms with respect tok and components arising from nuclear quadrupole
interactions (see ref 61, and references therein).

(65) For the spin) 1 2H nucleus,k is equal to 8/3(νIB/νRνâ)2.
(66) (a) Babcock, G. T.; Sauer, K.Biochim. Biophys. Acta1973, 325,

504-519. (b) Ghanotakis, D. F.; Yerkes, C. T.; Babcock, G. T.Biochim.
Biophys. Acta1982, 682, 21-31.

Axx ) Ayy ) Aiso - Tdip andAzz) Aiso+ 2Tdip (1)

Tdip ) FgegNâeâNr-3 (2)

E(τ) ) Vdecay∏
i)1

N

Ei
mod(τ) (3)

Emod(τ) ) 1 - k/2 + k/2[cos(2πνRτ) + cos(2πνâτ)] -
k/4[cos(2π(νR + νâ)τ) + cos(2π(νR - νâ)τ)] (4)

k ) (νIB/νRνâ)
2 (5)
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3 and 4. In a 3-pulse, 90°-τ-90°-T-90° spin-echo experi-
ment the intensity of the stimulated echo, which appears at a
time equal toτ after the third microwave pulse, is plotted as a
function ofT. The observed spin-echo envelope for aS) 1/2
and I ) 1/2 spin interaction is described by:61-65,68

Figure 3 shows 3-pulse ESEEM representing S2YZ
• in low-pH

treated, Ca-depleted BBY samples after2H2O incubation for
40 min (trace a) and for 60 min (trace b). As opposed to the
YD

• data in Figure 2, in which the deuterium modulations
continuously grow into the ESEEM pattern as the2H2O
incubation period is increased, the two sets of data obtained on
S2YZ

• are, within the signal-to-noise, identical. Figure 4 shows
the corresponding frequency-domain spectra obtained by Fourier
transform of the time-domain data in Figure 3. The depth of
the2H modulation is the same in the two traces shown in Figure

3, which is reflected in the frequency domain in that the
amplitude of the fundamental2H peak, resonating at 2.11 MHz,
from the two different samples is of equal height. The identical
damping pattern of the two ESEEM traces in Figure 3 is
reflected in the equal width of the2H peak, 0.48 MHz, in the
two spectra in Figure 4. Two-pulse ESEEM obtained on S2YZ

•

gave results consistent with the 3-pulse data (not shown).
Consequently, the1H\2H exchange at the YZ site in the Ca-
depleted system is completed with 40 min representing the upper
limit.

A similar set of data were obtained for YZ
• in the Mn-depleted

system. For these samples the1H\2H exchange at the YZ site
was completed within 35 min (not shown).

(b) ESEEM Analysis. Figure 5 displays a comparison of
the S2YZ

• ESEEM pattern from Ca-depleted PSII after complete
1H\2H exchange, and simulated data based on aS ) 1/2, I ) 1
model in which the number of magnetically coupled nuclei and
the magnitude of the hf interactions were varied.63 In Figure
5A two calculated ESEEM traces are shown: trace a was
simulated with a weak hf interaction to one deuteron withTdip

equal to 0.22 MHz (1H 1.43 MHz); trace b was calculated with
a Tdip of 0.54 MHz (1H 3.52 MHz), which corresponds to the
hf coupling measured for the hydrogen bond of YD

•.67,69 The
simulated data in Figures 5B represent the same strength in the
hf couplings,Tdip equal to 0.22 (trace a) and 0.54 MHz (trace
b), respectively, but include two interacting deuterons. Other
parameters used to generate the simulated ESEEM traces are
given in the caption to Figure 5.

The calculated time-domain data in Figure 5 show the
sensitivity of the ESE modulation pattern to changes in the

(67) (a) Rodriguez, I. D.; Chandrashekar, T. K.; Babcock, G. T. In
Progress in Photosynthesis Research; Biggins, J., Ed.; Martinus Nijhoff
Publishers: The Netherlands, 1987; Vol. I, pp 471-474. (b) Tang, X.-S.;
Chisholm, D. A.; Dismukes, G. C.; Brudvig, G. W.; Diner, B. A.
Biochemistry1993, 32, 13742-13748.

(68) Dikanov, S. A.; Shubin, A. A.; Parmon, V. N.J. Magn. Reson.
1981, 42, 474-487.

(69) Force, D. A.; Randall, D. W.; Britt, R. D.; Tang, X.-S.; Diner, B.
A. J. Am. Chem. Soc.1995, 117, 12643-12644.

