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ABSTRACT: Recent models for water oxidation in photosystem II postulate that the tyrosine YZ radical,
YZ

•, abstracts both an electron and a proton from the Mn cluster during one or more steps in the catalytic
cycle. This coupling of proton- and electron-transfer events is postulated to provide the necessary driving
force for oxidizing the Mn cluster in its higher oxidation states. The formation of YZ

• requires the
deprotonation of YZ by His190 of the D1 polypeptide. For YZ

• to abstract both an electron and a proton
from the Mn cluster, the proton abstracted from YZ must be transferred rapidly from D1-His190 to the
lumenal surface via one or more proton-transfer pathways. The proton acceptor for D1-His190 has been
proposed to be either Glu189 of the D1 polypeptide or a group positioned by this residue. To further
define the role of D1-Glu189, 17 D1-Glu189 mutations were constructed in the cyanobacterium
Synechocystissp. PCC 6803. Several of these mutants are of particular interest because they appear to
assemble Mn clusters in 70-80% of reaction centers in vivo, but evolve no O2. The EPR and electron-
transfer properties of PSII particles isolated from the D1-E189Q, D1-E189L, D1-E189D, D1-E189N,
D1-E189H, D1-E189G, and D1-E189S mutants were examined. Intact PSII particles isolated from mutants
that evolved no O2 also exhibited no S1 or S2 state multiline EPR signals and were unable to advance
beyond an altered YZ•S2 state, as shown by the accumulation of narrow “split” EPR signals under multiple
turnover conditions. In the D1-E189G and D1-E189S mutants, the quantum yield for oxidizing the S1

state Mn cluster was very low, corresponding to ag1400-fold slowing of the rate of Mn oxidation by
YZ

•. In Mn-depleted D1-Glu189 mutant PSII particles, charge recombination between QA
•- and YZ

• in
the mutants was accelerated, showing that the mutations alter the redox properties of YZ in addition to
those of the Mn cluster. These results are consistent with D1-Glu189 participating in a network of hydrogen
bonds that modulates the properties of both YZ and the Mn cluster and are consistent with proposals that
D1-Glu189 positions a group that accepts a proton from D1-His190.

Photosynthetic water oxidation takes place in photosystem
II (PSII)1 near the lumenal surface of the thylakoid mem-
brane. PSII is a multisubunit, integral membrane protein
complex (1-3) that utilizes light energy to oxidize water

and reduce plastoquinone [for review, see (4-11)]. The
oxygen-evolving catalytic site contains four Mn ions that
are arranged as a magnetically coupled tetramer (12, 13)
[reviewed in (14)]. 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 O2 as a byproduct. The
photochemical events that precede water oxidation take place
in a heterodimer of two homologous polypeptides known as
D1 and D2. These events are initiated by the capture of light
by an antenna complex that is located peripherally to PSII.
The excitation energy is transferred to the photochemically
active chlorophyll species known as P680. Excitation of P680

results in formation of the charge-separated state, P680
•+Pheo•-,

where Pheo is a molecule of pheophytin. The Pheo•- radical
rapidly reduces QA (a molecule of plastoquinone), forming
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the anionic radical, QA•-. The P680
•+ radical rapidly oxidizes

tyrosine YZ (Tyr161 of the D1 polypeptide), forming the
neutral radical, YZ•. This radical in turn oxidizes the Mn
cluster, while QA

•- reduces the secondary plastoquinone, QB.
Subsequent charge-separations result in further oxidation of
the Mn cluster. During each catalytic cycle, the Mn cluster
cycles through five oxidation states termed Sn, where n
denotes the number of oxidizing equivalents stored. The S1

state predominates in dark-adapted samples. The S3 state may
have one oxidizing equiv localized on a Mn ligand: whether
Mn is oxidized during the S2 f S3 transition is currently
under debate [e.g., see (15) versus (16)]. The S4 state is a
transient intermediate that reverts to the S0 state with the
concomitant release of O2.

