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ABSTRACT: The redox-active tyrosines, YZ and YD, of Photosystem II are oxidized by P680+ to the neutral
tyrosyl radical. This oxidation thus involves the transfer of the phenolic proton as well as an electron. It
has recently been proposed that tyrosine YZ might replace the lost proton by abstraction of a hydrogen
atom or a proton from a water molecule bound to the manganese cluster, thereby increasing the driving
force for water oxidation. To compare and contrast with the intact system, we examine here, in a simplified
Mn-depleted PSII core complex, isolated from a site-directed mutant ofSynechocystisPCC 6803 lacking
YD, the role of proton transfer in the oxidation and reduction of YZ. We show how the oxidation and
reduction rates for YZ, the deuterium isotope effect on these rates, and the YZ

• - YZ difference spectra
all depend on pH (from 5.5 to 9.5). This simplified system allows examination of electron-transfer processes
over a broader range of pH than is possible with the intact system and with more tractable rates. The
kinetic isotope effect for the oxidation of P680+ by YZ is maximal at pH 7.0 (3.64). It decreases to lower
pH as charge recombination, which shows no deuterium isotope, starts to become competitive with YZ

oxidation. To higher pH, YZ becomes increasingly deprotonated to form the tyrosinate, the oxidation of
which at pH 9.5 becomes extremely rapid (1260 ms-1) and no longer limited by proton transfer. These
observations point to a mechanism for the oxidation of YZ in which the tyrosinate is the species from
which the electron occurs even at lower pH. The kinetics of oxidation of YZ show elements of rate limitation
by both proton and electron transfer, with the former dominating at low pH and the latter at high pH. The
proton-transfer limitation of YZ oxidation at low pH is best explained by a gated mechanism in which YZ

and the acceptor of the phenolic proton need to form an electron/proton-transfer competent complex in
competition with other hydrogen-bonding interactions that each have with neighboring residues. In contrast,
the reduction of YZ• appears not to be limited by proton transfer between pH 5.5 and 9.5. We also compare,
in Mn-depletedSynechocystisPSII core complexes, YZ and YD with respect to solvent accessibility by
detection of the deuterium isotope effect for YZ oxidation and by2H ESEEM measurement of hydrogen-
bond exchange. Upon incubation of H2O-prepared PSII core complexes in D2O, the phenolic proton of
YZ is exchanged for a deuterium in less than 2 min as opposed to at1/2 of about 9 h for YD. In addition,
we show that YD• is coordinated by two hydrogen bonds. YZ

• shows more disordered hydrogen bonding,
reflecting inhomogeneity at the site. With2H ESEEM modulation comparable to that of YD

•, YZ
• would

appear to be coordinated by two hydrogen bonds in a significant fraction of the centers.

Photosystem II of oxygenic photosynthesis contains two
redox-active tyrosines, YZ and YD,1 each of which is oxidized
by the photooxidized primary electron donor, P680+, to form
a phenoxyl radical (1). YZ is, by 4-6 orders of magnitude,
the more rapid of the two to be oxidized and is the
intermediate electron carrier between P680+ and the Mn
cluster, responsible for photosynthetic water oxidation. The
function of YD is still unclear, though it may participate
indirectly in the assembly or stabilization of the Mn cluster.

Site-directed mutagenesis (2-5) and saturation recovery EPR
(6) have localized YZ and YD, respectively, to residues
Tyr161 of the D1 polypeptide and Tyr160 of the D2
polypeptide.
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1 Abbreviations: CHES, 2-(N-Cyclohexylamino)ethane-sulfonic acid;
Chl, chlorophyll; D1, one of two polypeptides of PSII responsible for
the coordination of the primary and secondary electron-transfer
components; D2, one of two polypeptides of PSII responsible for the
coordination of the primary and secondary electron-transfer components;
ENDOR, electron nuclear double resonance spectroscopy; ESEEM,
electron spin-echo envelope modulation spectroscopy; FTIR, Fourier
transform infrared spectroscopy; HEPES,N-(2-hydroxyethyl)piperazine-
N′-(2-ethanesulfonic acid); MES, 2-(N-morpholino)ethanesulfonic acid;
P680, primary electron donor chlorophyll(s) of PSII; pL, pH or pD;
PSII, photosystem II; QA, primary plastoquinone electron acceptor; S2,
two-equilvalent oxidized state of the Mn cluster; YD, a redox-active
tyrosine located at position 160 of polypeptide D2; YZ, a redox-active
tyrosine located at position 161 of polypeptide D1.
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The optical difference spectra for YZ
• - YZ (7-9) and

YD
• - YD (10), the isotropicg values for YZ

• and YD
• (1,

11), and their ENDOR (12-17), ESEEM (18, 19) and FTIR
spectra (20-25) all reinforce the conclusion that the oxida-
tion of each of the two tyrosines results in the formation of
the oxidized neutral radical from the neutral reduced form
of the amino acid (for review, see ref1). The formation of
the neutral tyrosyl radical, structural arguments based on
magnetic coupling between YZ

• and the Mn cluster (14, 26-
29), and thermodynamic arguments (30-35), have together
led to models proposing a direct role for YZ as a hydrogen
atom (36-37) or proton abstractor (14) in the mechanism
of water oxidation in Photosystem II. Such models involve
the loss of a proton from YZ upon its oxidation (e.g., by
delivery to the thylakoid lumen) followed upon reduction
by reprotonation of YZ from a water bound to the manganese
cluster. It has been argued (34-35) that coupling of the
deprotonation of water to the oxidation of manganese
increases the driving force of the oxidation. This interest in
proton and electron transfer has led us to examine the
mechanism by which these events are coupled in the
oxidation and reduction of YZ. This work, for the most part
on PSII core complexes depleted of Mn, will serve as a basis
by which to compare and contrast the Mn depleted with the
intact system.

The pathway for the oxidation and deprotonation of YZ

can occur between either of two limiting cases (Scheme 1),
one where the proton is lost first to a nearby base, followed
by the electron, and the other where the electron is lost first,
followed by the proton. This model is the tyrosine analogue
of a model proposed earlier (38) for coupled electron and
proton transfer in the quinone-iron complex of the purple
bacterial reaction centers. In the first case, the tyrosine
deprotonates to form the tyrosinate anion followed by the
electron transfer. In the second case, tyrosine is oxidized to
the cation radical followed by a proton transfer. For each of
these pathways, either the proton or the electron transfer may
be rate-limiting (see Scheme 1). It is also possible that the
electron- and proton-transfer events are simultaneous as in
a hydrogen atom transfer. To help distinguish between these
cases, we study here, as a function of pH, the rates of
oxidation and reduction of YZ, the kinetic deuterium isotope
effect of both processes, and the ultraviolet spectrum of YZ.
The results presented here provide support for the “proton

first” pathway, with electron transfer occurring from the
tyrosinate form of YZ.

The redox and kinetic behavior of YZ and YD are quite
distinct (1), undoubtedly reflecting, respectively, different
environmental influences and distances from the primary
electron donor. While no crystal structure yet exists of
Photosystem II, the environments of the two tyrosines have
been constructed by homology modeling with the purple
bacterial reaction centers (39-41) and probed by kinetic
experiments using artificial reductants (42) and site-directed
mutants (43-49, 70). YZ has been proposed to be located
in a substantially more polar environment than that of YD

(39-41), one consistent with the likely nearby presence of
the Mn cluster itself (14, 26, 29). One might expect that the
greater polarity of the environment of YZ, its proximity to
the Mn cluster, and the considerable distance measured for
YD

• from the lumenal membrane surface (50-51), possibly
due to extrinsic polypeptides that shield YD, would be
reflected in differences in the accessibility of the two
tyrosines to solvent. This accessibility is examined here by
comparing the time course of proton/deuteron (H/D) ex-
change by two independent methods that monitor YZ and
YZ

•, respectively. We show H/D exchange to be far more
rapid for YZ than for YD. Experiments probing the solvent
accessibility of YZ have also been carried out in parallel by
Tommos et al. (52).