Figure 2. Two-pulse ESEEM obtained on YD
• in Mn-depleted BBYs

incubated in2H2O for (a) 35 min, (b) 75 min, (c) 24 h, and (d) 46 h.
The traces shown represent light-minus-reduced difference data. The
background traces were obtained by adding 0.2 mM carbonylcyanide-
m-chlorophenylhydrazone to the thawed samples, incubate in the dark
for 10 min at 20°C to reduce YD•.66 The samples were then refrozen
in the dark. The ESEEM traces shown were obtained at the center field
of the YD

• EPR spectrum. The baseline in the time-domain traces is
derived by displacing the integrator away from the electron spin-echo
for the last 10 points of the acquisition. Experimental conditions:νmw

(a, b) 8.990 and (c, d) 8.960 GHz;H0 (a, b) 3204 and (c, d) 3194 G;
startingτ 140 ns; microwave pulse power 40-50 W; pulse sequence
repetition rate 20 Hz; events per point 10; each scan contains 512 points
collected at 4 ns increments; 6 scans/trace; [Chl] 6.0( 0.2 mg/mL;
temperature 4.2 K.

E(τ,T) ) Vdecay

1

2
[∏

i)1

N

Ei
R(τ,T) + ∏

j)1

N

Ej
â(τ,T)] (6)

ER,â (τ,T) ) 1 - k/2[(sin2(πνRτ))(1 - cos(2πνâ(τ + T))) +

(sin2(πνâτ))(1 - cos(2πνR(τ + T)))] (7)

Figure 3. Three-pulse ESEEM recorded on S2YZ
• in Ca-depleted BBYs

incubated in2H2O for (a) 40 and (b) 60 min. The time-domain traces
shown represent light-minus-dark difference data. The difference data
were obtained by dividing each sample, after1H\2H exchange and
addition of PPBQ, into two calibrated EPR tubes. One sample was
frozen during illumination and the other in the dark. The S2YZ

• ESEEM
data shown were obtained 40 G upfield from the center field of the
YD

• spectrum, and are reproducible at other field positions within the
S2YZ

• EPR spectrum (not shown). Experimental conditions:νmw (a)
8.990 and (b) 8.980 GHz;H0 (a) 3248 and (b) 3244 G;τ (a) 238 and
(b) 236 ns; startingT (a) 42 and (b) 44 ns; microwave pulse power
40-50 W; pulse sequence repetition rate 60 Hz; events per point 32;
each scan contains 512 points collected at 10 ns increments; 20 scans/
trace; [Chl] 6.0( 0.2 mg/mL; temperature 1.8 K.
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magnetic environment of the unpaired electron spin. The
frequency of the modulation depends on the identity of the
coupled nucleus and on the strength of the electron-nuclear
interaction. The depth of the modulation with respect to the
overall echo height is sensitive to the anisotropy of the hf
interactions and to the number of nuclei involved. The damping
of the modulation pattern becomes considerably more pro-
nounced as the dipole-dipole interaction increases. The
ESEEM pattern of weakly coupled deuterons will also be
influenced by nuclear quadruple couplings, albeit these effects
are substantially smaller relative to the hf interactions.61

The time-domain data recorded on S2YZ
• in Ca-depleted PSII

exhibit fairly deep, rapidly damping2H modulations. From a
direct comparison between the S2YZ

• trace and the simulated
data sets in Figure 5, two conclusions can be made. First, the
overall fit to the modulation pattern is better withTdip on the
order of 0.54 MHz; the shallow modulations representing the
weak, 0.22 MHz interaction do not provide a good fit. Second,
the ESE modulation depth cannot be reproduced by a single
deuteron. ESEEM traces calculated for one2H with Tdip > 0.54
MHz exhibit dominant modulation damping and the overall
ESEEM pattern deviates considerably from the S2YZ

• trace (not
shown). Trace b in Figure 5B, which includes 2 deuterons with
an averageTdip of 0.54 MHz, shows a fairly good fit to the
S2YZ

• trace.
From the coarse comparison between the calculated and

experimental ESEEM data presented in Figure 5, we can
conclude that there is more than one2H nucleus in the1H\2H
exchanged YZ site in Ca-depleted PSII. In addition, the depth
and the damping of the2H modulations suggests hf interactions
on the order of a moderately strong hydrogen bond.

