11352 Biochemistry1998,37,11352-11365
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ABSTRACT. Recent models for water oxidation in photosystem Il propose that His190 of the D1 polypeptide
facilitates electron transfer from tyrosine Yo Psgg™ by accepting the hydroxyl proton fromzY 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 &¢" reduction, Yz oxidation, Q~ oxidation, and ¢* reduction were measured in

PSII particles isolated from several D1-His190 mutants constructed in the cyanobacsgriechocystis

sp. PCC 6803. These measurements were conducted in the absence and presence of imidazole and other
small organic bases. In all mutants examined, the ratessgf féduction, Yz oxidation, and ¥* reduction

after a single flash were slowed dramatically and the rate ©f Qxidation was accelerated to values
consistent with the reduction ok#" by Qa~ rather than by ¥. 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 ofsf® reduction, Y, oxidation, and ¥* 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 ofo®@idation was decelerated
substantially. For example, in the presence of 100 mM imidazole, the rate of electron transferArom Y
to Psgg" in most D1-His190 mutants increased-2&7-fold. Furthermore, in the presence of 5 mM
imidazole, the rate of ¥ 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 ahd that the hydroxyl proton of Xremains

bound to D1-His190 during the lifetime of,Y, thereby facilitating the reduction of Y.

Photosynthetic water oxidation takes place in photosystemwithin PSIl and then catalyzes the oxidation of two water
Il (PSII)! near the lumenal surface of the thylakoid mem- molecules, releasing one molecule of& a byproduct. The
brane. PSII is a multisubunit, integral membrane protein photochemical events that precede water oxidation take place
complex that utilizes light energy to oxidize water and reduce in a heterodimer of two homologous polypeptides known as
plastoquinone (for review, see refs-7). The oxygen- D1 and D2. These events are initiated by the capture of
evolving catalytic site contains four Mn ions that are arranged light by an antenna complex that is located peripherally with
in a multinuclear cluster. The Mn cluster accumulates respect to PSIl. The excitation energy is transferred to the
oxidizing equivalents in response to photochemical events photochemically active chlorophyll species known ag.P
Excitation of Rgoresults in formation of the charge-separated
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GM 43496 to R.J.D.) and by the National Science Foundation (Grant The Reg" radical rapidly oxidizes tyrosine Y(Tyr161 of

MCB 972366 to J.H.G.). . . . . .
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1 Abbreviations: Chl, chlorophyt; DCBQ, 2,6-dichlorop-benzo- tions result in further oxidation of the Mn cluster. During

quinone; DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea; ENDOR, each catalytic cycle, the Mn cluster cycles through five
electron nuclear double-resonance; fwhm, full width at half-maximum; gxjdation states termed,Swvheren denotes the number of

k, rate constant (inverse of the time required for amplitude to reach __. . . . . .
1e of its initial value); PSII, photosystem 1158, chlorophyll species  0Xidizing equivalents stored. The State predominates in

that serves as the light-induced electron donor in PS}l; tyrosine dark-adapted samples. Thes$ate may have one oxidizing
residue that mediates electron transfer between the Mn clustesghd P equivalent localized on a Mn ligand. The State is a

Yp, tyrosine residue known to act as an alternate electron donor to : : : :
Peni™: O, primary plastoquinone electron acceptors, Gecondary transient intermediate that reverts to thestate with the

plastoquinone electron acceptor; MESNrfiorpholino)ethanesulfonic ~ concomitant release ofO In addition to Yz, PSII contains
acid; TES, 2f[tris(hydroxymethyl)methyllaminpethanesulfonic acid; a second redox-active tyrosine residue, known g§Tyr160

CHES, 2-(N-cyclohexylamino)ethanesulfonic acid; TRIS, tris(hydroxy- ; i ; _
methyl)aminomethane; wild-type*, strain 8f/nechocystisp. PCC 6803 of the D2 polypeptide in the numbering system Byn

constructed in the same fashion as the mutants, but containing the wild-€chocystissp. PCC 6803). This tyrosine residue is also
type pshA-2 gene. oxidized by Rgs', but its function remains unknown. zY
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Role of D1-His190 in Tyrosine ¥ Function in PSII

and Yp appear to be located symmetrically with respect to
the probableC, symmetry axis of the PSII reaction center
(8).

The possible role of ¥ in the mechanism of water
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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-establishégb(-65) and has

oxidation is currently being intensely debated. Two recent been widely employed to probe the function of specific

models postulate that 2Y participates directly in water
oxidation by abstracting protong,@—11) or hydrogen atoms
(12—20) from water-derived ligands of the Mn cluster. In

histidine residues as acithase catalysts6g, 67) or as
ligands to metal ions68—72). In all seven mutants, the
rates of Bso' reduction, ¥, oxidation, and ¥* reduction after

these models, protons are transported vectorially from the a single flash were slowed dramatically and the rate of Q

Mn cluster and toward the lumen by,Y The models were
developed in response to data showing thati&/located
very close to the Mn clusteB{-11) [recent simulations yield
Mn—Y; distances of 7511.5 A 21—-23)], that Y;* is
rotationally mobile in both Mn-depleted 2, 13) and C&"-
depleted 9) PSII preparations, and that the hydrogen bonding
of Yz is disordered in Mn-depleted preparatiodd, (24—
27). Consistent with these modelsz*Yappears to accept
multiple hydrogen bonds in acetate-treatet] 22) and C&*-
depleted 19) PSII preparations, whereasYaccepts only
one (L1, 28). In addition, recent data suggest that the Mn

oxidation was accelerated to values consistent with the
reduction of Bgs" by Qa~ rather than by ¥. 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 ofs®" reduction, Y oxidation, and ¥
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 ofsQ oxidation was slowed
substantially. We conclude that D1-His190 is the immediate
proton acceptor for ¥ and that the hydroxyl proton of ¥

cluster is structurally coupled to a tyrosine residue, possibly remains bound to D1-His190 during the lifetime of"Y

Yz (29). The competing models propose either that Y
serves only to transfer electrons from the Mn clustergg™P
(30—32) [as proposed earlieBB, 34)] or that, additionally,
the hydroxyl proton released from;Yemains near ¥ and
increases the oxidizing power of the Mn cluster via an
electrostatic interaction3@). These models are based on
pH-dependent measurements of proton reled$e3Q, 35—

41) and pH-dependent measurements of chlorophyll absor-

bance band shift®g, 32, 36, 38—43). The latter have been

interpreted as reflecting electrochromism that is caused by

a positive charge retained neagand 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 reductiongfP
is facilitated by the deprotonation of,Yby a nearby base.

MATERIALS AND METHODS

Construction of Site-Directed Mutant\ll mutants were
constructed in th@sbA-2 gene of the unicellular cyanobac-
terium Synechocystisp. PCC 6803. All His190 mutants
except H190S were constructed as described previobdly (
55). The wild-type* strain, described previousl§4 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 thresbA genes
and is sensitive to antibiotics. The mutants H190S and
Y161F were constructed in a strain 8iynechocystithat
lacks PSI andapcE function (73).

