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ABSTRACT: To further characterize the role of D1-His190 in the oxidation of tyrosine YZ in photosystem
II, the pH dependence of P680

•+ reduction was measured in H190A and Mn-depleted wild-type* PSII
particles isolated from the cyanobacterium,Synechocystissp. PCC 6803. Measurements were conducted
in the presence and absence of imidazole and other small organic bases. In H190A PSII particles, rapid
reduction of P680

•+ attributed to electron transfer from YZ increased dramatically above pH 9, with an
apparent pKA of ∼10.3. In the presence of ethanolamine and imidazole, this dramatic increase occurred
at lower pH values, with the efficiency of YZ oxidation correlating with the solution pKA value of the
added base. We conclude that the pKA of YZ is ∼10.3 in D1-H190A PSII particles. In Mn-depleted wild-
type* PSII particles, P680

•+ reduction was accelerated by all exogenous bases examined (substituted
imidazoles, histidine, Tris, and 1,4-diazabicyclo[2.2.2]octane). We conclude that YZ is solvent accessible
in Mn-depleted wild-type* PSII particles and that its pKA is near that of tyrosine in solution. In Mn-
depleted wild-type* PSII particles, over 80% of the kinetics of P680

•+ reduction after a flash could be
described by three kinetic components. The individual rate constants of these components varied slightly
with pH, but their relative proportions varied dramatically with pH, showing apparent pKA values of 7.5
and 6.25 (6.9 and 5.8 in the presence of Ca2+ and Mg2+ ions). An additional pKA value (pKA < 4.5) may
also be present. To describe these data, we propose (1) the pKA of His190 is 6.9-7.5, depending on
buffer ions, (2) the deprotonation of YZ is facilitated by the transient formation of a either a hydrogen
bond or a hydrogen-bonded water bridge between YZ and D1-His190, and (3) when protonated, D1-
His190 interacts with nearby residues having pKA values near 6 and 4. Because YZ and D1-His190 are
located near the Mn cluster, these residues may interact with the Mn cluster in the intact system.

Photosynthetic water oxidation takes place in photosystem
II (PSII)1 near the lumenal surface of the thylakoid mem-

brane. PSII is a multisubunit, integral membrane protein
complex (1, 2) that utilizes light energy to oxidize water and
reduce plastoquinone (for review, see refs3-10). The
oxygen-evolving catalytic site contains four Mn ions that
are arranged in a multinuclear cluster. The Mn cluster
accumulates oxidizing equivalents in response to photo-
chemical events within PSII, then catalyzes the oxidation of
two water molecules, releasing one molecule of O2 as a
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byproduct. The photochemical events that precede water
oxidation take place in a heterodimer of two homologous
polypeptides known as D1 and D2. These events are initiated
by the capture of light by an antenna complex that is located
peripherally to PSII. The excitation energy is transferred to
the photochemically active chlorophyll species known as P680.
Excitation of P680 results in formation of the charge-separated
state, P680

•+QA
•-, where QA is a molecule of plastoquinone.

The P680
•+ radical rapidly oxidizes tyrosine YZ (Tyr161 of

the D1 polypeptide), forming the neutral radical, YZ
•. This

radical in turn oxidizes the Mn cluster, while QA
•- reduces

the secondary plastoquinone, QB. Subsequent charge separa-
tions result in further oxidation of the Mn cluster. During
each catalytic cycle, the Mn cluster cycles through five
oxidation states termed Sn, wheren denotes the number of
oxidizing equivalents stored. The S1 state predominates in
dark-adapted samples. The S3 state may have one oxidizing
equivalent localized on a Mn ligand: whether Mn is oxidized
during the S2 f S3 transition is currently under debate (e.g.,
see ref 11 versus ref 12). The S4 state is a transient
intermediate that reverts to the S0 state with the concomitant
release of O2. In addition to YZ, PSII contains a second redox-
active tyrosine residue, known as YD (Tyr160 of the D2
polypeptide in the numbering system ofSynechocystissp.
PCC 6803). This tyrosine residue is also oxidized by P680

•+,
but its function remains unknown. YZ and YD appear to be
located symmetrically with respect to the probableC2

symmetry axis of the PSII reaction center (13).
Recent data show that YZ is located close to the Mn cluster.

Simulations of EPR and ENDOR data from inhibited samples
trapped in the S2YZ

• state has yielded a Mn-YZ
• point-

dipole distance of∼8 Å (14-16). This distance is consistent
with a geometric center-to-center distance of∼9 Å between
YZ and the Mn cluster and is consistent with a hydrogen
bond existing between YZ and a Mn-bound water molecule
(17). These data, plus data showing that YZ

• is rotationally
mobile (18-20), have led to new models for the mechanism
of water oxidation in PSII. These models postulate that YZ

participates directly in water oxidation by abstracting protons
(4, 20) or hydrogen atoms (17, 19, 21-25) from water-
derived ligands of the Mn cluster. Whether these abstractions
occur during all of the S-state transitions (19, 21-24), only
the S2 f S3 and S3 f (S4) f S0 transitions (4, 17), or only
the S2 f S3 transition (25) is currently under debate. In all
of these models, electron transfer from YZ to P680

•+ is
facilitated by the deprotonation of YZ by a nearby base. On
the basis of modeling studies that place D1-His190 close to
YZ (26-29), this base has long been presumed to be D1-
His190. This presumption has been supported by studies
involving site-directed mutagenesis (30-36) and chemical

complementation (35). In the latter study, we measured the
rates of YZ oxidation, P680

•+ reduction, and YZ• reduction in
PSII particles isolated from several D1-His190 mutants
constructed in the cyanobacterium,Synechocystissp. PCC
6803 (35). These rates were slowed dramatically in all mutant
PSII particles examined, but were accelerated dramatically
in the presence of imidazole and other small organic bases.
We concluded that the oxidation of YZ by P680

•+ requires
the deprotonation of YZ, that D1-His190 is the proton
acceptor for YZ, and that the hydroxyl proton of YZ remains
bound to D1-His190 during the lifetime of YZ•, thereby
facilitating the reduction of YZ•.

In the same study (35), we found that imidazole also
accelerated both P680

•+ and YZ
• reduction in Mn-depleted

wild-type* PSII particles. On the basis of this unexpected
finding, we concluded that YZ and D1-His190 interact more
weakly in the absence of the Mn cluster than in its presence
(35). This conclusion is consistent with studies showing that
electron transfer from YZ to P680

•+ exhibits a much greater
deuterium isotope effect in the absence of the Mn cluster
(37-40) than in its presence (38, 39, 41, 42).

The objective of the present study is to further characterize
the role of D1-His190 in the proton-coupled oxidation of
YZ by P680

•+ in Mn-depleted PSII preparations. The informa-
tion obtained should form a basis by which to compare the
function of D1-His190 in intact PSII preparations. In this
study, the pH dependence of P680

•+ reduction was measured
in H190A mutant and Mn-depleted wild-type* PSII particles
in the presence and absence of imidazole and other small
organic bases. The results provide additional evidence that
D1-His190 is the proton acceptor for YZ and show that the
interaction between D1-His190 and YZ is disrupted in the
absence of the Mn cluster. In the absence of the Mn cluster,
the oxidation of YZ either occurs as a concerted electron/
proton-transfer event or is rate limited by the deprotonation
of YZ. In either case, the rate-limiting step may involve the
transient formation of a hydrogen bond or a hydrogen-bonded
water bridge between YZ and D1-His190. Finally, D1-His190
appears to interact with nearby residues having pKA values
near 6 and 4. Because YZ is located near the Mn cluster (14-
16), these residues may ligate the Mn cluster in intact PSII
preparations.

MATERIALS AND METHODS

Construction of Site-Directed Mutants.The D1-H190A
mutation was constructed in thepsbA-2 gene of the cyano-
bacteriumSynechocystissp. PCC 6803. The mutation-bearing
plasmid was constructed as described previously (43). To
simplify the isolation of PSII particles, the mutation-bearing
plasmid was transformed into a strain ofSynechocystisthat
lacks PSI andapcE function (44). The wild-type* strain was
constructed in an identical manner, but with a transforming
plasmid that carried no site-directed mutation. The designa-
tion “wild-type*” differentiates this strain from the native
wild-type strain that contains all threepsbA genes, contains
PSI, contains a functionalapcE gene, and is sensitive to
antibiotics. Wild-type* and D1-H190A cultures were propa-
gated in the presence of 15 mM glucose (45), as described
previously (35). The mutant D2-Y160F, described previously
(46), was propagated in the presence of 5 mM glucose. This
mutant contains PSI and a functionalapcE gene.

