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ABSTRACT. An electron spir-echo envelope modulation study [Tang, X.-S., Diner, B. A., Larsen, B. S.,

Gilchrist, M. L., Jr., Lorigan, G. A., and Britt, R. D.

(199#roc. Natl. Acad. Sci. U.S.A. 9704-708]

and a recent Fourier transform infrared study [Noguchi, T., Inoue, Y., and Tang, X.-S. @i@gBemistry

38, 1018710195], both conducted witBqN]histidine-labeled photosystem Il particles, show that at least

one histidine residue coordinates thg-&olving Mn cluster in photosystem Il. Evidence obtained from
site-directed mutagenesis studies suggests that one of these residues may be His332 of the D1 polypeptide.
The mutation D1-H332E is of particular interest because cells of the cyanobacteyiuachocystisp.

PCC 6803 that contain this mutation evolve ne liit appear to assemble Mn clusters in nearly all
photosystem Il reaction centers [Chu, H.-A., Nguyen, A. P., and Debus, R. J. (B&83)emistry 34

5859-5882]. Photosystem Il particles isolated from

Bynechocysti®1-H332E mutant are characterized

in this study. Intact D1-H332E photosystem Il particles exhibit an altegestede multiline EPR signal

that has more hyperfine lines and narrower splittings than thetee multiline EPR signal observed in
wild-type* PSII particles. However, the quantum yield for oxidizing thestaite Mn cluster is very low,
corresponding to an 8000-fold slowing of the rate of Mn oxidation by #nd the temperature threshold

for forming the $ state is approximately 100 K higher than in wild-type PSII preparations. Furthermore,
the D1-H332E PSII particles are unable to advance beyond #t® 3tate, as shown by the accumulation

of a narrow “split” EPR signal under multiple turnover conditions. In Mn-depleted photosystem Il particles,
charge recombination betweern'Q and Yz* in D1-H332E is accelerated in comparison to wild-type*,
showing that the mutation alters the redox properties pinyaddition to those of the Mn cluster. These
results are consistent with D1-His332 being located near the ¥4ncomplex and perhaps ligating Mn.

Photosynthetic water oxidation takes place in photosystemoxygen-evolving catalytic site contains four Mn ions that

Il (PSI)! near the lumenal surface of the thylakoid mem-
brane. PSIl is a multisubunit, integral membrane protein
complex (, 2) that utilizes light energy to oxidize water and

reduce plastoquinone (for review, see r&fs10). The
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are arranged as a magnetically coupled tetrarh&r 12).
This tetrameric 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 @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
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1 Abbreviations: Chl, chlorophylg; Car, carotenoid; Ch} mono-
meric Chl species that is oxidized bysP", probably via a molecule
of carotenoid; DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea; DMSO,
dimethyl sulfoxide; EPR, electron paramagnetic resonance; ENDOR,
electron nuclear double resonance; ESEEM, electron-—sgiho
envelope modulation; fwhm, full width at half-maximum; PSII,
photosystem 1I; PPBQ, phenyl-1,4-benzoquinonese, Pchlorophyll
species that serves as the light-induced electron donor in PgJl; Y

the photochemically active chlorophyll species knownggs P
Excitation of Rgoresults in formation of the charge-separated
state, Rsg™Qa*~, Where Q is a molecule of plastoquinone.
The Rgg™ radical rapidly oxidizes tyrosine Y(Tyr161 of
the D1 polypeptide), forming the neutral radicak’YThis
radical in turn oxidizes the Mn cluster, whilea@ reduces
the secondary plastoquinonez.@ubsequent charge-separa-
tions result in further oxidation of the Mn cluster. During
each catalytic cycle, the Mn cluster cycles through five
oxidation states termed,Svheren denotes the number of

tyrosine residue that mediates electron transfer between the Mn clusteroxidizing equivalents stored. The State predominates in

and Rgdt; Qa, primary plastoguinone electron acceptor; MESN2-(
morpholino)ethanesulfonic acid; wild-type*, control strain 8fn-
echocystissp. PCC 6803 constructed in identical fashion as the D1-
H332E mutant, but containing the wild-typmsbA-2 gene.

10.1021/bi9917737 CCC: $19.00

dark-adapted samples. Thg Sate may have 1 oxidizing
equivalent localized on a Mn ligand: whether Mn is oxidized
during the $— S; transition is currently under debate (e.qg.,
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Role of D1-His332 in Mn and ¥ Function in PSII

see refl13 versus refl4). The S state is a transient
intermediate that reverts to the Sate with the concomitant
release of @ Simulations of EPR and ENDOR data obtained
with samples trapped in the'¥;® state show that the point
dipole distance betweenzYand the Mn cluster is 79 A
(12, 15, 16) (also see refd7 and 125). This point-dipole
distance is compatible with recent models forf@rmation
that invoke proton-coupled electron transfer from Mn-bound
substrate water molecules te"uring some or all of the S
state transitions4, 18-24). This -9 A point—dipole
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were propagated in the presence of 5 mM glucek®} és
described previouslyb). Wild-type* and D1-H332E cells
lacking PSI were propagated in the presence of 15 mM
glucose 49) as described previoushp().