Propagation of Cultures.Cells were maintained on solid
BG-11 media 74) containing 5 mM glucose and 14M
DCMU as described previoushb®), except that the con-

This base is presumed to be His190 of the D1 polypeptide centration of glucose was increased to 15 mM for mutants

(2, 3, 13—16, 18, 44). This presumption is based on
modeling studies that placez¥and His190 close together
(44—46), on data showing that D2-His189 (in the numbering
system ofSynechocystisp. PCC 6803) is the proton acceptor
for Yp (28) (also see ref27 and47—49), and on mutagenesis
studies showing that electron transfer from 0 Psgo' is
impaired in D1-His190 mutant$0—54).

To further define the role of D1-His190 inzYfunction,
we have replaced D1-His190 with the following residues:
Lys, Arg, Asp, Glu, Asn, GIn, Ser, Thr, Cys, Tyr, Phe, Leu,
Val, Ala, and Gly. All mutants were constructed in the
cyanobacteriunSynechocystisp. PCC 6803. All of the

lacking PSI andapcE function (5. The DCMU was
omitted from liquid cultures. For isolation of PSII particles,
cells were grown in modified 250 mL Erlenmeyer flaskS)(
until they reached an optical density of 8.:6.1 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 0.71.1 (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

mutants were obligate photoheterotrophs, and only the Lys50—60xE m™?s™ [measured with a LI-COR (Lincoln, NE)

and Arg mutants evolved £at significant rates (1613%
compared to that of wild-type* cells5§; unpublished
results). On the basis of chlorophylfluorescence mea-
surements conducted in vive5), electron transfer from ¥

to Psgo” was determined (indirectly) to be severely disrupted
in all 15 of these mutant$4; unpublished results). In this
study, we have directly measured the rates gbXidation,
Psso™ reduction, @~ oxidation, and ¥* reduction in PSII

model LI-190 light meter].

Isolation of PSII ComplexesThylakoid membranes and
PSII particles were isolated essentially as described by Tang
and Diner {6) with the following modifications: All buffers
contained 25% (v/v) ultrapure glycerol (Gibco-BRL, Gath-
ersville, MD), then-dodecyls-b-maltoside (ANAGRADE)
was purchased from Anatrace (Maumee, OH), and the
purified PSII particles were found to elute from the 350 mL

particles isolated from seven D1-His190 mutants. These DEAE-Toyopearl 650s column with purification buffer [25%
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(v/v) glycerol, 50 mM MES-NaOH (pH 6.0), 20 mM Cagl

5 mM MgCl,, and 0.03% dodecyl maltoside] containing-15
20 mM MgSQ. For the strains lacking PSI, thylakoid
membranes were extracted witidodecyls-p-maltoside at

a concentration of 0.050.10 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 MgSQ, until most of the orange-pigmented contami-

Hays et al.

which contained 74 Chl/Q Ratios in excess of 39 ChliQ
were attributed to residual contamination by PB8)(

Optical Measurements in the UV and Visible Spectra
Transient absorbance changes ofat 242 nm AA4), Qa
at 325 nm QAgzs), and Rgo at 432.5 nm AAysz 9 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

nants (presumably carotenoid-binding proteins) had eluted, housing replaced by an end-on Hamamatsu R374 photomul-
and then PSI| was eluted with purification buffer Containing t|p||er tube and a Separate amp”fier (EG&G Princeton
50 mM MgSQ. Purified PSII particles were concentrated  aApplied Research, model 5113). The amplified output was

to 0.4-0.7 mg of Chl/mL by ultrafiltration 76), frozen in
liquid nitrogen, and stored at80 °C. The purified PSII
particles lack @ (76).

Extraction of Mn Wild-type* PSII particles were depleted
of Mn by a procedure modified from ref7. Intact, Q-
evolving PSII particles were incubated at-823 mg of Chl/
mL for 30 min at 4°C in darkness in the presence of 5 mM
NH,OH and 1 mM EDTA. The material was then adsorbed

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

to a Pharmacia HR 5/5 Mono-Q ion-exchange column and 64640 lamp. For measurements at 242 and 325 nm, the

washed extensively (3320 column volumes) with purifica-
tion buffer to remove the N)OH and free Mn. The column
was then inverted7@) and eluted slowly with purification
buffer containing 0.5 M NaCl. The Ni®DH-treated PSII

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-

particles were then desalted with a Pharmacia HR 10/10 Fastproximately 4us fwhm) were provided by a Xenon Corp.

Desalting Column. The residuakb@volution activity of the
extracted preparations was—8% compared to that of
untreated wild-type* PSII particles. The mutant PSII

(Woburn, MA) model 457A xenon flash-lamp system (0.5

uF capacitor charged to-8 kV). The flashes were passed

through two 2 mm thick Schott WG-360 filters, two 2 mm

particles appeared to lack functional Mn ions and were not thick Schott RG-610 filters, and one Corion LS-750 filter

extracted to remove Mn.
Measurements of Chlorophyll Concentrations, Oxygen
Evolution Rates, and Chlorophyll/QRatios Chlorophyll

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

aconcentrations were determined by extraction into methanol jacket. Samples were incubated in darkness for 2 min in

(100-fold dilution) as described previoush5). An extinc-
tion coefficient of 79.24 mM! cm™! at 665.2 nm was
employed 79). Rates of light-saturated oxygen evolution
were measured at 25°C as described previousl$%) except
that the assay buffer contaohé M sucrose, 50 mM MES-
NaOH (pH 6.5), 25 mM CaGJ] and 10 mM NaCl. Each
sample contained-35 ug of Chl/mL, 0.4 mM 2,6-dichloro-
p-benzoquinone (purified by sublimation), and 1 mM potas-
sium ferricyanide. lllumination 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 catalag®), The chlorophyll
per Q ratio in PSIl complexes was determined from the
absorbance increase at 325 nm caused by a series-@f®0

the presence of 1@M potassium ferricyanide to ensure
oxidation of Q,, allow equilibration with exogenous bases,
and oxidize Ry in residual PSI. This procedure oxidized
>95% of the residual B, 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 preoxidizg. YKinetics
were analyzed with Jandel Scientific’'s (San Rafael, CA)
PeakFit program, version 4.0.

Optical Measurements in the Near-IR Spectrufinansient
absorbance changes agfat 810 nm AAg; o) were measured
using a laboratory-built double-beam spectrophotometer
described previously 8Q), 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

saturating flashes administered at 50 ms intervals in thefrequency-doubled Q-switched DCR-11 Nd:YAG laser

presence of hydroxylaming®). Measurements were per-
formed essentially as described previousl$)( An extinc-
tion coefficient of 13 mM* cm for Qa~ — Qa at 325 nm
was employed§2). Samples contained 34y of Chl/mL,

20 mM MES-NaOH (pH 6.0), 0.04% dodecyl maltoside, 10
uM potassium ferricyanide, 4@M DCMU, and 2 mM
hydroxylamine. All preparations employed in this study
contained 39-58 Chl/Q, with the exception of HL90E PSII
particles, which contained 86 Chl{Qand the preparation
of H190R particles used in the experiments of Figure 1,

(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 angl (&4,
85). After an actinic flash, at least three species compete
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donors (collectively denoted X, with rate constaky).
Because the actinic flashes in our experiments were applied
at 0.1 Hz, Y%* should remain oxidized during data collection;
therefore, X should not includepY Reduced-minus-oxidized
difference spectra (obtained as described irBfshowed

that less than 2% of the cytochrorbgsg in His190 mutant S S
PSII particles was in the reduced form (not shown); therefore, 2 0o 2 4 6 8 -2 0 2 4 6 8