This paper combines optical and magnetic resonance
spectroscopies and kinetic methods to obtain new insights
into coupled electron/proton transfer involving YZ, and
proton/deuteron exchange and hydrogen bonding at both
tyrosines.

EXPERIMENTAL PROCEDURES

Wild-type SynechocystisPCC 6803 used in these experi-
ments is the glucose-tolerant strain described by Williams
(53). The YD-less strain (D2-Tyr160Phe) is that described
in Tang et al. (15). Oxygen-evolving PSII-enriched “BBY”
membranes were isolated from market spinach using a
modification of the method of Berthold et al. (54-56). The
membranes were prepared and exchanged with D2O and/or
treated with acetate as described by Force et al. (57) (see
also refs35, 58).

Manganese-depleted Photosystem II core complexes from
Synechocystis6803 wild type and YD-less mutant were
prepared as described in Tang et al. (15), desalted, and
suspended in 50 mM MES-NaOH, pH 6.0, containing 20
mM CaCl2, 5 mM MgCl2, 25% (w/v) glycerol, and 0.03%
dodecyl maltoside. Final concentrations were typically 5-10
mg of Chl/mL and were stored at-80 °C.

Optical measurements were performed in a home-built
instrument similar to that originally described by Joliot et
al. (59) using a Jobin-Yvon HL300 monochromator. Detect-
ing flashes were provided by EG&G FX199 (glass) and
FX199U (quartz) flash lamps, and saturating actinic flashes
were provided by a linear flash lamp pulsed dye laser (Model
LFDL-3, Cynosure Inc.). The kinetic curves in all cases were
fit by the sum of two exponentials. For the reduction of
P680+, the major component typically contributedg75% of
the total relaxation. While the time resolution of this
instrument is 1µs, the 0 time points for the fast relaxations
of P680+ at alkaline pH could be determined by dropping
the pH to 6.5 for the same sample and measuring the signal

Scheme 1. Rate Limitation by Proton or Electron Transfera

a Alternative pathways for tyrosine oxidation involving either proton
transfer to the proton acceptor, B, (upper rectangle) or electron transfer
to P680+ (lower rectangle) as the primary event. In either pathway,
either the electron transfer (relative rates marked in italics) or the proton
transfer (relative rates marked in normal type) is rate-limiting. In the
gated mechanism (see Discussion), reaction 1 would be rate-limiting.
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amplitude during the lifetime of the actinic flash. Measure-
ments of the reduction of QA with a much longer lifetime
were used to verify that the saturating flash yield of charge
separation was not influenced by the pH. The relaxation of
P680+ - P680 was measured at 432.5 nm, the wavelength
of maximal bleaching in the Soret, and that of QA

- - QA at
the wavelength maximum at 325 nm.

The preparation of samples for optical kinetic isotope
effect experiments involved dilutingSynechocystisPSII core
complexes into H2O or D2O buffers to a final concentration
of 10-14µg of Chl/mL in 10 mM NaCl plus 20 mM MES-
NaOH(D) for pL (pH or pD) 5.5-6.5, 20 mM HEPES-
NaOH(D) for pL 7.5-8.5, and 20 mM CHES-NaOH(D)
for 9.0-9.5. The samples also contained 2µM K3Fe(CN)6
and 10µM EDTA. The pD was measured in D2O buffers
by adding 0.4 to the reading on the pH meter.

The time course for H/D exchange was also examined
using ESEEM. PSII core complexes were diluted 1:2 into
20 mM HEPES-NaOD, pD 7.5, and 10 mM NaCl in D2O
giving a final concentration of 66% D2O. The final pL was
∼ 7.0. K3Fe(CN)6 (300 µM) was also added at time 0. The
samples were incubated on ice for various lengths of time
up to 25 h at which point YZ• and YD

• were generated and
trapped as described below.

YD
• was trapped by illuminating for 30 s in an EPR tube

at 0 °C (transparent dewar with ice water) wild-type PSII
core complexes in the presence of 300µM K3Fe(CN)6. White
light at an intensity of 500 W/m2 was provided by a 150 W
tungsten-halogen lamp (Cuda Products Inc., Model I-150).
The core complexes were then incubated on ice in the dark.
After 15 min the sample was frozen in the dark in liquid
nitrogen and stored in a liquid nitrogen dewar until measured.

YZ
• was trapped in an EPR tube using a transparent dewar

containing liquid N2 by freezing under white illumination at
5000 W/m2 (total duratione20 s) PSII core complexes in
the presence of 300µM K3Fe(CN)6 (15). The PSII core
complexes were from the YD-less strain ofSynechocystis
6803. The samples were stored in liquid nitrogen until
measured.

Continuous optical spectra were obtained on a model 2101-
PC (Shimadzu) UV-vis recording spectrophotometer.

ESEEM (Electron Spin-Echo Envelope Modulation)
experiments were performed with a laboratory-built pulsed
EPR spectrometer (60). Two-pulse time domain ESEEM
experiments were performed by incrementing the timeτ in
the echo sequence:π/2-τ-π-echo, while three-pulse time
domain ESEEM experiments were performed by increment-
ing the timeT in the stimulated echo sequence:π/2-τ-π/2-
T-π/2-τ-stimulated echo, choosing a fixedτ value to maxi-
mize the contribution of the deuteron frequency component
while suppressing that due to protons (61, 62).

Frequency domain spectra were obtained from the time
domain modulation patterns following reconstruction of the
instrumental dead time using a cosine Fourier backfill method
(63). Spectral normalization of D2O/H2O sample pairs with
subsequent D/H ratioing was as described by Force et al.
(57). Computer simulations of the time domain data were
performed as previously described (64) on the basis of the
density matrix formalism developed by Mims (65).

RESULTS

Kinetic Deuterium Isotope Effects. YZ Oxidation and P680+

Reduction.We have attempted to characterize the oxidation

pathway for YZ by measuring the effect of H/D exchange
on the kinetics of oxidation of YZ by P680+. This was
accomplished by incubating non-oxygen-evolving YD-less
PSII core complexes in the presence of H2O or D2O (>99%)
as described in the Experimental Procedures and measuring
P680+ reduction (YZ oxidation) at 432.5 nm. This wavelength
corresponds to the maximum bleaching observed for P680+

- P680 in PSII core complexes fromSynechocystis(5).
An example of such an experiment is shown in Figure 1

where, at pL 7.5, replacement of H2O with D2O slows the
rate of oxidation of YZ by approximately a factor of 2.5.
This observation, however, does not distinguish whether the
kinetic deuterium isotope effect arises from proton (deuteron)
transfer associated with the oxidation of YZ or with the
reduction of P680+. In an attempt to distinguish between
the two, we looked for a deuterium isotope effect on the
reduction of P680+ by QA

- (charge recombination), in a
mutant lacking YZ (mutant D1-Tyr161Phe (5)). The wild-
type and mutant PSII core complexes isolated here lack QB,
so that on the acceptor side of the reaction center the electron
can go no further than QA. Therefore, in the YZ-less mutant,
the charged pair P680+QA

- is formed and it is this species
that undergoes charge recombination without further equili-
bration with secondary electron acceptors or donors. YD does
not interfere as it reacts too slowly (k ) 60 s-1 (66))
compared to the rate of charge recombination (k ) 700 s-1

(5)). This reaction was monitored at both 325 nm (λmax for
QA

- - QA) and at 432.5 nm (λmin for P680+ - P680).
Measurements at pL 7.5 (Figure 2, 432.5 nm) show a
negligible difference between the rate of charge recombina-
tion in the presence of H2O and D2O. While this reaction is
substantially slower than the rate of reduction of P680+ by
YZ, time points in the microsecond time range (325 nm, not
shown) show no hint of a deuterium isotope effect. We
therefore attribute to the tyrosine alone the observed deute-
rium isotope effect upon oxidation of YZ. Further support
for this conclusion is provided below.