1 Abbreviations: Chl, chlorophylla; ChlZ, monomeric chlorophyll
species that is oxidized by P680

•+; EPR, electron paramagnetic resonance;
ENDOR, electron nuclear double resonance; fwhm, full width at half-
maximum; PSII, photosystem II; P680, chlorophyll species that serves
as the light-induced electron donor in PSII; YZ, tyrosine residue that
mediates electron transfer between the Mn cluster and P680

•+; YD,
tyrosine residue known to act as an alternate electron donor to P680

•+;
QA, primary plastoquinone electron acceptor; QB, secondary plasto-
quinone electron acceptor; Mes, 2-(N-morpholino)ethanesulfonic acid;
Tes, 2-{[tris-(hydroxymethyl)methyl]amino}ethanesulfonic acid; Ches,
2-(N-cyclohexylamino)ethanesulfonic acid; Tris, tris-(hydroxymethyl)-
aminomethane; wild-type*, control strain ofSynechocystissp. PCC 6803
constructed in identical fashion as the mutants, but containing the wild-
type psbA-2 gene.
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Isolation of PSII Particles.Wild-type* and D1-H190A
PSII particles were isolated as described previously for strains
lacking PSI andapcE function (35) except that the detergent-
extracted thylakoid membranes were applied to a 300 mL
DEAE-Toyopearl 650s column, the column was washed with
purification buffer [25% (v/v) glycerol, 50 mM Mes-NaOH,
20 mM CaCl2, 5 mM MgCl2, 0.03% n-dodecyl â-D-
maltoside, pH 6.0], and the purified PSII particles were eluted
with purification buffer containing 50 mM MgSO4. These
procedures are derived from those of Tang and Diner for
isolating PSII fromSynechocystissp. PCC 6803 in the
presence of PSI (47). D2-Y160F PSII particles were isolated
as described by Tang and Diner (47), with minor modifica-
tions (35). Mn-depleted wild-type* and D2-Y160F PSII
particles were prepared with NH2OH and EDTA, as de-
scribed previously (35). The residual O2 evolution activity
of the Mn-depleted preparations was 4-6% compared to
untreated wild-type* and D2-Y160F PSII particles. The
H190A mutant PSII particles appeared to lack photooxidiz-
able Mn ions and were not extracted to remove Mn. Purified

and Mn-depleted PSII particles were concentrated to 0.6-
0.9 mg of Chl/mL by ultrafiltration, frozen in liquid N2 and
stored at-80 °C. The purified PSII particles lack QB (47).

Optical Measurements. Transient optical absorbance changes
at 810 or 811 nm were measured with a laboratory-built
double-beam spectrophotometer described previously (48).
Flash excitation was provided by a frequency doubled,
Q-switched DCR-11 Nd:YAG laser (Spectra-Physics) op-
erating at 532 nm with a pulse fwhm of 10 ns and a flash
energy of 22 mJ. For the experiments of Figure 1, the
measuring beam (120 mW at 810 nm) was provided by a
TI-SPB titanium-sapphire laser (Schwartz Electo-Optics,
Orlando, FL) pumped with a diode-pumped frequency-
doubled CW Nd:YAG laser, Mellenia (Spectra-Physics,
Mountain View, CA) emitting at 532 nm with 5.3 mW output
power. For all other experiments, the measuring beam (50
mW at 811 nm) was provided by a DC25 F semiconductor
diode laser (Spindler & Hoyer, Germany). For measurements,
samples were diluted (10-20 µg of Chl into 0.35 mL of
final volume) into solutions containing 20 mM buffer [Mes-

FIGURE 1: Formation and decay of P680
•+ in Mn-depleted wild-type* PSII particles at pH 7.5, as monitored at 810 nm: (A) in the presence

of 0, 1, 10, 50, and 100 mM imidazole, (B) in the presence of 0, 10, 40, and 100 mM Tris, (C) in the presence of 100 mM 2-methylimidazole
and 100 mM 1-butylimidazole, (D) in the presence of 0, 5, 20, and 100 mM 1-methylimidazole, (E) in the presence of 0, 1, and 100 mM
histidine, (F) in the presence of 100 mM 1,4-diazabicyclo[2.2.2]octane and 100 mM 4-methylimidazole. The trace corresponding to 100
mM imidazole in panel A is reproduced in all other panels for comparison and is indicated by “imidazole”. Conditions: 10µg of Chl in
0.35 mL of 20 mM Tes, 0.04%n-dodecyl-â-D-maltoside, 10µM K3Fe(CN)6, pH 7.5, 21°C. Laser flashes (532 nm, 10 ns fwhm) were
applied at 10 s intervals. Each trace represents the average of 8-10 sweeps.
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NaOH(D) for pL 4.5-6.5, Tes-NaOH(D), for pL 7.0-8.5,
Ches-NaOH(D) for pL 9.0-10.5], 0.04%n-dodecylâ-D-
maltoside, and 10µM potassium ferricyanide, plus other
components (exogenous bases, CaCl2, MgCl2) as indicated
in the figure legends. Buffers in D2O were prepared with
freshly opened D2O. The pL values of the buffers (L) H
or D) were measured with a glass electrode calibrated with
standard pH buffers and were adjusted with NaOH or freshly
opened NaOD. The pD values were obtained by adding 0.40
to the meter reading (49, 50). After dilution, samples were
incubated in darkness for 2 min to ensure oxidation of QA

by the potassium ferricyanide and to allow equilibration with
exogenous bases. Actinic flashes were applied at 0.1 Hz.
To minimize denaturation of sample at extremes of pH, the
entire time that elapsed between dilution of sample and
completion of data acquisition was approximately 5 min.
Kinetics were analyzed with Jandel Scientific’s (San Rafael,
CA) Peakfit Program, version 4.0.

Other Procedures. Chlorophylla concentrations and light-
saturated rates of oxygen evolution were obtained as
described previously (35).

RESULTS

Reduction of P680
•+ in Mn-Depleted Wild-Type PSII

Particles in the Presence of Exogenous Bases.The formation
and decay of P680

•+ can be monitored in the near-infrared,
where the absorbance difference spectrum, P680

•+ minus P680,
has a broad positive band (51). We employed 810 or 811
nm for our measurements. In Figure 1, we present the flash-
induced formation and decay of P680

•+ in Mn-depleted wild-
type* PSII particles at pH 7.5. The∆A810 values between
140 ns and 1 ms after the actinic flash were fit with four
exponentially decaying phases2 plus a constant offset. Fewer
phases yielded residuals that were decidedly nonrandom (not
shown). In the absence of exogenous bases, the P680

•+

reduction kinetics were as follows: 48( 1% with k1
-1 )

340 ( 20 ns, 21( 2% with k2
-1 ) 3.4 ( 0.4 µs, 9( 1%

with k3
-1 ) 21 ( 7 µs, 18( 2% with k4

-1 ) 120( 10 µs,
and 4.2( 0.3% offset. All organic bases examined [imida-
zole (pKA 6.9), 1-methylimidazole (pKA 7.2), 2-methylimi-
dazole (pKA 7.6), 4-methylimidazole (pKA 7.5), 1-butyl-
imidazole, histidine (pKA 6.0), Tris (pKA 8.3), and 1,4-
diazabicyclo[2.2.2]octane (pKA 8.7)] accelerated the reduc-
tion kinetics (Figure 1). In each case, the amplitudes of one
or more of the more rapidly decaying phases (those with
rate constantsk1 and k2) increased at the expense of the
amplitudes of one or more of the more slowly decaying
phases (those with rate constantsk3 andk4). For example, in
the presence of imidazole (Figure 1A), the amplitude ofk2

increased (from 21 to∼31%) at the expense of that ofk4

(which decreased from 18 to∼2%). For both amplitude
changes, half-saturation was achieved at∼4 mM imidazole.
In addition, over the concentration range 0-100 mM, the
amplitude ofk1 increased gradually (to∼58%), the amplitude

of k3 decreased (to∼5%), and rate constantk2 increased
approximately 2-fold. Similar changes in the kinetics of P680

•+

reduction were observed in the presence of 1-methylimida-
zole (Figure 1D), except that the amplitude ofk2 increased
to a slightly greater extent and the amplitudes ofk1 andk3

were essentially unchanged. Similar changes were also
observed in the presence of histidine (Figure 1E), except that
the amplitudes ofk2 and k4 changed with half-saturation
values<1 mM and the amplitudes ofk1 and k3 were also
essentially unchanged. The presence of Tris (Figure 1B) had
little effect on the amplitude ofk2. Instead, the decrease in
the amplitude ofk4 (half-saturation at∼7 mM) was mirrored
by an increase in the amplitude ofk1. No acceleration of
P680

•+ decay was caused by the addition of 0.1 M KCl,
showing that the accelerations observed in the presence of
exogenous bases were not caused by an increase in ionic
strength associated with adding the bases.