X should not include cytochromiesse The observed rate Time after Flash [msec]  Time after Flash [msec]

of Pego” reduction IS thg sum of the intrinsic rate constants, o . - 1- Formation and decay ofsg" in isolated PSII particles

kz + kg + k?<- The 'nd'V'dL!a| rate constants can be estimated j, e presence and absence of imidazole, as monitored at 432.5
by monitoring Rgs" reduction [at 432.586—88) or 810 nm nm: (A) Mn-depleted wild type* in the presence of 0 mM
(89, 90)], Qa~ oxidation [at 325 nm &2, 87, 88, 91, 92)], imidazole, (B) Y161F in the presence of 0 and 400 mM imidazole,
and YZ oxidation [near 242 nmw, 88’ 91_94)] under the (C) H190R in the presence of 0, 5, 20, and 100 mM imidazole,

. s (D) H190A in the presence of 0, 5, 20, and 100 mM imidazole,
same experimental conditions. Because ko, and k E) H190Q in the presence of 0, 5, 20, and 100 mM imidazole,

represent parallel reactions, the rapid kinetic phase observeding (F) H190E in the presence of 0 and 100 mM imidazole. In
at each wavelength after an actinic flash corresponds to thepanels G-F, individual traces were normalized to the initial
sum of these three intrinsic rate constants. The fraction of amplitude of the trace conta_ining 0 mM imidazole. Conditions were
Qa~ recombining with Bsg™ (measured at 325 nm) provides as follows: 4.5ug of Chl in 0.5 mL of 20 mM TES, 0.04%

. . . n-dodecyl-p-maltoside, 1uM K3zFe(CN), pH 7.5, and 21°C.
the ratiokg/(kz + ko + kx). The fraction of Y formed Samples were incubated in darkness for 2 min before the monitoring

after a flash (measured at 242 nm) provides the taitk; beam was turned on. Red-filtered xenon flashes#vhm) were
+ ko + kx). Impaired oxidation of ¥ by Psge" should be applied at 10 s intervals. Each trace represents the average of 100

manifested as slowed reduction aff, an increase in the  sweeps.
fraction of Q. that recombines with ", and a decrease  jmigazole (e.g., Figure 1€E). Imidazole also increased
in the fraction of ;* formed after a flash. Pss™ reduction in H190E particles (Figure 1F), but the effect
Peso” Reduction Measured at 432.5 niihe flash-induced  was much smaller. Note that 400 mM imidazole slightly
formation and reduction ofdgs", as monitored at 432.5 nm,  accelerated &' reduction in Y161F PSII particles, particles
is shown in Figure 1. At this wavelength,Q(82, 87, 88, that lack Yz (Figure 1B, see the next section).
91, 92) and Yz* (87, 88, 91—-94) make only minor contribu- Psss” Reduction Measured at 810 nrithe flash-induced
tions to the absorbance changes. Studies at 810 nm (Seormation and reduction of g, as monitored at 810 nm,
below) showed that an incubation time of 2 min at room s shown in Figure 2 (note the logarithmic time scale). These
temperature under the assay conditions described in thedata permit a direct comparison of Mn-depleted wild-type*,
legend to Figure 1 was sufficient to equilibrate samples with Y161F, and His190 mutant PSII particles. As observed in
imidazole. Incubation times longer than 30 min at room Figure 1, the rates of " reduction were dramatically
temperature acceleratedsf® reduction in His190 mutant  slower in Y161F, H190A, and H190Q (Figure 2B) than
PSII particles even in the absence of imidazole, suggestingin Mn-depleted wild-type* particles (Figure 2A). The overall
deterioration of sample. Therefore, signal averaging was half-decay times of &¢" reduction were approximately 2
completed within 1530 min of sample dilution. us, 530us, 1.05 ms, and 1.3 ms, respectively, for the Mn-
In all of the His190 mutants (e.g., Figure +€), the depleted wild-type*, Y161F, H190A, and H190Q PSII
reduction of Bggt was dramatically slower than that in the particles, respectively. The overall half-decay time gbP
Mn-depleted wild type* [the kinetics in the wild-type* PSIl  reduction in the wild-type* particles (Figure 2A) was similar
particles (Figure 1A) were too rapid to be resolved on this to that observed in inactivated particles from pea at this pH
time scale]. Indeed, the rates o reduction in the His190  value 82). The overall kinetics resembled earlier data for
mutants resemble (but are somewhat slower than) the rateNH,OH- or TRIS-treated PSII preparation35-99). The
in PSII particles that lack ¥[Y161F PSII particles, Figure  data of Figure 2 show thatei" reduction is slowed
1B (88)]. There appears to be no correlation between the approximately 270-, 530-, and 650-fold in the Y161F,
rate of Rgs" reduction and the nature of the residue H190A, and H190Q PSII particles, respectively, at pH 7.5.
substituted for His190. However, in all of the His190 At pH 9.5, mutants H190R, H190Q, H190G, and H190K
mutants except H190E (Figure 1F), the reduction g§'P had overall half-decay times of 16@00us (e.g., see below,
was accelerated dramatically in the presence-ef@ mM Figure 5F), whereas Mn-depleted wild-type* PSII particles

Scheme 1 A [ widype] [D [ | H190A]
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Ficure 2: Formation and decay ofsg" in isolated PSII particles § 5
in the presence and absence of imidazole, as monitored at 810 nm § 27 4 1}
(note the logarithmic time scale): (A) Mn-depleted wild type* in g r T F 0 4
the presence of 0, 10, 50, and 100 mM imidazole, (B) Y161F in 0 M 40 M
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 2 0 2 4 6 82 0 2 4 & 8
in the presence of 0, 10, 30, 50, and 100 mM imidazole. In each Time after Flash [msec}]  Time after Flash [msec]

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 : X
imidazole (wt*) is reproduced from panel A for comparison. at325nm: (A) Mn-depleted wild type, (B) Y161F, (C) H190R,

Conditions were as follows: 10g of Chl in 0.35 mL of 20 mM (D) H190A, (E) H190Q, and (F) H190E. In panels-€, individual
TES, 0.04%n-dodecyl-p-maltoside, 1Q:M K sFe(CNJ, pH 7.5 traces were normalized to the initial amplitude of the trace

and 21°C. Samples were incubated in darkness for 2 min before containing 0 mM imidazole. Conditions were as follows: 2@
being placed in the probe beam. Laser flashes (532 nm, 10 nm©f Chlin 0.5 mL of 20 mM TES, 0.04%-dodecylS-p-maltoside,

fwhm) were applied at 10 s intervals. Each trace represents theéoﬁ‘('vI K3I]fe(C2:N)§, prf7'5'tﬁnd 21}%' Sambples were tincub;ted:_g d
average of 1616 sweeps. arkness for 2 min before the monitoring beam was turned on. Red-

filtered xenon flashes (4s fwhm) were applied at 10 s intervals.
Each trace represents the average of 100 sweeps.

