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ABSTRACT: Recent models for water oxidation in photosystem II propose that His190 of the D1 polypeptide
facilitates electron transfer from tyrosine YZ to P680

+ by accepting the hydroxyl proton from YZ. To test
these models, and to further define the role of D1-His190 in the proton-coupled electron transfer reactions
of PSII, the rates of P680

+ reduction, YZ oxidation, QA
- oxidation, and YZ• reduction were measured in

PSII particles isolated from several D1-His190 mutants constructed in the cyanobacteriumSynechocystis
sp. PCC 6803. These measurements were conducted in the absence and presence of imidazole and other
small organic bases. In all mutants examined, the rates of P680

+ reduction, YZ oxidation, and YZ• reduction
after a single flash were slowed dramatically and the rate of QA

- oxidation was accelerated to values
consistent with the reduction of P680

+ by QA
- rather than by YZ. There appeared to be little correlation

between these rates and the nature of the residue substituted for D1-His190. However, in nearly all
mutants examined, the rates of P680

+ reduction, YZ oxidation, and YZ• reduction were accelerated
dramatically in the presence of imidazole and other small organic bases (e.g., methyl-substituted imidazoles,
histidine, methylamine, ethanolamine, and TRIS). In addition, the rate of QA

- oxidation was decelerated
substantially. For example, in the presence of 100 mM imidazole, the rate of electron transfer from YZ

to P680
+ in most D1-His190 mutants increased 26-87-fold. Furthermore, in the presence of 5 mM

imidazole, the rate of YZ• reduction in the D1-His190 mutants increased to values comparable to that of
Mn-depleted wild-type PSII particles in the absence of imidazole. On the basis of these results, we conclude
that D1-His190 is the immediate 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•.

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 that utilizes light energy to oxidize water and reduce
plastoquinone (for review, see refs1-7). 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 photochemical events

within PSII and then catalyzes the oxidation of two water
molecules, releasing one molecule of O2 as a 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 with
respect 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. 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 ofSyn-
echocystissp. PCC 6803). This tyrosine residue is also
oxidized by P680

+, but its function remains unknown. YZ
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and YD appear to be located symmetrically with respect to
the probableC2 symmetry axis of the PSII reaction center
(8).

The possible role of YZ in the mechanism of water
oxidation is currently being intensely debated. Two recent
models postulate that YZ participates directly in water
oxidation by abstracting protons (2, 9-11) or hydrogen atoms
(12-20) from water-derived ligands of the Mn cluster. In
these models, protons are transported vectorially from the
Mn cluster and toward the lumen by YZ. The models were
developed in response to data showing that YZ is located
very close to the Mn cluster (9-11) [recent simulations yield
Mn-YZ distances of 7.5-11.5 Å (21-23)], that YZ

• is
rotationally mobile in both Mn-depleted (12, 13) and Ca2+-
depleted (9) PSII preparations, and that the hydrogen bonding
of YZ

• is disordered in Mn-depleted preparations (11, 24-
27). Consistent with these models, YZ

• appears to accept
multiple hydrogen bonds in acetate-treated (11, 22) and Ca2+-
depleted (19) PSII preparations, whereas YD

• accepts only
one (11, 28). In addition, recent data suggest that the Mn
cluster is structurally coupled to a tyrosine residue, possibly
YZ (29). The competing models propose either that YZ

•

serves only to transfer electrons from the Mn cluster to P680
+

(30-32) [as proposed earlier (33, 34)] or that, additionally,
the hydroxyl proton released from YZ remains near YZ• and
increases the oxidizing power of the Mn cluster via an
electrostatic interaction (32). These models are based on
pH-dependent measurements of proton release (31, 32, 35-
41) and pH-dependent measurements of chlorophyll absor-
bance band shifts (25, 32, 36, 38-43). The latter have been
interpreted as reflecting electrochromism that is caused by
a positive charge retained near YZ

• and the Mn cluster during
part of the S-state cycle. This interpretation conflicts with
the proton and hydrogen atom abstraction models; these
models predict that the vectorial transfer of protons from
the Mn cluster to the lumen would prevent the retention of
charge on the Mn cluster or its environment.

In all of the models described above, the reduction of P680
+

is facilitated by the deprotonation of YZ by a nearby base.
This base is presumed to be His190 of the D1 polypeptide
(2, 3, 13-16, 18, 44). This presumption is based on
modeling studies that place YZ and His190 close together
(44-46), on data showing that D2-His189 (in the numbering
system ofSynechocystissp. PCC 6803) is the proton acceptor
for YD (28) (also see refs27and47-49), and on mutagenesis
studies showing that electron transfer from YZ to P680

+ is
impaired in D1-His190 mutants (50-54).

To further define the role of D1-His190 in YZ function,
we have replaced D1-His190 with the following residues:
Lys, Arg, Asp, Glu, Asn, Gln, Ser, Thr, Cys, Tyr, Phe, Leu,
Val, Ala, and Gly. All mutants were constructed in the
cyanobacteriumSynechocystissp. PCC 6803. All of the
mutants were obligate photoheterotrophs, and only the Lys
and Arg mutants evolved O2 at significant rates (10-13%
compared to that of wild-type* cells (54; unpublished
results). On the basis of chlorophylla fluorescence mea-
surements conducted in vivo (55), electron transfer from YZ
to P680

+ was determined (indirectly) to be severely disrupted
in all 15 of these mutants (54; unpublished results). In this
study, we have directly measured the rates of YZ oxidation,
P680

+ reduction, QA
- oxidation, and YZ• reduction in PSII

particles isolated from seven D1-His190 mutants. These

measurements were conducted in the presence and absence
of imidazole and other small organic bases. The strategy of
replacing amino acid side chains with exogenous molecules
(i.e., “chemical rescue”) is well-established (56-65) and has
been widely employed to probe the function of specific
histidine residues as acid-base catalysts (66, 67) or as
ligands to metal ions (68-72). In all seven mutants, the
rates of P680

+ reduction, YZ oxidation, and YZ• reduction after
a single flash were slowed dramatically and the rate of QA

-

oxidation was accelerated to values consistent with the
reduction of P680

+ by QA
- rather than by YZ. There appeared

to be little correlation between these rates and the nature of
the residue substituted for D1-His190. However, in six
mutants, the rates of P680

+ reduction, YZ oxidation, and YZ•

reduction were accelerated dramatically in the presence of
imidazole and other small organic bases (e.g., methyl-
substituted imidazoles, histidine, methylamine, ethanolamine,
and TRIS). In addition, the rate of QA

- oxidation was slowed
substantially. We conclude that D1-His190 is the immediate
proton acceptor for YZ and that the hydroxyl proton of YZ
remains bound to D1-His190 during the lifetime of YZ

•.

MATERIALS AND METHODS

Construction of Site-Directed Mutants. All mutants were
constructed in thepsbA-2 gene of the unicellular cyanobac-
terium Synechocystissp. PCC 6803. All His190 mutants
except H190S were constructed as described previously (54,
55). The wild-type* strain, described previously (54, 55),
was constructed in an identical manner, but with a trans-
forming plasmid that carried no site-directed mutation. The
designation wild-type* differentiates this strain from the
native wild-type strain that contains all threepsbA genes
and is sensitive to antibiotics. The mutants H190S and
Y161F were constructed in a strain ofSynechocystisthat
lacks PSI andapcE function (73).

Propagation of Cultures.Cells were maintained on solid
BG-11 media (74) containing 5 mM glucose and 10µM
DCMU as described previously (55), except that the con-
centration of glucose was increased to 15 mM for mutants
lacking PSI andapcE function (75). The DCMU was
omitted from liquid cultures. For isolation of PSII particles,
cells were grown in modified 250 mL Erlenmeyer flasks (55)
until they reached an optical density of 0.6-1.1 at 730 nm
(measured with a modified CARY-14 spectrophotometer).
Cells (60-120 mL per carboy) were then transferred to two
15 L carboys and grown until their optical density again
reached 0.7-1.1 (typically 4-5 days for cells containing PSI
and 6-7 days for cells lacking PSI). Carboys were grown
at 30 °C under constant illumination and were aerated by
bubbling with sterile filtered air. Constant illumination was
provided by fluorescent cool-white bulbs at an intensity of
50-60 µE m-2 s-1 [measured with a LI-COR (Lincoln, NE)
model LI-190 light meter].