Isolation of PSIl ParticlesWild-type* and D1-H332E
PSII particles from cells containing PSI were isolated as
described by Tang and Dines1) with minor modification
(50). Wild-type* and D1-H332E PSII particles from cells
lacking PSI were isolated as described previoust)y éxcept
that the detergent-extracted thylakoid membranes were

distance is compatible with direct hydrogen bonding between applied to a 300 mL DEAE-Toyopearl 650s column, the

Yz and Mn-bound substrate water molecul@sq1, 22 but
is equally compatible with indirect hydrogen bonding, such
as via an intervening water molecul@4j.

column was washed with purification buffer [25% (v/v)
glycerol, 50 mM MES-NaOH, 20 mM CaGl 5 mM MgCl,
0.03% n-dodecyl -p-maltoside, pH 6.0], and the purified

Several lines of evidence suggest that the D1 polypeptide PSII particles were eluted with purification buffer containing

contributes most or all of the amino acid residues that
coordinate the Mn and Caions in PSII (for review, see
refs 3, 4, 10). The Mn ions are believed to be coordinated

50 mM MgSQ. The G evolution activity of the wild-type*
PSII particles was 56 mmol of G, (mg of Chl)y* h™. For
Mn-depleted PSII particles, the extraction of Mn was

primarily by carboxylate residues. Coordination by both Pperformed with NHOH and EDTA as described previously
carboxylate and histidine residues has been proposed on thé90). The residual @evolution activity of the Mn-depleted

basis of chemical modification studiezs-33). Coordination

wild-type* preparations was 5% in comparison to untreated

by at least one histidine residue has been demonstrated byvild-type* PSII particles. Purified PSII particles were

ESEEM @4) and FTIR @5) studies conducted with PSII
particles labeled with fN]histidine. Coordination by a
carboxylate residue that forms a bridge to &'Cian has

concentrated te=0.5 mg of Chl/mL by ultrafiltration 1),
frozen in liquid N, and stored at—80 °C. For EPR
experiments, PSII particles were further concentrated-o 4

been proposed on the basis of an FTIR study that comparednd of Chl/mL with Centricon-100 concentrators (Millipore

the S-minusS; difference spectrum of intact and €a
depleted sample8§). Site-directed mutagenesis studies have
identified D1-Asp170 §7—41), D1-His190 41—44), D1-
His332 @2, 44, 45), D1-Glu333 42, 44, 45), D1-His337
(42, 44, 45), D1-Asp342 42, 44, 45), and theC-terminus of
Ala344 @46) as potential ligands of the Mn cluster (for

Corp., Bedford, MA).

EPR Measurement&€PR spectra were recorded with a
Bruker ECS106 X-band CW-EPR spectrometer equipped
with either an ER-4102ST standard mode cavity or an ER-
4116DM dual mode cavity. Cryogenic temperatures were
obtained with an Oxford ESR900 liquid helium cryostat. The

review, see refd, 10). The residue D1-His337 has also been temperature was controlled with an Oxford ITC503 temper-
proposed to ligate the Mn cluster on the basis of chemical ature and gas flow controller that was equipped with a gold
modification and protease digestion studia8, (33). iron chromel thermocouple. This thermocouple was cali-

The ESEEM 84) and FTIR @5) studies showing that at brated with a carbon glass resistor from 3.6 to 300 K.
least one histidine residue coordinates the Mn cluster in PSiI S@mples were illuminated in a non-silvered dewar using a
have focused attention on D1-His190, D1-His332, and D1- focused SOQ wW IR—flItered Radlac light source and a'Schott
His337. In this study, we present a characterization of PSII 150 W_IR-_flIt_ered fiber pptlc_ 'amp and were |mme_d|ately
particles isolated from the cyanobacterial mutant D1-H332E. frozen in liquid N after illumination. For the experiments

This mutant is of particular interest because it appears to of Figure 2, samples were illuminated in thg presence of
assemble Mn clusters in nearly all reaction centers in vivo, PCMU for 1.5 min at 195 K (methanol/dry ice), 231 K

but evolves no @ (45). In this study, we show that the (acetonitrile/dry ice), 244 Kc(—xylgne/liquid N), 258 K
mutation D1-H332E alters the redox properties of both the (Ethylene glycol/dry ice), or 273 K (ice water). The amplitude

Mn cluster and ¥ and alters the magnetic properties of the of the multiline EPR signal was estimated from the average
Mn cluster. integrated areas of two low-field and six high-field peaks

(marked with asterisks in the inset of Figure 2). The chosen
peaks do not overlap with the signal ofQ Fe**. The area
of each peak was determined after base line subtraction
between the points delimiting each individual peak.