Ficure 3: Formation and decay of QQ is isolated PSII particles
in the presence of 0, 5, 100, and 400 mM imidazole, as monitored

had an overall half-decay time of approximately psi(not

shown). >1ms. The addition of imidazole caused th8.4 and~4.7

As observed at 432.5 nm, the rates @§P reduction in us phases to increase at the expense of~B2 us phase
H190A and H190Q PSII particles measured at 810 nm were and accelerated both thre4.7 and~82 us phases. In the
accelerated dramatically in the presence of~100 mM presence of 100 mM imidazole, thesF reduction kinetics
imidazole (Figure 2C,D). In the presence of 100 mM could be fit as follows: 62 + 2% with 0.38+ 0.07 us, 31
imidazole, the overall half-decay times foggh® reduction + 2% with 2.3+ 0.4 us, 4.2+ 0.6% with 24+ 9 us, and
in H190A and H190Q PSII particles decreased to ap- 3.5+ 0.2% with>=1 ms. The rates of the4.5 and~82 us
proximately 47 and 9@s, respectively. High concentrations phases increased hyperbolically with imidazole concentration,
of imidazole (106-400 mM) also accelerategds" reduction reaching limiting rate constants of (2400.1us)* and (17
in Y161F PSII particles (Figure 2B). This effect is not =+ 2 us)*, respectively, and achieving half-saturation at 27
understood, but was observed even with ultrapure imidazole.= 7 mM imidazole (not shown).
Therefore, it does not appear to be caused by a trace Qa~ Oxidation. The flash-induced formation of Q, as
contaminant in the imidazole. No acceleration was causedmonitored at 325 nm, is presented in Figure 3. At this
by the addition of 50 mM KCI. Therefore, the effect is not wavelength, Ro" (87, 88) and Yz* (87, 88, 91—94) make
caused by an increase in ionic strength associated with addingonly minor contributions to the absorbance changes. In Mn-
the imidazole. Because of this effect, we confined our depleted wild-type* PSII particles (Figure 3A),nQ was
analyses of His190 mutants to imidazole concentrations of stable on the time scale of these measurements, ultimately
<100 mM. At these concentrations, the effects of imidazole being oxidized by potassium ferricyanide o Y87, 88, 91).
on His190 PSlII particles were substantially larger than those In Y161F PSII particles (Figure 3B) and in all of the His190
on Y161F PSII particles (compare panels C and D of Figure mutants (e.g., Figure 3&F), the majority of Q~ decayed
2 with panel B). rapidly, presumably by reducingd3™. In all of the His190
mutants except H190E, the fractions of rapidly decaying Q
decreased substantially in the presence eflB0 mM
imidazole (Figure 3€E). Presumably, & reduces Rg"
in fewer reaction centers in these mutants in the presence of

Imidazole also acceleratedgt reduction in Mn-depleted
wild-type* PSII particles, decreasing the overall half-decay
time of Psge" reduction from approximately 2s in the
absence of imidazole to approximately @sin the presence
of 100 mM imidazole (Figure 2A). In the absence of
imidazole, the Bt reduction kinetics in Mn-depleted wild- 2The exponentially decaying phases are reported in terms of initial

* ; i i amplitudes (% of total) and lifetimes (i.&Y), that is, the time required
type* PSII particles could be fit with four exponentially for the amplitude to decay to 1/e of its initial value. Tifevalues for

decaying phasesbl + 1% V_Vith 0.38+ 0.03us, 21+ 3_% the fits of the 810 nm data ranged from 0.98 to greater than 0.99 for
with 4.7 4+ 0.2us, 22+ 1% with 82+ 6 us, and 7+ 2% with all concentrations of imidazole.
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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
Psgo™ reduction in this mutant (Figure 2B) but had little effect
on Q.~ 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 okdg". Consistent
with previous measurement88), 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
B e — e ———— nm, we propose that the spectrum @fd® — Psgois isosbestic

2 L H190R C | 1 H19%0E F at 240 nm in Y161F PSII particles and near 242 nm in the

| 1 His190 mutants, implying that the absorbance spectrum of
Ny j Psss™ — Pessoin the UV is shifted in Y161F compared to that

| Wild-type* A | o H190A D |

N

1 1 100

100

Absorbance Change at 242 nm [AA,,, x 10°]

L ) 100 for His190 mutant PSIl particles. However, a definitive
OM N o WMW statement will require the acquisition of fulkdg" — Psgo
A Y absorbance spectra. Thes®® — Psgo absorbance spectrum
2 0 2 4 6 8 2 0 2 4 6 38 from 400 to 450 nm is essentially the same in Y161F and
Time after Flash [msec] ~ Time after Flash [msec] wild-type PSII particles (B. A. Diner, personal communica-

FiGURe 4: Formation of ¥%* in isolated PSII particles in the  tion).
presence of 0, 5, 100, and 400 mM imidazole, as monitored at 242 The rate of ¥* formation also increased dramatically in

nm: (A) Mn-depleted wild type*, (B) Y161F, (C) H190R, (D) ; : : A
H190A, (E) H190Q, and (F) H190E. In panel B, the Y161F trace His190 mutant PSII particles as the concentration of imida

obtained in the presence of 400 mM imidazole has been shifted Z0l€ was increased from O to 100 mM (e.g., Figure-J.
upward for clarity. Conditions were as follows: 14 of Chl in This increase is expected because the rateobxfdation
0.9 mL of 20 mM TES, 0.04%-dodecyl3-p-maltoside, 1QuM corresponds to the sum of the intrinsic rate constdats;
KsFe(CN), pH 7.5, and 22C. Samples were incubated in darkness ko + kx; an increased extent of Y formation implies an

for 2 min before the monitoring beam was turned on. Red-filtered . : ; :
xenon flashes (4s fwhm) were applied at 10 s intervals. The wild- increase irkz. The data of Figure 4 show directly thag Y

type* and His190 mutant traces each represent the average of 57@xidation is impaired in the His190 mutants and that
sweeps. The Y161F traces each represent the average of 129émidazole partly compensates for the loss of the His190
sweeps. Samples were replaced after every 144 sweeps. The Chlimidazole moiety.

Qa ratios for the wild-type*, Y161F, H190R, H190A, H190Q, and . . . .
H190E PSII particles were 54, 39, 50, 58, 51, and 86, respectively. Estimation of Rate_anst_antg &nd k; in the His190 gnd
Y161F Mutants.The intrinsic rate constants for the His190

imidazole. Imidazole also decreased the fraction of rapidly @hd Y161F mutants in the presence of 0, 5, and 100 mM
decaying Q- in H190E PSII particles, but the effect was imidazole were calculated_from the data obtained at 4_132.5,
less pronounced (Figure 3F). The data of Figure-8Gwre 329 and 242 nm (e.g., Figures 1, 3, and 4, respectively).
an additional indication that Xoxidation is impaired in the ~ 1h€ Sumkz + ko + kx was obtained from data acquired at

His190 mutants and that imidazole partly compensates for432-5 nm (e.g., Figure 1). In principle, this sum can be
the loss of the His190 imidazole moiety. 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 + kg + 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

Yz Oxidation. The flash-induced formation of 7Y, as
monitored at 242 nm, is shown in Figure 4. This wavelength
is nearly isosbestic for bothQ and Rgs" (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 L )
lack Yz, showed no increase, both in the absence and in theat 432.5 nm within 25% (e.g., see below, Figure 8).