In an ESEEM experiment, the observed modulation pattern
will, in addition to the number of nuclei involved and the
magnitude of the hf couplings, be effected byVdecay, the overall
decay of the echo intensity due to relaxation processes (see
above).62b A more detailed simulation analysis of the S2YZ

•

ESEEM data that includes spin relaxation is shown in Figure
6, parts A and B, which display two S2YZ

• traces, obtained from
two different preparations and recorded with differentτ values.
The experimental traces are overlaid with simulated data
obtained with one set of hyperfine and quadrupole couplings
(see caption for details). The calculated traces represent 2
deuterons with an averageTdip of 0.48 MHz (1H 3.13 MHz).
The frequency-domain spectra representing the experimental and
simulated ESEEM traces in Figure 6A are shown in Figure 7A.
The close fit of the depth and the damping of the S2YZ

• trace is
reflected in the good agreement between the experimental and
calculated frequency-domain spectra. Figure 8 displays a
2-pulse trace calculated with 2 deuterons withTdip equal to 0.48
MHz on top of a S2YZ

• trace, which shows that the simulations
are consistent with both 2- and 3-pulse data.

In the simulations, the 0.48 MHz value ofTdip represents an
average of two interacting2H nuclei. A set of simulations were
done to determine what the limits of this 0.48 MHz average
are and if the fit could be improved by separating the hf values
for the 2 interacting deuterons. The changes in the simulated
data were within the noise of the experimental data to a
separation inTdip of 0.44 and 0.52 MHz, respectively. The fit
of the experimental data did not improve by invoking an
inequivalence in the hf couplings (not shown).

A similar analysis was done for three2H nuclei in which the
hyperfine and quadrupole couplings were optimized to fit the

Figure 4. (A) Frequency-domain spectrum obtained by Fourier
transform of the S2YZ

• time-domain trace a in Figure 3, and (B)
corresponding frequency-domain spectrum of trace b in Figure 3. The
features resonating at 2.11 and 13.7 MHz correspond to the fundamental
hf frequencies of the incorporated2H and nonexchangeable1H nuclei
coupled to S2YZ

•, respectively.

Figure 5. Three-pulse ESEEM representing S2YZ
• in Ca-depleted PSII

compared to simulations. The S2YZ
• time-domain data (trace c) are the

same as shown in Figure 3 trace a. The calculated ESEEM traces
represent (A) one2H nucleus withTdip equal to (a) 0.22 and (b) 0.54
MHz and (B) two2H nuclei with aTdip of (a) 0.22 and (b) 0.54 MHz.
Simulation parameters:H0 3248 G;τ 238 ns;Aiso 0 MHz; e2qQ 0.25
MHz; η 0.
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experimental S2YZ
• traces. A reasonably good fit could be

obtained by assuming three2H nuclei with an averageTdip of
0.40 MHz (1H 2.61 MHz). The fit of the 2- and 3-pulse
experimental S2YZ

• data, however, was clearly not as good as
the fit with only 2 deuterons (not shown). We conclude that
within an analysis based on a weak-coupling scenario for S2YZ

•,
two exchangeable2H nuclei withTdip ) 0.48( 0.04 MHz (1H

3.13( 0.26 MHz) give the best fit of the experimental S2YZ
•

ESEEM data.
The same type of analysis as described above for S2YZ

• in
Ca-depleted PSII was performed on YZ

• in Mn-depleted samples.
Figure 9 shows a 3-pulse YZ

• ESEEM trace, obtained after
complete 1H\2H exchange, compared to a similar set of
calculated data as shown in Figure 5: one and two coupled
deuterons with averageTdip equal to 0.22 and 0.54 MHz. A
direct comparison between the two experimental traces in
Figures 5 and 9 shows that the YZ site has an exchangeable1H
occupancy that depends on the presence or absence of the (Mn)4

Figure 6. Experimental (solid lines) and simulated (dotted lines)
3-pulse ESEEM representing (A, B) S2YZ

• in Ca-depleted PSII and
(C) YZ

• in Mn-depleted samples. The experimental traces are (A, B)
light-minus-dark and (C) light-minus-annealed difference data. Experi-
mental conditions:2H2O incubation (A) 40, (B) 60, and (C) 35 min;
νmw (A) 8.990, (B) 8.980, and (C) 9.095 GHz;H0 (A) 3248, (B) 3244,
and (C) 3247 G;τ (A) 238, (B) 253, and (C) 235 ns; startingT (A) 42,
(B) 37, and (C) 45 ns; microwave pulse power 40-50 W; pulse
sequence repetition rate (A, B) 60 and (C) 20 Hz; events per point (A,
B) 32 and (C) 10; each scan contains 512 points collected at 10 ns
increments; (A, B) 20 scans/trace and (C) 6 scans/trace; [Chl] 6.0(
0.2 mg/mL; temperature (A, B) 1.8 and (C) 4.2 K. Simulation
parameters:Aiso 0 MHz; e2qQ 0.25 MHz; η 0; (A, B) two 2H nuclei
with Tdip equal to 0.48 MHz, (C) one2H nucleus withTdip equal 0.40
MHz plus 3 deuterons withTdip of 0.24 MHz. TheH0 andτ values for
each simulated trace were identical to those for the corresponding
experimental data. TheVdecay function was simulated by exp(-(τ +
T)/t)1.5 with t equal to 2.6-2.8 µs.