Optical Measurementsransient absorbance changes of

MATERIALS AND METHODS

Construction of Site-Directed Mutant$he D1-H332E
mutation was constructed in thpsbA-2gene of the cyano-
bacteriumSynechocystisp. PCC 680339). The D1-H332E Yz at 287.5 nm AAsg79 and Q at 325 nm AAgzs) were
mutant strain containing PSI was described previoushy. ( measured with a modified CARY-14 spectrophotometer (On-
To simplify the isolation of PSIl particles, the plasmid Line Instrument Systems, Inc., Bogart, GA) operated in the
bearing the D1-H332E mutation was also transformed into single-beam mode50). The photomultiplier tube was
a strain ofSynechocystithat lacks PSI an@pcE function protected by two Corion Solar Blind filters. Actinic flashes
(47). The wild-type* strains were constructed in an identical (approximately 4s fwhm) were provided by a Xenon Corp.
fashion as the mutants except that the transforming plasmid(Woburn, MA) model 457A xenon flash-lamp system (0.5
carried no site-directed mutation. The designation “wild- uF capacitor charged to-8 kV). The flashes were passed
type*” differentiates these strains from the native wild-type through two 2-mm-thick Schott WG-360 filters, two 2-mm-
strain that contains all thregsbA genes and is sensitive to  thick Schott RG-610 filters, and one Corion LS-750 filter
antibiotics. Wild-type* and D1-H332E cells containing PSI and were directed to the sample cuvette with a 3.8-m-long
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; X temperature. Samples<p mg of Chl/mL in 25% (v/v) glycerol,
mg of Chl/mL in 25% (v/v) glycerol, 50 mM MESNaOH (pH 50 rgM MES—NaOFI)-| (pg 6.%), 20 mM CaG) 5 m(M ,&Iégz 25
6.0), 20 mM CaGl 5 mM MgCh, 25 mM MgSQ, 0.03% mM MgSQ,, 0.03%n-dodecyls-p-maltoside, 1 mM DCMU, 1%
n-dodecyl-p-maltoside, 1 mM DCMU, 1% (v/v) DMSO] were ;) DMSO] were illuminated for 1.5 min at the indicated
illuminated for 30 s at 273 K before being flash-frozen in liquid  temperature before being flash-frozen in liquig. N'he signal
N,. Experimental conditions: standard mode cavity; microwave ampjitudes were estimated from the average integrated areas of two
frequency, 9.5 GHz; microwave power, 3.2 mW; modulation |5 field and six high-field peaks (marked with asterisks in the
amplitude, 16 G; modulation frequency, 100 kHz; time constant, nget) and were normalized to the amplitude estimated at 273 K.
41 ms; conversion time, 82 ms; temperature, 7 K; 25 scans. Both The chosen peaks do not overlap with the signal gf e+, At
spectra have had the= 2.0 region, containing the EPR signal of - gach temperature, the area of each peak was determined after base
Yo, removed for clarity. To facilitate comparison of spectra, the jine syptraction between the points delimiting each individual peak.
amplitude of the D1-H332E trace has been multiplied by a factor The error bars correspond to the sample standard deviations
of 1.5. The PSiII particles were isolated from cells containing PSI. cjculated from the eight individual integrated peak areas. However,

all eight peaks showed the same increase in area with temperature.

flexible light guide (Schott Fiber Optics, Southbridge, MA). Inset: Lightminusdark multiline EPR signal of D1-H332E PSlI
The cuvette containing the sample was held in a thermostatedParticles after illumination at 273 K. The= 2.0 region has been

; : removed for clarity. Experimental conditions: dual mode cavity;
jacket. For measurements, samples were dilutedu(10f microwave frequency, 9.68 GHz; microwave power, 3.2 mW,