Isolation of PSII Complexes. Thylakoid membranes and
PSII particles were isolated essentially as described by Tang
and Diner (76) with the following modifications: All buffers
contained 25% (v/v) ultrapure glycerol (Gibco-BRL, Gath-
ersville, MD), then-dodecylâ-D-maltoside (ANAGRADE)
was purchased from Anatrace (Maumee, OH), and the
purified PSII particles were found to elute from the 350 mL
DEAE-Toyopearl 650s column with purification buffer [25%
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(v/v) glycerol, 50 mM MES-NaOH (pH 6.0), 20 mM CaCl2,
5 mM MgCl2, and 0.03% dodecyl maltoside] containing 15-
20 mM MgSO4. For the strains lacking PSI, thylakoid
membranes were extracted withn-dodecylâ-D-maltoside at
a concentration of 0.05-0.10 mg of Chl/mL and the extract
was applied to a 40 mL DEAE-Toyopearl 650s column. This
column was washed with purification buffer containing 5
mM MgSO4 until most of the orange-pigmented contami-
nants (presumably carotenoid-binding proteins) had eluted,
and then PSII was eluted with purification buffer containing
50 mM MgSO4. Purified PSII particles were concentrated
to 0.4-0.7 mg of Chl/mL by ultrafiltration (76), frozen in
liquid nitrogen, and stored at-80 °C. The purified PSII
particles lack QB (76).

Extraction of Mn. Wild-type* PSII particles were depleted
of Mn by a procedure modified from ref77. Intact, O2-
evolving PSII particles were incubated at 0.2-0.3 mg of Chl/
mL for 30 min at 4°C in darkness in the presence of 5 mM
NH2OH and 1 mM EDTA. The material was then adsorbed
to a Pharmacia HR 5/5 Mono-Q ion-exchange column and
washed extensively (15-20 column volumes) with purifica-
tion buffer to remove the NH2OH and free Mn. The column
was then inverted (78) and eluted slowly with purification
buffer containing 0.5 M NaCl. The NH2OH-treated PSII
particles were then desalted with a Pharmacia HR 10/10 Fast
Desalting Column. The residual O2 evolution activity of the
extracted preparations was 4-6% compared to that of
untreated wild-type* PSII particles. The mutant PSII
particles appeared to lack functional Mn ions and were not
extracted to remove Mn.

Measurements of Chlorophyll Concentrations, Oxygen
EVolution Rates, and Chlorophyll/QA Ratios. Chlorophyll
a concentrations were determined by extraction into methanol
(100-fold dilution) as described previously (55). An extinc-
tion coefficient of 79.24 mM-1 cm-1 at 665.2 nm was
employed (79). Rates of light-saturated oxygen evolution
were measured at 25.0°C as described previously (55) except
that the assay buffer contained 1 M sucrose, 50 mM MES-
NaOH (pH 6.5), 25 mM CaCl2, and 10 mM NaCl. Each
sample contained 3-5 µg of Chl/mL, 0.4 mM 2,6-dichloro-
p-benzoquinone (purified by sublimation), and 1 mM potas-
sium ferricyanide. Illumination was provided by two Dolan-
Jenner (Woburn, MA) model 180 fiber optics illuminators
equipped with EJV bulbs. The light was passed through
Dolan-Jenner infrared and red cutoff filters and directed to
both sides of the sample with Dolan-Jenner fiber optic light
guides. The Clark-type electrode was calibrated with
hydrogen peroxide [freshly opened J. T. Baker ULTREX
grade (Phillipsburg, NJ)] and catalase (80). The chlorophyll
per QA ratio in PSII complexes was determined from the
absorbance increase at 325 nm caused by a series of 20-40
saturating flashes administered at 50 ms intervals in the
presence of hydroxylamine (76). Measurements were per-
formed essentially as described previously (81). An extinc-
tion coefficient of 13 mM-1 cm-1 for QA

- f QA at 325 nm
was employed (82). Samples contained 35µg of Chl/mL,
20 mM MES-NaOH (pH 6.0), 0.04% dodecyl maltoside, 10
µM potassium ferricyanide, 40µM DCMU, and 2 mM
hydroxylamine. All preparations employed in this study
contained 39-58 Chl/QA with the exception of H190E PSII
particles, which contained 86 Chl/QA, and the preparation
of H190R particles used in the experiments of Figure 1,

which contained 74 Chl/QA. Ratios in excess of 39 Chl/QA
were attributed to residual contamination by PSI (76).

Optical Measurements in the UV and Visible Spectra.
Transient absorbance changes of YZ at 242 nm (∆A242), QA

at 325 nm (∆A325), and P680 at 432.5 nm (∆A432.5) were
measured with a modified CARY-14 spectrophotometer (On-
Line Instrument Systems, Inc., Bogart, GA) operated in
single-beam mode (chopper motor off) with the detector
housing replaced by an end-on Hamamatsu R374 photomul-
tiplier tube and a separate amplifier (EG&G Princeton
Applied Research, model 5113). The amplified output was
recorded with a LeCroy 9310M digital oscilloscope. The
data were stored and converted to units of absorbance on a
personal computer with software developed in the Physics
Department at the University of California, San Diego. For
measurements at 242 nm, the monitoring illumination was
provided by a Hamamatsu L-1403 deuterium lamp. For
measurements at 325 and 432.5 nm, the monitoring illumina-
tion was provided by a remotely focused OSRAM HLX
64640 lamp. For measurements at 242 and 325 nm, the
photomultiplier tube was protected by two Corion solar blind
filters. For measurements at 432.5 nm, the photomultiplier
was protected by a Corion LS-450 cutoff filter and a Melles-
Griot 435.8 nm interference filter. Actinic flashes (ap-
proximately 4µs fwhm) were provided by a Xenon Corp.
(Woburn, MA) model 457A xenon flash-lamp system (0.5
µF capacitor charged to 7-8 kV). The flashes were passed
through two 2 mm thick Schott WG-360 filters, two 2 mm
thick Schott RG-610 filters, and one Corion LS-750 filter
and were directed to the sample cuvette with a 3.8 m long
flexible light guide (Schott Fiber Optics, Southbridge, MA).
The cuvette containing the sample was held in a thermostated
jacket. Samples were incubated in darkness for 2 min in
the presence of 10µM potassium ferricyanide to ensure
oxidation of QA, allow equilibration with exogenous bases,
and oxidize P700 in residual PSI. This procedure oxidized
>95% of the residual P700, as determined by measurements
conducted at 832 nm with purified PSI particles (data not
shown). For the experiments of Figure 6, samples were
given 10 preflashes at 0.1 Hz to preoxidize YD. Kinetics
were analyzed with Jandel Scientific’s (San Rafael, CA)
PeakFit program, version 4.0.

Optical Measurements in the Near-IR Spectrum.Transient
absorbance changes of P680 at 810 nm (∆A810) were measured
using a laboratory-built double-beam spectrophotometer
described previously (83), with the exception that the
measuring beam at 810 nm (80 mW) was provided by a TI-
SPB titanium-sapphire laser (Schwartz Electro-Optics,
Orlando, FL) pumped with a model 2020-05 argon ion laser
(Spectra-Physics, Mountain View, CA) emitting all lines at
5 W output power. The flash excitation was provided by a
frequency-doubled, Q-switched DCR-11 Nd:YAG laser
(Spectra-Physics) operating at 532 nm with a pulse fwhm
of 10 ns at a flash energy of 22 mJ. Samples were treated
and data were analyzed as described in the previous
paragraph.