Figure 7. Frequency-domain spectra obtained by Fourier transform
of the experimental and simulated (A) S2YZ

• traces in Figure 6A and
(B) YZ

• data in Figure 6C. A 280 ns deadtime, which is equal to the
experimental value, was introduced into the simulated data prior to
the Fourier transform.

Figure 8. Experimental and simulated 2-pulse ESEEM representing
S2YZ

• in Ca-depleted samples. The experimental trace represents light-
minus-dark difference data. Experimental conditions:νmw 8.990 GHz;
H0 3248 G;τ 160 ns; microwave pulse power 40-50 W; pulse sequence
repetition rate 60 Hz; events per point 10; the scan contains 512 points
collected at 4 ns increments; 10 scans/trace; [Chl] 6.0( 0.2 mg/mL;
temperature 1.8 K. Simulation parameters:H0 3248 G;τ 160; Aiso 0
MHz; e2qQ0.25 MHz;η 0; two 2H nuclei withTdip equal to 0.48 MHz.
The Vdecay function was simulated by exp(-τ/1.2µs)2.
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cluster. In contrast to S2YZ
• in Ca-depleted PSII, the trace

representing YZ• in the Mn-depleted samples shows shallow and
more long-lived modulations. The data in Figure 9 indicate
that, as opposed to S2YZ

• in Ca-depleted PSII, only one
moderately strong2H coupling might be involved. In addition,
the decreased modulation depth and the persistence of the2H
modulations for>3 µs indicate that there is a substantial
contribution from weakly coupled2H in the YZ

• trace. As for
the Ca-depleted system, the coarse comparison between experi-
mental and simulated data shown in Figure 9 was followed by
a more detailed simulation analysis. A calculated ESEEM trace,
which includes one deuteron with aTdip of 0.40 MHz (1H 2.61
MHz) and 3 deuterons coupled with an averageTdip of 0.24
MHz (1H 1.56 MHz), is overlaid on the YZ• trace in Figure 6C.
The corresponding frequency spectra are shown in Figure 7B.
Spectral features consistent with heterogeneous hydrogen bond-
ing of YZ

• and a general disorder in the site have been reported
for Mn-depleted samples and, consequently, these numbers do
not necessarily represent a unique solution to the YZ

• ESEEM
data (e.g. refs 12 and 69). Nonetheless, although minor variation
in the hf couplings may be present, the modulation depth and
the damping of the YZ• ESEEM data are consistent with one
more strongly interacting deuteron and, in addition, several
weakly coupled deuterons.

We estimate, with the signal-to-noise of our data, that the
changes in YZ• environment observed in the two cofactor-
depleted systems occur within a 4-4.5 Å radius from the
magnetic center of the radical. We note that we do not attempt
to fit the rapid modulations from the nonexchangeable1H nuclei
that ride on top of the slower2H modulations, as is clearly seen
in the experimental data in Figures 5-9.

Discussion

Radical Yield and Spectral Quality. We have been able
to trap 70% of the transient YZ• species in samples devoid of
the essential cofactors Mn, Ca2+, and Cl-. The cryotrapping
protocol used for YZ• in the Mn-depleted PSII samples in this
work is similar, but not identical, to those described earlier for
samples from spinach26a,34and fromSynechocystis6803.26b In
terms of trapping yield, the amount of YZ

• trapped by Kawamori
and co-workers is difficult to evaluate, as they used a 30 min
annealing period to obtain the pure YD

• spectrum, which was
used as the spin standard. YD

• is likely to decay during this
relatively long dark adaptation, which could produce errors in
the spin quantification. In the work here, the samples containing
the trapped YZ• radical were thawed and incubated for 2 mins
in darkness. The YZ• decay is quantitative during the annealing
period, but YD

• is stable, which allows us to obtain an accurate
YZ

• spin concentration. For theSynechocystissamples, Diner
and co-workers reported trapping YZ

• at close to one per reaction
center. The higher trapping yield inSynechocystismay reflect
the slower P680

+/QA
- charge-recombination rate in cyanobacteria

relative to higher plants.7b

YD
• and Chl+ radicals give rise to signals that overlap the

YZ
• spectrum and could interfere with ESEEM measurements

on Mn-depleted samples. We avoided contamination by YD
•

in the light-minus-annealed data by maintaining the concentra-
tion of YD

• constant in the light and dark-annealed samples.
Our trapping procedure was optimized to avoid Chl+ species,
as indicated by the pure YZ• spectrum shown in Figure 1A. As
a result, the ESEEM traces were reproducible at different field
positions within the YZ• EPR spectrum, which would not be
the case if narrow Chl+ signals were present under the broader
YZ