Reduction of P680
•+ in Mn-Depleted Wild-Type PSII

Particles as a Function of pH. The flash-induced formation
and decay of P680

•+ in Mn-depleted wild-type PSII particles
at pH values ranging 4.5-10 is presented in Figure 2. The
rate of decay increased dramatically with pH. The∆A811

values between 140 ns and 8 ms after the actinic flash were
fit with five exponentially decaying phases.2 Fewer phases
yielded residuals that were decidedly nonrandom (Figure 3).
Although five exponentially decaying phases were required
to fit the data, the kinetics were dominated by the three fastest
phases. The sum of the amplitudes of the three fastest phases
varied from 77 to 85% of the total between pH 4.5 and 7.5
and exceeded 90% of the total between pH 8.0 and 10.0.
The uncertainties depicted by error bars in Figures 4-6 are
the sample standard deviations of the fit parameters calcu-
lated from separate measurements (e.g., three separate
samples were examined at pH 7.5) or from independent fits
of the same trace (e.g., at pH 4.5 and 6.5). At pH 7.5, the
fits obtained were similar to those obtained from the data in

2 The exponentially decaying phases are reported in terms of initial
amplitudes (% of total) and lifetimes (i.e.,k-1), that is, the time required
for the amplitude to decay to 1/e of its initial value. For the data
presented in Figure 1, ther2 values for the fits ranged 0.9962-0.9995.
For the data presented in Figures 2-6, ther2 values ranged 0.9918-
0.9999. For the data presented in Figures 7 and 8, ther2 values ranged
0.9967-0.9997.

FIGURE 2: Formation and decay of P680
•+ in Mn-depleted wild-

type* PSII particles as a function of pH, as measured at 811 nm.
Conditions: same as Figure 1 except that samples contained 20
µg of Chl in 350µL and the samples were buffered with 20 mM
Mes at pH 4.5-6.5, 20 mM Tes at pH 7.0-8.5, and 20 mM Ches
at pH 9.0-10.0. Laser flashes (532 nm, 10 ns fwhm) were applied
at 10 s intervals. Each trace represents the average of eight sweeps.
Note that the data extend over nearly 5 orders of magnitude of
time.
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Figure 1 (obtained 10 months earlier);3 at pH 7.5, the P680
•+

reduction kinetics were as follows: 42( 2% with k1
-1 )

321( 27 ns, 31( 1% with k2
-1 ) 3.0 ( 0.3 µs, 12( 1%

with k3
-1 ) 18 ( 5 µs, 8.9( 1.3% withk4

-1 ) 140 ( 25
µs, and 6( 1% with k5

-1 ) 7 ( 2 ms.
The amplitudes of the individual decay phases varied

dramatically with pH (Figure 4). In contrast, the values of
the individual rate constants varied only moderately with pH
(Figure 5). For example,k1 decreased only 2.8-fold between
pH 10 and 7 (k1

-1 ≈ 0.25-0.7 µs), k2, decreased only 3.9-
fold between pH 8.0 and 5.5 (k2

-1 ≈ 3-11 µs),k3 decreased
only 2.2-fold between pH 7.5 and 5 (k3

-1 ≈ 20-40 µs), and
k4 was largely independent of pH (k4

-1 ≈ 100-300µs at all
pH values). The rate constant of the slowest phase (k5) was
too slow to be measured accurately because only 8 ms of
data were obtained (k5

-1 ≈ 4-6 ms between pH 9 and 10
andk5

-1 > 6 ms below pH 9).
The amplitude ofk1 increased from less than 5% to nearly

80% of the total as the pH increased, with an apparent pKA

value of 7.5 (Figure 4A). The amplitude ofk3 decreased from
over 60% to less than 4% as the pH increased, with an
apparent pKA value of 6.25 (Figure 4C). The amplitude of
k3 may decrease below pH 5 (Figure 4C), although the
precision of the data precluded a definitive statement.
Nevertheless, the amplitude ofk3 must decrease at low pH
because, at sufficiently low pH values, YZ oxidation is
blocked and P680

•+ is reduced by QA•- (e.g., see refs34 and
39). The amplitude ofk2 was maximal near pH 6.5,
decreasing at higher and lower pH values with apparent pKA

values that appeared to correspond to those ofk1 and k3

(Figure 4B). The pH profile ofk4 was nearly identical to
that of k2 (Figure 4B). Consequently, the sum of the
amplitudes ofk2 andk4 is also shown in Figure 4B.

In buffers having D2O substituted for H2O, all of the
apparent pKA values were increased by approximately 0.5

pH units (open circles and dashed lines in Figure 4, panels
D-F). In addition, the individual rate constants decreased
approximately 2-fold: the kinetic isotope effect,kH/kD, was
1.7( 0.2 fork1, 2.5( 0.4 fork2, and 2.6( 0.6 fork3 (Figure
5). The increased pKA values are expected because the pKA

values for weak acids, including carboxylic acids and
imidazole, increase by 0.45-0.52 pH units in D2O (52, 53).

The presence of 20 mM CaCl2 and 5 mM MgCl2 decreased
the apparent pKA values ofk1, k2, andk3 by approximately
0.5 pH units (open circles and dashed lines in Figure 6, panels
A-C). The values ofk1, k2, andk3 also increased, but only
by factors of 1.5-1.7 (not shown).

The presence of 100 mM imidazole eliminatedk3 (open
squares and dashed lines in Figure 6F) andk4 (not shown).
These observations agree with the data presented in Figure
1A, where the addition of imidazole at pH 7.5 causedk1

andk2 to increase at the expense ofk3 andk4. In addition,
the pKA value of k1 decreased slightly, from 7.5 to∼7.3
(Figure 6D) and the values ofk1 andk2 increased, but only
by factors of∼1.6 (not shown).

To determine whether the absence of tyrosine YD influ-
ences the kinetics of P680

•+ reduction, data were acquired
with Mn-depleted PSII particles isolated from the mutant
D2-Y160F. This mutant lacks YD (46, 54). The kinetics of
P680

•+ reduction were unchanged from those shown in Figure
4, panels A-C, for wild-type* PSII particles in H2O (not
shown). Therefore, we found no evidence for an influence
of YD on the reduction kinetics of P680

•+.
Reduction of P680

•+ in D1-H190A PSII Particles as a
Function of pH.The flash-induced formation and decay of
P680

•+ in D1-H190A PSII particles at pH values ranging 6.5-
10.5 is presented in Figure 7. The rate of decay increased
significantly with pH. The∆A811 values between 140 ns and
8 ms after the actinic flash were fit with five exponentially
decaying phases2. Fewer phases yielded residuals that were
decidedly nonrandom (not shown). At pH 6.5, the P680

•+

reduction kinetics were as follows: 9( 1% with k1
-1 ) 0.7

( 0.2 µs, 8( 1% with k2
-1 ) 3.5 ( 0.7 µs, 8( 1% with

k3
-1 ) 0.26( 0.04 ms, 46( 2% with k4

-1 ) 1.1( 0.1 ms,
and 29( 2% with k5

-1 ) 7 ( 1 ms. The amplitudes ofk1

andk2, the two phases withk-1 values ofe3.5µs, increased
dramatically with pH, with their sum increasing from∼17%
to over 40% with an apparent pKA value near 10 (Figure 8,
filled circles and solid line). The solid line in Figure 8
represents part of a single proton titration curve extending
from 17 to 83% with a pKA value of 10.3. In the presence
of 100 mM ethanolamine (pKA 9.5), the apparent pKA value
appeared at approximately 9.5 (Figure 8, open circles and
dashed line). In the presence of 100 mM imidazole (pKA

6.9), the pH dependence of the sum of the amplitudes ofk1

andk2 could be fit with two apparent pKA values: 6.9 and
10.3 (Figure 8, filled diamonds and dot-dashed line). This
heterogeneity is presumably the result of using a subsatu-
rating concentration of imidazole (35). The increases in the
amplitudes ofk1 andk2 at high pH values were accompanied
by corresponding decreases in the amplitudes ofk4 andk5.
In addition, the values ofk3, k4, andk5 increased 3-4-fold
over the pH range 6.5-10.5, whereas the values ofk1 and
k2 remained essentially unchanged.