RESULTS

Scheme 1 depicts the electron transfer reactions that take
place in PSII particles that lack the Mn cluster and QB (84,
85). After an actinic flash, at least three species compete
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for the reduction of P680
+: YZ (with rate constantkZ), QA

-

(with rate constantkQ), and other, unidentified electron
donors (collectively denoted X, with rate constantkX).
Because the actinic flashes in our experiments were applied
at 0.1 Hz, YD

• should remain oxidized during data collection;
therefore, X should not include YD. Reduced-minus-oxidized
difference spectra (obtained as described in ref81) showed
that less than 2% of the cytochromeb559 in His190 mutant
PSII particles was in the reduced form (not shown); therefore,
X should not include cytochromeb559. The observed rate
of P680

+ reduction is the sum of the intrinsic rate constants,
kZ + kQ + kX. The individual rate constants can be estimated
by monitoring P680

+ reduction [at 432.5 (86-88) or 810 nm
(89, 90)], QA

- oxidation [at 325 nm (82, 87, 88, 91, 92)],
and YZ oxidation [near 242 nm (87, 88, 91-94)] under the
same experimental conditions. BecausekZ, kQ, and kX

represent parallel reactions, the rapid kinetic phase observed
at each wavelength after an actinic flash corresponds to the
sum of these three intrinsic rate constants. The fraction of
QA

- recombining with P680
+ (measured at 325 nm) provides

the ratiokQ/(kZ + kQ + kX). The fraction of YZ
• formed

after a flash (measured at 242 nm) provides the ratiokZ/(kZ

+ kQ + kX). Impaired oxidation of YZ by P680
+ should be

manifested as slowed reduction of P680
+, an increase in the

fraction of QA
- that recombines with P680

+, and a decrease
in the fraction of YZ

• formed after a flash.
P680

+ Reduction Measured at 432.5 nm.The flash-induced
formation and reduction of P680

+, as monitored at 432.5 nm,
is shown in Figure 1. At this wavelength, QA

- (82, 87, 88,
91, 92) and YZ

• (87, 88, 91-94) make only minor contribu-
tions to the absorbance changes. Studies at 810 nm (see
below) showed that an incubation time of 2 min at room
temperature under the assay conditions described in the
legend to Figure 1 was sufficient to equilibrate samples with
imidazole. Incubation times longer than 30 min at room
temperature accelerated P680

+ reduction in His190 mutant
PSII particles even in the absence of imidazole, suggesting
deterioration of sample. Therefore, signal averaging was
completed within 15-30 min of sample dilution.

In all of the His190 mutants (e.g., Figure 1C-F), the
reduction of P680

+ was dramatically slower than that in the
Mn-depleted wild type* [the kinetics in the wild-type* PSII
particles (Figure 1A) were too rapid to be resolved on this
time scale]. Indeed, the rates of P680

+ reduction in the His190
mutants resemble (but are somewhat slower than) the rate
in PSII particles that lack YZ [Y161F PSII particles, Figure
1B (88)]. There appears to be no correlation between the
rate of P680

+ reduction and the nature of the residue
substituted for His190. However, in all of the His190
mutants except H190E (Figure 1F), the reduction of P680

+

was accelerated dramatically in the presence of 5-100 mM

imidazole (e.g., Figure 1C-E). Imidazole also increased
P680

+ reduction in H190E particles (Figure 1F), but the effect
was much smaller. Note that 400 mM imidazole slightly
accelerated P680

+ reduction in Y161F PSII particles, particles
that lack YZ (Figure 1B, see the next section).

P680
+ Reduction Measured at 810 nm.The flash-induced

formation and reduction of P680
+, as monitored at 810 nm,

is shown in Figure 2 (note the logarithmic time scale). These
data permit a direct comparison of Mn-depleted wild-type*,
Y161F, and His190 mutant PSII particles. As observed in
Figure 1, the rates of P680

+ reduction were dramatically
slower in Y161F, H190A, and H190Q (Figure 2B-D) than
in Mn-depleted wild-type* particles (Figure 2A). The overall
half-decay times of P680

+ reduction were approximately 2
µs, 530µs, 1.05 ms, and 1.3 ms, respectively, for the Mn-
depleted wild-type*, Y161F, H190A, and H190Q PSII
particles, respectively. The overall half-decay time of P680

+

reduction in the wild-type* particles (Figure 2A) was similar
to that observed in inactivated particles from pea at this pH
value (32). The overall kinetics resembled earlier data for
NH2OH- or TRIS-treated PSII preparations (95-99). The
data of Figure 2 show that P680

+ reduction is slowed
approximately 270-, 530-, and 650-fold in the Y161F,
H190A, and H190Q PSII particles, respectively, at pH 7.5.
At pH 9.5, mutants H190R, H190Q, H190G, and H190K
had overall half-decay times of 100-400µs (e.g., see below,
Figure 5F), whereas Mn-depleted wild-type* PSII particles

Scheme 1

FIGURE 1: Formation and decay of P680
+ in isolated PSII particles

in the presence and absence of imidazole, as monitored at 432.5
nm: (A) Mn-depleted wild type* in the presence of 0 mM
imidazole, (B) Y161F in the presence of 0 and 400 mM imidazole,
(C) H190R in the presence of 0, 5, 20, and 100 mM imidazole,
(D) H190A in the presence of 0, 5, 20, and 100 mM imidazole,
(E) H190Q in the presence of 0, 5, 20, and 100 mM imidazole,
and (F) H190E in the presence of 0 and 100 mM imidazole. In
panels C-F, individual traces were normalized to the initial
amplitude of the trace containing 0 mM imidazole. Conditions were
as follows: 4.5µg of Chl in 0.5 mL of 20 mM TES, 0.04%
n-dodecylâ-D-maltoside, 10µM K3Fe(CN)6, pH 7.5, and 21°C.
Samples were incubated in darkness for 2 min before the monitoring
beam was turned on. Red-filtered xenon flashes (4µs fwhm) were
applied at 10 s intervals. Each trace represents the average of 100
sweeps.
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had an overall half-decay time of approximately 0.4µs (not
shown).

As observed at 432.5 nm, the rates of P680
+ reduction in

H190A and H190Q PSII particles measured at 810 nm were
accelerated dramatically in the presence of 10-100 mM
imidazole (Figure 2C,D). In the presence of 100 mM
imidazole, the overall half-decay times for P680

+ reduction
in H190A and H190Q PSII particles decreased to ap-
proximately 47 and 90µs, respectively. High concentrations
of imidazole (100-400 mM) also accelerated P680

+ reduction
in Y161F PSII particles (Figure 2B). This effect is not
understood, but was observed even with ultrapure imidazole.
Therefore, it does not appear to be caused by a trace
contaminant in the imidazole. No acceleration was caused
by the addition of 50 mM KCl. Therefore, the effect is not
caused by an increase in ionic strength associated with adding
the imidazole. Because of this effect, we confined our
analyses of His190 mutants to imidazole concentrations of
e100 mM. At these concentrations, the effects of imidazole
on His190 PSII particles were substantially larger than those
on Y161F PSII particles (compare panels C and D of Figure
2 with panel B).

Imidazole also accelerated P680
+ reduction in Mn-depleted

wild-type* PSII particles, decreasing the overall half-decay
time of P680

+ reduction from approximately 2µs in the
absence of imidazole to approximately 0.8µs in the presence
of 100 mM imidazole (Figure 2A). In the absence of
imidazole, the P680

+ reduction kinetics in Mn-depleted wild-
type* PSII particles could be fit with four exponentially
decaying phases:2 51 ( 1% with 0.38( 0.03µs, 21( 3%
with 4.7( 0.2µs, 22( 1% with 82( 6 µs, and 7( 2% with

g1 ms. The addition of imidazole caused the≈0.4 and≈4.7
µs phases to increase at the expense of the≈82 µs phase
and accelerated both the≈4.7 and≈82 µs phases. In the
presence of 100 mM imidazole, the P680

+ reduction kinetics
could be fit as follows:2 62 ( 2% with 0.38( 0.07µs, 31
( 2% with 2.3( 0.4 µs, 4.2( 0.6% with 24( 9 µs, and
3.5( 0.2% withg1 ms. The rates of the≈4.5 and≈82 µs
phases increased hyperbolically with imidazole concentration,
reaching limiting rate constants of (2.0( 0.1 µs)-1 and (17
( 2 µs)-1, respectively, and achieving half-saturation at 27
( 7 mM imidazole (not shown).

QA
- Oxidation. The flash-induced formation of QA-, as

monitored at 325 nm, is presented in Figure 3. At this
wavelength, P680

+ (87, 88) and YZ
• (87, 88, 91-94) make

only minor contributions to the absorbance changes. In Mn-
depleted wild-type* PSII particles (Figure 3A), QA

- was
stable on the time scale of these measurements, ultimately
being oxidized by potassium ferricyanide or YZ

• (87, 88, 91).
In Y161F PSII particles (Figure 3B) and in all of the His190
mutants (e.g., Figure 3C-F), the majority of QA

- decayed
rapidly, presumably by reducing P680

+. In all of the His190
mutants except H190E, the fractions of rapidly decaying QA

-

decreased substantially in the presence of 5-100 mM
imidazole (Figure 3C-E). Presumably, QA- reduces P680

+

in fewer reaction centers in these mutants in the presence of

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. Ther2 values for
the fits of the 810 nm data ranged from 0.98 to greater than 0.99 for
all concentrations of imidazole.