Rate of H/D Exchange Measured by the Kinetic Isotope
Effect.The samples used for the kinetic deuterium isotope
effect experiments were initially incubated overnight to
ensure complete exchange of H2O with D2O. This long
incubation was found to be unnecessary as shown in Figure

FIGURE 1: Kinetics of oxidation of YZ as measured by the reduction
of P680+ at 432.5 nm following a saturating actinic laser flash at
pL 7.5. PSII core complexes were diluted to 14µg of Chl/mL in
H2O buffer (O) or D2O buffer (0, ]). In D2O the sample was either
tested immediately (within 2 min of dilution,]) or incubated for
3.5 h on ice0). In the case of immediate testing in D2O buffer,
the first time point was measured at 20µs after the actinic flash
after which the other points were measured on the same sample
with 1 min of dark incubation between each measurement.
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1. Here a sample prepared in H2O was incubated for either
3 h 30 min at 4°C or the minimum time it took to prepare
the sample (∼2 min at room temperature). The first time
point measured was that at 20µs following the saturating
actinic flash, a time point that shows a large contrast between
H2O and D2O equilibrated samples. The 2 min sample gave
the same amplitude at this time point as that shown by the
sample incubated for the much longer period. The complete
experiment, which took an additional 30 min to perform,
showed no difference between the two incubations and
between these and an overnight incubation (not shown),
indicating that the exchange implicated in the deuterium
isotope effect had gone to completion within two minutes.
Ahlbrink et al. (77) have made a similar observation in Mn-
depleted PSII core complexes.

Rate of H/D Exchange Measured by Deuterium Bonding
to YZ

•. To help localize the origin of the kinetic deuterium
isotope effect to the immediate environment of YZ, we used
ESEEM to show by another method, this one sensitive to
the radical YZ

•, that such exchange actually does occur on a
time scale consistent with the appearance of the deuterium
isotope effect measured optically.

It was previously shown that the phenolic oxygen of both
tyrosines, YZ

• (13, 15, 67) and YD
• (18, 20-21, 67-68), is

hydrogen-bonded. The ESEEM technique can be used to
specifically detect the replacement with deuterons of the
hydrogen-bonded protons to the phenolic oxygen of the
tyrosyl radical. It was shown, in the case of YD, that this
tyrosine hydrogen bonds to D2-His189 in its reduced form
(21) and is hydrogen bonded by this same histidine in its
oxidized form (21, 45, 47, 69). Thus, it is likely that the
same proton is involved in both hydrogen bonds as it rocks
back and forth (36) between YD and D2-His189. The same
is likely true of YZ and its proton acceptor. The ESEEM
measurement should, therefore, also indicate the rate at which
H/D exchange has occurred on the phenolic hydroxyl group
of YZ. The identity of the proton acceptor associated with
YZ is for the moment unclear. While kinetic evidence would
point to D1-His190 as the proton acceptor (25, 43, 49, 70),
YZ

• ENDOR does not support this assignment (see below,
Campbell, Britt, and Diner, manuscript in preparation).

PSII core complexes ofSynechocystiswild-type and YD-
less mutant D2-Tyr160Phe were isolated and concentrated
in H2O. They were then diluted 3-fold in D2O buffer (final
concentration 66% D2O) at time 0 (pL) 7.0), placed in EPR

tubes, and incubated for increasing times at 0°C in the dark.
YZ

• and YD
• were trapped as described in Experimental

Procedures and the samples stored in liquid N2. The two-
pulse ESEEM spectra (Figure 3) of the radicals were
recorded on samples trapped at the indicated times. The
amplitude of the signal arising from the deuterium hyperfine
coupling to the electronic spin of the radical is a measure of
the replacement of protons with deuterons in the immediate
vicinity of the radical (to within a distance of∼3 Å, including
those involved in hydrogen bonding (vide infra). This
experiment shows that H/D exchange of protons in immedi-
ate proximity to YZ

• occurs as fast as the sample can be
prepared (<10 min), consistent with the rapid appearance
of the deuterium isotope effect for the oxidation of YZ. As
the proton hydrogen-bonded to the radical likely originates
from the phenolic hydroxyl of the reduced tyrosine, this
experiment would argue that the H/D exchange on the
phenolic hydroxyl occurs on the same time scale. This view
is consistent then with the deuterium isotope effect appearing
as a consequence of exchange at the OH (OD) bond of YZ.
Even if the deuterium isotope effect did not originate from
exchange at the phenolic hydroxyl, both rates of exchange
experiments indicate rapid communication between YZ and
the bulk solvent. While the half time for H/D exchange for
YZ

• is much less than the time it takes to prepare the sample
(10 min for ESEEM, 2 min for the optical experiment), that
for YD

• is much longer, on the order of 9 h (Figure 3). This
observation is consistent with earlier observations that
showed that H/D exchange of the proton hydrogen bonded
to YD

• is quite slow, requiring overnight incubation (47, 68).
While there is some fast phase associated with H/D exchange
at YD

• (Figure 3), these experiments indicate that YZ is in
far more rapid communication with the solvent water than
is YD, consistent with the closer proximity of YZ to the water-
oxidizing manganese cluster, its greater accessibility to
reductants (42), its more polar environment (39-41), and
the deeply buried environment ascribed to YD (50, 51).

FIGURE 2: Kinetics of charge recombination between P680+ and
QA

- measured in H2O (O) and D2O (0) buffer following a
saturating actinic laser flash at 432.5 nm. PSII core complexes from
the YD-less mutant D1-Tyr161Phe were suspended in the same
buffer as that in Figure 1.

FIGURE 3: Frequency domain for D/H ratioed two-pulse ESEEM
spectra of YZ• in Mn-depleted PSII core complexes fromSyn-
echocystismutant D1-Tyr161Phe and YD• in Mn-depleted Syn-
echocystis wild-type PSII core complexes. The PSII cores were
diluted 3-fold into D2O buffer (final concentration 66% D2O) and
incubated on ice for the times indicated. For additional details see
Experimental Procedures. Instrument parameters:νMW ) 10.199
GHz; MW power≈ 50 W; B ) 3643 G; startingτ ) 120 ns;π/2
) 15 ns; repetition rate) 25 Hz; temperature) 10.0 K.
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Dependence of Kinetic Isotope Effect on pL.The kinetic
deuterium isotope effect for the rate of oxidation of YZ by
P680+ (kf) shows a marked dependence on pL. Experiments
at pL 5.5 and 6.5 (Figure 4A) show an even larger kinetic
isotope effect than at pL 7.5 (Figure 1). The effect is maximal
at pL 7.0 (3.64, Table 1), decreasing to lower pL, and
decreasing to higher pL until it virtually disappears at pL
9.5 wherekf(H)/kf(D) is equal to 1.1. The dependence on
pL of the rate of electron transfer and of the isotope effect
is shown in Figure 4B (Table 1). These appear to be
correlated, with pKas of 8.3 and 8.0, respectively. One

possible explanation for this pL dependence is that, as the
pL rises, there is a shifting of the hydrogen-bonding phenolic
proton from the phenolic oxygen to the proton acceptor,
thereby increasing the tyrosinate character of the reduced
tyrosine. Were the rate of YZ oxidation limited by the rate
of formation or concentration of tyrosinate and were these
diminished by the replacement of H2O with D2O, then, as
observed, the effect of H/D exchange on the rate of oxidation
of YZ would diminish and the rate of electron transfer would
increase with pL.