We attribute the increase in the amplitudes ofk1 andk2

above pH 9 in H190A PSII particles to the reduction of P680
•+

by YZ. At lower pH values, ethanolamine and imidazole

3 When the trace at pH 7.5 was fit exactly as in Figure 1 (the∆A811

values between 140 ns and 1 ms after the actinic flash fit with four
exponentially decaying phases plus an offset), the P680

•+ reduction
kinetics were as follows: 42( 2% with k1

-1 ) 325( 29 ns, 31( 1%
with k2

-1 ) 3.0( 0.3µs, 12( 1% withk3
-1 ) 18 ( 5 µs, 9.5( 1.5%

with k4
-1 ) 150 ( 30 µs, and 6( 1% offset.

FIGURE 3: Residuals obtained from fitting the decay kinetics of
P680

•+ in Mn-depleted wild-type* PSII particles at pH 7.5: (A) data
were fit with five exponentially decaying phases, (B) data were fit
with four exponentially decaying phases plus a constant offset, (C)
data were fit with four exponentially decaying phases.
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facilitate this reaction, presumably by facilitating the depro-
tonation of YZ. Note that, at pH<8 in the absence of
exogenous bases,∼17% of P680

•+ decayed with rate constants
k1 or k2. Similar percentages of rapidly decaying P680

•+ were
observed in all His190 mutants examined (35; unpublished
observations). These percentages varied with preparation. A
substantial percentage (∼29%) of rapidly decaying P680

•+ was
also observed in the mutant D1-Y161F (35), a mutant that
lacks YZ (55, 56). Consequently, we attribute the percentage
of rapidly decaying P680

•+ observed at pH<8 in H190A,
Y161F, and other His190 mutant PSII particles in the absence
of exogenous bases to the reduction of P680

•+ by unidentified
components in a percentage of PSII particles that have been
structurally altered during purification.

DISCUSSION

The oxidation of YZ by P680
•+ is a proton-coupled process

that can be described with the formalism shown in Figure
9. This formalism was originally developed to describe the
proton-coupled reduction of QB by QA

•- in bacterial reaction
centers (57) and was first applied to PSII by Diner and co-
workers (40). In this formalism, proton-coupled electron-
transfer proceeds along one of three pathways. In the upper
pathway, proton transfer to a nearby base (“B”) precedes
electron transfer and the tyrosinate anion is formed as an

intermediate. In the lower pathway, electron-transfer precedes
proton transfer and the tyrosine cation radical is formed as
an intermediate. In the middle pathway, electron and proton
transfer are concerted. In both upper and lower pathways,
YZ oxidation can be rate limited either by electron transfer
(reactions 2 and 4) or by proton transfer (reactions 1 and 3).

The lower pathway can be excluded. First, the redox
potential for generating the tyrosine cation radical is too high
[EM g 1.4 V (58)] to permit its formation by P680

•+ [EM ≈
1.12 V (59)]. Second, the oxidation of YZ is severely
impaired in all D1-His190 mutants (30-36). In a previous
study (35), we showed that the rate of YZ oxidation slows
dramatically in D1-His190 mutants, but is restored substan-
tially by the addition of organic bases (35). In the present
study, we confirm these results and show that the effective-
ness of exogenous organic bases correlates with their solution
pKA values (Figure 8). As in our previous study (35), we
conclude that D1-His190 is the proton acceptor for YZ and
that the oxidation of YZ by P680

•+ requires the deprotonation
of YZ.

If the upper pathway applies, then whether electron or
proton transfer is rate limiting can be determined from the
pH dependence of the rate of P680

•+ reduction. If a rapid
proton-transfer equilibrium precedes a rate-limiting electron
transfer (reaction 2), the P680

•+ reduction kinetics will show

FIGURE 4: Relative amplitudes of the exponentially decaying phases of P680
•+ reduction in Mn-depleted wild-type* PSII particles as a

function of pL: (A) %k1, (B) % k2 (filled triangles, dashed line),k4 (filled squares, dotted line), and the sum, %k2 + % k4, (filled circles,
solid line), (C) %k3. Panels D-F compare the components measured in D2O (open circles, dashed lines) versus those measured in H2O
(filled circles, solid lines, reproduced from panels A-C): (D) % k1, (E) % k2 + % k4, (F) % k3. The solid and dashed lines in panels A,
C, D, and F each represent a single proton titration curve with the indicated pKA value. Conditions were the same as in Figure 2.
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a pH-dependent rate constant whose value at a particular pH
value will depend on the fraction of YZ that is unprotonated
at that pH value. The value of this rate constant will also

depend on the∆G for the reaction. In Mn-depleted wild-
type* PSII preparations, we find that the P680

•+ reduction

FIGURE 5: Rate constantsk1, k2, and k3 as a function of pL,
measured in H2O and D2O. The kinetic isotope effect,kH/kD, was
1.7 ( 0.2 fork1, 2.5( 0.4 fork2, and 2.6( 0.6 fork3. Conditions
were the same as in Figure 2.

FIGURE 6: Relative amplitudes of the exponentially decaying phases
of P680

•+ reduction in Mn-depleted wild-type* PSII particles in the
presence of 20 mM CaCl2 and 5 mM MgCl2 (upper panels) or 100
mM imidazole (lower panels) as a function of pH: (A,D) %k1,
(B,E), %k2 + % k4, (C,F) %k3. The solid or dashed lines in panels
A, C, and D each represent a single proton titration curve with the
indicated pKA value. Conditions were the same as in Figure 2 except
that the samples also contained 20 mM CaCl2 and 5 mM MgCl2
(upper panels, open circles and dashed lines) or 100 mM imidazole
(lower panels, open squares and dashed lines).

FIGURE 7: Formation and decay of P680
•+ in H190A PSII particles

as a function of pH, as measured at 811 nm. Conditions were the
same as in Figure 2 except that samples contained 15µg of Chl in
350 µL. Note that data extend over nearly 5 orders of magnitude
of time.

FIGURE 8: Relative amplitude of the exponentially decaying phases
of P680

•+ reduction withk-1 < 3.5 µs in H190A PSII particles as
a function of pH in the absence of exogenous bases (filled circles),
in the presence of 100 mM ethanolamine (open circles) or in the
presence of 100 mM imidazole (filled diamonds). The solid line
represents part of a single proton titration curve (from 17 to 83%)
with a pKA value of 10.3. The dashed line represents part of a single
proton titration curve (from 17 to 83%) with a pKA value of 9.5.
The dot-dashed line represents the sum of two titration curves,
one with a pKA value of 6.9 (from 14 to 38%), and a second with
a pKA value of 10.3 (from 38 to 86%). The presence of two titration
curves is caused by using a sub-saturating concentration of
imidazole (35). Conditions were the same as in Figure 7.
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kinetics are fit by multiple phases whose rate constants are
relatively independent of pH (Figure 5). Furthermore, Diner
and co-workers reported that the rate of electron transfer from
YZ to P680

•+ appears to be only weakly dependent on the
∆G for the reaction (40). Therefore, we conclude that, in
Mn-depleted PSII preparations, either the oxidation of YZ

by P680
•+ is rate limited by the deprotonation of YZ (upper

pathway, reaction 1) or electron and proton transfer are
concerted (middle pathway, reaction 5). Our data do not
distinguish between these two possibilities.