Simulations of EPR and ENDOR data obtained with
samples trapped in the S2YZ

• state show that the point-dipole
distance between YZ• and the Mn cluster is 7-9 Å (13, 17-
20) [also see (21, 22)]. This point-dipole distance is
compatible with direct hydrogen bonding between YZ and
Mn-bound substrate water molecules (10, 23, 24) but is
equally compatible with indirect hydrogen bonding, such as
via an intervening water molecule (14). Such hydrogen
bonding, whether direct or indirect, is compatible with recent
models for water oxidation that invoke proton-coupled
electron transfer from Mn-bound substrate water molecules
or water-derived Mn ligands to YZ•. In these models, YZ•

abstracts both an electron and a proton from the Mn cluster
during some (5, 14, 24-27) or all (23, 28-33) of the S state
transitions. This coupling of proton- and electron-transfer
events is postulated to provide the necessary driving force
for oxidizing the Mn cluster in its higher S states.

Two residues postulated to have key roles in these models
are His190 and Glu189 of the D1 polypeptide. The oxidation
of YZ requires its deprotonation by a nearby base. This base
has been identified as D1-His190 on the basis of site-directed
mutagenesis (34-41) and chemical complementation (39,
41) studies. For YZ• to abstract both an electron and a proton
from the Mn cluster during an S state transition, the proton
abstracted from YZ must be transferred rapidly from D1-
His190 to the lumenal surface. This transfer presumably
occurs via a concerted “bucket brigade” or “domino” proton
hopping (Grotthus) mechanism (42, 43) within one or more
proton-transfer pathways consisting of hydrogen-bonded
amino acid residues and water molecules. Such pathways
have been observed in the high-resolution structures of
bacterial reaction centers (44, 45), bacteriorhodopsin (46-
48), cytochromef (49, 50), and cytochromec oxidase (51-
53). In PSII, one or more such pathways have been proposed
to extend from D1-His190 to the lumenal surface and to
involve D1-Glu189 (29, 31, 33). On the basis of a site-
directed mutagenesis study, we previously proposed that D1-
Glu189 participates in a network of hydrogen bonds that
positions a group participating in proton release (37). More
recently, this residue has been postulated to accept a proton
from D1-His190 either directly or by positioning a water
molecule or other group that acts as the proton acceptor (29,
31, 33). Several authors have proposed that a hydrogen bond
connects D1-Glu189 and D1-His190 (29, 31, 33, 54, 55).
Such a hydrogen bond would be consistent with structural
simulations that place D1-Glu189 between YZ and the lumen
(56-59).

To further define the role of D1-Glu189 in determining
the properties of YZ and the Mn cluster, we have replaced
this residue with Gln, Asp, Asn, His, Ser, Thr, Ala, Gly,
Cys, Lys, Arg, Leu, Ile, Val, Met, Phe, and Tyr in the
cyanobacteriumSynechocystissp. PCC 6803 (37, 60). Only
the Gln, Lys, Arg, Leu, and Ile mutations support photoau-
totrophic growth inSynechocystisstrains that contain PSI.
Several of the mutants are of particular interest because they
appear to assemble Mn clusters in 70-80% of reaction
centers in vivo, but evolve no O2 [(37) and this study]. In
this study, we present a characterization of PSII particles
isolated from the Gln, Asp, Asn, His, Gly, Ser, and Leu
mutants. We show that mutations of D1-Glu189 that abolish
photoautotrophic growth and O2 evolution also alter the redox
properties of both the Mn cluster and YZ and perturb the
magnetic properties of the Mn cluster. A preliminary account
of this study has been presented (60).

MATERIALS AND METHODS

Construction of Site-Directed Mutants.The D1-Glu189
mutations were constructed in thepsbA-2 gene of the
cyanobacteriumSynechocystissp. PCC 6803, as described
previously (61). Plasmids bearing the D1-Glu189 mutations
were transformed intoSynechocystisstrains that contain (62)
or lack (63) PSI andapcE function. The control wild-type*
strains containing and lacking PSI were constructed in
identical fashion as the mutants except that the transforming
plasmid carried no site-directed mutation. The designation
“wild-type*” differentiates these strains from the native wild-
type strain that contains all threepsbA genes and is sensitive
to antibiotics. Wild-type* and mutant cells containing PSI
were propagated in the presence of 5 mM glucose (64) as
described previously (61). Wild-type* and mutant cells
lacking PSI were propagated in the presence of 15 mM
glucose (65) as described previously (39).