To explore the possibility of an increasing proton dis-
sociation with increasing pL, we examined (Figure 5A) the
oxidized-minus-reduced difference spectrum, YZ

• - YZ, at
pH 6.1 and 9, close to the limits over which the kinetic
isotope effect was examined (Figure 4B, Table 1). The
spectra were measured at-6 °C, using the conditions
described in Diner et al. (10). Compared to room temperature,
these conditions slow the reduction of YZ

• more than they
slow the oxidation of QA-, allowing the YZ

• - YZ difference
spectrum to be measured with reduced interference from QA

-

- QA. An alteration in the UV difference spectrum is
observed upon raising the pH. The UV absorbance spectrum
of tyrosine in water was measured at pH 7.4 and 12, below
and above, respectively, the pKa ) 10.9 for the tyrosine
phenolate/phenol couple in solution. Figure 5B shows the
marked effect that the dissociation of the phenolate proton
has on the absorption spectrum of tyrosine. The double
difference spectrum (YZ• - YZ)pH 9 - (YZ

• - YZ)pH 6.1 was
compared (Figure 5C) with the difference spectrum of
tyrosine in water∆ApH7.4-pH12. Assuming the spectrum of
the radical to be insensitive to pH, the double difference
spectrum should give the difference in the reduced tyrosine
spectrum in situ at the lower minus the higher pH. The
solution and the biological difference spectra show consider-
able similarity despite their vertical displacement and their
different rates of decline below 260 nm. Assuming as well
that the extinction coefficients for tyrosine and tyrosinate
are the same in solution as in the protein, then a comparison
of the amplitude (∆A273-293 nm) of the double difference
spectrum for YZ with that of the model spectrum (ε273-293

nm ) 2350 M-1 cm-1) should give the YZ tyrosinate
concentration at pH 9.0. This comparison indicates that, at
this pH, a little over half of the YZ (∼60%) is in the tyrosinate
form. This observation is somewhat less than that predicted
for a pKa of between 8.0 and 8.3 observed for the pL
dependence ofkf(H)/kf(D) and ofkf(H), respectively. Reasons
for the underestimate of the tyrosinate concentration and for
the differences between the biological and solution spectra
may stem from small errors arising from the two assump-
tions: (1) that the extinction coefficients are the same in
the reaction center and in water; and (2) that the spectrum
of YZ

• is the same at the two pHs.
All of the above observations indicate that the in situ pKa

for YZ is shifted to lower pH compared to tyrosine in
solution, probably through the association of YZ with a proton
acceptor (e.g., D1-His190). That the rate of electron transfer
increases and the deuterium isotope effect falls off with
increasing pL over the same range at which the YZ depro-
tonates to form the tyrosinate YZ

-, would therefore be
consistent with a model that follows the upper pathway of
Scheme 1 and where the tyrosinate is the active form of YZ

for electron transfer.

FIGURE 4: (A) Kinetics of oxidation of YZ, measured as the
reduction of P680+ at 432.5 nm following a saturating actinic laser
flash at pL 5.5 (], [) and 6.5 (O, b). PSII core complexes were
diluted (see Experimental Procedures) to 13µg of Chl/mL in H2O
buffer (open symbols) or D2O buffer (closed symbols). (B)
Dependence on pL of the rates of oxidation (kf) of YZ by P680+ in
H2O (b, solid line) and D2O (9, dashed line) and of the kinetic
deuterium isotope effect (kf(H)/kf(D), O, solid line). Thekf points
for H2O and D2O are fit by a theoretical curve for the dissociation
of the weak acid tyrosine to form tyrosinate with pKa values of 8.3
and 8.7, respectively. The plotted rate constant,kf, corresponds to
the faster and major component (g75%) of the biexponential curve
fits at each pL. The theoretical curve for the deuterium isotope
effect (kf(H)/kf(D)) is the ratio of the tyrosinate concentration in
H2O to that in D2O with pKa values of 8.0 and 8.55, respectively.

Table 1. Rate Constants and Deuterium Isotope Effects for the
Oxidation of YZ

pL kf(H) (ms-1) kf(D) (ms-1) kf(H)/kf(D)

5.5 30.6 11 2.78
6.0 55.9 17.5 3.19
6.5 67.0 19.5 3.44
7.0 164 45 3.64
7.5 170 69 2.46
8.0 463 257 1.80
8.5 905 387 2.30
9.0 1326 1071 1.24
9.5 1260 1146 1.10
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Reduction of YZ•. In evaluating the role of protons in the
oxidation of the Mn cluster by YZ•, it is important to know
what contribution to the kinetic isotope effect comes from
YZ

• reduction itself. The Mn-depleted case is relevant to the
one where the Mn cluster is intact as the FTIR difference
spectrum for YZ•/YZ shows very little difference in the
presence or absence of the Mn cluster (25).

The role of protons in the reduction of YZ
• can be

determined by measurement of the rate of charge recombina-
tion between QA- and the donor side (kobs). Such charge
recombination occurs through the P680+QA

- couple, the rate
of reaction of which (kin, 700 s-1 (5)) has been shown to be
pH-independent (71-72). The rate of charge recombination
between P680+ and QA

- was also examined above and
shown to have no isotope effect. Where equilibration between
YZ and P680 is rapid with respect to the rate of recombination
(kf, kb . kin), the rate of charge recombination depends on
the equilibrium constant,Kzp, for the reaction YZP680+ T
YZ

+P680. Here YZ+ designates the tyrosyl radical-proton
acceptor complex. Having determined the deuterium isotope
effect for kf, one can calculate the deuterium isotope effect
for kb from the effect of H/D exchange onKzp.

The rate of charge recombination between QA
- and YZ

•

was measured at 325 nm (QA
- - QA) as a function of pL

and in H2O or D2O in YD-less PSII core complexes. An
example is shown in Figure 6 of recombination measured at
pL 7.5 in YD-less PSII core complexes. The kinetic deuterium
isotope effect for the recombination (kobs) was examined over
the same range of pL (5.5-9.5) as above for oxidation of
YZ. The results (Table 2) show that there is a weaker isotope
effect (approximately 2) for the reduction of YZ

• (kb) than
for the oxidation. Both the rate of reduction,kb, and the
kinetic isotope effect for reduction,kb(H)/kb(D), show very
little dependence on pL over the range examined, reflecting
more likely a solvent reorganization than a rate limited by a

FIGURE 5: (A) Difference spectrum (YZ• - YZ) measured at pH
6.1 (O) and pH 9.0 (0) in the UV. PSII core complexes were
suspended at 10µg of Chl/mL in either 40 mM MES, pH 6.1 or
50 mM CHES, pH 9.01, plus 25% glycerol, 5 mM MgCl2, 20 mM
CaCl2, 0.03% dodecyl maltoside, and 600µM K3Fe(CN)6. The
samples were cooled to-6 °C by flowing a stream of cold nitrogen
around the spectrophotometer cuvette. Absorbance changes were
monitored at 600 ms following a single saturating flash, a time
long compared to the lifetime of QA- (t1/2 ∼50 ms). Both spectra
have been corrected for the difference ferro-ferricyanide and for
residual QA

- - QA. (B) Absorption spectra of tyrosine (150µM)
at pH 7.4 (Tyr-OH) and pH 12.0 (Tyr-O-) in water. (C) Double
difference spectrum (∆∆I/I) of YZ

• - YZ at pH 9 minus YZ• - YZ
at pH 6.1 (O) from part A compared to the tyrosine-minus-tyrosinate
difference spectrum at pH 7.4 minus that at pH 12 (+). The latter
spectrum has been scaled to the same difference at 273 nm minus
293 nm for the∆∆I/I of YZ. The amplitude of the model spectrum
at 273 nm minus 293 nm corresponds to about 60% of the amplitude
expected were all the centers in the tyrosinate form at pH 9 and
assuming that the tyrosinate/tyrosine extinction coefficients are the
same in water and in reaction centers and that the spectra of YZ

•

are the same at both pHs.

FIGURE 6: Kinetics of charge recombination measured at 325 nm
between YZ• and QA

- following a saturating actinic laser flash. The
same samples were used as in Figure 1: H2O buffer (O), D2O buffer
(], 0) measured immediately (]) and after 3.5 h (0).

YZP+ {\}
kf

kb
YZ

+P (1)

Kzp ) [YZ
+P]/[YZP+] ) kf/kb (2)

kobs) kin/(Kzp + 1) (3)

kb(H)/kb(D) ) [kf(H)/kf(D)][Kzp(D)/Kzp(H)] (4)
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proton transfer. These observations are consistent with a
reduction of the neutral YZ• to the tyrosinate, YZ-.