The conclusions reached in the previous paragraph are
supported by a recent study of Mn-depleted PSII particles
from pea (39). In this study, the kinetics of P680

•+ reduction
at pH values ranging 4-11 were fit with three exponentially
decaying phases plus an offset (39). The two most rapidly
decaying phases were attributed to YZ oxidation. In agree-
ment with the present study, the rate constants for these
phases,kf andks, were relatively independent of pH, while
their relative amplitudes varied dramatically with pH (39).
Both kf andks (39) are smaller thank1 andk2 (this study) by
factors of ∼5 and 2-4, respectively. In addition, the
deuterium isotope effect forkf was much smaller (kH/kD e
1.1) than measured fork1 in this study (kH/kD ) 1.7 ( 0.2).
In contrast, the deuterium isotope effect forks (kH/kD ≈ 2.5)
was the same as that measured fork2 and k3 in this study
(kH/kD ) 2.5 ( 0.4 and 2.6( 0.6, respectively). The
discrepancies may reflect differences betweenSynechocystis
and pea.

Before considering the mechanism of YZ oxidation further,
we turn to estimations of the pKA values of YZ and D1-
His190.

Estimations of pKA Values. (1) pKA Value of YZ in D1-
H190A PSII Preparations. The percentage of D1-H190A
PSII particles having P680

•+ reduced rapidly (with k-1 e 3.5
µs) increased dramatically above pH 9 with an apparent pKA

value of∼10.3 (Figure 8). In the presence of ethanolamine
or imidazole, this dramatic increase in YZ oxidation appeared
at substantially lower pH values, with the efficiency of YZ

oxidation correlating with the solution pKA value of the added
base. These data show that the oxidation of YZ by P680

•+

requires the deprotonation of YZ. In the absence of D1-

His190, this deprotonation can be achieved by adding small
organic bases or by raising the pH. We conclude that YZ

has pKA ≈ 10.3 in H190A PSII particles.
Our conclusion that YZ has pKA ≈ 10.3 in D1-H190A PSII

particles conflicts with a recent report that YZ has pKA ≈
8.1 in thylakoid membranes isolated from dark-grown4 cells
of the Chlamydomonas reinhardtiimutants D1-H190F and
D1-H190Y (34). However, we believe that the value of 8.1
reported in this study is too low. At pH 9.5, the highest pH
value examined, a single saturating flash applied to H190F
and H190Y thylakoid membranes produced less than 50 and
60%, respectively, of the maximum yield of variable
chlorophyll a fluorescence (compared to∼90% in mem-
branes isolated from dark-grown4 wild-type cells). In addi-
tion, a single flash applied to H190F membranes at pH 9
generated only∼70% of an EPR transient attributed to YZ

•

(34). Some of the diminished fluorescence yields at pHg9
in the mutant membranes might be attributed to the reduction
of P680

•+ by ChlZ rather than by YZ in reaction centers
containing oxidized cytochromeb559. Because ChlZ

•+ is a
potent quencher of chlorophylla fluorescence in PSII
membranes (60, 61), it could significantly quench the
fluorescence yield even when present in quantities that escape
detection by transient EPR experiments. On the basis of these
considerations, we believe that the data in ref34 are more
consistent with a YZ having a pKA value closer to 9 than 8.
The remaining differences between the data reported in ref
34 and in the present study are not understood, although
different mutants and organisms were employed in the two
studies.

(2) pKA Value of YZ in Mn-Depleted Wild-Type* PSII
Preparations. The three dominant phases of P680

•+ reduction
in Mn-depleted wild-type* PSII particles,k1, k2, andk3, were
relatively independent of pH and showed deuterium isotope
effects,kH/kD, of 1.7-2.6 (Figure 5). Because the values of
kH/kD were independent of pH up to the highest pH value
examined (pH 10), we conclude that the deprotonation of
YZ is required for its oxidation at pH<10. Therefore, we
propose that YZ has the same pKA value in Mn-depleted wild-
type* PSII particles as in D1-H190A PSII particles (pKA ≈
10.3), a value close to that of tyrosine in solution. A pKA

value close to that of tyrosine in solution suggests that, in
Mn-depleted wild-type* PSII preparations, YZ is readily
accessible to solvent. Such facile solvent accessibility would
be consistent with our observation that exogenous bases
substantially accelerate P680

•+ reduction in Mn-depleted wild-
type* PSII particles (Figure 1). Facile solvent accessibility
to YZ in the absence of the Mn cluster is also consistent
with previous studies of Mn-depleted PSII preparations
showing that D2O rapidly exchanges into the environment
of YZ (t1/2 < 1-2 min) (39, 40), that exogenous reductants
rapidly reduce YZ• (k ) 105 - 107 M-1 s-1) (62-65), and
that, in D2O buffers, multiple deuterons exchange into the
environment of YZ• (40, 66).

Our conclusion that YZ has pKA ≈ 10.3 in Mn-depleted
wild-type* PSII particles conflicts with UV difference spectra
recorded at pH 9 and pH 6.1 in Mn-depleted PSII particles
of Synechocystissp. PCC 6803 that lack YD (40). By
comparing the double difference spectrum, (YZ

• - YZ)pH9

4 Propagation ofC. reinhardtii cells in total darkness prevents
assembly and photoactivation of the Mn cluster (34).

FIGURE 9: Possible reaction pathways for the proton-coupled
oxidation of YZ. Base “B” denotes D1-His190. In the upper
pathway, proton-transfer precedes electron transfer and the tyro-
sinate anion is formed as an intermediate. In the lower pathway,
electron-transfer precedes proton transfer and the tyrosine cation
radical is formed as an intermediate. In the middle pathway, electron
and proton transfer are concerted. In both upper and lower pathways,
YZ oxidation can be rate-limited either by electron transfer (reactions
2 and 4) or by proton transfer (reactions 1 and 3). Reaction 6
represents a hypothetical equilibrium between YZ and D1-His190
forming a hydrogen bond with each other and with other partners,
e.g., the groups denoted B2 and B3.
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- (YZ
• - YZ)pH6.1, with the spectra of tyrosine in water at

pH 12 and 7.4, the authors of ref40 concluded that∼60%
of YZ is in the tyrosinate form at pH 9. This corresponds to
a pKA ≈ 8.6. However, this analysis relies on assuming that
the extinction coefficients for tyrosine and tyrosinate in PSII
are the same as in water and that the spectrum of YZ

• is
independent of pH.

(3) pKA Value of D1-His190 in Mn-Depleted Wild-Type*
PSII Preparations. The amplitude of the most rapid phase
of P680

•+ reduction in Mn-depleted wild-type* PSII particles,
k1, increased dramatically with pH, showing an apparent pKA

value of 7.5 (Figure 4A). We propose that this is the pKA of
D1-His190 and thatk1 represents the oxidation of YZ in the
presence of an unprotonated D1-His190. A pKA value of 7.5
is greater than that of histidine in solution (pKA 6.0). The
higher value in vivo could be caused by a hydrogen bond
between theδ1 nitrogen of D1-His190 and a nearby
carboxylate residue. In many proteins, the basicity of theε2
nitrogen of a histidine residue is increased by a hydrogen
bond between theδ1 nitrogen and an Asp or Glu residue.
Examples are myogloblin (67), T4 lysozyme (68), the serine
proteases (69, 70), and various metalloenzymes (71, 72).
Alternatively, the higher pKA value could be caused by an
electrostatic interaction (73-75) between D1-His190 and
nearby carboxylate residues that may ligate the Mn cluster
in intact PSII preparations. Partial screening of these
electrostatic interactions could account for the shift of the
apparent pKA values ofk1, k2, andk3 in the presence of Ca2+

and Mg2+ ions (Figure 6, panels A-C). In any event, a pKA

value of 7.5 is not far from pKA values often found for
histidine residues in proteins (76).