Chlinto 0.5 mL final volume) into purification buffer  magylation amplitude, 10 G; modulation frequency, 100 kHz; time
containing 0.04%n-dodecyl 3-D-maltoside. To ensure the  constant, 82 ms; conversion time, 41 ms; temperature, 7 K; 15 scans.
oxidation of Q and Y, prior to data acquisition, the  The PSII particles were isolated from cells lacking PSI.
following procedures were employgd. For measurements attype* PSII reaction centers were estimated to contain
325 nm, samples were mcubateq in the presence @O photooxidizable Mn clusters (see below) and because the
KaFe(CN), for 2 min, and then given 6 flashes 20 S apart samples contained approximately equivalent amounts
_and dark-adapted for another 2 min before DCMU (dissolved of chlorophyll, we conclude that approximately 57% of the
in D.MSO) was added to 2aM. Th_e samples were th_er_1_ D1-H332E PSII reaction centers gave rise to the altered
subjected to 28 flashes spaced 1 min apart. Data acquisition  \iiline EPR signal. We assign this signal to thesSate
commenced with the ]‘ourth flash.. For measurements at 287.5,¢ \he v cluster in D1-H332E PSII particles because it was
nm, samples were incubated n the presence ofulD generated by illuminating dark-adapted PSII particles in the
KsFe(CN) for 2 min, and then given 154 flashes spaced 10 osence of DCMU, which limits PSII to a single S state
s apart. Data acquisition commenced with the 11th flash. advancement. The If)l-H332E multiline EPR signal was the
Kinetics were analyzed with.\]andel Scientific’s (San Rafael, oo o \whether the PSII particles were isolated fréym-
CA) PeakFit program, version 4.0. _ _ echocystigells containing or lacking PSI (e.g., compare the
Other ProceduresChlorophylla concentrations and light- 15y trace of Figure 1 with the inset of Figure 2). The same
satura_lted rates_ of oxygen evolution were measured 3Swas true for the wild-type* multiline EPR signal (comparison
described previously 39, 50). When used, PPBQ was ¢ shown). The temperature threshold for forming the
purified by sublimation. multiline signal in D1-H332E PSII particles was approxi-
RESULTS mately 100 K higher than is normally observed in wild-type
PSII preparations: illumination at 258 K generated only
EPR SpectraA multiline EPR signal was observed in D1- about 50% of the signal generated by illumination at 273 K
H332E PSII particles in perpendicular mode after illumina- (Figure 2). In contrast, the multiline signal in wild-type PSII
tion at 273 K in the presence of DCMU (Figure 1, lower preparations from spinach is half-maximal at $¥3%0 K
trace). This signal has more hyperfine lines and narrower (52, 53). Although the temperature threshold for forming the
splittings than the Sstate multiline EPR signal that is multiine EPR signal in wild-type* PSII particles from
observed in wild-type* PSII particles illuminated under the Synechocystiwas not measured, the signal could be gener-
same conditions (Figure 1, upper trace). The integrated areaated by illumination at 195 K (not shown). A similar increase
of the mutant signal was approximately 62% of the integrated in the temperature threshold for forming thesEate has been
area of the wild-type* signal. Because 923% of the wild- observed in PSII preparations from spinach after treatment
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Ficure 3: Light-minusdark EPR spectrum of the “split” EPR
signal of D1-H332E PSII particles. Sampke4 mg of Chl/mL in
25% (v/v) glycerol, 50 mM MESNaOH (pH 6.0), 20 mM CaG]
5 mM MgCl,, 50 mM MgSQ, 0.03% n-dodecyl 3-p-maltoside,
0.6 mM KsFe(CN)}, 0.6 mM PPBQ, 1% (v/v) DMSO] was
illuminated for 20 s at 273 K before being flash-frozen in liquid
N,. The points marked by asterisks are split by 100 G. The points
marked “8” are split by about 410 G. Experimental conditions: dual
mode cavity; microwave frequency, 9.68 GHz; microwave power,
3.2 mW; modulation amplitude, 10 G; modulation frequency, 100
kHz; time constant, 82 ms; conversion time, 41 ms; temperature, 7
K; 15 scans. The PSII particles were isolated from cells lacking
PSI.

with acetate %4) or depletion of C& (55, 56). In the
presence of chelating agents ?Gdepleted PSII preparations
from spinach also exhibit an altered Sate multiline EPR
signal 67—61).

No recognizable Mn EPR signals were produced in D1-
H332E PSII particles by illumination at 195 K (not shown).
lllumination at this temperature produced only a narrow
radical that presumably corresponds to£h(62, 63) and/
or Cart* (64, 65) (not shown). Also, no Sstate parallel-
mode multiline EPR signabg, 67) was observed in intact,
dark-adapted D1-H332E PSII particles (not shown).

lllumination of D1-H332E PSII particles at 273 K in the
presence of PPBQ ands;Re(CN) as electron acceptors
produced a narrow “split” EPR signal with a line width of
~100 G and additional features split by410 G (Figure 3).
No multiline EPR signal was present under these conditions.
The split EPR signal was similar to those observed itif€a
depleted $7—61, 68), Cl -depleted 68, 69), and acetate-
treated 17, 54, 70—72) PSII preparations from spinach,
which are unable to advance beyond theSy state 23, 73),
and in NH:-treated PSII preparationg4, 75), in which one
or more S transitions are sloweds}. An inability to advance
beyond the ¥°S; state would be consistent with the inability
of D1-H332E cells to evolve Sdespite the apparent presence
of Mn clusters 45).

Electron-Transfer Kinetics: @~ Oxidation by Mn or ¥.
To further characterize the Mn clusters in D1-H332E PSilI
particles, the kinetics of charge recombination betwegmn Q
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Ficure 4: Formation and decay ofQ after a single flash applied

to intact and Mn-depleted PSII particles in the absence and presence
of 0.1 mM MnClL, as measured at 325 nm. (A) Intact wild-type*
PSII particles. Note that the traces obtained in the absence and
presence of 0.1 mM Mnglnearly overlap. (B) Intact D1-H332E
PSII particles. (C) Mn-depleted wild-type* PSII particles. (D) Mn-
depleted D1-H332E PSII particles. To facilitate comparisons, the
amplitudes of the traces obtained in the presence of Mn@te
multiplied by factors of 1.04, 1.13, 1.42, and 1.25 in panetsDA
respectively. Experimental conditions: 2@ of Chl/mL in 25%

(v/v) glycerol, 50 mM MES-NaOH (pH 6.0), 20 mM CaGJ 5

mM MgCl,, 0.04%n-dodecylS-p-maltoside, 1uM KsFe(CNJ,

25 uM DCMU, 1% DMSO, pH 6.0, 294 K. Traces represent the
average of 25 sweeps except for those in panels C and D that were
obtained in the presence of MnClthese traces represent the
average of 50 sweeps. Samples were replaced after 25 sweeps.