Numbers of Hydrogen Bonds to YZ
• and YD

•. We have
previously used2H pulsed ENDOR to accurately determine
hyperfine and quadrupolar couplings to deuterons exchanged
into the hydrogen bond of YD• and YZ

• (13). Using ENDOR-

derived coupling parameters, we can then simulate the time
domain ESE modulation patterns, varying only the number
of deuterons in the simulation in order to quantify the number
of deuterons with that class of couplings (57) introduced after
a given time of incubation in D2O-enriched buffer. Figure 7
shows the results of such constrained simulations for
SynechocystisYD

• (Figure 7a, pL) 7.0, exchange time)
24 h at 4 °C), SynechocystisYZ

• (Figure 7b, pL) 6.1,
exchange time) 24 h at 4°C), Mn cluster intact spinach
“BBY” membrane YD

• (Figure 7c, pL) 6.0, exchange time
) 24 h at 4°C), and Mn cluster intact but inhibited by acetate
treatment of spinach “BBY” membrane S2-YZ

• split signal
(Figure 7d, pL) 5.5, exchange time) 1.5 h at 4°C). The
Fourier transforms of these time domain ESEEM patterns
are shown in Figure 8, where it is immediately apparent that
theSynechocystisYZ

• and YD
• and the spinach S2-YZ

• split
signal all exhibit much greater modulation than the spinach
YD

•.

The constrained time domain simulations provide a
quantitative measure of the numbers of deuterons for each
case. For example, for YD• in spinach “BBY” membranes,
using the 570 kHz dipolar coupling determined from EN-
DOR, the time domain ESEEM pattern is fit reasonably well
using a single deuteron (Figure 7c) (57). The 2H ENDOR
pattern of the S2-YZ

• split signal is less resolved than that
of YD

•, but shows a similar overall splitting pattern. The
ESEEM fits well using two deuterons with the same 570
kHz dipolar coupling used for the YD• simulation (Figure
7d). We had originally considered this to be very strong
evidence that YZ• participates in two hydrogen-bonding
interactions in the S2-YZ

• state of acetate-treated spinach

Table 2. Rate Constants and Deuterium Isotope Effects for the Reduction of YZ

pL kobs(H) (ms-1) kobs(D) (ms-1) kobs(H)/kobs(D) kb(H) (ms-1) kb(D) (ms-1) Kzp(H) Kzp(D) kb(H)/kb(D)

5.5 0.0370 0.0650 0.554 1.66 1.12 18.4 9.8 1.48
6.0 0.0253 0.0439 0.576 2.02 1.10 27.7 15.9 1.83
6.5 0.0173 0.0273 0.669 1.70 0.79 39.5 24.6 2.14
7.5 0.0066 0.0081 0.815 1.58 0.88 105 85.4 1.80
8.5 0.00376 0.00312 1.205 2.04 0.89 185 223.4 2.29
9.0 0.00194 0.00126 1.540 3.68 1.93 360 554 1.90
9.5 0.00209 0.00165 1.267 3.35 2.40 334 423 1.40

FIGURE 7: Time domain for2H/1H ratioed 3-pulse ESEEM spectra
of (a) YD

• in Mn-depleted wild-typeSynechocystisPSII core
complexes (pL) 7.0, exchange time) 24 h at 4°C), (b) YZ

• in
Mn-depleted PSII core complexes from theSynechocystisYD-less
mutant (D2-Tyr160Phe) (pL) 6.1, exchange time) 24 h at 4
°C), (c) YD

• in spinach BBY particles (pL) 6.0, exchange time)
24 h at 4°C) and (d) the split signal of acetate-treated spinach
BBYs (pL ) 5.5, exchange time) 1.5 h at 4°C). All of these
samples are in 100% D2O buffer with the exception of the
SynechocystisYD

• sample which is in 66% D2O and has been scaled
to 100%. The experimental data are shown as solid lines; the
simulations are short dashes for one2H and long dashes for two
2H. Instrument parameters:νMW ) 9.430 GHz (a and b), 9.203
GHz (c), 10.013 GHz (d); MW power≈ 50 W; B ) 3368 G (a
and b), 3292 G (c), 3650 G (d);τ ) 209 ns (a and b), 214 ns (c),
210 ns (d);π/2 ) 15 ns; repetition rate) 25 Hz (a-c), 200 Hz
(d); temperature) 4.2 K. Simulation parameters:Aiso ) -50 kHz
(a and b), 0 kHz (c and d);e2Qq ) 170 kHz (a and b), 200 kHz
(c and d);η ) 0; Tdip ) 470 kHz (a), 407 kHz (b), 570 kHz (c
and d).

FIGURE 8: Frequency domain three-pulse ESEEM spectra obtained
by Fourier transform of the experimental time domain modulation
from Figure 7.
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membranes (57). However our recent observation (29) of
55Mn ENDOR in this S2-YZ

• state shows that there is
significant “Mn character” in this coupled signal, raising the
possibility that deuteron modulation in this and other split
signal forms (52) may arise from deuterons exchanged into
the Mn site as well as the tyrosine site. This point has also
recently been made by Dorlet et al. (73) on the basis of split
signal EPR simulations. Therefore, the exact nature of YZ

•

hydrogen bonding in the S2-YZ
• state currently remains an

open question.
The 2H ENDOR of YD

• in Mn-depletedSynechocystis
particles was simulated with a slightly smaller dipolar
coupling (470 kHz) along with a small isotropic component
(-50 kHz) (13). By using these parameters, we obtain a
better simulation of the ESEEM using two deuterons rather
than one (Figure 7a). We therefore favor a picture whereby
YD

• in Mn-depletedSynechocystisforms two approximately
equivalent strength hydrogen bonds that undergo2H ex-
change under the experimental conditions used here. This
contrasts with the Mn intact spinach case where only one
2H exchanges into a hydrogen-bonding site in 24 h. What is
not currently clear is whether this difference reflects a true
difference in the number of hydrogen bonds for YD

• in
spinach versusSynechocystis. Alternatively, the number may
depend on the state or presence of the Mn cluster, or other
intrinsic differences between Mn-depletedSynechocystis
particles, including their lack of the 17 and 23 kDa extrinsic
polypeptides, when compared to intact “BBY” spinach
membranes. These may affect the exchange rate of2H into
the deeply buried YD site.

In contrast to the ESE-ENDOR spectrum that shows well-
defined hydrogen bonding to YD

•, the ESE-ENDOR spectrum
of YZ

• trapped in Mn-depletedSynechocystisparticles shows
a broad structureless feature (13). The breadth is, however,
approximately equivalent to that of the hydrogen-bonded YD

•

radical, but a factor of 3 greater than what we observe for
the H-bondless tyrosine radical inEscherichia coliribo-
nucleotide reductase (57). These observations led us to argue
for strong but disordered hydrogen bonding for YZ

• in Mn-
depletedSynechocystisparticles (13), a description also
supported by cw ENDOR (15) and high field EPR (74). In
this work, we observe (Figure 8) that the ESEEM modulation
depth for YZ

• is approximately equal to that of theSyn-
echocystisYD

•, which we attribute to two hydrogen bonds,
and a good fit to the ESEEM is obtained with two
equivalently coupled deuterons (Figure 7b, 407 kHz dipolar
coupling). However, from the ENDOR there is no basis for
carrying out such simulations using only a single well-defined
class. For example, utilizing two dissimilarly coupled
deuterons (553 and 283 kHz) also gives a good fit to the
ESEEM data (not shown). In reality, there is likely a
distribution of couplings from multiple deuterons rapidly
exchanged into the YZ• site in the Mn-depletedSynechocystis
particles. Similar results were reported for Mn-depleted
spinach PSII membranes (52) with a favored simulation
resulting from one strongly interacting deuteron and several
more weakly coupled deuterons.