FIGURE 2: Formation and decay of P680
+ in isolated PSII particles

in the presence and absence of imidazole, as monitored at 810 nm
(note the logarithmic time scale): (A) Mn-depleted wild type* in
the presence of 0, 10, 50, and 100 mM imidazole, (B) Y161F in
the presence of 0, 100, and 400 mM imidazole, (C) H190A in the
presence of 0, 10, 30, 50, and 100 mM imidazole, and (D) H190Q
in the presence of 0, 10, 30, 50, and 100 mM imidazole. In each
panel, the individual traces were normalized to the initial amplitude
of the trace containing 0 mM imidazole. In panels C and D, the
normalized trace of the wild type* in the presence of 0 mM
imidazole (wt*) is reproduced from panel A for comparison.
Conditions were as follows: 10µg of Chl in 0.35 mL of 20 mM
TES, 0.04%n-dodecylâ-D-maltoside, 10µM K3Fe(CN)6, pH 7.5,
and 21°C. Samples were incubated in darkness for 2 min before
being placed in the probe beam. Laser flashes (532 nm, 10 nm
fwhm) were applied at 10 s intervals. Each trace represents the
average of 10-16 sweeps.

FIGURE 3: Formation and decay of QA- is isolated PSII particles
in the presence of 0, 5, 100, and 400 mM imidazole, as monitored
at 325 nm: (A) Mn-depleted wild type*, (B) Y161F, (C) H190R,
(D) H190A, (E) H190Q, and (F) H190E. In panels C-F, individual
traces were normalized to the initial amplitude of the trace
containing 0 mM imidazole. Conditions were as follows: 8.9µg
of Chl in 0.5 mL of 20 mM TES, 0.04%n-dodecylâ-D-maltoside,
10 µM K3Fe(CN)6, pH 7.5, and 21°C. Samples were incubated in
darkness for 2 min before the monitoring beam was turned on. Red-
filtered xenon flashes (4µs fwhm) were applied at 10 s intervals.
Each trace represents the average of 100 sweeps.
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imidazole. Imidazole also decreased the fraction of rapidly
decaying QA

- in H190E PSII particles, but the effect was
less pronounced (Figure 3F). The data of Figure 3C-F are
an additional indication that YZ oxidation is impaired in the
His190 mutants and that imidazole partly compensates for
the loss of the His190 imidazole moiety.

YZ Oxidation. The flash-induced formation of YZ•, as
monitored at 242 nm, is shown in Figure 4. This wavelength
is nearly isosbestic for both QA- and P680

+ (87, 88, 92). As
expected, Mn-depleted wild-type* PSII particles showed a
significant flash-induced absorbance increase at this wave-
length (Figure 4A), whereas Y161F PSII particles, which
lack YZ, showed no increase, both in the absence and in the
presence of 0.4 M imidazole (Figure 4B). This absence of
a flash-induced absorbance increase at 242 nm is expected
for a mutant that lacks YZ. In contrast to Y161F, all of the
His190 mutant PSII particles showed some YZ

• formation,
but the extent of YZ• formation was far less than that of the
wild type* (e.g., Figure 4C-F). In all of the His190 mutants
except H190E, the extent of YZ

• formation increased
dramatically in the presence of 5-100 mM imidazole (e.g.,
Figure 4C-E). Imidazole also increased the extent of YZ

•

formation in H190E PSII particles, but to a lesser extent
(Figure 4F).

In the absence of imidazole, Y161F PSII particles showed
a flash-induced absorbance decrease that decayed with a rate
comparable to P680

+ reduction and QA- oxidation in this

mutant (lower trace of Figure 4B; cf. Figures 1B and 3B).
This decay was accelerated dramatically in the presence of
400 mM imidazole (upper trace of Figure 4B). Because the
addition of 400 mM imidazole also dramatically accelerated
P680

+ reduction in this mutant (Figure 2B) but had little effect
on QA

- oxidation (Figure 3B), we attribute the rising decay
in Y161F PSII particles in the absence of imidazole (lower
trace of Figure 4B) to the reduction of P680

+. Consistent
with previous measurements (88), no flash-induced absor-
bance changes were observed at 240 nm in Y161F PSII
particles (not shown). On the basis of absorbance measure-
ments acquired at several wavelengths between 239 and 245
nm, we propose that the spectrum of P680

+ - P680 is isosbestic
at 240 nm in Y161F PSII particles and near 242 nm in the
His190 mutants, implying that the absorbance spectrum of
P680

+ - P680 in the UV is shifted in Y161F compared to that
for His190 mutant PSII particles. However, a definitive
statement will require the acquisition of full P680

+ - P680

absorbance spectra. The P680
+ - P680 absorbance spectrum

from 400 to 450 nm is essentially the same in Y161F and
wild-type PSII particles (B. A. Diner, personal communica-
tion).

The rate of YZ
• formation also increased dramatically in

His190 mutant PSII particles as the concentration of imida-
zole was increased from 0 to 100 mM (e.g., Figure 4C-E).
This increase is expected because the rate of YZ oxidation
corresponds to the sum of the intrinsic rate constants,kZ +
kQ + kX; an increased extent of YZ• formation implies an
increase inkZ. The data of Figure 4 show directly that YZ

oxidation is impaired in the His190 mutants and that
imidazole partly compensates for the loss of the His190
imidazole moiety.

Estimation of Rate Constants kZ and kQ in the His190 and
Y161F Mutants.The intrinsic rate constants for the His190
and Y161F mutants in the presence of 0, 5, and 100 mM
imidazole were calculated from the data obtained at 432.5,
325, and 242 nm (e.g., Figures 1, 3, and 4, respectively).
The sumkZ + kQ + kX was obtained from data acquired at
432.5 nm (e.g., Figure 1). In principle, this sum can be
obtained at any of the three wavelengths because the three
intrinsic rate constants represent parallel reactions. However,
the signal-to-noise ratio was better at 432.5 nm. Also, the
kZ + kQ + kX values were obtained at 432.5 nm rather than
at 810 nm because significantly more data were acquired at
432.5 nm. Nevertheless, values obtained from individual
traces acquired at 810 nm were consistent with those obtained
at 432.5 nm within 25% (e.g., see below, Figure 8).

The absorbance decays at 432.5 nm could be fit with the
sum of two exponentially decaying phases.3 The faster phase
dominated (60-70% of the total decay in all mutants) and
was used as an estimate ofkZ + kQ + kX (Table 1). The
rate of this phase increased with imidazole concentration,
but its extent remained essentially constant. The absorbance
decays at 325 nm (e.g., Figure 3) could be fit with the sum
of two exponentially decaying phases plus an offset.4 The
value of kZ + kQ + kX determined at 432.5 nm could be

3 In the absence of imidazole, ther2 values for the fits of the 432.5
nm data ranged from 0.98 to greater than 0.99. In the presence of 100
mM imidazole, ther2 values ranged from 0.96 to 0.98 in all mutants
except H190R and H190S, where the values were 0.90 and 0.89,
respectively.

FIGURE 4: Formation of YZ
• in isolated PSII particles in the

presence of 0, 5, 100, and 400 mM imidazole, as monitored at 242
nm: (A) Mn-depleted wild type*, (B) Y161F, (C) H190R, (D)
H190A, (E) H190Q, and (F) H190E. In panel B, the Y161F trace
obtained in the presence of 400 mM imidazole has been shifted
upward for clarity. Conditions were as follows: 16µg of Chl in
0.9 mL of 20 mM TES, 0.04%n-dodecylâ-D-maltoside, 10µM
K3Fe(CN)6, pH 7.5, and 21°C. Samples were incubated in darkness
for 2 min before the monitoring beam was turned on. Red-filtered
xenon flashes (4µs fwhm) were applied at 10 s intervals. The wild-
type* and His190 mutant traces each represent the average of 576
sweeps. The Y161F traces each represent the average of 1296
sweeps. Samples were replaced after every 144 sweeps. The Chl/
QA ratios for the wild-type*, Y161F, H190R, H190A, H190Q, and
H190E PSII particles were 54, 39, 50, 58, 51, and 86, respectively.
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used in fitting the 325 nm data without changing the quality
of the fits. The sum of the amplitudes of the exponentially
decaying phases divided by the total∆A325 provided the ratio
kQ/(kZ + kQ + kX), that is, the fraction of QA- that was
oxidized by P680

+. The data acquired at 242 nm (e.g., Figure
4) provided the ratiokZ/(kZ + kQ + kX), that is, the fraction
of YZ

• that was formed after a single flash. For each His190
mutant, the ratiokZ/(kZ + kQ + kX) in the presence of 0, 5,
and 100 mM imidazole was obtained by dividing the∆A242

obtained 8 ms after the actinic flash by the corresponding
∆A242 in Mn-depleted wild-type* PSII particles in the absence
of imidazole (Figure 4A). The ratio was corrected for
differences in Chl/QA ratios between mutant and wild-type*
particles (see Table 1).