exponentially decaying phaggJable 1). The most rapidly
decaying phase, with rate constakt was assumed to
represent charge recombination betwean @nd Yz (78,
81, 82). This phase ha#;* ~ 200 ms in wild-type* PSilI
particles andk;™* ~ 160 ms in D1-H332E PSII particles
(Table 1). The percentage of reaction centers exhibiting
was 11.4+ 0.9% in intact wild-type* (Figure 4A), 6Gt
1% in intact D1-H332E (Figure 4B), 6% 1% in Mn-
depleted wild-type* (Figure 4C), and 6& 2% in Mn-
depleted D1-H332E (Figure 4D) PSII particles (Table 1).

The percentage of Mn-depleted PSII particles exhibiting
k, deserves comment. In some Mn-depleted reaction centers,
Pssot becomes reduced during the lifetime of*Yoy Yp
(83), Chl; (62, 63), or a carotenoid molecul®&4, 65) because
of the redox equilibrium, ¥* Psgo <> Yz Psgo™ (84). After
the reduction of R¢™* in these reaction centers,Q decays
slowly because of the absence of* Y78, 81, 82). That a
larger percentage of Mn-depleted D1-H332E PSII reaction
centers exhibitsk; than Mn-depleted wild-type* reaction
centers may reflect the shorter lifetime of*Yh D1-H332E
PSII particles (see below).

The percentage of intact wild-type* PSII particles exhibit-
ing k; also deserves comment. In the presence of-0.Q
mM MnClIy, this percentage decreased té& 1% (not shown,
but see Figure 4A). Exogenous Rtnions rapidly reduce
Yz in PSII particles that lack Mn cluster8@, 37, 85—87)
(e.g., see Figures 4C,D), leavingQto be oxidized slowly,
possibly by charge recombination with the Mnion that

and the donor side of PSIl were measured after a single flashyemains at the high-affinity Mn binding site. In Mn-depleted
(Figure 4). These measurements were conducted at 325 nm,

a wavelength where interference froménd the Mn cluster
is minimal (77—81). In both wild-type* and D1-H332E PSII
particles, the @~ decay kinetics were fit with three

2 The exponentially decaying phases are reported in terms of initial
amplitudes (% of total) and lifetimes (i.é:?Y), that is, the time required
for the amplitude to decay to 1/e of its initial value.
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Table 1: Kinetics of Q°~ Decay after a Flash in Intact and Mn-Depleted Wild-Type* and D1-H332E PSII Patticles

ke ke ks reaction centers
% ki~ (ms) % ko1 (s) % ks (s) with Mn clusters (%)
wild-type* (intact) 11.4+ 0.9 207+ 34 38+ 3 3.2+ 04 51+ 3 26+ 3 924+ 3
wild-type* (Mn-depleted) 63t 1 190+ 10 17+ 1 1.6+0.3 20+ 1 >100 C
H332E (intact) 60+ 1 154+ 12 17+1 2.2+0.3 23+1 80+ 6 614 54
H332E (intactt MnCly) 37+1 160+ 9 32+1 2.54+0.2 31+1 51+ 4 61+ 5d
H332E (Mn-depleted) 66 2 167+5 17+2 1.8+0.3 17+1 >100 (67

aTabulated are the averages and sample standard deviatiorsl6fseparate measurements conducted on each samplé lyfghe presence
of 0.1-1.0 mM MnCbh, % k; decreased to & 1%, and 100% of wild-type* reaction centers were assumed to contain Mn clusters?oridvia
(see text)¢ Assumedd Calculated from the relation 10Q [(66 — 60) + (37 — 7)]/(66 — 7). Note that the percentage of D1-H332E reaction
centers that are photooxidized by a single flash is 0®6 — 60)/(66— 7) = 10 £+ 4%. In an additional 5% 3% of reaction centers [10Q (37
— 7)/(66 — 7) = 51 £ 3%], Mn clusters that are not photooxidized by a flash protectfddm reduction by exogenous Mhions (see text).