An alternative assignment is that YZ has a pKA ≈ 7.5 (see
the discussions in refs39, 40, and77). Such a low pKA value
for tyrosine in proteins would not be unprecedented: in the
H64Y mutants of sperm whale and horse heart myoglobin,
Tyr64 ligates the heme and has a pKA value of 5.6 (78) and
4.7 (79), respectively. These low pKA values have been
attributed to stabilization of the phenolate ion by a nearby
Arg residue and by the positively charged heme iron (78).
However, no such charged groups are located near YZ in
recent structural models of PSII (26-29). Furthermore, if a
low pKA value for YZ was caused by an intermittent
interaction between YZ and D1-His190, as proposed in refs
40 and77, then exogenous organic bases should lower the
pKA value further. In contrast, the pKA value of 7.5 changed
only slightly in the presence of 100 mM imidazole (Figure
6D), a concentration far above that required to accelerate
P680

•+ reduction (Figure 1A). A pKA of 7.5 for YZ would
also conflict with our observation that bothk1 andk2 show
deuterium isotope effects above pH 7.5 (Figure 5). No
deuterium isotope effect would be expected if YZ is depro-
tonated prior to the actinic flash.

The pKA value of 7.5 reported in this study agrees
favorably with values reported previously. Styring and co-
workers recently determined a pKA value of 7.6 in thylakoid
membranes isolated from dark-grown4 wild-type cells of
Chlamydomonas reinhardtiiand attributed it to D1-His190
(34). This pKA value was obtained from measurements of
the flash-induced yield of chlorophylla fluorescence. The
measurements were performed in the absence of added Ca2+

and Mg2+ ions, conditions similar to those employed in
Figure 4 of the present study. Junge and co-workers recently

determined a pKA value of 7.0 in Mn-depleted PSII particles
isolated from pea (39). This value was obtained from
measurements of P680

•+ reduction at 827 nm. The measure-
ments were performed in the presence of 5 mM CaCl2 and
5 mM MgCl2. We obtained a similar value of 6.9 in the
presence of 20 mM CaCl2 and 5 mM MgCl2 (Figure 6A).
As mentioned earlier, the lower pKA value obtained in the
presence of Ca2+ and Mg2+ ions may be caused by partial
screening of electrostatic interactions between D1-His190
and nearby carboxylate residues.

Our pKA value of 7.5 contrasts with that of Diner and co-
workers, who recently estimated a pKA value of 8.3 in Mn-
depleted PSII particles fromSynechocystissp. PCC 6803
(40). The difference between these estimated pKA values was
not caused by the absence of YD in the previous study (40):
we found no difference between the pH dependence of P680

•+

reduction in Mn-depleted PSII particles isolated from wild-
type* cells or from D2-Y160F cells, which lack YD. The
difference also was not caused by the presence or absence
of Ca2+ ions because neither the previous data (40) nor ours
(Figure 2) was acquired in the presence of added Ca2+ ions.
However, an important difference between the two studies
is the method of data acquisition. In ref40, the actinic flash
had a pulse fwhm of∼1 µs. The data were acquired at
discrete time points after the flash (at 1, 2, 3, 4, 6, 9, 12, 15,
20, 30, 40, 70, 95, 145, 195, and 295µs) and were fit with
two exponentially decaying phases. To approximate this
method of data acquisition and analysis, we extracted 17
∆A811 values from each trace in Figure 2 (the value at 160
ns after the flash plus that at each time point listed above),
then fit these values with two exponentially decaying phases.
The resulting analyses were similar to those presented in the
previous study (40): the amplitude of the most rapidly
decaying phase was>70% of the total amplitude at all pH
values, the rate constant of this phase increased with pH with
an apparent pKA value of 8.0 (compared to 8.3 in ref40),
the apparent pKA value shifted to 8.3 in the presence of D2O
(compared to 8.7 in ref40), and the magnitude of the
deuterium isotope effect,kH/kD, showed the same dependence
on pL and could be fit with the same pKA values (8.0 in
H2O and 8.55 in D2O) as in ref40 (not shown). We conclude
that, because of the lower time resolution available to the
authors of ref40, the relatively pH-independent kinetic
phases,k1, k2, andk3, were convoluted into a single kinetic
phase that had a large apparent pH dependence. We believe
that our analysis (and our pKA value of 7.5) is more accurate
than that in ref40 because the higher time resolution of our
measurements permitted the resolution of additional kinetic
phases.

Mechanism of YZ Oxidation. (1) Oxidation of YZ in O2-
EVolVing Wild-Type* PSII.In intact wild-type* PSII prepara-
tions, the kinetics of P680

•+ reduction are multiphasic. The
majority of phases have half-times of 20-40 and 100-300
ns, and the remainder have half-times of 2-5 and 20-40
µs (38, 39, 41, 42, 80-86). The nanosecond phases exhibit
no deuterium isotope effect (38, 39, 41, 42), consistent with
an electron-transfer rate limitation on YZ oxidation. The
nanosecond phases have been described in terms of nona-
diabatic electron transfer theory (58, 77, 87).

In intact PSII preparations, YZ and D1-His190 are believed
to interact via a strong hydrogen bond (41, 58, 77, 88, 89).
Some authors have proposed that this bond is so strong that
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YZ is deprotonated at neutral pH values (77, 88). However,
this proposal conflicts with FTIR measurements showing that
the δC-O-H bending mode of YZ (1255 cm-1) is present
at pH 6.0 in PSII preparations that retain the Mn cluster (90,
91). Because of proton tunneling, the rate of proton transfer
in a conventional hydrogen bond is extremely rapid (pico-
seconds to nanoseconds), even in a hydrogen bond having a
large pKA difference between hydrogen bond donor and
acceptor (92, 93). Therefore, even if the pKA values of YZ

and D1-His190 are 10.3 and 7.5, respectively (vide supra),
the rate of proton transfer from YZ to D1-His190 in intact
PSII preparations should be much faster than the nanosecond
phases of YZ oxidation.5 Consequently, the existence of a
conventional hydrogen bond between YZ and D1-His190 is
consistent with an electron-transfer rate limitation on YZ

oxidation in intact PSII preparations. This conclusion is
consistent with recent hybrid density functional calculations
on a phenol-imidazole hydrogen-bonded complex (94).
Recently, the nanosecond phases of P680

•+ reduction have
been proposed to occur in reaction centers where the
hydroxyl proton of YZ is either rapidly delocalized after
transfer to D1-His190 (89) or rapidly transferred from D1-
His190 to the lumenal surface via one or more proton-transfer
pathways (58). In these reaction centers, D1-His190 is
unprotonated (89) and the amino acid residues within the
proton-transfer pathways are in protonation states that are
optimal for rapid proton transfer (58).

(2) Oxidation of YZ in Mn-Depleted Wild-Type* PSII. In
Mn-depleted wild-type PSII preparations, the oxidation of
YZ by P680

•+ is slowed 10-1000-fold compared to the
nanosecond phases of YZ oxidation in intact PSII preparations
(Figure 2 and refs35, 37-40, and95-98). In principle, the
slowed rate of YZ oxidation could be caused by an increase
in the reorganization energy for electron transfer produced
by the increased solvent accessibility of YZ (58, 87).
However, the rate also shows a deuterium isotope effect,kH/
kD, of 2-3 (Figure 4 and refs37-40) and is substantially
accelerated by the addition of imidazole and other exogenous
bases (Figure 1 and ref35). These observations show that
the interaction between YZ and D1-His190 is altered in the
absence of the Mn cluster. The alteration could correspond
to an elongation or angular distortion of the hydrogen bond.
An elongation of a hydrogen bond between an OH group
and a nitrogen atom can increase the activation energy (∆Gq)
for proton transfer by as much as 10 kcal/mol (93, 99, 100)
(also see ref101). If the hydrogen bond is also distorted
from its optimal geometry,∆Gq can be even higher (100-
102). Even when proton tunneling dominates, the rate of
proton transfer is exquisitely sensitive to∆Gq: a 5 kcal/mol

increase in∆Gq could slow the rate of proton tunneling by
several orders of magnitude (100, 103). Therefore, an
elongated or angularly distorted hydrogen bond between YZ

and D1-His190 could explain the slowed oxidation of YZ

that is observed in the absence of the Mn cluster. A direct
hydrogen bond between YZ and D1-His190 in Mn-depleted
wild-type* PSII preparations would be consistent with the
interpretations of a recent FTIR study (91). The authors of
this study proposed that YZ forms a strong hydrogen bond
with a neutral histidine residue in a majority of Mn-depleted
reaction centers at pH 6 (91).