presence of 0.4 M imidazole (Figure 4B). This absence of The absorbance decays at 432.5 nm could be fit with the

a flash-induced absorbance increase at 242 nm is expecte§UM of two exponentially decaying phaseShe faster phase

for a mutant that lacks ¥ In contrast to Y161F, all of the ~dominated (66-70% of the total decay in all mutants) and

His190 mutant PSII particles showed somg formation, ~ Was used as an estimate lof + ko + k« (Table 1). The
but the extent of ¥* formation was far less than that of the rate of this phase increased with imidazole concentration,
wild type* (e.g., Figure 4€F). In all of the His190 mutants but its extent remained essentially constant. The absorbance
except H190E, the extent of ,Y formation increased decays at 325 nm (e.g., Flgure 3) could be fit with the sum
dramatically in the presence o£200 mM imidazole (e.g.,  ©f two exponentially decaying phases plus an offsdthe
Figure 4G-E). Imidazole also increased the extent of Y ~ Value ofkz + ko + kx determined at 432.5 nm could be
formation in H190E PSII particles, but to a lesser extent
(Figure 4F). 3 In the absence of imidazole, thevalues for the fits of the 432.5
In the absence of imidazole, Y161F PSII particles showed nm data ranged from 0.98 to greater than 0.99. In the presence of 100
flash-ind d absorb d, that d d with mM imidazole, ther? values ranged from 0.96 to 0.98 in all mutants
aflash-induced absorbance decrease that decayed with a ratgcept H190R and H190S, where the values were 0.90 and 0.89,
comparable to g¢" reduction and @ oxidation in this respectively.
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Table 1: Estimation of Rate Constaiésandkg 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
kz + ko + k@ k° ke kz + ko + ke kz ke® kz(100)kz(0)
(s (s (s (s (s (s (-fold)

mutant (£3%) (£25%) (£7%) (£10%) (£15%) (£17%) (£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 -

2 Obtained from data acquired at 432.5 nm (see Figure 1 and the t©d)culated from the relatiokz/(k; + ko + kx), obtained from data
acquired at 242 nm (e.g., Figure 4) relative to the wild type* and normalized to the QCftiQ of the wild type*. The Chl/Q 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.

¢ Calculated from the relatioky/(kz + ko + kx), obtained from data acquired at 325 nm (see Figure 3 and the text).

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 tatehs,s provided the ratio
ko/(kz + ko + kx), that is, the fraction of @ that was
oxidized by Rgs". The data acquired at 242 nm (e.g., Figure
4) provided the ratid;/(k; + kg + Kx), that is, the fraction

of Y that was formed after a single flash. For each His190 (not shown).

mutant, the ratid;/(k; + ko + kx) in the presence of 0O, 5,
and 100 mM imidazole was obtained by dividing théy4,

by kz. Therefore, at pH 7.5, the rate of electron transfer
from Yz to Psgo' is slowed 1406-8500-fold in the absence
of the His190 imidazole moiety, depending on the mutant.
In the presence of 5 mM imidazol&;z increased 4 8-
fold in all His190 mutants except H190K (2.5-fold) and
H190E (1.5-fold), whilekg increased by at most 310%
In the presence of 100 mM imidazoke,
increased dramatically (287-fold) in all His190 mutants
except H190K (16-fold) and H190E (5-fold), whilky

obtained 8 ms after the actinic flash by the corresponding increased to lesser extents (2%Bfold in all His190 mutants).

AAz42in Mn-depleted wild-type* PSII particles in the absence
of imidazole (Figure 4A). The ratio was corrected for
differences in Chl/Q ratios between mutant and wild-type*
particles (see Table 1).

The values ofk; and kg estimated for all seven His190

The dramatic increases kf in most His190 mutants in the
presence of 5100 mM imidazole confirm that imidazole
accelerates ¥ oxidation in the absence of the His190
imidazole moiety. The increase kyj in the presence of 100
mM imidazole is not understood. It could arise from an

mutants and Y161F PSII particles in the presence of 0 and effect of imidazole on the environment(s) afsfPand/or Q,
100 mM imidazole are presented in Table 1. In the presencethe latter via the non-heme iron og®ites. Note, however,

of 0 mM imidazole, the rate ofdgst reduction appeared to
be dominated b¥g in all mutants. The range & values
(550—-980 s!) corresponds to half-decay times of 8.7.3
ms. Similar half-decay times for the reduction agf by
Qa~ have been reported in PSII particles from the Y161F
mutant of Synechocysti$803 [0.8-1.0 ms 84, 88)], in

that 100 mM imidazole has little effect d@ in Y161F PSII
particles.

Other Bases.Histidine, 4-methylimidazole, 2-methylimi-
dazole, 1-methylimidazole, TRIS, methylamine, and etha-
nolamine also acceleratedgf reduction in H190A PSII
particles, as monitored at 432.5 and 810 nm (Figure 5).

spinach PSII membranes that had been subjected to stron®ecause of their high K, values (K, = 10.6 and 9.5,

irradiance to destroy ¥[0.7—0.8 ms (00)], and in Mn-

respectively), methylamine and ethanolamine were compared

depleted PSII particles from pea at pH 4 (conditions where to Mn-depleted wild-type* PSII particles at pH 9.5 rather

electron donation from ¥to Psggt is postulated not to occur
in a majority of reaction centers) [876s (32)]. The value

of kz varies considerably in the His190 mutants. However,
there appears to be no correlation betwkeand the nature

of the residue substituted for His190 (e kg is smallest in
H190Q, H190G, and H190S PSII particles, intermediate in
H190A and H190R PSII particles, and greatest in H190E
and H190K PSiIl particles). The values for(40—250 s'?)
correspond to half-decay times of 287 ms compared to

a half-decay time of approximately 2s for Mn-depleted
wild-type* PSII particles at this pH value (Figure 2A). In
the wild-type* particles, Ro' reduction should be dominated

4In the absence of imidazole, timé values for the fits of the 325

than at pH 7.5 (Figure 5C,F). Neither pyridine (100 mM)
nor urea (100 mM) had any effect ofdg" reduction in
Y161F or H190A PSII particles (not shown). [The ure{p

= 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 ¥ 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 betweegyr @nd Yz* in
Mn-depleted PSII preparations at pH 7%l and showed

nm data ranged from 0.98 to greater than 0.99 for all mutants exceptthe same acceleration at lower pH values (not shown). As

H190E, where the value was 0.95. In the presence of 100 mM
imidazole, the? 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.

expected on the basis of the data presented earlier (Figure
4), the extent of ¥ formation in H190A PSII particles
increased with imidazole concentration (Figure 6AJE).
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Time after Flash [msec] Time after Flash [sec] Ficure 6: Formation and reduction of Y in H190A and wild-