Isolation of PSII Particles.Wild-type* and mutant PSII
particles from cells containing PSI were isolated as described
by Tang and Diner (66) with minor modification (39). Wild-
type* and mutant PSII particles from cells lacking PSI were
isolated as described previously (39) except that the detergent-
extracted thylakoid membranes were applied to a 300 mL
DEAE-Toyopearl 650s column, the column was washed with
purification buffer [25% (v/v) glycerol, 50 mM MES-
NaOH, 20 mM CaCl2, 5 mM MgCl2, 0.03%n-dodecylâ-D-
maltoside, pH 6.0], and the purified PSII particles were eluted
with purification buffer containing 30-50 mM MgSO4. The
O2 evolution activity of the wild-type* PSII particles was
5-6 mmol of O2 (mg of Chl)-1 h-1. For Mn-depleted PSII
particles, the extraction of Mn was performed with NH2OH
and EDTA as described previously (39). The residual O2
evolution activity of the Mn-depleted wild-type* preparations
was e5% in comparison to untreated wild-type* PSII
particles. Purified PSII particles were concentrated to≈0.5
mg of Chl/mL by ultrafiltration (66), frozen in liquid N2,
and stored at-80 °C. For EPR experiments, PSII particles
were concentrated further with Centricon-100 concentrators
(Millipore Corp., Bedford, MA).

EPR Measurements. EPR spectra were recorded with a
Bruker ECS106 X-band CW-EPR spectrometer equipped
with an ER-4116DM dual mode cavity. Cryogenic temper-
atures were obtained with an Oxford ESR900 liquid helium
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cryostat. The temperature was controlled with an Oxford
ITC503 temperature and gas flow controller that was
equipped with a gold-iron chromel thermocouple. Samples
were illuminated in a non-silvered dewar at 195 K (methanol/
dry ice) or at approximately 273 K [above liquid N2 (67)]
using a focused 300 W IR-filtered Radiac light source and
a Schott 150 W IR-filtered fiber optic lamp and were
immediately frozen in liquid N2 after illumination.

Optical Measurements. Transient absorbance changes of
YZ at 287.5 nm (∆A287.5) and QA at 325 nm (∆A325) were
measured with a modified CARY-14 spectrophotometer (On-
Line Instrument Systems, Inc., Bogart, GA) operated in the
single-beam mode (39). The photomultiplier tube was
protected by two Corion Solar Blind filters. Actinic flashes
(approximately 4µs fwhm) were provided by a Xenon Corp.
(Woburn, MA) model 457A xenon flash-lamp system (0.5
µF capacitor charged to 7-8 kV). The flashes were passed
through two 2-mm-thick Schott WG-360 filters, two 2-mm-
thick Schott RG-610 filters, and one Corion LS-750 filter
and were directed to the sample cuvette with a 3.8-m-long
flexible light guide (Schott Fiber Optics, Southbridge, MA).
The cuvette containing the sample was held in a thermostated
jacket. For measurements, samples were diluted (10µg of
Chl into 0.5 mL final volume) into purification buffer
containing 0.03%n-dodecylâ-D-maltoside. To ensure the
oxidation of QA and YD prior to data acquisition, the
following procedures were employed. For measurements at
325 nm, samples were incubated in the presence of 10µM
K3Fe(CN)6 for 2 min, and then given 6 flashes 20 s apart
and dark-adapted for another 2 min before DCMU (dissolved
in DMSO) was added to 25µM. The samples were then
subjected to 28 flashes spaced 1 min apart. Data acquisition
commenced with the fourth flash. For measurements at 287.5
nm, samples were incubated in the presence of 10µM K3-
Fe(CN)6 for 2 min, and then given 154 flashes spaced 10 s
apart. Data acquisition commenced with the 11th flash.
Kinetics were analyzed with Jandel Scientific’s (San Rafael,
CA) PeakFit program, version 4.0.