DISCUSSION

Oxidation of each of the two redox-active tyrosines of
Photosystem II over most of the physiological pH range

results in the formation of a neutral radical from the neutral
phenol. Under these conditions, proton transfer must, there-
fore, accompany electron transfer.

There are several observations that favor the upper
pathway of Scheme 1 (tyrosinate intermediate) as the
mechanism by which proton and electron transfer are
coordinated in YZ oxidation. We observe an increase in the
rate of electron transfer (75,76) and a decrease in the kinetic
deuterium isotope effect with increasing pL over the same
range (from 7.0 to 9.5, Figure 4B) and with similar pKas
(8.3 and 8.0, respectively). Over this same pH range there
is an evolution of the difference spectrum, (YZ

• - YZ), that
resembles an increased deprotonation of tyrosine toward the
tyrosinate as the pH increases. This deprotonation is also
supported by preliminary FTIR data that shows at 1238 cm-1

the disappearance of aδC-O-H bending mode for YZ
between pH 8 and 9 (Catherine Berthomieu, personal
communication). The formation of the tyrosinate, YZ

-, would
obviate the need to dissociate the proton prior to the electron
transfer and would consequently no longer show a deuterium
isotope effect. Tyrosinate formation also represents less of
a potential barrier than the formation of the tyrosyl cation
radical, as the reduction potential of the latter in solution
(EpH<pKa

0 ) 1.5 V, (78)) is far greater than can be generated
by the primary electron donor couple, P680+/P680 (E′ )
1.15 V (79)). Finally, site-directed mutants at D1-His190
show a dramatic slowing of YZ oxidation (25, 43, 49, 70)
consistent with a mechanism that requires a handing off of
the proton to D1-His190 prior to the electron transfer. These
observations together imply that it is the tyrosinate that is
the active form in the electron transfer as shown in the upper
pathway of Scheme 1. Whether or not the proton transfer is
the rate-limiting step in the oxidation of YZ will be considered
below in two alternative models for coordinated proton and
electron transfer.

Model I

Proton-Transfer Limitation.We initially expected to find
that the deuterium isotope effect arose from a rate-limiting
breakage of the phenolic OH bond. However, transition-state
theory (80) would argue that the transfer of a proton from
YZ to D1-His190 in a hydrogen-bonded pair should occur
at a rate that approximates 6× 1012 s-1 × 10∆pKa (where
∆pKa is [pKa[acceptor]- pKa[donor]]) or ∼6 × 108 s-1. This rate
is substantially faster than the observed rate of oxidation of
YZ (e106 s-1) and should not therefore be rate-limiting. On
the other hand if YZ and D1-His190 are linked indirectly
by a hydrogen-bonded chain which might include water
molecules, it is possible that a reorganizational process might
slow proton transfer sufficiently as to cause such transfer to
be rate limiting.

Alternatively, the formation of the hydrogen-bonded YZ/
D1-His190 pair could be a gated process. The formation
of this complex could well involve the breaking of hydrogen
bonds formed by YZ and D1-His 190 with other partners
and the formation of a hydrogen bond with each other in a
manner that would be slowed by the replacement of H2O
with D2O. This is reaction 1 of Scheme 1 and, as in any
proton-transfer-limited process, would show the overall rate
to be insensitive to the driving force of YZ oxidation by
P680+. In this model, the deconvolution of the P680+
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reduction kinetics would yield fast and slow components with
pH-independent rates, arising from centers in the tyrosinate
and tyrosine states, respectively, at the time of primary charge
separation. As the pH increases, contribution of the faster
component should increase and the slower component
decrease.

Model II

Electron-Transfer Limitation.It is possible for the YZ
oxidation rate to be sensitive to the replacement of H2O with
D2O and yet still be rate-limited by electron transfer. In the
upper pathway of Scheme 1, an equilibrium governs the
deprotonation of YZ (reaction 2). Were the equilibration rapid
with respect to YZ oxidation and were the tyrosinate the
active species for electron transfer, then the rate at a particular
pL would be the product of the concentration of tyrosinate
and of the intrinsic electron-transfer rate for tyrosinate
oxidation. The replacement of H2O with D2O in raising the
pKa of tyrosine would lower the tyrosinate concentration
through a deuterium isotope effect on the equilibrium. The
plot of the deuterium isotope effect in Figure 4B is fit well
by the double ratio of (10pL-pKa/(1 + 10pL-pKa))H2O/(10pL-pKa/
(1 + 10pL-pKa))D2O, which represents such a process and where
the pKa in H2O is 8.00 and that in D2O is 8.55. The difference
of 0.55 in the pKa is in good agreement with what has been
generally observed for the effect of D2O on the dissociation
of weak acids (81). These values for the pKa are only slightly
lower than those estimated for the rate of reduction of P680+

by 0.3 and 0.2 pH units in H2O and D2O, respectively. If
the tyrosinate/tyrosine equilibration were fast and electron-
transfer rate-limiting, then deconvolution of the rate of P680+

reduction would be expected to show a major exponential
component, the rate of which should increase with pL. This
rate would also be expected to be sensitive to the driving
force of the reaction, the difference in the reduction potentials
of the redox couples YZ•/YZ and P680+/P680. An indepen-
dent study performed at pH 5.7 (unpublished collaboration
with Peter Nixon) in which we varied the driving force by
site-directed mutagenesis at D1-His198 showed only a weak
dependence of the rate of P680+ reduction on the driving
force. For example, a mutation (D1-His198Ala) that lowers
the potential P680+/P680 by 84 mV relative to wild type
slows the electron-transfer rate by only 30%. While such
behavior might be expected close to the inverted region of
the Marcus curve (82), it would imply an unusually low
reorganizational energy equivalent to only 90-160 meV
(Table 2). A low reorganizational energy seems inconsistent
with the disorder that we observe at the YZ site.

The pL dependence of the kinetic components that
contribute to the P680+ relaxation should provide some
guidance in distinguishing between the proton and electron-
transfer-limited models discussed above. The actual results
of the kinetic deconvolution, however, are complex and
appear to depend on the pL. The data in the presence of
H2O appear to support the existence of a pH-dependent rate
for the major kinetic component in a biexponential fit.
Between pL 5.5 and 7.0 in the presence of D2O, however,
the kinetics are multiphasic (Figure 4A) and are less well-
fit by a double exponential, implying the presence of
subcomponents that are differentially affected by H/D
exchange. This finding is difficult to reconcile with a reaction
that is purely electron-transfer-limited. At pLg 7.5, however,

both the H2O and the D2O data can be well-fit with a
biexponential decay with the major component accelerating
with increasing pH. The observations presented here are
consistent with an increasingly electron-transfer-limited
process at pLg 7.5 and a proton-limited process at pLe
7.5. In the upper range of pL, the electron-transfer limitation
would likely come from the increased concentration of
tyrosinate and possibly also from an acceleration of the YZ

-/
YZ equilibration rate (reaction 2, Scheme 1) or of the gating
process (reaction 1, Scheme 1).

Ahlbrink et al. (77) have measured the reduction of P680+

with submicrosecond time resolution over a wide range of
pH (4-10.5) and fit their data with three exponential
components plus an offset. The most rapid (kf ) 7 × 105

s-1) and next most rapid (ks ) 2-10 × 104 s-1) of these
components show only a weak pH dependence (factors of 2
and 5, respectively). The two components also show different
kinetic isotope effects (1.6 and 4.0, respectively). These
authors propose two equally likely models in which, at high
pL, YZ oxidation is limited by electron transfer and at low
pL by proton transfer. The pKa (7.0) that separates these two
domains is attributed either to that of a proton-accepting base
in their Scheme 1A or to YZ itself in their Scheme 1B.