) ) ) type* PSII particles in the absence and presence of imidazole, as
FiGURe 5: Formation and decay ofsR" in H190A PSIi particles  measured at 242 nm: (A and-F) H190A PSII particles in the
in the presence of 100 mM concentrations of various EX0genous presence of 0, 0.5, 5, and 20 mM imidazole, respectively, and (B
bases, as monitored at 432.5 (left panels) and 810 nm (right panels) ang c) wild-type* PSII particles in the presence of 0 and 20 mM
Note the logarithmic time scale employed in the right panels. imidazole, respectively. Conditions were the same as in Figure 4
Conditions were as follows: same as in Figure 1 for panels A and except that samples were given 10 preflashes at 10 s intervals to
B, same as in Figure 2 for panels D and E, and same as in Figuresangyre oxidation of ¥ prior to data collection. Each wild-type*
1 and 2 for panels C and F, respectively, except that the buffer yace represents the average of 16 sweeps. Each H190A trace
contained 20 mM CHES (pH 9.5) instead of TES. represents the average of 64 sweeps. Note the very different vertical

scales for the wild-type* and H190A samples. Note also that the

The subsequent decay of*Mvas substantially slower than time scale is very different from that in Figures-g.
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 ;Y accelerated dramatically in the
presence of 0:55 mM imidazole (e.g., Figure 6A,BF) and
other bases [4-methylimidazole, 2-methylimidazole, and
1-methylimidazole (not shown)]. Indeed, in the presence of
5 mM imidazole, the rate of ¥ 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 Time after Flash [msec]
imidazole (compare panels C and F of Figure 6). The data Ficure 7: Effect on Rgg" reduction kinetics of rapidly removing

of Figure 6 show that imidazole and other small organic 100 mM imidazole from H190A PSII particles. (Before Column)

bases, in addition to accelerating the oxidation of Mlso P!l particles were incubated for 2 min in the presence of 100 mM
. . . imidazole at twice the normal reaction center concentration and
accelerate the reduction ofzYin His190 mutant and Mn- then analyzedri a 5 mmpath length cuvette. (After Column) PSII

depleted wild-type* PSII particles. particles were analyzed in a 10 mm path length cuvette immediately
Mechanism of Action of Imidazole and Other Bas&s. after elution from a Pharmacia HR 10/10 Fast Desalting Column.

determine if small organic bases, such as imidazole, exchangéri%’g%'l)e T;% Zﬁglyigg“%e as mr?]u%?%d le'?]gttnecﬁssggc?rh(g

slowly or.rapldly mtq the vicinity of ¢, "’?S?‘mp'e of H190A individual traces were normalized to their initial amplitudes.

PSII particles was incubated for 2 min in the presence of conditions were the same as in Figure 1.

0.1 M imidazole at twice the usual Chl concentration (i.e.,

at 18ug of Chl/mL). Then, one aliquot was analyzed in a o

5 mm path length cuvette (Figure 7, trace labeled Before After Column), was indistinguishable from a control sample

Column), and the remainder was passed rapidly through aincubated in the absence of imidazole (Figure 7, trace labeled

Pharmacia HR 10/10 Fast Desalting Column. The eluted Control). This result shows that imidazole (and presumably

sample, analyzed in a 10 mm path length cuvette immediatelyother small organic bases) exchanges rapidly into (and out

after being eluted from the column (Figure 7, trace labeled of) the vicinity of Yz in H190A particles. (We used different
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N T DS B R ' ' DISCUSSION

§ 8- A 18 B .

E s In all seven D1-His190 mutants examined, the rates of
S s} . {6} 8 Psso™ reduction, ¥, oxidation, and ¥ reduction were slowed

E . dramatically, and the rate ofQ oxidation was accelerated

é‘:’ 4r I A 14t . to values consistent with the reduction @if? by Qa~ rather

R A . .. than by Y;. There appeared to be no correlation between
5 2r q2r // ] these rates and the structure of the residue substituted for
ﬁ : His190. Calculations ok; and kg from data acquired at

O T o o o o 1wl o 2 w0 e s 100 432.5, 325,+and 24_2 nm showed that, in all seven His190
Imidazole [mM] 4-methyl-imidazole [mM] mutantls, Esoh redtrJ]ctlon hls domln?teqdbk@. Tr}esg cglcu+la-

FIGURE 8: Rate constant ofgg;" reduction in H190A PSII particles .tlonls a Sg E OfW tt dt, tf i;g;gogm ation of ¥'by Peso’,

as a function of the concentration of (A) imidazole and (B) IS sowe_ y factors o '

4-methylimidazole: @) the dominant exponentially decaying phase A previous study of the D1-H190Q and H190D mutants

measured at 432.5 nm and)(the dominant exponentially decaying  of Synechocysti€803 (cited in refgt8, 50, and51) reported

phase measured at 810 nm. The solid line in panel A is a least-ynatk, was slowed only 200-fold compared to that for wild-

squares fit to the filled circles (with am? value of 0.93), ¢ PSI| ticl No detail ided. but th

corresponding to a rate constant of (A440.7) x 10* M~1 s71, ype particles. No detalls were provided, but the

The solid line in panel B is a fit to the filled circles (with af measurements (at 432.5 and 325 nm and other wavelengths)

value of 0.74) with a limiting rate constant of (34 0.3) x 10° were conducted at pH 9.0 (B. A. Diner, personal com-

st and a half-saturation concentration of 219 mM. Conditions munication). Importantly, the initial data point ofgz" decay

were the same as in Figures 1 and 2. after a flash (measured at 432.5 nm) was acquirddus

after the actinic flash. These measurements yielded an

path length cuvettes to analyze the Before Column and After overall half-decay time of12 us for Mn-depleted wild-

Column samples to compensate for the expected 2'fc’ldtype PSII particles (B. A. Diner, personal communication).

dilution of the sample during chromatography.) In contrast, our initial data point fors®" decay (measured
To determine if imidazole or other small organic bases at 810 nm) was acquired 130 ns after the actinic flash,
bind to a specific site nearzy the rate of Byg" reduction  yielding an overall half-decay time 2 us for Mn-depleted
was measured in H190A PSII particles in the presence of wild-type* PSII particles (Figure 2A). However, if we take
various concentrations of imidazole and other bases. Datathe AAg;o value at 1us to be our initial data point (Figure
were acquired at both 432.5 and 810 nm. The rates of the2A), then the half-decay time in our Mn-depleted wild-type*
dominant exponentially decaying phases were plotted as aparticles becomes-15 us and the difference between our
function of the concentration of base (at all concentrations wild-type* and mutantk; values decreases to 190100-
of base, the dominant phase corresponded to7@09% of fold. Therefore, the mutatt values calculated in this study
the total decay at 432.5 nm and-560% at 810 nm). For  and in the previous study may not differ significantly. In
imidazole (Figure 8A) and 2-methylimidazole (not shown), any case, whethédg is slowed 200-fold [as stated previously
the rate increased linearly up to a concentration of 100 mM, (48, 50, 51)] or 1400-8500-fold (as determined in this
showing no hint of saturation. These results are consistentstudy), the principal conclusion remains the same: the
with a second-order process characterized by a rate constanoxidation of Yz by Psgs™ is slowed dramatically in the
of (7.4+ 0.7) x 10 M~* s* for imidazole (obtained from  absence of the His190 imidazole moiety.
the straight line in Figure 8A) and (54 0.6) x 10* M~ In six of the seven His190 mutants examined, the rates of
s™! for 2-methylimidazole (not shown). These constants Pyt reduction, Y oxidation, and ¥ reduction were
increased to (9.3 0.9) x 10*and (1.1+ 0.1) x 10° M~* accelerated dramatically in the presence of imidazole and
s1, respectively, when they were corrected for the amount other small organic bases. Significant accelerationsof Y
of base that is unprotonated at pH 7.5K{p= 6.9 for reduction were observed even in the presence of 0.5 mM
imidazole and B, = 7.6 for 2-methylimidazole). Similar  imidazole, while significant accelerations afsf> reduction
second-order rate constants have been reported for theand Y; oxidation were observed in the presence of 5 mM
reduction of Y;* by neutral ascorbic acid (4.0 x 10* imidazole. In other chemical complementation studies,
M~!s™1) and hydroquinone (2.5 10° M~1s™%) (101, 102, partial restoration of histidine function has typically been
although higher second-order rate constants have beerpbserved in the presence of 850 mM imidazole 66, 68—
reported for the reduction of 7Y by benzidine [1.3-3.2 x 70, 72, 105 106). Calculations ofkz; and kq values from
10° M~1s1(101)] and Mr?* [0.6—4.8 x 10° M~ s71 (103 data acquired at 432.5, 325, and 242 nm showed that, in the
104)]. In contrast, for 4-methylimidazole (Figure 8B), the presence of 100 mM imidazolkz increased 2687-fold in
rate appeared to reach a limiting value. The solid line in all His190 mutants except H190K and H190E, where the
Figure 8B represents a hyperbolic fit with a limiting rate increase was 16- and 5-fold, respectively. The much smaller
constant of (3.1+ 0.3) x 10° st and a half-saturation  increase ofkz in H190E PSII particles is not understood.
concentration of 2# 9 mM. Similar data, albeit with lower  Note, however, that the H190E mutation places two glutamate
limiting rate constants, were obtained with 1-methylimida- residues close together (i.e., Glu189 and Glu190).
zole, histidine, and TRIS (not shown). There was no The severe disruption of the normal electron transfer
correlation between these limiting rate constants andike p  reactions of ¥ in all seven His190 mutants shows that D1-
values of the added baseK{p= 7.5, 7.2, 6.0, and 8.3 for  His190 plays a pivotal role in ¥ function. The partial
4-methylimidazole, 1-methylimidazole, histidine, and TRIS, restoration of rapid &¢" reduction, ¥ oxidation, and ¥*
respectively). reduction by imidazole and other bases shows that these bases
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Ficure 9: Proposed structures of the environment gf(Y161 of the D1 polypeptide) in (A) intact, Sevolving wild-type PSII reaction