PSII particles fromSynechocystisp. PCC 6803, Mt wild-type* PSII reaction centers containing flash-oxidizable
reduces ¥ with Ky = 1 uM (37). Therefore, 0.1 mM MnGl Mn clusters is 100x (63 — 11.4)/(63— 7) = 92 + 3%.
should eliminate; in reaction centers that lack Mn clusters. To estimate the percentage of intact D1-H332E PSII
However, because¥ 1% of intact wild-type* PSII particles  particles that contain flash-oxidizable Mn clusters, we
continue to exhibik, in the presence of 0-11.0 MM MnCk, proceed as in the previous paragraph except that, because
a small percentage of - must recombine with ¥ even 66 &+ 2% of Mn-depleted D1-H332E PSII reaction centers
when the high-affinity Mn binding site nearz¥s occupied exhibit k; in the absence of Mngl(Table 1), the total
by a Mn cluster or by a M# ion. It is unlikely that this dynamic range fok; is (66 — 7)%. Therefore, because 60
phenomenon is an artifact introduced during isolation of the 4+ 1% of intact D1-H332E PSII reaction centers exhikit
PSII particles: when charge recombination betweerr Q  after a flash (Table 1), the percentage of intact D1-H332E
and the donor side of PSIl is measured in intact wild-type* PSII reaction centers containing flash-oxidizable Mn clusters
cells of Synechocysti$803, approximately 16% of the is 100 x (66 — 60)/(66— 7) = 10 & 4%.
variable fluorescence yield decdysith k;™* = 100 + 40 In the previous paragraph, we estimated that only+10
ms @39) (also see reB7). That a small percentage ofaQ 4% of intact D1-H332E PSII particles contain flash-oxidized
recombines with ¥ despite the presence of a Mn cluster or  Mn clusters. However, the integrated area of the multiline
a Mr?* ion may be caused by heterogeneities or conforma- EPR signal observed in D1-H332E PSII particles after
tional equilibria that slow the reduction ofzYby Mn in a continuous illumination in the presence of DCMU (Figure
fraction of reaction centers. The microsecond phasesgef P 1) shows that approximately 57% of D1-H332E reaction
reduction in intact PSII preparations have been proposed tocenters contain photooxidizable Mn clusters. The apparent
reflect an equilibrium between different conformational states discrepancy between the EPR and optical data suggests that
of PSII (88) or between different protonation states of the quantum yield for Mn oxidation is very low in D1-H332E
hydrogen-bonded networks leading from % the lumenal  PS| particles. To test this possibility, the kinetics of*Q
surface 89) (see also the discussion in ré). Such  oxidation in D1-H332E PSII particles were also measured
equilibria may contribute to photochemical misses in PSII in the presence of 0.1 mM Mng(Figure 4B). Whereas 0.1
by allowing Qi"~ to reduce Bg* in the equilibrium  mM MnCl, dramatically slowed the rate of) oxidation
population of reaction centers in which electron donation in both Mn-depleted wild-type* and Mn-depleted D1-H332E
from Yz is slow @8). However, equilibria that slow the  pS|| particles (Figure 4C,D), the same concentration of
reduction of Y;* by Mn in a small percentage of reaction exogenous M# ions slowed @'~ oxidation in intact D1-
centers probably would not contribute to photochemical H332E PSII particles only moderately (Figure 4B). In intact
misses in vivo because,Q would presumably be oxidized D1-H332E PSII particles, &~ continued to be oxidized
by Qe before it could reduce . rapidly in 37+ 1% of reaction centers in the presence of

To estimate the percentage of intact wild-type* PSIl 0.1 mM MnCk (Table 1). Evidently, some D1-H332E PSII
particles that contain flash-oxidizable Mn clusters, we assumeparticles contain Mn clusters that are not photooxidized by
that 0% of Mn-depleted PSII reaction centers contain flash- a flash but that protect ¥ from reduction by exogenous
oxidizable Mn ions and that, in the presence of 0.1 mM Mn?* ions. In these PSII particles,zYis rapidly reduced by
MnCl,, 100% of intact wild-type* PSIlI particles contain  Qa'". To estimate the percentage of these PSII particles, we
flash-oxidizable Mn clusters or Mt ions. Because # 1% proceed as in the previous paragraph. Becaus¢ @86 of
of intact wild-type* PSII reaction centers exhiliit in the Mn-depleted D1-H332E PSII reaction centers exhidpiin
presence of 021.0 mM MnCk (see above) and 6& 1% the absence of Mng(Table 1), the total dynamic range for
of Mn-depleted wild-type* PSII reaction centers exhikit ki is (66 — 7)%. Therefore, the percentage of intact D1-
in the absence of added MnQITable 1), the total dynamic =~ H332E reaction centers containing Mn clusters that are not
range fork; is (63 — 7)%. Therefore, because 11440.9% photooxidized by a flash but that protect*¥rom reduction
of intact wild-type* PSII reaction centers exhiliit in the is 100 x (37 — 7)/(66 — 7) = 51 &+ 3%. Consequently, the
absence of added Mng{)[Table 1), the percentage of intact total fraction of intact D1-H332E PSII particles containing

Mn clusters is 614 5% (i.e., 10+ 4% plus 51+ 3%). Of
3 At the pH values employed, all kinetic phases of charge recombina- these, 100< 10/61= 16+ 7% reduce ¥* after a flash, and

tion are more rapid in intact cells &ynechocystisp. PCC 6803 than  the remaining 100’_< 51/61= 84 + 8% protect " from
in isolated PSII particles3, 38). reduction by MA" ions. Because 63 5% of intact D1-
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clusters (16t 7%) reduce ¥ after a flash; the remaining
Mn clusters protect ¥ from reduction by exogenous Mh