• line shape.
For the Ca-depleted system, neither YD

• nor Chl+ caused
concern, as the ESEEM data were recorded in the wings of the
broad S2YZ

• spectrum, and therefore, outside the EPR spectra
of these radicals. For background subtraction in the Ca-depleted
samples, the multiline signal became fully induced during the
preparation and1H\2H-exchange procedures and formed a dark-
stable state.33,45,56 Signals from other metal centers (see Figure
1B) have broad line shapes and low amplitudes; consequently,
their spectral contributions are weak. Small differences in
amplitude between the light and dark spectrum are observed
for cytochromeb559. These changes are, however, negligible
as compared to the amplitude of the S2YZ

• spectrum. We
conclude that EPR signals form sources other than S2YZ

• in our
samples provided a stable background and their spectral
contribution could be efficiently subtracted.

At the outset, ESEEM measurements were performed on both
the low-pH treated and the NaCl/EDTA-washed material. The
low-pH prepared samples, however, were better suited for a
detailed characterization, as this material, which contained the
three extrinsic subunits, was more resistant to Mn release and
the resulting spectral contaminations from hexaaquo Mn2+

species.
Hydrogen Bonding of YZ. The ESEEM analysis on YZ• in

Mn-depleted samples revealed hf interaction to a single2H
nucleus withTdip of 0.40 MHz (1H 2.61 MHz). If we make the
reasonable assumption that the 0.40 MHz coupling occurs to
the tyrosine oxygen, which carries a spin density of 0.28,12,50

the calculated distance of 2.04 Å between the two nuclei
suggests a hydrogen bond interaction. Several studies indicate
that the H-bonding partner to YZ is D1-H190, as this residue is
essential for YZ function.70,71 Retardation in YZ oxidation by
P680

+ is observed in all D1-H190 mutants reported, and the usual

Figure 9. Three-pulse ESEEM representing YZ
• in Mn-depleted

samples compared to simulations. The YZ
• time-domain data (trace c)

are the same as shown in Figure 6C. The simulated traces represent
(A) one 2H nucleus with aTdip of (a) 0.22 and (b) 0.54 MHz and (B)
two 2H nuclei withTdip equal to (a) 0.22 and (b) 0.54 MHz. Simulation
parameters:H0 3247 G;τ 235 ns;Aiso 0 MHz; e2qQ 0.25 MHz;η 0.
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phenotype is complete inactivation of water oxidation. As-
sembly of a functional (Mn)4 cluster and low rates of oxygen
evolution are only detected upon changing the histidine to an
arginine or a lysine.70d,71 These data point to the acid-base
properties of D1-H190 as its key functional role in PSII and
suggest that this residue is the initial proton acceptor upon YZ

oxidation, as discussed in detail elsewhere.9,20 In agreement
with this interpretation, optical studies on Mn-depleted samples
have shown that the electron- and proton-transfer reactions
associated with YZ redox chemistry are modulated by a base
with a pKa consistent with that of a histidine.19,72,73 Finally,
analogies to the D2 side suggest a close YZ\D1-H190 interaction,
as the H-bonding partner to YD is D2-H189.67b,74

Hydrogen bonding to S2YZ
• in samples that retain the (Mn)4

cluster, but lack Ca2+, is clearly distinct from YZ• in samples
devoid of both metal ions. The electron spin1/2, nuclear spin
1 ESEEM analysis of S2YZ

• in the Ca-depleted system is
consistent with two interacting2H nuclei with Tdip of 0.48 (
0.04 MHz. The presence of two deuterons with similar hf
couplings suggests a bifurcated H bond to the oxygen of the
tyrosine headgroup, as has been proposed for S2YZ

• in acetate-
treated PSII based on studies similar to those described here
(but see also ref 23c).21 With this assumption, the observed hf
couplings correspond to dipolar distances around 1.92 Å. One
of the H-bond donors to YZ• in Ca-depleted PSII is likely to be
D1-H190. The second donor may be substrate water ligated to
the (Mn)4 cluster or an endogenous protein donor, as discussed
below.