The values ofkZ and kQ estimated for all seven His190
mutants and Y161F PSII particles in the presence of 0 and
100 mM imidazole are presented in Table 1. In the presence
of 0 mM imidazole, the rate of P680

+ reduction appeared to
be dominated bykQ in all mutants. The range ofkQ values
(550-980 s-1) corresponds to half-decay times of 0.7-1.3
ms. Similar half-decay times for the reduction of P680

+ by
QA

- have been reported in PSII particles from the Y161F
mutant of Synechocystis6803 [0.8-1.0 ms (84, 88)], in
spinach PSII membranes that had been subjected to strong
irradiance to destroy YZ [0.7-0.8 ms (100)], and in Mn-
depleted PSII particles from pea at pH 4 (conditions where
electron donation from YZ to P680

+ is postulated not to occur
in a majority of reaction centers) [870µs (32)]. The value
of kZ varies considerably in the His190 mutants. However,
there appears to be no correlation betweenkZ and the nature
of the residue substituted for His190 (e.g.,kZ is smallest in
H190Q, H190G, and H190S PSII particles, intermediate in
H190A and H190R PSII particles, and greatest in H190E
and H190K PSII particles). The values forkZ (40-250 s-1)
correspond to half-decay times of 2.8-17 ms compared to
a half-decay time of approximately 2µs for Mn-depleted
wild-type* PSII particles at this pH value (Figure 2A). In
the wild-type* particles, P680

+ reduction should be dominated

by kZ. Therefore, at pH 7.5, the rate of electron transfer
from YZ to P680

+ is slowed 1400-8500-fold in the absence
of the His190 imidazole moiety, depending on the mutant.

In the presence of 5 mM imidazole,kZ increased 4-8-
fold in all His190 mutants except H190K (2.5-fold) and
H190E (1.5-fold), whilekQ increased by at most 30-40%
(not shown). In the presence of 100 mM imidazole,kZ

increased dramatically (26-87-fold) in all His190 mutants
except H190K (16-fold) and H190E (5-fold), whilekQ

increased to lesser extents (1.6-5-fold in all His190 mutants).
The dramatic increases ofkZ in most His190 mutants in the
presence of 5-100 mM imidazole confirm that imidazole
accelerates YZ oxidation in the absence of the His190
imidazole moiety. The increase ofkQ in the presence of 100
mM imidazole is not understood. It could arise from an
effect of imidazole on the environment(s) of P680 and/or QA,
the latter via the non-heme iron or QB sites. Note, however,
that 100 mM imidazole has little effect onkQ in Y161F PSII
particles.

Other Bases.Histidine, 4-methylimidazole, 2-methylimi-
dazole, 1-methylimidazole, TRIS, methylamine, and etha-
nolamine also accelerated P680

+ reduction in H190A PSII
particles, as monitored at 432.5 and 810 nm (Figure 5).
Because of their high pKa values (pKa ) 10.6 and 9.5,
respectively), methylamine and ethanolamine were compared
to Mn-depleted wild-type* PSII particles at pH 9.5 rather
than at pH 7.5 (Figure 5C,F). Neither pyridine (100 mM)
nor urea (100 mM) had any effect of P680

+ reduction in
Y161F or H190A PSII particles (not shown). [The urea (pKa

) 0.18) was employed to determine if the effect of 100 mM
imidazole on Y161F and H190A PSII particles was the result
of a nonspecific denaturing effect of the imidazole.]

YZ
• Reduction. The reduction of YZ• after a flash, as

monitored at 242 nm, is presented in Figure 6 for Mn-
depleted wild-type* and H190A PSII particles. Note the very
different absorbance scales for the mutant and wild type. In
the Mn-depleted wild-type* particles, the half-decay time
for YZ

• reduction (≈0.46 s) corresponded closely to that
expected for charge recombination between QA

- and YZ
• in

Mn-depleted PSII preparations at pH 7.5 (91) and showed
the same acceleration at lower pH values (not shown). As
expected on the basis of the data presented earlier (Figure
4), the extent of YZ• formation in H190A PSII particles
increased with imidazole concentration (Figure 6A,D-F).

4 In the absence of imidazole, ther2 values for the fits of the 325
nm data ranged from 0.98 to greater than 0.99 for all mutants except
H190E, where the value was 0.95. In the presence of 100 mM
imidazole, ther2 values ranged from 0.84 to 0.93 in all mutants except
Y161F, H190S, and H190Q, where the values were 0.97, 0.80, and
0.79, respectively.

Table 1: Estimation of Rate ConstantskZ andkQ in His190 Mutant and Y161F PSII Particles at pH 7.5 in the Presence of 0 and 100 mM
Imidazole

0 mM imidazole 100 mM imidazole

mutant

kZ + kQ + kX
a

(s-1)
((3%)

kZ
b

(s-1)
((25%)

kQ
c

(s-1)
((7%)

kZ + kQ + kX
a

(s-1)
((10%)

kZ
b

(s-1)
((15%)

kQ
c

(s-1)
((17%)

kZ(100)/kZ(0)
(-fold)

((30%)

H190A 870 160 680 6830 4640 2050 29
H190Q 760 40 550 7340 3460 2480 87
H190R 1040 130 760 10900 7120 3150 55
H190E 1350 230 980 3070 1130 1590 5
H190G 770 50 640 3100 1300 1480 26
H190K 1000 250 640 6980 4030 2500 16
H190S 1040 60 720 13300 4920 3880 82
Y161F 1240 0 870 1330 0 950 -

a Obtained from data acquired at 432.5 nm (see Figure 1 and the text).b Calculated from the relationkZ/(kZ + kQ + kX), obtained from data
acquired at 242 nm (e.g., Figure 4) relative to the wild type* and normalized to the Chl/QA ratio of the wild type*. The Chl/QA ratios were 54, 58,
51, 50, 86, 58, 64, 39, and 39 for the wild-type*, H190A, H190Q, H190R, H190E, H190G, H190K, H190S, and Y161F PSII particles, respectively.
c Calculated from the relationkQ/(kZ + kQ + kX), obtained from data acquired at 325 nm (see Figure 3 and the text).
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The subsequent decay of YZ
• was substantially slower than

that in wild-type* PSII particles (compare panels A and B
of Figure 6). This was true in all His190 mutants examined
(H190A, H190Q, H190R, and H190G). In all of these
mutants, the decay of YZ• accelerated dramatically in the
presence of 0.5-5 mM imidazole (e.g., Figure 6A,D-F) and
other bases [4-methylimidazole, 2-methylimidazole, and
1-methylimidazole (not shown)]. Indeed, in the presence of
5 mM imidazole, the rate of YZ• reduction in H190A particles
was comparable to that of Mn-depleted wild-type particles
in the absence of imidazole (compare panels B and E of
Figure 6). Similar concentrations of imidazole also acceler-
ated YZ

• reduction in Mn-depleted wild-type* particles
(compare panels B and C of Figure 6). Indeed, comparable
rates of YZ

• reduction were observed in H190A and Mn-
depleted wild-type* particles in the presence of 20 mM
imidazole (compare panels C and F of Figure 6). The data
of Figure 6 show that imidazole and other small organic
bases, in addition to accelerating the oxidation of YZ, also
accelerate the reduction of YZ

• in His190 mutant and Mn-
depleted wild-type* PSII particles.

Mechanism of Action of Imidazole and Other Bases.To
determine if small organic bases, such as imidazole, exchange
slowly or rapidly into the vicinity of YZ, a sample of H190A
PSII particles was incubated for 2 min in the presence of
0.1 M imidazole at twice the usual Chl concentration (i.e.,
at 18µg of Chl/mL). Then, one aliquot was analyzed in a
5 mm path length cuvette (Figure 7, trace labeled Before
Column), and the remainder was passed rapidly through a
Pharmacia HR 10/10 Fast Desalting Column. The eluted
sample, analyzed in a 10 mm path length cuvette immediately
after being eluted from the column (Figure 7, trace labeled

After Column), was indistinguishable from a control sample
incubated in the absence of imidazole (Figure 7, trace labeled
Control). This result shows that imidazole (and presumably
other small organic bases) exchanges rapidly into (and out
of) the vicinity of YZ in H190A particles. (We used different

FIGURE 5: Formation and decay of P680
+ in H190A PSII particles

in the presence of 100 mM concentrations of various exogenous
bases, as monitored at 432.5 (left panels) and 810 nm (right panels).
Note the logarithmic time scale employed in the right panels.
Conditions were as follows: same as in Figure 1 for panels A and
B, same as in Figure 2 for panels D and E, and same as in Figures
1 and 2 for panels C and F, respectively, except that the buffer
contained 20 mM CHES (pH 9.5) instead of TES.