We measure here not only a pKa for the rate of oxidation
of YZ but also that for the deuterium isotope effect of the
oxidation. We also measure a double difference spectrum
for YZ

• - YZ that puts limits on the pKa of YZ
-/YZ. The

optical and preliminary FTIR data place the pKa for the
deprotonation at between pH 8 and 9. These results all point
to the deprotonation of YZ as being responsible for the pKa

of 8.0-8.3. While we differ with Ahlbrink et al. (77) by
1.0-1.3 in the assignment of the pKa, the deprotonation of
YZ corresponds to the second of the two kinetic models they
proposed for Mn-depleted PSII core complexes. We prefer
a model in which the pKa of the proton acceptor or of a
proton acceptor network is far lower (pKa < 5.5) and
responsible for the progressive enhancement of charge
recombination between QA- and P680+ as the pL is lowered
(Figure 9, see also ref77).

The proton-limited case and particularly the gated mech-
anism at pLe 7.5 can explain a number of independent
observations in Mn-depleted PSII core complexes. These
include the weak dependence of YZ oxidation on the driving
force of the reaction measured at pH 5.7 (see above) and
the mobility of positioning of YZ• as judged by ENDOR
measurements (12, 13). It also provides an explanation for
why, in the intact system, YZ oxidation is 100-fold more
rapid than in the Mn-depleted case (85, 86) and there is
virtually no deuterium isotope effect (87-89). Ahlbrink et
al. (77) have attributed these latter observations to a lowering
of the pKa of either the proton acceptor or of YZ to 4.5 in
the intact system. However, the observations of Noguchi et
al. (22) and Berthomieu et al. (25), using FTIR, of aδC-
O-H bending mode for YZ at pH 6.0 in the presence of the
Mn cluster would appear to be inconsistent with a pKa of
4.5 for YZ. More likely, in light of the above, is a situation
in which YZ and D1-His190 are locked into a proton-transfer
competent complex in the presence of the Mn cluster, no
longer as free to move as in its absence. Once this happens,
then the proton transfer becomes much faster and the reaction
becomes electron-transfer-limited (model II, here and as in
Scheme 1A of Ahlbrink et al. (77)). The influence of D2O
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on the equilibrium of reaction 2 (our Scheme 1) would also
have to be substantially smaller in this case (less than the
0.55∆pKa observed in the Mn-depleted PSII cores, Figure
4B).

We have been looking, using pulsed ENDOR, for evidence
of hyperfine coupling between D1-His190 and YZ•. We see
(Campbell, Britt, and Diner, manuscript in preparation) no
sets of 15N ENDOR peaks comparable to the 0.8 MHz
hyperfine-coupled feature arising from the imidazole nitrogen
of the YD

•/D2-His189 hydrogen-bonded pair (69). This
observation could be a consequence of a dynamic gating
process in which the electron/proton-transfer competent
hydrogen-bonded state either is present at low concentration
as at room temperature or is frozen out at the low temperature
(11 K) of the ENDOR experiment. One prediction of the
gated model is that such15N coupling to YZ

• should be weak
in the absence of the Mn cluster and stronger in its presence.
This prediction is currently under investigation.

The pL dependence of the rate for YZ oxidation has, as
mentioned above, been investigated by Ahlbrink et al. (77)
in work carried out in parallel and by Lydakis-Simantiris,
N., Babcock, G. T., and Golbeck, J. (unpublished results).
Possible reasons why Ahlbrink et al. (77) find a pKa 1-1.3
units lower include the source of the PSII core complexes,
the manner of their preparation, and the presence of YD in
Ahlbrink et al. and its absence here. Preliminary experiments
of ours also suggest a role for Ca2+ in this difference, the
present experiments having been performed in the absence
of this dication.

The kinetic isotope effect reported here reaches a maxi-
mum at pL 7.0 and then decreases as the pL is lowered.
This decrease with decreasing pL is likely a reflection of
the decreasing equilibrium constant,Kzp, and an increasing
contribution of P680+QA

- recombination to the kinetics of

P680+ reduction (see also ref77). As shown earlier (Figure
2), such charge recombination shows no deuterium isotope
effect. A possible reason for the lowering of the equilibrium
constant as the pH is lowered is the protonation of the proton
acceptor itself or of another base to which it is hydrogen
bonded in a hydrogen-bonded chain, thereby blocking the
deprotonation of YZ that would normally accompany oxida-
tion (Figure 9). For example, protonation of histidine
imidazole to form the imidazolium ion of D1-His190 would
produce a situation similar to that observed upon site-directed
replacement of this same residue (43, 49, 70). Both the
mutagenesis and the lowered pH (77) slow the oxidation of
YZ by 3 orders of magnitude.

The pKa of tyrosine is normally located around 10 in many
proteins and possibly higher in a medium of low dielectric.
The downshifting of the pKa for YZ

-/YZ implies that the
pairing of YZ with a proton acceptor causes a shift to 8.0-
8.3 of the apparent pKa of tyrosine YZ. A more extreme form
of this proposal has been put forward by Candeias et al. (83)
in which both tyrosines YZ and YD are in the tyrosinate state
in all of the UV difference spectra reported in the literature,
including those at pH as low as 5.0 (7). While we agree that
YZ is deprotonated at more alkaline pH (pKa 8.0-8.3), the
presence of tyrosinate at pH 5.0 would be inconsistent with
the observation of a kinetic isotope effect for YZ oxidation,
the decrease of this effect with increasing pL, the double
difference spectrum of YZ• - YZ at pH 9.0 minus 6.1
(indicating an increase in tyrosinate concentration as the pL
rises), and the presence of aδC-O-H bending mode in
the FTIR spectrum of YZ•/YZ at pH 6.0 (25).

Measurements of QA--donor side charge recombination
in the presence of H2O and D2O indicate an acceleration of
charge recombination by the latter, more marked at lower
than at higher pL (Table 2). This observation implies a

FIGURE 9: Three proposed states of the YZ-proton acceptor complex at different pHs. The model assumes D1-His190 as the immediate
proton acceptor, though like models could be drawn with other residues or water in between. D1-His190 is also hydrogen bonded to
another residue as part of a hydrogen-bonded network. The state at pH< 5.0 is unable to transfer an electron as the proton acceptor is
already protonated. The state at pH 6.5 gives the maximum kinetic isotope effect, consistent with the need to form the hydrogen-bonded
electron/proton-transfer competent complex as shown for YZ oxidation. The state at pH 9.0 shows YZ in the tyrosinate state but hydrogen
bonded by the proton acceptor. YZ oxidation in this state should be electron-transfer-limited with no kinetic isotope effect.
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lowering of theKzp equilibrium constant by D2O at pL e
8.0. The rate of reduction of YZ• by P680 (kb) shows only a
slight dependence on pL, in basic agreement with the
observations of Yerkes et al. (85), indicating that the pH
dependence ofKzp comes largely fromkf. The rate constant,
kb, changes by no more than a factor of 2 over the same pL
range (5.5-9.5) that gives a rate increase of a factor of 40
and 100 for H2O and D2O, respectively. There exists a
deuterium isotope effect of only about 2 forkb, and the ratio
kb(H)/kb(D) is insensitive to pL over the range studied. This
small kinetic isotope effect is probably associated with
solvent reorganization that accompanies YZ

• reduction. The
source of the proton involved in the reduction of YZ is likely
to remain the same over this pL range and is most likely
one of the two in hydrogen-bonded contact with the phenolic
oxygen of the radical. These observations imply that the
reduction of YZ

• is not limited by proton transfer and it is
likely that the electron transfer precedes the proton transfer.