Solvent Accessibility to the YZ Site. Regardless of the
integrity of the OEC,1H\2H-isotope exchange occurs on the hour
time scale at the YD site, as shown in earlier studies67 and
verified here. For the YZ site, however, the1H\2H exchange is
completed more rapidly, with an upper limit of∼35 min, in
both Mn-depleted75 and Ca-depleted samples (Figures 3 and 4).
Thus, although YZ and YD are expected to lie at the same depth
in the thylakoid membrane,76 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 YZ• and YD

• in Mn-depleted PSII.26b

Our results show that1H\2H exchange at YZ occurs within
minutes or faster in the absence or presence of the (Mn)4 cluster,
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 of YZ

• as 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 with aTdip of ∼0.24 MHz (1H 1.56

MHz). Within a simple point-dipole model, a 0.24 MHz
interaction translates into a radial distance of about 3.7 Å
between YZ• and the incorporated2H nuclei. We did not observe
similar weak hf interactions in Ca-depleted samples. These
results suggest that YZ is more shielded from the solvent in the
Ca-depleted system and, upon removal of the (Mn)4 cluster,
that bulk water enters the site. Alternatively, carboxylates in
the (Mn)4 binding site that normally ligate the metal ions may
become protonated from bulk as the manganese is extracted.
In any event, the spin-echo data indicate a more solvent
accessible site in the absence of the metal center. Rigid control
of the accessibility to the YZ site in the presence of the (Mn)4

cluster is consistent with the long lifetime of S2YZ
• in Ca-

depleted PSII, on the order of seconds, and its relative
insensitivity to externally added reductants.39 In contrast, YZ•

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 approach.36,37,66b,77

In addition, thermal melting of the YZ• site in Ca-depleted
samples exhibits a highly cooperative transition with aTm ∼50
°C lower than that in Mn-depleted samples.78 The relatively
uncooperative melting process and highTm in the absence of
the (Mn)4 cluster support the finding here that bulk water has
access to the YZ site in this system.

YZ Deprotonation and Chlorophyll Optical Absorption
Bandshifts in Mn-Depleted PSII. The metalloradical mech-
anism for water oxidation postulates that YZ deprotonates
through the protein matrix to bulk solvent upon its oxidation
by P680

+. Consistent with this proposal, YZ
• is a neutral radical11

and optical measurements on Mn-depleted samples detect proton
release and uptake upon oxidation and reduction of YZ,
respectively.19,72,79 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 YZ oxidation
remains locally trapped in the site and that a charge is created,
which gives rise to electrostatic shifts in the pKa’s of peripheral
amino acids.18,19 Upon rereduction of YZ• in this model, the
locally trapped proton reassociates with the phenol, the charge
is quenched, and the peripheral amino acids relax to their
original pKa’s.

The spin-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 at YZ is
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 of YZ

•

equilibration through the protein matrix with the bulk phase.
The ready access of external reductants to YZ

• in the absence
of the (Mn)4 cluster has been mentioned above. Moreover, if
a charge were retained in the YZ

• site, there would be substantial
energetic consequences associated with stabilizing it in the low
dielectric protein medium. Consideration of the YZ

•/YZ reduc-
tion potential relative to the midpoint potential of P680

+ indicates
that there is little excess driving force in the YZP680

+ f YZ
•P680

reaction.3 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 YZ oxidation by

(70) (a) Diner, B. A.; Nixon, P. J.; Farchaus, J. W.Curr. Opin. Struct.
Biol. 1991, 1, 546-554. (b) Nixon, P. J.; Diner B. A.Biochem. Soc. Trans.
1994, 22, 338-343. (c) Roffey, R. A.; Kramer, D. M.; Govindjee; Sayre,
R. T.Biochim. Biophys. Acta1994, 1185,257-270. (d) Chu, H.-A.; Nguyen,
A. P.; Debus, R. J.Biochemistry1995, 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, J.Biochemistry1997, 36,15294-15302.
(73) Conjeaud, H.; Mathis, P.Biophys. J.1986, 49, 1215-1221.
(74) (a) Tommos, C.; Davidsson, L.; Svensson, B.; Madsen, C.; Vermaas,

W.; Styring, S.Biochemistry1993, 32, 5436-5441. (b) Campbell, K. A.;
Peloquin, J. M.; Diner B. A.; Tang, X.-S.; Chisholm, D. A.; Britt, R. D.J.
Am. Chem. Soc.1997, 119, 4787-4788.
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measurements on1H\2H-isotope effects on the reduction rate of P680

+ (Diner,
B. A. Unpublished. Lydakis-Simantiris, N.; Babcock, G. T.; Golbeck, J.
Unpublished.).19
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1125. (b) Isogai, Y.; Itoh, S.; Nishimura, M.Biochim. Biophys. Acta1990,
1017, 204-208. (c) Koulougliotis, D.; Tang, X.-S.; Diner, B. A.; Brudvig,
G. W. Biochemistry1995, 34, 2850-2856.

(77) Babcock, G. T.; Ghanotakis, D. F.; Ke, B.; Diner, B. A.Biochim.
Biophys. Acta1983, 723, 276-286.