FIGURE 6: Formation and reduction of YZ• in H190A and wild-
type* PSII particles in the absence and presence of imidazole, as
measured at 242 nm: (A and D-F) H190A PSII particles in the
presence of 0, 0.5, 5, and 20 mM imidazole, respectively, and (B
and C) wild-type* PSII particles in the presence of 0 and 20 mM
imidazole, respectively. Conditions were the same as in Figure 4
except that samples were given 10 preflashes at 10 s intervals to
ensure oxidation of YD prior to data collection. Each wild-type*
trace represents the average of 16 sweeps. Each H190A trace
represents the average of 64 sweeps. Note the very different vertical
scales for the wild-type* and H190A samples. Note also that the
time scale is very different from that in Figures 1-5.

FIGURE 7: Effect on P680
+ reduction kinetics of rapidly removing

100 mM imidazole from H190A PSII particles. (Before Column)
PSII particles were incubated for 2 min in the presence of 100 mM
imidazole at twice the normal reaction center concentration and
then analyzed in a 5 mmpath length cuvette. (After Column) PSII
particles were analyzed in a 10 mm path length cuvette immediately
after elution from a Pharmacia HR 10/10 Fast Desalting Column.
(Control) The PSII sample was incubated in the absence of
imidazole and analyzed in a 10 mm path length cuvette. The
individual traces were normalized to their initial amplitudes.
Conditions were the same as in Figure 1.
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path length cuvettes to analyze the Before Column and After
Column samples to compensate for the expected 2-fold
dilution of the sample during chromatography.)

To determine if imidazole or other small organic bases
bind to a specific site near YZ, the rate of P680

+ reduction
was measured in H190A PSII particles in the presence of
various concentrations of imidazole and other bases. Data
were acquired at both 432.5 and 810 nm. The rates of the
dominant exponentially decaying phases were plotted as a
function of the concentration of base (at all concentrations
of base, the dominant phase corresponded to 60-70% of
the total decay at 432.5 nm and 50-60% at 810 nm). For
imidazole (Figure 8A) and 2-methylimidazole (not shown),
the rate increased linearly up to a concentration of 100 mM,
showing no hint of saturation. These results are consistent
with a second-order process characterized by a rate constant
of (7.4 ( 0.7) × 104 M-1 s-1 for imidazole (obtained from
the straight line in Figure 8A) and (5.0( 0.6) × 104 M-1

s-1 for 2-methylimidazole (not shown). These constants
increased to (9.3( 0.9) × 104 and (1.1( 0.1) × 105 M-1

s-1, respectively, when they were corrected for the amount
of base that is unprotonated at pH 7.5 (pKa ) 6.9 for
imidazole and pKa ) 7.6 for 2-methylimidazole). Similar
second-order rate constants have been reported for the
reduction of YZ

• by neutral ascorbic acid (1.4-4.0 × 104

M-1 s-1) and hydroquinone (2.5× 105 M-1 s-1) (101, 102),
although higher second-order rate constants have been
reported for the reduction of YZ• by benzidine [1.3-3.2 ×
106 M-1 s-1 (101)] and Mn2+ [0.6-4.8× 107 M-1 s-1 (103,
104)]. In contrast, for 4-methylimidazole (Figure 8B), the
rate appeared to reach a limiting value. The solid line in
Figure 8B represents a hyperbolic fit with a limiting rate
constant of (3.1( 0.3) × 103 s-1 and a half-saturation
concentration of 21( 9 mM. Similar data, albeit with lower
limiting rate constants, were obtained with 1-methylimida-
zole, histidine, and TRIS (not shown). There was no
correlation between these limiting rate constants and the pKa

values of the added bases (pKa ) 7.5, 7.2, 6.0, and 8.3 for
4-methylimidazole, 1-methylimidazole, histidine, and TRIS,
respectively).

DISCUSSION

In all seven D1-His190 mutants examined, the rates of
P680

+ reduction, YZ oxidation, and YZ• reduction were slowed
dramatically, and the rate of QA- oxidation was accelerated
to values consistent with the reduction of P680

+ by QA
- rather

than by YZ. There appeared to be no correlation between
these rates and the structure of the residue substituted for
His190. Calculations ofkZ and kQ from data acquired at
432.5, 325, and 242 nm showed that, in all seven His190
mutants, P680

+ reduction is dominated bykQ. These calcula-
tions also show thatkZ, the rate of oxidation of YZ by P680

+,
is slowed by factors of 1400-8500.

A previous study of the D1-H190Q and H190D mutants
of Synechocystis6803 (cited in refs48, 50, and51) reported
thatkZ was slowed only 200-fold compared to that for wild-
type PSII particles. No details were provided, but the
measurements (at 432.5 and 325 nm and other wavelengths)
were conducted at pH 9.0 (B. A. Diner, personal com-
munication). Importantly, the initial data point of P680

+ decay
after a flash (measured at 432.5 nm) was acquired≈1 µs
after the actinic flash. These measurements yielded an
overall half-decay time of≈12 µs for Mn-depleted wild-
type PSII particles (B. A. Diner, personal communication).
In contrast, our initial data point for P680

+ decay (measured
at 810 nm) was acquired 130 ns after the actinic flash,
yielding an overall half-decay time of≈2 µs for Mn-depleted
wild-type* PSII particles (Figure 2A). However, if we take
the ∆A810 value at 1µs to be our initial data point (Figure
2A), then the half-decay time in our Mn-depleted wild-type*
particles becomes≈15 µs and the difference between our
wild-type* and mutantkZ values decreases to 190-1100-
fold. Therefore, the mutantkZ values calculated in this study
and in the previous study may not differ significantly. In
any case, whetherkZ is slowed 200-fold [as stated previously
(48, 50, 51)] or 1400-8500-fold (as determined in this
study), the principal conclusion remains the same: the
oxidation of YZ by P680

+ is slowed dramatically in the
absence of the His190 imidazole moiety.

In six of the seven His190 mutants examined, the rates of
P680

+ reduction, YZ oxidation, and YZ• reduction were
accelerated dramatically in the presence of imidazole and
other small organic bases. Significant accelerations of YZ

•

reduction were observed even in the presence of 0.5 mM
imidazole, while significant accelerations of P680

+ reduction
and YZ oxidation were observed in the presence of 5 mM
imidazole. In other chemical complementation studies,
partial restoration of histidine function has typically been
observed in the presence of 0.5-50 mM imidazole (66, 68-
70, 72, 105, 106). Calculations ofkZ and kQ values from
data acquired at 432.5, 325, and 242 nm showed that, in the
presence of 100 mM imidazole,kZ increased 26-87-fold in
all His190 mutants except H190K and H190E, where the
increase was 16- and 5-fold, respectively. The much smaller
increase ofkZ in H190E PSII particles is not understood.
Note, however, that the H190E mutation places two glutamate
residues close together (i.e., Glu189 and Glu190).