Ficure 5: Formation and decay of,Yafter a single flash applied lons. We propose that this low guantum yield of oxidation
. Z . _ . .
to Mn-depleted PSII particles, as measured at 287.5 nm. Condi- of endogenous Mn _cluster_s in D1-H332E PSII particles is
tions: same as in Figure 4 but without DCMU or DMSO. Each Caused by a dramatic slowing of the rate of electron transfer
trace represents the average of 288 sweeps. Samples were replacdtom the Mn cluster to ¥ during the $ — S; transition.
after 144 sweeps. The extent of slowing can be estimated. If onlx*Qand

] ) ) the Mn cluster compete to reduce Yin D1-H332E PSII
H332E PSII particles contain Mn clusters and approximately particles, then, because,© reduces ¥ with k! ~ 160
57% of D1-H332E reaction centers give rise to thes®te  ms and only 16+ 7% of the Mn clusters in D1-H332E PSII

multiline EPR signal (Figure 1), all Mn clusters present in particles reduce ¥ after a flash, the rate of electron transfer
D1-H332E reaction centers appear to be photooxidizable, from Mn to Y, during the $— S, transition must havi !

o~ 10 : ; . . A potential ligands to Mn, it was proposed that D1-His332 may
= 1 ligate the Mn cluster and that its redox properties are

% 08 = 4 substantially altered in the Asp and Glu mutart§)(

2 1 In the current study, we show that the mutation D1-H332E
2 06 |- Wild-type” ] alters the magnetic properties of the Mn cluster and alters
fi—')’ the redox properties of bothzYand the Mn cluster. On the
5 o4l | basis of the kinetics of Q~ oxidation in the presence and
% absence of exogenous Kinons, we estimate that 6& 5%

o of D1-H332E PSII particles retain Mn clusters after isolation.
3 0z | This estimate agrees with that obtained from the integrated
2 Ly area of the $state multiline EPR signal observed in the
K 0.0 plibmwitiely /; mutant PSII particles. However, only a minority of these Mn

1

0.2 0.0 02 04 08 0.8
Time after Flash [sec]

albeit with a low quantum yield. . B ~ 0.8 s. This rate constant is 8000-fold slower than that in
Electron-Transfer Kinetics: 2¥Reductionby @.Inthe  yiid-type PSII preparations, whereYoxidizes the $state
absence of exogenous Knions, the fastest phase 0L Q Mn cluster with a half-time of 55110us (i.e., withk "1 =

oxidation, k;, was more rapid in D1-H332E PSII particles  go—160 us) (see ref9©5-98 and references cited therein).
than in wild-type* (Figure 4, Table 1). This observation QOnce the gstate is formed in the D1-H332E mutant, further
suggests that charge recombination betweg @nd Yz*  oxidation of the Mn cluster by ¥ appears blocked, as shown
is accelerated in D1-H332E compared to wild-type*. To test py the accumulation of a XS, “split” EPR signal under
this possibility, the kinetics of ¥ decay in Mn-depleted  myltiple turnover conditions (Figure 3). This inhibition is
wild-type* and Mn-depleted D1-H332E PSII particles were  consistent with the inability of D1-H332E cells to evolve
measured directly at 287.5 nm, an isosbestic point forQ o, (45).
in Synechocystisp. PCC 6803g1, 91). The decay kinetics The low quantum yield for the oxidation of assembled Mn
were fit with two exponentially decaying phases (Figure 5). cjysters in D1-H332E PSII particles raises the possibility that
In Mn-depleted wild-type* PSII particles, 7& 4% of Yz* the formation kinetics and stabilities of one or more
decayed withk™* = 210+ 20 ms, and the remainder decayed intermediates formed during photoactivation of the Mn
with k™ = 1.5+ 0.1 s. In D1-H332E PSlI particles, 78 cluster (see ref89—103 and references cited therein) may
3% of Yz* decayed withk™* = 150 + 5 ms, and the  gi50 be altered in D1-H332E cells, although not sufficiently
remainder decayed witk™* = 1.1 4 0.1 s. These data o prevent cluster assembly. The quantum yield for?Mn
confirm that charge recombination betweegrQand Yz* is oxidation by Y;* in Mn-depleted D1-H332E PSII particles
a<_:ce|erated in D1-H332E PSII particles in comparison to appears to be normal (Figure 4D).
wild-type*. The low quantum yield for oxidation of the Mn cluster
(Figure 4), the approximately 100 K higher temperature
DISCUSSION threshold for forming the Sstate (Figure 2), and the inability
At least 10 mutations have been constructed at D1-His332to advance beyond the\S, state (Figure 3) all show that
in Synechocystisp. PCC 6803 42, 44, 45). None are the redox properties of the Mn cluster are dramatically altered
photoautotrophic. Only the H332Q and H332S mutants in the D1-H332E mutant. The rate of charge recombination
evolve Q, and at only 16-15% the rate of wild-type cells.  between @~ and Yz in Mn-depleted D1-H332E PSII
In all mutants except D1-H332E and D1-H332D, substantial particles was accelerated in comparison to wild-type* (Figure
fractions of PSII complexes lack photooxidizable Mn ions 5). The rate of this reaction is determined by the rate of
in vivo (45). These data show that D1-His332 influences electron transfer from Q~ to Psgs™ and by the equilibrium,
the assembly or stability of the Mn cluster. Nevertheless, Pssct Yz <> Psgo Yz* (104). Although we are unable to
the high-affinity Mn binding site identified in D1-Asp170 exclude an alteration of the redox properties af @ Psso,
mutants 87, 86) remains intact 44). Several D1-His332 it seems more likely that the accelerated rate of charge
mutants are extremely sensitive to photooxidative damagerecombination between 4 and Yz* in Mn-depleted D1-
(photoinhibition) (for reviews of photoinhibition in PSII, see H332E PSII particles represents an alteration of the redox
refs 92 and 93), possibly because toxic, activated oxygen properties of Y.
species are released from perturbed Mn clustis Because The absence of an;State parallel-mode multiline EPR
GIn and Glu functionally replace His as a ligand to Fe in signal and the additional hyperfine lines and narrower
cytochromec peroxidase44), and because Asp and Ser are splittings of the g state multiline EPR signal of D1-H332E
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show that the magnetic properties of the Mn clusters in D1- properties of ¥ are disrupted41—44, 50, 90, 121—-124).
H332E PSII particles are also altered. Altered Sate Consequently, both acetate-treatment antt @apletion are
multiline EPR spectra have previously been reported in PSII believed to disrupt a network of hydrogen bonds that includes
preparations that have been treated withsN1, 76, 105~ Yz and D1-His190 &9, 90, 120). To provide the necessary
109, that have been depleted of Lan the presence of  driving force for oxidizing the Mn cluster, X is believed
chelating agents5(7—61), or that have had 3f substituted to abstract both an electron and a proton from the Mn cluster
for C&* (110, 111). In NHs-treated PSII preparations, the inits S and S states 4, 18—23, 54). Acetate-treatment,
alterations in the multiline EPR signal are caused by a changeC&"-depletion, and Cl-depletion have all been proposed
in the environment of the Mn cluster. NHxchanges into  to block the conversion of 87 to SYz by inhibiting proton