(78) Tommos, C.; Dorlet, P.; Babcock, G. T. Manuscript in preparation.
(79) Renger, G.; Voelker, M.FEBS Lett.1982, 149, 203-207.
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P680
+.80 Overall, there is a reasonable body of data that suggests

that proton release upon formation of YZ
• equilibrates rapidly

with the bulk phase, although there appears to be a preparation-
dependent diffusion barrier through the protein that affects the
kinetics observed.72,79

In support of the electrostatic model for the observed pH
transients upon redox change at YZ, however, are optical
absorption bandshifts in PSII chlorophyll(s) that accompany the
tyrosine redox changes. Several groups have argued that these
bandshifts arise as the result of the postulated retained positive
charge.19,72,81 The interpretation of these bandshifts as reflecting
an electrostatic, as opposed to a chemical, origin, however, is
ambiguous and compromised by the facts that neither the extent
nor the kinetics of proton release correlates with the amplitude
and kinetics of the chlorophyll bandshifts.19,72 The pigment
absorption changes follow the redox state of YZ closely, which
suggests that a shift in a local interaction of a chlorophyll
pigment may be coupled to the YZ redox cycle.20e If, for
example, a weak hydrogen bond to the 9-keto carbonyl of a
chlorophyll became stronger upon oxidation of YZ and relaxed
upon its reduction, red shifts in both the Soret and Qy region of
the chlorophyll would occur and correlate with electron transfer
through YZ. Recent FTIR work by Wydrzynski and co-workers
indicates that this situation may indeed hold.82 Briefly, they
showed that the oxidation of YZ is accompanied by a large
differential band at 1706/1699 cm-1. As tyrosine modes are
not expected in this region, they attributed the vibrational shift
to the keto group of a chlorophyll. Such a shift inν(CdO) is
characteristic of a change in H-bond strength,83 which suggests
that the H-bonding interaction and hence the optical absorption
spectrum of the chlorophyll are coupled to the redox state of
YZ. These data provide a means by which to rationalize the
chlorophyll bandshifts without the necessity of postulating a
charge in the YZ• site.20e

The question above as to the equilibration of the YZ site with
bulk solvent is pertinent of the light-driven assembly mechanism
of the OEC.27 In other metalloenzymes, the extent of exposure
of the apoenzyme active site and the metal incorporation process
vary widely.84 In apo-ribonucleotide reductase (apo-RNR) and

in apo-plastocyanin (apo-PC), for example, the structure of the
enzyme in the apo-state is not significantly perturbed from the
holoenzyme and structural fluctuations in the protein to allow
metal incorporation are thought to be necessary.85 In other
proteins, for example, lactoferrin and hemerythrin, the native
enzyme structure is dependent upon the presence of the metal
and, in its absence, the empty metal site is exposed to solvent.86

The behavior of the apo-PSII appears to be more similar to
that of apo-RNR and apo-PC, as access from bulk to the metal-
depleted YZ• site occurs, but appears to be kinetically limited.
This suggests that local fluctuations in the YZ environment are
required to allow Mn2+ and Ca2+ access from the bulk phase.
Recent detailed studies on the photoactivation process suggest
that the metal ion incorporation proceeds relatively slowly and
may rate limit the process.87 The proton equilibration data
support this notion as the release/uptake kinetics that follows
the YZ redox cycle in Mn-depleted samples vary depending on
the specifics of the preparation.19,72 Moreover, effective oxida-
tion of YZ by P680

+ in the absence of the (Mn)4 cluster still
requires the presence of D1-H190. Neither of these phenomena
would be expected if the site were directly open to solvent.
Finally, the recent chemical rescue work reported by Debus and
co-workers indicates that imidazole, added to the bulk phase,
can restore both YZ oxidation by P680

+ and YZ
• recombination

with QA
- in D1-H190 mutants.71 The second-order rate constant

for this process is on the order of 105 M-1 s-1, indicating that
the entry of imidazole into the active site is not diffusion limited,
which points to protein structural fluctuations as limiting the
overall process. Taken together, the spin-echo results and the
considerations above suggest that the YZ

• site equilibrates rapidly
with bulk phase in the absence of the (Mn)4 cluster, but that
this equilibration is rate-limited by local protein fluctuations.