centers (figure modified from rei8), (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 acceptorTioe \Yinidentified 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.

are able to partly replace the function of the His190 imidazole studies have shown that the spin density distributions of
moiety, presumably by forming a hydrogen bond with the tyrosine radicals in proteins depend only very weakly on the
hydroxyl proton of Y; or with the phenolic oxygen of . hydrogen bonding status of the radical’s phenolic oxygen
We conclude that D1-His190 is the proton acceptor fer Y (12, 109 110. Therefore, factors other than the absence of
just as D2-His189 is the proton acceptor fos §28) (also a hydrogen bond to ¥ are responsible for the altered EPR
see ref7 and47—49). This conclusion is consistent with  line shapes in the D2-His189 mutants. These results show
previous studies showing that the redox properties pinY that the normal line shapes of™n the D1-His190 mutants
Mn-depleted preparations are strongly influenced by a nearbydo not eliminate D1-His190 as the proton acceptor fer Y
group with a K, value of 6-8 (32, 41, 99, 107). Itis also A second study concluded that D1-His190 is not the proton
consistent with a recent proposal, based on FTIR studies,acceptor for ¥ on the basis of light-minus-dark FTIR
that both 'z and Yz* form a hydrogen bond with a histidine  difference spectra7(f). These spectra were obtained with
residue {08. This conclusion is illustrated schematically D1-H190Q and Mn-depleted wild-type PSII particles from
in Figure 9, which compares the proposed environments of Synechocysti§803. If D1-His190 becomes protonated in
Yz in intact wild-type, Mn-depleted wild-type, and HI90A the presence of ¥, then the light-minus-dark difference
mutant reaction centers. Recent evidence consistent withspectrum of ¥ and its environment should differ signifi-
our conclusion that D1-His190 is the proton acceptor fer Y  cantly between H190Q and wild-type PSII particles. Because
has been provided by pulsed ENDOR studies of i little or no differences were found, the authors concluded
globally ®N-labeled, Mn-depleted, PSII particles frd®yn- that D1-His190 is not the proton acceptor for Y77).
echocystiss803 that lack ¥ (K. Campbell, B. A. Diner,  However, the dominant feature in these spectra (outside the
and R. D. Britt, personal communication). These studies amide region) was a positive band near 1478 tmDe-
show the existence of a weak isotropthl coupling to Y;". pending on the illumination and dark adaptation conditions,
This coupling is consistent with a hydrogen bond between this band was attributed either to th¢C—QO) vibrational

Yz and a nitrogen atom that is weaker or more disordered mode of Y;* or to the sum of the(C—0) vibrational modes
than the hydrogen bond observeé8) between ¥ and the  of Yz and Yp* (77). However, there is compelling evidence
7-nitrogen of D2-His189. that the 1478 cm' band corresponds to the(C—O)

In contrast to our conclusion that D1-His190 is the proton vibrational mode of @~ (111—115) (also see ref¢16—-118).
acceptor for ¥, two previous studies reached the opposite Furthermore, evidence that th¢C—O) vibrational modes
conclusion. The first study examined the EPR line shapesof Yp* and Y,* occur near 150320, 49, 114) and 1512 cm?
of Yz in PSIl membranes isolated from the D1-H190F and (108), respectively, now seems conclusive. Some of the most
H190Y mutants ofChlamydomonas reinhardt{3). Be- recent evidence is based on unambiguous spectral shifts
cause these line shapes were similar to those,binvvild- observed in samples that were specificalg-labeled at the
type membranes5@), the presence of a hydrogen bond ring C4 of tyrosine 29, 49, 108). Therefore, as pointed out
between ¥* and D1-His190 was thought to be improbable by others 29, 49, 108 114), it seems likely that the light-
(53). [Similar data were obtained with PSII particles from minus-dark FTIR difference spectra reported in T&fare
the D1-H190Q 48, 77), H190D @8), and H190E 48) dominated by contributions from/Q and its environmertt.
mutants ofSynechocysti$803 and were interpreted in a
similar fashion §1)]. The reasoning was based on the altered st quthors of two recent publications continue to maintain that
EPR line shapes of ¥ that have been observed in D2- the 1478 cm! band corresponds to th€C—0) modes of * and/or
His189 mutants 47, 47, 48). The strong hydrogen bond Yo' (137 138. However, the data acquired withC-ring-C4-labeled
between D2-HisL39 andoYis absent in these mutan@7  Yieeine 1 ese puoliatons show o tnanbigueus spectl Snte,
28, 47—49). lIts absence was thought to be responsible for ot o, to the 1478 cm! band were acquired under illumination
the altered EPR line shape$7( 51, 53). However, recent  conditions different from those used to acquire the FTIR data.
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These contributions may have obscured contributions as-

Hays et al.

rupture of the G-H bond of Yz has become rate-limiting in

sociated with the protonation of D1-His190 in the presence the absence of the Mn cluster implies that the interaction

of Yz*. Therefore, the data of r&f7 do not rule out D1-
His190 as the proton acceptor for.Y

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 ofID0 mM,
imidazole and 2-methylimidazole acceleratgghPreduction
with apparent second-order rate constants of £9.3.9) x
10* and (1.14+ 0.1) x 10° Mt s, 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 processe$1@). Therefore, the
access of imidazole and 2-methylimidazole tg niust be
limited sterically. In contrast, the accelerations abdP
reduction by 4-methylimidazole, 1-methylimidazole, histi-

between D1-His190 and Yis no longer optimal. This

suboptimal interaction may explain the higher activation

energy for Yz oxidation 32, 33, 126) and the dramatically
slower rates of B¢" reduction 81, 32, 95—-100) that have
been measured in Mn-depleted preparations compared to
those for Q-evolving preparations despite thel20 mV
decrease in the X¥—Yz midpoint potential that has been
observed in the absence of the Mn clust&d4,(127).
Otherwise, the decrease in the**¥Y; midpoint potential
in the absence of the Mn cluster would be expected to
increase the rate of electron transfer fromt¥ Psgo™ (128—
130.