The severe disruption of the normal electron transfer
reactions of YZ in all seven His190 mutants shows that D1-
His190 plays a pivotal role in YZ function. The partial
restoration of rapid P680

+ reduction, YZ oxidation, and YZ•

reduction by imidazole and other bases shows that these bases

FIGURE 8: Rate constant of P680
+ reduction in H190A PSII particles

as a function of the concentration of (A) imidazole and (B)
4-methylimidazole: (b) the dominant exponentially decaying phase
measured at 432.5 nm and (O) the dominant exponentially decaying
phase measured at 810 nm. The solid line in panel A is a least-
squares fit to the filled circles (with anr2 value of 0.93),
corresponding to a rate constant of (7.4( 0.7) × 104 M-1 s-1.
The solid line in panel B is a fit to the filled circles (with anr2

value of 0.74) with a limiting rate constant of (3.1( 0.3) × 103

s-1 and a half-saturation concentration of 21( 9 mM. Conditions
were the same as in Figures 1 and 2.
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are able to partly replace the function of the His190 imidazole
moiety, presumably by forming a hydrogen bond with the
hydroxyl proton of YZ or with the phenolic oxygen of YZ•.
We conclude that D1-His190 is the proton acceptor for YZ,
just as D2-His189 is the proton acceptor for YD (28) (also
see refs27 and47-49). This conclusion is consistent with
previous studies showing that the redox properties of YZ in
Mn-depleted preparations are strongly influenced by a nearby
group with a pKa value of 6-8 (32, 41, 99, 107). It is also
consistent with a recent proposal, based on FTIR studies,
that both YZ and YZ

• form a hydrogen bond with a histidine
residue (108). This conclusion is illustrated schematically
in Figure 9, which compares the proposed environments of
YZ in intact wild-type, Mn-depleted wild-type, and H190A
mutant reaction centers. Recent evidence consistent with
our conclusion that D1-His190 is the proton acceptor for YZ

has been provided by pulsed ENDOR studies of YZ
• in

globally 15N-labeled, Mn-depleted, PSII particles fromSyn-
echocystis6803 that lack YD (K. Campbell, B. A. Diner,
and R. D. Britt, personal communication). These studies
show the existence of a weak isotropic15N coupling to YZ

•.
This coupling is consistent with a hydrogen bond between
YZ

• and a nitrogen atom that is weaker or more disordered
than the hydrogen bond observed (28) between YD• and the
τ-nitrogen of D2-His189.

In contrast to our conclusion that D1-His190 is the proton
acceptor for YZ, two previous studies reached the opposite
conclusion. The first study examined the EPR line shapes
of YZ

• in PSII membranes isolated from the D1-H190F and
H190Y mutants ofChlamydomonas reinhardtii(53). Be-
cause these line shapes were similar to those of YZ

• in wild-
type membranes (53), the presence of a hydrogen bond
between YZ• and D1-His190 was thought to be improbable
(53). [Similar data were obtained with PSII particles from
the D1-H190Q (48, 77), H190D (48), and H190E (48)
mutants ofSynechocystis6803 and were interpreted in a
similar fashion (51)]. The reasoning was based on the altered
EPR line shapes of YD• that have been observed in D2-
His189 mutants (27, 47, 48). The strong hydrogen bond
between D2-His189 and YD• is absent in these mutants (27,
28, 47-49). Its absence was thought to be responsible for
the altered EPR line shapes (47, 51, 53). However, recent

studies have shown that the spin density distributions of
tyrosine radicals in proteins depend only very weakly on the
hydrogen bonding status of the radical’s phenolic oxygen
(12, 109, 110). Therefore, factors other than the absence of
a hydrogen bond to YD• are responsible for the altered EPR
line shapes in the D2-His189 mutants. These results show
that the normal line shapes of YZ

• in the D1-His190 mutants
do not eliminate D1-His190 as the proton acceptor for YZ.

A second study concluded that D1-His190 is not the proton
acceptor for YZ on the basis of light-minus-dark FTIR
difference spectra (77). These spectra were obtained with
D1-H190Q and Mn-depleted wild-type PSII particles from
Synechocystis6803. If D1-His190 becomes protonated in
the presence of YZ•, then the light-minus-dark difference
spectrum of YZ• and its environment should differ signifi-
cantly between H190Q and wild-type PSII particles. Because
little or no differences were found, the authors concluded
that D1-His190 is not the proton acceptor for YZ (77).
However, the dominant feature in these spectra (outside the
amide region) was a positive band near 1478 cm-1. De-
pending on the illumination and dark adaptation conditions,
this band was attributed either to theν(C-O) vibrational
mode of YZ

• or to the sum of theν(C-O) vibrational modes
of YZ

• and YD
• (77). However, there is compelling evidence

that the 1478 cm-1 band corresponds to theν(C-O)
vibrational mode of QA- (111-115) (also see refs116-118).
Furthermore, evidence that theν(C-O) vibrational modes
of YD

• and YZ
• occur near 1503 (29, 49, 114) and 1512 cm-1

(108), respectively, now seems conclusive. Some of the most
recent evidence is based on unambiguous spectral shifts
observed in samples that were specifically13C-labeled at the
ring C4 of tyrosine (29, 49, 108). Therefore, as pointed out
by others (29, 49, 108, 114), it seems likely that the light-
minus-dark FTIR difference spectra reported in ref77 are
dominated by contributions from QA- and its environment.5

5 The authors of two recent publications continue to maintain that
the 1478 cm-1 band corresponds to theν(C-O) modes of YZ• and/or
YD

• (137, 138). However, the data acquired with13C-ring-C4-labeled
tyrosine in these publications show no unambiguous spectral shifts.
Furthermore, the EPR data that are presented to rule out a contribution
of QA

- to the 1478 cm-1 band were acquired under illumination
conditions different from those used to acquire the FTIR data.

FIGURE 9: Proposed structures of the environment of YZ (Y161 of the D1 polypeptide) in (A) intact, O2-evolving wild-type PSII reaction
centers (figure modified from ref18), (B) Mn-depleted wild-type PSII reaction centers, and (C) H190A mutant PSII reaction centers.
Single arrows depict electron movements. In these models, D1-His190 is the proton acceptor for YZ. The unidentified proton acceptor for
the distal proton of His190 is depicted as B and is shown being positioned by D1-Glu189. In panel B, the suboptimal interaction between
YZ and His190 is depicted as a lengthening of the hydrogen bond. In panel C, an exogenous imidazole molecule is depicted as diffusing
to YZ through a small-diameter pore or channel and replacing the function of the absent His190 imidazole moiety.
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These contributions may have obscured contributions as-
sociated with the protonation of D1-His190 in the presence
of YZ

•. Therefore, the data of ref77 do not rule out D1-
His190 as the proton acceptor for YZ.

Imidazole appears to rapidly exchange into (and out of)
the vicinity of YZ. We presume that other small organic
bases behave similarly. In the range of 0-100 mM,
imidazole and 2-methylimidazole accelerated P680

+ reduction
with apparent second-order rate constants of (9.3( 0.9) ×
104 and (1.1 ( 0.1) × 105 M-1 s-1, respectively [after
correcting for the amount of base that is unprotonated at pH
7.5 (Figure 8A)]. These rate constants are far lower than
expected for diffusional processes (119). Therefore, the
access of imidazole and 2-methylimidazole to YZ must be
limited sterically. In contrast, the accelerations of P680

+

reduction by 4-methylimidazole, 1-methylimidazole, histi-
dine, and TRIS showed hyperbolic dependencies on base
concentration, with half-saturation concentrations of≈20
mM and limiting rate constants of at most (3.1( 0.3) ×
103 s-1 (Figure 8B).

Presumably because of their structures, 4-methylimidazole,
1-methylimidazole, histidine, and TRIS have less access to
YZ than imidazole and 2-methylimidazole. Perhaps imida-
zole and 2-methylimidazole reach YZ via a small-diameter
channel. Because of steric hindrance, the passage of the
other bases through this channel may be rate-limited by the
reorientation of one or more amino acid side chains. This
type of “gated entry” is believed to govern the incorporation
of Cu2+ into apoplastocyanin (120) and apoazurin (121); in
both proteins, the entry of Cu2+ into its binding site is
believed to be rate-limited by the reorientation of a specific
histidine residue.6 The rate of entry shows a hyperbolic
dependence on Cu2+ concentration that was explained as a
two-step process involving rapid binding of Cu2+ to the
apoprotein followed by the rate-limiting conformational
change that permits entry into the Cu2+ site (122). The
putative channel leading to YZ appears to be more constricted
in the presence of the D1-His190 imidazole moiety because,
in Mn-depleted wild-type* PSII particles, the acceleration
of P680

+ reduction by imidazole also shows a hyperbolic
dependence on base concentration (Figure 2A).