Cofactor-Dependent Structure of the YZ Site. Figure 10
summarizes the YZ site as a function of the metal composition
of the OEC. Figure 10A shows the YZ structure and environ-
ment in the Ca2+/(Mn)4-depleted system. For the Ca-depleted
system, two possible H-bonding arrangements are shown in
Figure 10, parts B and C. Independent of the status of the metal

(80) Blomberg, M. R. A.; Siegbahn, P. E. M.; Babcock, G. T.J. Am.
Chem. Soc.In press.
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Baker, E. N. Nature 1990, 344, 784-787. (b) Kurtz, D. M., Jr. In
Mechanisms of Metallocenter Assembly; Hausinger, R. P., Eichhorn, G. L.,
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Figure 10. Summary of the environment and hydrogen bonding of YZ
• in (A) Mn-depleted PSII 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.
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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 to YZ
•

spans a range of geometries and the position of its phenol
headgroup is disordered.12,26,59,69 In addition, the site is in
equilibrium with the bulk phase and water molecules and/or
protonated carboxyl groups, which ligate the (Mn)4 cluster in
the holoenzyme, are present in the direct vicinity of the tyrosine.
During assembly of the (Mn)4 cluster, the carboxylate ligands
must deprotonate, which accounts for the observation of proton
ejection during the cluster assembly.27d The accessibility of YZ
to the bulk medium in Mn-depleted PSII may rationalize
observations that have been interpreted to indicate that YZ is
not H bonded to D1-H190 in its radical form. Point-mutations
at D1-H190 do not perturb the cw-EPR spectrum of YZ

• to any
significant extent88 in contrast to mutations introduced at D2-
H189, which abolish or severely perturb the EMR features of
YD

•.20c,67b,74 The studies on the D1-H190 mutants, however,
were performed on samples that did not contain the (Mn)4

cluster. In light of the results shown here, we suggest that bulk
water, present in the YZ site, can replace, although not in a
kinetically competent fashion, D1-H190 as the proton accep-
tor.

In the proposed hydrogen-abstraction models, (Mn)4YZ forms
a single structural and functional unit and, within the framework
of this model, YZ is expected to be disordered in the absence
of the metal cluster. Moreover, on the basis of photoactivation
arguments, solvent should be detectable in the immediate
vicinity of YZ. Both of these predictions are consistent with
the experimental observations. Binding of Mn2+ and Ca2+ ions
and assembly of the (Mn)4 cluster 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 to YZ

• in samples
that contain the (Mn)4 cluster is observed. In addition, the
cooperative melting of the YZ• site in Ca-depleted PSII, relative
to the Mn-depleted system, suggests a more homogeneous YZ

environment in the presence of the (Mn)4 cluster.78

The predictions from the metalloradical model made above
are fairly general and do not necessarily require that YZ functions
as a H-atom abstractor. Nonetheless, our results in the Mn-
depleted samples relative to the Ca-depleted enzyme reveal a
sensitivity of the YZ site to the removal of the (Mn)4 cluster
that is consistent with an intimate relationship between the two
redox cofactors. This is also reflected in the thermodynamic
and kinetic properties of YZ, which depend on the redox and
compositional state of the OEC metal site. The midpoint
potential of YZ varies as a function of the S states,3 and upon
removal of the (Mn)4 cluster, is decreased by 50-120 mV in
the pH range 5-8.5.89 Moreover, the oxidation and reduction
rates of YZ vary dramatically as a function of sample prepara-

tion, the status of the extrinsic subunits, and the composition
of the metal cluster.e.g.38,90

A more specific prediction of our mechanistic model is that
YZ is involved in two hydrogen bonds during the catalytic cycle
(see also ref 21).9 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)4 cluster in the intact system. Figure
10, parts B and C, displays possible structural arrangements of
the YZ site in the S2YZ

• state of the Ca-depleted enzyme. YZ
•

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 (Mn)4-YZ

•

center-to-center distance around 8 Å.23 Moreover, parts B and
C in Figure 10 are in agreement with the fact that we detect
only two exchangeable2H nuclei, since the upper limit for
detection of a single2H coupled to the tyrosine oxygen is about
3.0 Å within the signal/noise of our data.

As discussed earlier, the Ca-depleted PSII enzyme is inhibited
after formation of the S2YZ

• state. If the contact between YZ
•

and substrate is broken, as illustrated in Figure 10C, the reason
for the inhibition is clear. If, however, the structure shown in
Figure 10B more accurately describes the system, other reasons
for the inhibition have to be considered. Hydrogen atom transfer
rates dependent on the potential surface that describes the
donor-acceptor system. Owing to the relatively large mass of
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 rate.91 Thus, it is possible that
Ca2+ depletion perturbs the (Mn)4YZ structure sufficiently to
block the normal S cycle. Alternatively, in Ca-depleted PSII,
the (Mn)4YZ structure and the positioning of the substrate may
be close to native, but a normal S2 state cannot be formed owing
to changes in the reduction potentials of the redox cofactors
and/or the bond-dissociation energies of the substrates.
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