Magnetic resonance studies show that the hydrogen bonds
formed by YZ

• in the absence of the Mn cluster are
heterogeneous compared to those formed by YD

• (40, 66,
104-106). A recent FTIR study shows that this heterogeneity
applies to the hydrogen bonds formed by YZ as well (91).
Therefore, both YZ (91) and YZ

• (40, 66) appear to have
multiple hydrogen bond partners that may include water
molecules or hydroxylated side chains (40, 66, 91). Never-
theless, the oxidation of YZ requires proton transfer to D1-
His190 (30-36).

As discussed above, an elongated or angularly distorted
hydrogen bond between YZ and D1-His190 could explain
the characteristics of YZ oxidation in the absence of the Mn
cluster. However, recent ENDOR measurements detect no
15N couplings between YZ• and histidine in Mn-depleted PSII
particles containing15N histidine (K. A. Campbell, R. D.
Britt, and B. A. Diner, personal communication). If YZ and
D1-His190 are sufficiently close to interact via a hydrogen
bond,15N couplings to YZ

• should be detected, even if no
hydrogen bond exists between YZ

• and D1-His190. Therefore,
the ENDOR data imply that no direct hydrogen bond exists
between YZ and D1-His190 in the absence of the Mn cluster,
at least under the conditions of the ENDOR experiments.
To account for the ENDOR data, two alternate models are
considered.

In one model [model A, originally proposed by Diner and
co-workers (40)], the interaction between YZ and D1-His190
is heterogeneous in the absence of the Mn cluster so that, in
a significant percentage of reaction centers, YZ and D1-
His190 form hydrogen bonds with other partners. In this
model, the oxidation of YZ is rate limited by the breaking
of these hydrogen bonds and the transient formation of a
hydrogen bond between YZ and D1-His190 (reaction 6 of
Figure 9). The other groups that donate hydrogen bonds to
D1-His190 must have pKA values greater than 10.3. Other-
wise, k1 would increase substantially with pH because
progressively fewer of these groups would be available to
compete with YZ for D1-His190. In contrast, we find thatk1

exhibits very little pH dependence between pH 7.5 and 10
(Figure 5). Few residues with pKA g 10.3 are found near
YZ in recent structural models (26-29), but D1-Gln165 and
peptide amide groups are possibilities. To reconcile this
model with the ENDOR data cited in ref40, the percentage
of YZ that forms a hydrogen bond to D1-His190 must be
very small at the cryogenic temperatures employed for the
ENDOR experiments.

In an alternative model (model B), the distance between
YZ and D1-His190 increases substantially in the absence of
the Mn cluster (tog5 Å) so that the hydrogen bond between
these two residues is lost (Figure 10). In this model, proton
transfer from YZ to D1-His190 takes place via a hydrogen-

5 If the pKA values of YZ and D1-His190 are 10.3 and 7.5,
respectively, then the hydrogen bond is asymmetric and∆Go ) 3.75
kcal/mol for proton transfer from YZ to D1-His190 [∆Go ) -RT ln K,
whereK ) 10∆pKA and∆pKA ) (pKA[ACCEPTOR] - pKA[DONOR])]. For a
symmetric hydrogen bond (a hydrogen bond with no free energy
difference between the minima of the donor and acceptor potential wells,
i.e., with ∆Go ) 0) with an activation energy (∆Gq) of 7 kcal/mol,
proton transfer takes place in picoseconds (92, 93). In a highly
asymmetric hydrogen bond with∆Go ) 7.5 kcal/mol and∆Gq ) 11.5
kcal/mol, proton transfer takes place in nanoseconds (92). In the latter
case, proton tunneling takes place from an excited vibrational level.
Note that this hydrogen bond is considerably more asymmetric than
that between YZ and D1-His190. Consequently, proton transfer in this
hydrogen bond would be expected to take place more slowly than
between YZ and D1-His190.
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bonded chain of at least two water molecules that transiently
connects YZ with D1-His190. This chain facilitates the
deprotonation of YZ and gives rise tok1 (Figure 10A). An
analogous situation is found in carbonic anhydrase, where
the distance between the proton donor (His64) and the proton
acceptor (a Zn-bound hydroxyl group) in the active site is
∼8 Å (107-110). In this system, the overall activation
energy for proton transfer is dominated by the energy
required to properly orient the proton donor, the proton
acceptor, and a hydrogen-bonded water chain that that
transiently connects donor with acceptor (108, 110-114).
The actual rate-limiting step in this system may be proton
transfer to the first water molecule in the transiently
connected hydrogen-bonded water chain (108, 112, 115-
117). This proton-transfer process has been described (108,
110-114) in terms of Marcus proton transfer theory (110,
118-120). In this theory, both the rate and the deuterium
isotope effect for proton transfer show parabolic dependen-
cies on the∆pKA between the proton donor and acceptor
(110, 121). The widths of these parabolic curves and the
values of the rate constants and deuterium isotope effects at
their maxima depend on the overall activation energy of the
proton transfer reaction. For carbonic anhydrase, this includes
the energy required to properly orient the hydrogen-bonded
water chain. In Mn-depleted wild-type* PSII particles, the
overall activation energy for proton transfer from YZ to D1-
His190, including the energy required to properly orient YZ,
D1-His190, and a hydrogen-bonded water chain, would
undoubtedly differ from that in the most thoroughly analyzed
mutant of carbonic anhydrase (108, 110, 111). However, if
the activation and reorientation energies in this mutant were
the same as those in Mn-depleted wild-type* PSII particles,
then the difference in pKA values between YZ and D1-His190
(pHacceptorminus pHdonor ≈ -2.8) would yield a deuterium
isotope effect of∼2.1 (110, 111) (see Figure 4 of ref111).
Our value of 1.7( 0.2 fork1 is consistent with this analysis.

Model B is consistent with the ENDOR data at all
temperatures. This model would be consistent with the FTIR
data (91) if Y Z forms a hydrogen bond with a water molecule
in a majority of reaction centers, rather than with histidine.

However, this interpretation conflicts with that offered in
ref 91.

It should be possible to discriminate between models A
and B by performing a detailed proton inventory analysis
on the rate of P680

•+ reduction measured in mixtures of H2O
and D2O (53, 122, 123). Such an analysis reveals the number
of protons involved in the transition state. The rate of P680

•+

reduction would be plotted as a function of the atom fraction
of deuterium in solution. If proton transfer from YZ to D1-
His190 is direct, involving the movement of a single proton
in the transition state (model A), then this plot will be linear.
If proton transfer takes place via a hydrogen-bonded water
chain, involving the movement of two or more protons in
the transition state (model B), then this plot will bulge
downward. In carbonic anhydrase, a proton inventory
analysis ruled out direct proton transfer between His64 and
the Zn-bound hydroxide and supported mechanisms involv-
ing a hydrogen-bonded chain of water molecules (124; also
see refs112 and125).

In both models, the oxidation of YZ requires the reorienta-
tion of water molecules and/or amino acid side chains. These
reorientations could account for the large activation energy
for YZ oxidation measured in Mn-depleted PSII preparations
(39, 87, 96) compared to that measured in intact PSII
preparations (83). Indeed, YZ oxidation is “frozen out” at
∼250 K in Mn-depleted PSII preparations (96), whereas YZ
oxidation occurs at temperatures as low as∼100 K in intact
PSII preparations, at least during the S1 f S2 transition (126,
127). A “freezing out” of the proton-coupled electron-transfer
reactions of YZ at ∼250 K would be consistent with charge
recombination between QA•- and YZ

• being the source of
the thermoluminescence AT band in Mn-depleted PSII
preparations, as discussed previously (105; G. W. Brudvig,
personal communication]. The thermoluminescence AT band
forms maximally at∼250 K (128) (for review of the
controversy surrounding the origin of the AT band, see refs
3 and129).