Because the oxidation of YZ is severely impaired in the
absence of D1-His190, we conclude that rupture of the O-H
bond of YZ is rate-limiting for electron transfer from YZ to
P680

+, at least in the absence of the Mn cluster. The same
conclusion has been reached by others on the basis that, in
Mn-depleted preparations, electron transfer from YZ to P680

+

is pH-dependent (41) and exhibits a significant deuterium
isotope effect (31, 32, 100, 123) (however, see the caveat
offered in ref100). In intact, O2-evolving PSII preparations,
only the S-state-dependent microsecond components of P680

+

reduction exhibit a significant deuterium isotope effect (124);
no deuterium isotope effect has been observed for the
nanosecond components of P680

+ reduction in O2-evolving
PSII preparations (31, 32, 124, 125). The absence of a
deuterium isotope effect on the nanosecond components of
P680

+ reduction in O2-evolving PSII preparations suggests
that the interaction between D1-His190 and YZ is optimized
for electron transfer in the intact system. The fact that

rupture of the O-H bond of YZ has become rate-limiting in
the absence of the Mn cluster implies that the interaction
between D1-His190 and YZ is no longer optimal. This
suboptimal interaction may explain the higher activation
energy for YZ oxidation (32, 33, 126) and the dramatically
slower rates of P680

+ reduction (31, 32, 95-100) that have
been measured in Mn-depleted preparations compared to
those for O2-evolving preparations despite the>120 mV
decrease in the YZ•-YZ midpoint potential that has been
observed in the absence of the Mn cluster (84, 127).
Otherwise, the decrease in the YZ

•-YZ midpoint potential
in the absence of the Mn cluster would be expected to
increase the rate of electron transfer from YZ to P680

+ (128-
130).

The fact that imidazole accelerates P680
+ reduction in Mn-

depleted wild-type* PSII particles (Figure 2A) is consistent
with a suboptimal interaction between D1-His190 and YZ.
However, the multiexponential decay of P680

+ in Mn-depleted
wild-type PSII preparations has been explained recently as
reflecting the protonation state of a nearby base with a pK
of ≈7 (32). The main effect of imidazole on Mn-depleted
wild-type* particles is the enhancement of the≈0.4 and≈4.7
µs components of P680

+ reduction at the expense of the≈82
µs component (Figure 2A). Perhaps imidazole only acceler-
ates YZ oxidation in wild-type reaction centers in which D1-
His190 is protonated and, as a result, is unavailable to form
a hydrogen bond with YZ. In such reaction centers, the
normal hydrogen bond between His190 and YZ could be
replaced by one involving imidazole. Nevertheless, imida-
zole and other bases also accelerate YZ

• reduction in Mn-
depleted wild-type* PSII particles (Figure 6C). This finding
provides further evidence that the interaction between D1-
His190 and YZ is not optimal in the absence of the Mn
cluster. This suboptimal interaction is depicted in Figure
9B as a lengthening of the hydrogen bond between YZ and
D1-His190.

Because the rate of YZ• reduction is slowed dramatically
in the His190 mutants (Figure 6A), and because the rate is
accelerated to normal rates by imidazole and other bases
(Figure 6B-D), we conclude that the hydroxyl proton of
YZ remains bound to D1-His190 during the lifetime of YZ

•

and that the reprotonation of YZ
• is rate-limiting for YZ

•

reduction, at least in Mn-depleted PSII particles. Several
studies have shown that YZ

• forms a hydrogen bond with a
nearby group in Mn-depleted PSII preparations (11, 19, 24-
27). This group must be D1-His190. Therefore, we attribute
the dramatically slower rate of YZ• reduction in the His190
mutants to the absence of the hydrogen bond between YZ

•

and His190. Imidazole and other organic bases must
accelerate YZ• reduction in these mutants by donating a
proton to the phenolic oxygen of YZ•.

Several studies have previously concluded that the hy-
droxyl proton of YZ remains bound to the proton acceptor
for YZ during the lifetime of YZ

• (25, 31, 32, 38, 39, 41, 42)
[although only one of these (41) identified D1-His190 as
the possible base]. This conclusion was reached on the basis
of chlorophyll absorbance band shifts that persist throughout
the lifetime of YZ

• (25, 32, 38, 39, 41, 42). These absorbance
changes have been attributed to an electrochromic effect in
the absorbance spectrum of P680 (25) that is caused by the
retention of a positive charge (25, 32, 38, 39, 41, 42) on the
protonated base (i.e., on D1-His190) and have been used6 We thank G. T. Babcock for bringing this literature to our attention.
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(31, 32, 41) as an argument against models of photosynthetic
water oxidation that involve hydrogen atom abstraction (12-
18). However, this positive charge could be dissipated by
the deprotonation of the distal nitrogen of D1-His190 (11,
41) followed by subsequent proton transfer events. Further-
more, it has been suggested recently that the chlorophyll
absorbance band shifts are not caused by electrochromism
(19, 20). Instead, these band shifts have been suggested to
be caused by a change in the strength of a hydrogen bond to
the 9-keto carbonyl group of a neutral chlorophyll species
(e.g., P680) in the presence of YZ• (or YD

•). These changes
in hydrogen bond strengths have been proposed (19, 20) to
give rise to the differential bands near 1707 and 1700 cm-1

and 1702 and 1698 cm-1 that have been observed in the FTIR
difference spectra of YZ• (108, 115) and YD

• (29, 49, 114),
respectively. Therefore, although we have concluded that
the hydroxyl proton of YZ remains bound to D1-His190
during the lifetime of YZ

•, the impact of this conclusion on
the hydrogen atom abstraction models for photosynthetic
water oxidation (12-20) remains to be seen.

The crucial influence of D1-His190 on YZ function
suggests that D2-His189 may similarly influence YD. The
YD

• radical is involved in a well-ordered hydrogen bond (24,
26, 27, 48) from the τ-nitrogen of D2-His189 (28). This
hydrogen bond is absent in the D2-H189Q (27, 28, 48, 49),
D2-H189L (48), and D2-H189D (48) mutants of Syn-
echocystis6803 and is probably absent in other D2-His189
mutants as well [e.g., D2-H189Y (47)]. As expected, the
light-induced yield of YD

• in D2-His189 mutants is lower
than that in the wild type [e.g., on the basis of EPR
measurements, the yield has been reported to be≈30 (47),
≈50 (48), or 17% (131) compared to that of the wild type
in D2-H189L preparations and to be≈50 (48) or 97% (77,
131) compared to that of the wild-type in D2-H189Q
preparations]. However, the decay of YD

• in these mutants
has been reported to be much more rapid than that in the
wild type in one study (47) and much slower than that in
the wild type in another (131). In the latter study, the decay
of YD

• was much slower in H189L than in H189Q (131).
The reasons for the discrepancy between the two studies are
unclear, but thylakoid membranes were used in the former
study (47) and PSII particles in the latter (131). In the more
recent study, the light-induced yield of YD

• in D2-H189L
PSII particles (measured by EPR) increased from 17 to 38%
(compared to that for the wild type) in the presence of
imidazole and from 17 to 27% in the presence of 4-meth-
ylimidazole (131). In addition, the decay of YD• was
accelerated significantly in the presence of either compound,
but more so in the presence of imidazole than 4-methylimi-
dazole (131). These observations suggest that YD and YZ

share a common proton-coupled electron transfer mechanism.
However, the accessibility of imidazole to YD

• in the recent
study (131) seems surprising because the site is relatively
inaccessible to solvent; several2H2O-1H2O exchange studies
have reported that2H2O exchanges into the environment of
YD

• very slowly, with half-decay times of 8 h or longer (3,
19, 48, 107, 132, 133). By contrast,2H2O exchanges into
the environment of YZ• in less than 2 min (32; B. A. Diner,
personal communication). Also, neutral, lipophilic reductants
that reduce YZ• rapidly in Mn-depleted preparations [k )
105-107 M-1 s-1 (101, 102, 134, 135)] reduce YD

• very
slowly (134-136) [k ) 6.5 × 102 M-1 s-1 for one such

compound (134)]. Finally, the His to Leu mutation em-
ployed in the recent study (131) would not be expected to
create a cavity near YD. Further study of the influence of
D2-His189 on YD function, especially with mutants designed
to create a cavity near YD (e.g., H189A or H190S), would
seem worthwhile.

In summary, we have measured the kinetics of P680
+

reduction, YZ oxidation, QA
- oxidation, and YZ• reduction

in PSII particles isolated from seven D1-His190 mutants in
the presence and absence of imidazole and other small
organic bases. On the basis of these measurements, we
conclude that D1-His190 is the immediate proton acceptor
for YZ and that the hydroxyl proton of YZ remains bound to
D1-His190 throughout the lifetime of YZ•, facilitating the
reduction of YZ

•. Because imidazole accelerates both YZ

oxidation and YZ• reduction in Mn-depleted wild-type* PSII
particles, we further conclude that the interaction between
YZ and D1-His190 is not optimal in Mn-depleted PSII
preparations, consistent with previous studies.
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