A number of authors (84, 87, 88, 90) have recently
measured kinetic deuterium isotope effects for the advance
of each of the S-states of the Mn cluster coupled to the
reduction of YZ. With the exception of S2f S3 for which
values of up to 2.4 have been reported, the other S-state
transitions show kinetic deuterium isotope effects of 1.6 or
less. It has been suggested that only in the S2f S3 transition
is there proton-coupled electron transfer (35). As pointed out
above, the likelihood of electron transfer preceding proton
transfer for the reduction of YZ• and the observation of a
kinetic isotope effect of about 2 in the absence of the Mn
cluster are likely to limit the utility of the observed kinetic
deuterium isotope effects to conclude whether hydrogen atom
(or electron plus proton) abstraction by YZ has occurred on
the S-state transitions, except where the energetics require
that the electron and the proton move together. This may be
the case for S2f S3. Indeed, the driving force for the
oxidation of S2 by YZ• has been estimated to be quite small
(91), possibly requiring the added boost that comes from
the difference in OH bond energies between tyrosine and
water bound to Mn. While there is some risk in extrapolating
from kinetic measurements of YZ reduction in the absence
of the Mn cluster to those in its presence, FTIR difference
spectra for YZ oxidation appear to be virtually the same in
the two cases (25).

Communication with SolVent. Upon injection into D2O,
the more rapid replacement of the phenolic OH with OD
for YZ

• as compared to YD• indicates that YZ is in far more
rapid communication with the solvent. This observation is
shared by Lydakis-Simantiris, N., Babcock, G. T., and
Golbeck, J. (unpublished results) and by refs52and77. The
greater accessibility of water to YZ may also explain why
the reduction potential of YZ•/YZ is actually closer to that of
tyrosine in aqueous solution than in the case of YD

•/YD. This
greater accessibility is consistent with a closer proximity of
YZ to exogenous electron donors, including Mn2+, and to
the Mn cluster, itself accessible to solvent water. The
principal argument for close proximity of YZ• and the Mn
cluster is the demonstration that the split signal arises from
the coupling between an organic radical (92), now known
to be a tyrosyl radical, most likely YZ• (14, 26, 29, 35, 73),
and the Mn cluster.

The rapid communication between YZ and bulk solvent
in the absence of the Mn cluster may not be an entirely

accurate reflection of the environment of the tyrosine in the
presence of the cluster. In fact an enhanced accessibility to
water upon extraction of the cluster could increase the
reorganizational energy associated with YZ oxidation and
explain in part the slowing of the rate of YZ oxidation by
close to 2 orders of magnitude following removal of the
cluster (85, 86). Force et al. (57) and Tommos et al. (52)
have found that, in the presence of the Mn cluster, H/D
exchange of hydrogen bonds associated with the S2-YZ

• split
signal is rapid (t1/2 < 40 min). However, as indicated below,
such exchange may be occurring at the cluster itself rather
than at the level of YZ. These data may therefore still be
consistent with an enhanced access of YZ to solvent upon
removal of the Mn cluster. As pointed out above, other
explanations for the more rapid electron transfer in the intact
system involve locking YZ and the proton acceptor into a
proton-transfer competent complex that makes the proton
transfer much faster than the electron transfer. If there were
reduced accessibility of solvent water to the site, then the
reduced effect of H2O/D2O exchange on the pKa of YZ in
the intact system (see above) also becomes more understand-
able. These kinetic and potentially structural differences exist
despite indications from FTIR that the protein vibrational
modes coupled to the oxidation of YZ are largely independent
of the presence or absence of the Mn cluster (25).

Numbers of Hydrogen Bonds.An ESEEM comparison,
using ENDOR-derived coupling constants, shows that the
numbers of1H/2H exchangeable hydrogen-bonded protons
in contact with YD

• are two and one, respectively, in Mn-
depletedSynechocystisPSII core complexes and in BBY
PSII-enriched membranes. While the ENDOR for YZ

• does
not provide well-defined coupling constants, the ESEEM
spectrum of this radical can be well-simulated by two
hydrogen bonds using the coupling constants described in
the Results. However, given the clear disorder in the
hyperfine couplings, reflected in the poorly resolved2H
ENDOR spectrum (13), there appears to be a distribution in
hydrogen bonding to YZ• in the Mn-depletedSynechocystis
core complexes. Some centers may indeed have two hydro-
gen bonds, while some fraction may have only one with
additional proximal deuterons adding to the modulation.

This observation forSynechocystisYD
• is in contrast with

the apparent complete loss of a hydrogen-bonded proton in
the ENDOR spectrum of mutant D2-His189Gln (47). While
it is possible that the structural change associated with this
mutation results in the coincident loss of two hydrogen
bonds, high field EPR of the mutant shows a value ofgx

(2.00832) larger than that of wild type (2.00740) but also
smaller than that ofE. coli ribonucleotide reductase (2.00868).
Thegx component of the anisotropicg tensor for the tyrosyl
radical is an indicator of hydrogen bonding. While there may
be other electrostatic factors that contribute togx, the value
for gx could imply that for the mutant there is greater
hydrogen bonding to the phenolic oxygen than in the case
of E. coli ribonucleotide reductase tyrosyl radical Y122•

which is thought to be hydrogen-bond-free. The hydrogen-
bonding characteristics of the D2-His189Gln mutant are
currently undergoing further examination.

The situation for the S2-YZ
• split signal in Ca2+-depleted

and in acetate-treated BBYs, originally thought to reflect two
hydrogen bonds to YZ• (52, 57), is now understood to be
more complicated by the combined exchange and dipolar
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coupling (29, 73) between S2 and YZ•. As a result, the
ESEEM spectrum may show contributions from H/D ex-
change at the Mn cluster as well as at YZ

• such that the fit
to two exchangeable hydrogen bonds may be fortuitous.

The similarity in the number of hydrogen bonds to YZ
•

and YD
• in Synechocystisis consistent with another indicator

of hydrogen bonding, thegx component of the anisotropicg
tensor, 2.0075 and 2.0074, respectively (74). However, an
apparent heterogeneity in the hydrogen bonding of YZ

• as
revealed in the greater breadth of the high field EPRgx

component (74) and in the deuterium coupling for YZ• in
pulsed2H ENDOR (13) as compared to YD• suggests that
the two hydrogen bonds are more equivalent in the case of
YD

• than they are for YZ•. This difference in hydrogen
bonding is also revealed in the FTIR spectra of the two
tyrosyl radicals where YZ• would appear to be more interac-
tive in hydrogen bonding than YD• or where, alternatively,
there is a greater retention of positive charge in the
environment of YD• than YZ

• (21, 25). What consequence
these differences have for the 250-300 mV difference in
reduction potential between these two tyrosines is still
unclear.

It has been proposed that YZ
• can act as a hydrogen atom

(36, 37) or a proton abstractor (14) from water bound to the
Mn cluster. Were YZ• hydrogen bonded by two protons in
the presence (52, 57, but see qualification above) or absence
of the Mn cluster (this work), then proton transfer to YZ

•

upon its reduction could occur from either source unless some
mechanism existed to discriminate between the two. Fur-
thermore, it is likely that the proton that leaves YZ upon its
oxidation is retained in a hydrogen bond and not immediately
released into the thylakoid lumen (10, 77, 93, but see52).
Such retention does not exclude a proton being released into
the lumen that is either liberated at the other end of a
hydrogen-bonded chain or as a Bohr proton. The existence
of a YZ-proton-acceptor hydrogen-bonded structure implies
that, even if one of the hydrogen bonds were to come from
water bound to the Mn cluster, there would have to be a
selective mechanism, whether kinetic or thermodynamic, to
allow for YZ

• to choose for proton abstraction, only that
proton bound to water and not the one bound to the proton
acceptor. A lowering, upon Mn oxidation, of the pKa of a
water bound to Mn could provide such selectivity. It would
then be necessary for the proton acceptor that becomes
protonated when YZ is oxidized to release its proton to a
sink other than YZ itself. The proposed lumenal release (36)
of the proton originating from tyrosine would have to occur
following YZ

• reduction and not coincident with its oxidation.

ACKNOWLEDGMENT

The authors are grateful to Mary Jane Reeve for her
excellent technical assistance in the isolation of Photosystem
II core complexes and to Dexter Chisholm for his engineering
of the SynechocystisD2-Tyr160Phe mutant. The authors
are also grateful to Drs. Gerald Babcock, Catherine Berth-
omieu, Richard Debus, Michael Haumann, Je´rôme Lavergne,
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