the coordination sphere of the Mn cluster and may form an transfer from Mn to ¢*: these treatments are proposed to
amido bridge between two Mn ions or between one Mn ion disrupt the network of hydrogen bonds that connectsvith

and one C# ion (109. In C&"-depleted and 3r-substituted  the water-deprived Mn ligands from which the proton is
PSII preparations, the alterations of the multiline EPR signal abstracted 22, 54, 116). A similar disruption of these
may also involve a direct alteration in the environment of hydrogen bonds may occur in the D1-H332E mutant. For
the Mn cluster. In C&-depleted PSIl preparations, the example, if D1-His332 is a ligand of the Mn cluster,
alterations may be caused by ligation of the Mn cluster by replacing this residue with a potentially bidentate carboxylate
a chelating agent6(, 112). Alternatively, the alterations  group could prevent the binding of a substrate water molecule
observed in CH-depleted and Sr-substituted PSII prepara-  or otherwise perturb the network of hydrogen bonds in a
tions could arise from loss or substitution of the?Cén manner similar to the binding of acetédte.

that has been proposed to be linked to the Mn cluster by a The altered properties of both the Mn cluster angitY
carboxylato bridge36). However, EXAFS data are contra-  p1-H332E PSII particles are consistent with D1-His332
dictory about whether Ca is located sufficiently close to being located close to the;¥-Mn complex. They are also
the Mn cluster to form such a bridge (e.g., seeltEversus  consistent with the possibility that D1-His332 is a ligand of
ref 114). the Mn cluster. Studies are underway to determine if the

Mutations at D1-His332 appear to diminish the affinity nitrogen couplings observed in the ESEEM spectrum of the
of PSII for C&" (45). Indeed, isolated D1-H332E PSIl  wjid-type S state multiline EPR signaBg) are diminished

particles resemble Cadepleted PSII preparations in that iy D1-H332E PSII particles, as would be expected if D1-
both exhibit altered Sstate multiline EPR signals, both  His332 ligates the Mn cluster.

require higher temperatures to form thestte, both exhibit
SY 7 “split” EPR signals under multiple-turnover conditions,
and neither evolves OHowever, observation of the State
multiline EPR signal in C#-depleted PSII preparations ~ We are grateful to A. P. Nguyen for maintaining the wild-
requires the presence of chelating agefifs {12, whereas  type* and mutant cultures @ynechocysti&803 and for help
no chelating agents were present in the D1-H332E PSi| isolating some of the PSII particles. We also thank the
samples. Furthermore, the State in C&'-depleted PSII  reviewers for helpful comments on the manuscript.
preparations forms with normal quantum yieBb( and is
stable for hours at room temperatuty {59, 61), whereas
the S state in D1-H332E PSII particles forms with very low
quantum yield and appears to exhibit normal stability.
Furthermore, the D1-H332E PSII particles were analyzed
in the presence of 20 mM €a Therefore, the altered
magnetic and redox properties of the Mn clusters in D1- 3
H332E PSil! particles reflect more than simply a loss of'Ca 4
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