(3) Slower Phases of P680
•+ Reduction.In intact PSII

preparations, the microsecond phases of P680
•+ reduction

exhibit significant deuterium isotope effects (42, 130). The

FIGURE 10: Proposed environment of YZ (Y161) and D1-His190 in Mn-depleted wild-type* PSII particles. The apparent pKA values of YZ,
D1-His190, and groups proposed to interact with D1-His190 are indicated. (Left panel) The deprotonation of YZ is facilitated by the
transient formation of a chain of hydrogen-bonded water molecules linking YZ with D1-His190 (k1

-1 ) 0.25-0.7 µs), in analogy to the
situation in carbonic anhydrase (see text). (Center panel) The deprotonation of D1-His190 is facilitated by a hydrogen bond to a nearby
group having pKA ≈ 6.25 (depicted as one of a pair of interacting carboxylate groups). (Right panel) The deprotonation of D1-His190 is
facilitated by hydrogen bonds to one or more nearby groups having pKA ≈ 4.
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relative amplitudes of these phases increase markedly below
pH 6 and the half-time of one phase increased from∼5 µs
at pH 6 to 30-40 µs at pH 4.5 (82). These phases have been
postulated to represent either (i) relaxation processes involv-
ing proton movements that shift the equilibrium, P680

•+ YZ

T P680 YZ
•, further to the right (42, 89, 130) or (ii) rate-

limiting deprotonation events in proton pathways branching
from D1-His190 (58). In the former model, the relaxation
processes take place in all reaction centers and correspond
to rearrangements of a hydrogen bond network that includes
YZ and D1-His190 (89). In the latter model, the deprotonation
events occur in a fraction of reaction centers: those with
proton pathways whose protonation states at the time of the
actinic flash are suboptimal for rapid proton transfer from
D1-His190 to the lumenal surface of PSII (58). These
protonation states are likely to equilibrate with the lumen
on a much slower time-scale than the nanosecond phases of
P680

•+ reduction (58) because protonation/deprotonation
events at the protein/water interface generally take place in
microseconds or slower (101, 131). Below pH 5, P680

•+ is
reduced by QA•- in a significant fraction of intact PSII
reaction centers (82, 84, 89). This apparent inhibition of YZ
oxidation below pH 5 in intact PSII preparations has recently
been attributed to the protonation of D1-His190 (89).

The relaxation processes (42, 89, 130) and proton-transfer
pathways (58) that are postulated to exist in intact PSII
preparations may also exist in Mn-depleted PSII preparations.
Therefore, the slower phases of P680

•+ reduction in Mn-
depleted wild-type* PSII particles (e.g.,k2 and k3) may
represent relaxation processes or deprotonation events far
from YZ. However, if D1-His190 has pKA ≈ 7.5 (vide supra),
it seems likely thatk2 andk3 represent YZ oxidation that is
rate limited by the deprotonation of D1-His190 when this
residue is protonated at the time of the actinic flash. The
amplitudes ofk2 and k3 appear to be inversely correlated
(Figure 4, panels B and C) and the pH dependence of the
amplitude ofk3 could be fit with a single proton titration
curve having pKA ≈ 6.25 (Figure 4C). Therefore, the
protonation state of a single residue may differentiatek2 from
k3. One possibility is that the protonated form of D1-His190
forms a weak hydrogen bond to a nearby group having pKA

≈ 6.25 (depicted as one of a pair of interacting carboxylate
residues in Figure 10B). This hydrogen bond could facilitate
YZ oxidation by facilitating the deprotonation of D1-His190.
In this model, the rate of YZ oxidation would be determined
by k1 and the ratio of the acid dissociation constants of D1-
His190 and the nearby group, so thatk2 ) k1 x 10∆pKA/(1 +
10∆pKA) ≈ k1 x 10∆pKA, where ∆pKA ) (6.25-7.5). This
relationship holds within a factor of 2 at pH values where
bothk1 andk2 were measured with the greatest accuracy (pH
7-8, Figure 5). At lower pH values, when the group having
pKA ≈ 6.25 is protonated, D1-His190 may form weak
hydrogen bonds to other groups having pKA < 4.5 (Figure
10C). These hydrogen bonds may also facilitate the depro-
tonation of D1-His190, giving rise tok3. The protonation of
these groups may effectively block the oxidation of YZ by
P680

•+, so that the latter is reduced by QA
•- in a majority of

reaction centers at pHe4.
Both Junge and co-workers (39) and Styring and co-

workers (34) reported that P680
•+ was reduced by QA•- in

significant percentages of Mn-depleted reaction centers at
pH <5.5. In contrast, we observed a third rapidly decaying

phase (k3, with k3
-1 ) 20-40 µs), present maximally at pH

∼5 (Figure 4C), that we attribute to YZ oxidation in a fraction
of reaction centers. One possible explanation is that, in
Chlamydomonasand pea, the group having pKA ∼6.25,
postulated to exist in the previous paragraph, is not present
or is positioned unfavorably with respect to influencing P680

•+

reduction. Perhaps this group is one of a pair of carboxylate
residues that interact strongly inSynechocystisto raise one
of their pKA values (e.g., see the appendix of ref132)
but that do not interact strongly inChlamydomonasor
pea.6

(4) Exogenous Organic Bases. The slower components of
P680

•+ reduction (e.g.,k3 andk4) vanished in the presence of
exogenous organic bases (Figure 1 and panels E and F of
Figure 6). Imidazole, 1-methylimidazole, and histidine ac-
celerated P680

•+ reduction by increasing the amplitude ofk2

at the expense ofk3 and k4, whereas Tris increased the
amplitude ofk1. Perhaps low concentrations of Tris facilitate
the deprotonation of YZ directly, whereas low concentrations
of the other bases facilitate mainly the deprotonation of D1-
His190. Imidazole, 1-methylimidazole, histidine, and Tris
exhibited half-saturation values of∼4, ∼4, <1, and∼7 mM
respectively (Figure 1 and panels D-F of Figure 6). One
possibility is that these represent theKD values for these bases
binding in the vicinity of D1-His190 or YZ. However, an
alternate possibility is that these bases reach D1-His190 or
YZ via a small-diameter channel and that the passage of
exogenous bases through this channel is rate-limited by the
reorientation of one or more amino acid side chains. This
type of “gated entry” was suggested to govern the access of
most exogenous bases to YZ in D1-His190 mutants (35) and
is believed to govern the incorporation of Cu2+ into apo-
plastocyanin (136) and apo-azurin (137). In these proteins,
the entry of Cu2+ into its binding site is believed to be rate
limited by the reorientation of a specific histidine residue.
The rate of entry shows a hyperbolic dependence on Cu2+

concentration that involves rapid binding of Cu2+ to the apo-
protein followed by the rate-limiting conformational change
that permits entry into the Cu2+ site (138).

CONCLUDING REMARKS

We conclude that the hydrogen bond between YZ and D1-
His190 (41, 58, 89) is disrupted in the absence of the Mn
cluster. A similar disruption of hydrogen bonding between
YZ and D1-His190 may occur in samples depleted of Ca2+

(139, 140) or treated with high concentrations of acetate (141,
142). Both treatments dramatically slow the oxidation of YZ

by P680
•+. In the absence of the Mn cluster, the oxidation of

YZ either occurs as a concerted electron/proton-transfer event
or is rate limited by the deprotonation of YZ. In either case,
the rate-limiting step may involve the transient formation of
a hydrogen bond or a hydrogen-bonded water bridge between
YZ and D1-His190. The slower phases of P680

•+ reduction
(e.g.,k2 andk3) probably correspond to the deprotonation of
D1-His190 in reaction centers having this residue protonated
at the time of the actinic flash. As a simple model, D1-His190
is proposed to interact with nearby residues having pKA

values near 6 and 4. Because YZ is located near the Mn

6 Complex titration behavior for multiple interacting carboxylic acid
residues has been predicted (74, 75) and observed (133-135) in reaction
centers fromRhodobacter sphaeroides.
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cluster (14-16), these residues may ligate the Mn cluster in
intact PSII preparations. The identity of these residues, and
the residue that may accept a hydrogen bond from theδ1
nitrogen of D1-His190, might be determined by analyzing
the pH dependence of P680

•+ reduction in PSII particles
isolated from site-directed mutants. These residues may be
among those predicted to be near YZ in recent modeling
studies (26-29) or shown to influence the Mn cluster in site-
directed mutagenesis studies (e.g., refs33, 43, and 143-
147). Such residues include D1-Gln165, D1-Asp170, D1-
Glu189, D1-His332, D1-Glu333, D1-His337, and D1-
Asp342.
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