The fact that imidazole accelerategd® reduction in Mn-
depleted wild-type* PSII particles (Figure 2A) is consistent

dine, and TRIS showed hyperbolic dependencies on basewith a suboptimal interaction between D1-His190 and Y

concentration, with half-saturation concentrations~gt0
mM and limiting rate constants of at most (341 0.3) x
10 s1 (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 reachy Yia a small-diameter
channel. Because of steric hindrance, the passage of th
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 Cw?t into apoplastocyaninlQ0) and apoazurinl21); in
both proteins, the entry of Gt into its binding site is
believed to be rate-limited by the reorientation of a specific
histidine residué. The rate of entry shows a hyperbolic
dependence on Gticoncentration that was explained as a
two-step process involving rapid binding of €uto the
apoprotein followed by the rate-limiting conformational
change that permits entry into the Tusite (122. The
putative channel leading to¥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 Psgo" reduction by imidazole also shows a hyperbolic
dependence on base concentration (Figure 2A).

Because the oxidation of 2Yis severely impaired in the
absence of D1-His190, we conclude that rupture of théHO
bond of Y; is rate-limiting for electron transfer fromavto
Psso', at least in the absence of the Mn cluster. The same
conclusion has been reached by others on the basis that, i
Mn-depleted preparations, electron transfer froptdr/Psgo”
is pH-dependent4(l) and exhibits a significant deuterium
isotope effect 1, 32, 100, 123 (however, see the caveat
offered in refl00). In intact, Q-evolving PSII preparations,
only the S-state-dependent microsecond componenig®f P
reduction exhibit a significant deuterium isotope effd@4);
no deuterium isotope effect has been observed for the
nanosecond components afgf® reduction in Q-evolving
PSII preparations3(Q, 32, 124, 125. The absence of a
deuterium isotope effect on the nanosecond components o
Psso™ reduction in Q-evolving PSII preparations suggests
that the interaction between D1-His190 angi¥ optimized
for electron transfer in the intact system. The fact that

6 We thank G. T. Babcock for bringing this literature to our attention.

However, the multiexponential decay aff in Mn-depleted

wild-type PSII preparations has been explained recently as

reflecting the protonation state of a nearby base witliKa p
of ~7 (32). The main effect of imidazole on Mn-depleted

wild-type* particles is the enhancement of #¥8.4 and~4.7
1S components ofdg" reduction at the expense of the82
us component (Figure 2A). Perhaps imidazole only acceler-

tes Yz oxidation in wild-type reaction centers in which D1-

is190 is protonated and, as a result, is unavailable to form
a hydrogen bond with X In such reaction centers, the
normal hydrogen bond between His190 ang ¢buld be
replaced by one involving imidazole. Nevertheless, imida-
zole and other bases also accelerate réduction in Mn-
depleted wild-type* PSII particles (Figure 6C). This finding
provides further evidence that the interaction between D1-
His190 and ¥ 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 betwegraid
D1-His190.

Because the rate of;Yreduction 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*Y
and that the reprotonation of;Yis rate-limiting for Yz
reduction, at least in Mn-depleted PSII particles. Several
studies have shown that/Yforms a hydrogen bond with a
nearby group in Mn-depleted PSII preparatioh (19, 24—
27). This group must be D1-His190. Therefore, we attribute

Mhe dramatically slower rate of Yreduction in the His190

mutants to the absence of the hydrogen bond between Y
and His190. Imidazole and other organic bases must
accelerate ¥ reduction in these mutants by donating a
proton to the phenolic oxygen ofY.

Several studies have previously concluded that the hy-
droxyl proton of Yz remains bound to the proton acceptor
for Yz during the lifetime of ¢* (25, 31, 32, 38, 39, 41, 42)
[although only one of these4Q) identified D1-His190 as

fthe 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 ofsgf?(25) that is caused by the
retention of a positive charg@%, 32, 38, 39, 41, 42) on the
protonated base (i.e., on D1-His190) and have been used
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(31, 32, 41) as an argument against models of photosynthetic compound {34)]. Finally, the His to Leu mutation em-
water oxidation that involve hydrogen atom abstractititi-( ployed in the recent studyl81) would not be expected to
18). However, this positive charge could be dissipated by create a cavity near X Further study of the influence of
the deprotonation of the distal nitrogen of D1-His194,( D2-His189 on Y function, especially with mutants designed
47) followed by subsequent proton transfer events. Further-to create a cavity nearpr(e.g., H189A or H190S), would
more, it has been suggested recently that the chlorophyllseem worthwhile.
absorbance band shifts are not caused by electrochromism |n summary, we have measured the kinetics @f;'P
(19, 20). Instead, these band shifts have been suggested tqeduction, % oxidation, Q~ oxidation, and ¥* reduction
be caused by a change in the strength of a hydrogen bond tan PSI| particles isolated from seven D1-His190 mutants in
the 9-keto carbonyl group of a neutral chlorophyll species the presence and absence of imidazole and other small
(e.9., Rso) in the presence of ¥ (or Yp°). These changes organic bases. On the basis of these measurements, we
in hydrogen bond strengths have been propo6d20) to conclude that D1-His190 is the immediate proton acceptor
give rise to the differential bands near 1707 and 1700'cm  for Yz and that the hydroxyl proton of Xremains bound to
and 1702 and 1698 crhthat have been observed in the FTIR  D1-His190 throughout the lifetime of Y, facilitating the
difference spectra of ¥ (108 115 and Yp* (29, 49, 114), reduction of Y,*. Because imidazole accelerates both Y
respectively. Therefore, although we have concluded that oxidation and ¥* reduction in Mn-depleted wild-type* PSII
the hydroxyl proton of ¥ remains bound to D1-His190 particles, we further conclude that the interaction between
during the lifetime of ¥*, the impact of this conclusion on Y, and D1-His190 is not optimal in Mn-depleted PSII
the hydrogen atom abstraction models for photosynthetic preparations, consistent with previous studies.
water oxidation {2—20) remains to be seen.

The crucial influence of D1-His190 on ZYfunction ACKNOWLEDGMENT
suggests that D2-His189 may similarly influencg. YThe . -
Yp* radical is involved in a well-ordered hydrogen bo2d,( _ We are grateful to G‘_ T. Babcock for his enthu5|ast|(_:
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blished data on D1-His190 mutants, and to G. W.
mutants as well [e.g., D2-H189Y47)]. As expected, the  UNPUd _ :
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than that in the wild type [e.g., on the basis of EPR and M. Hundelt for helpful discussions. In addition, we thank
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