Other Procedures. Measurements of chlorophylla fluo-
rescence in intact cells were performed with a modified Walz
(Effeltrich, Germany) pulse-amplitude-modulated fluoro-
meter, as described previously (37, 61). The relative PSII
content of cells on a chlorophyll basis was estimated from
the total yield of variable chlorophylla fluorescence
measured in the presence of DCMU and hydroxylamine (37,
61). Chlorophyll a concentrations were determined, after
extraction into methanol, with an extinction coefficient of
79.24 (mg/mL)-1 cm-1 at 665.2 nm (68), as described
previously (61). Light-saturated rates of oxygen evolution
in intact cells and isolated PSII particles were measured at
25.0°C as described previously (39, 61). For PSII particles,
each sample contained 5µg of Chl in 1.6 mL of 1 M sucrose,
50 mM MES-NaOH, pH 6.5, 25 mM CaCl2, 10 mM NaCl,
0.4 mM 2,6-dichloro-p-benzoquinone (purified by sublima-
tion), and 1 mM potassium ferricyanide. Illumination was
provided by two Dolan-Jenner (Woburn, MA) model 180
fiber optics illuminators equipped with EJV bulbs. The light
was passed through Dolan-Jenner infrared and red cutoff
filters and directed to both sides of the sample with Dolan-
Jenner fiber optic light guides. The Clark-type electrode was
calibrated with hydrogen peroxide [freshly opened J. T.
Baker ULTREX grade (Phillipsburg, NJ)] and catalase (69).

Measurements of O2 evolution were conducted for 10 s
commencing 10-15 s after the illuminators were switched
on. Longer data collection times were not employed because
the light-saturated rates of O2 evolution in the mutants
diminished appreciably after longer illumination times. When
used for EPR samples, PPBQ was purified by sublimation.

RESULTS

Growth, Oxygen EVolution, and PSII Contents of Mutant
Cells. Cells containing PSI and bearing the D1-E189Q, D1-
E189K, or D1-E189R mutations were photoautotrophic and
evolved O2 at 70-80% the rate of wild-type* cells (Table
1). The PSII contents of these cells were 66-95% compared
to wild-type*. Cells containing PSI and bearing the D1-
E189L or D1-E189I mutations were also photoautotrophic
and evolved O2 at 40-60% the rate of wild-type* cells. The
PSII contents of these cells were 55-60% compared to wild-
type*. Cells containing PSI and bearing the D1-E189D, D1-
E189N, D1-E189H, D1-E189G, D1-E189A, D1-E189S, D1-
E189T, D1-E189V, D1-E189M, D1-E189C, D1-E189Y, or
D1-E189F mutations were nonphotoautotrophic, requiring
glucose for propagation (Table 1). None of these nonpho-
toautotrophic mutants evolved O2 to a significant extent,
although D1-E189N cells evolved O2 at 6( 2% the rate of
wild-type* cells (37). The PSII contents of the nonphoto-
autotrophic mutants wereg90% compared to wild-type*,
except for the D1-E189V, D1-E189C, D1-E189Y, and D1-
E189F mutants, whose PSII contents were 50-70% com-
pared to wild-type*.

Fluorescence Characteristics of Mutant Cells.The fluo-
rescence yield of cyanobacteria and chloroplasts arises
primarily from PSII and is governed by the redox states of
P680and QA [for review, see (70-72)]. The fluorescence yield

Table 1: Comparison of Wild-Type* and D1-Glu189 Mutant
Strains in Vivoa

strain

photo-
autotrophic

growthb
O2 evolutionc

(% of wt*)

app PSII
contentd

(% of wt*)

fraction of
centers with

photooxidizable
Mn ions (%)e

wild-type* + 100 100 100
E189Qf + 67 ( 5 95( 12 87( 3
E189K + 83 ( 7 73( 6 89( 3
E189R + 70 ( 6 66( 2 88( 4
E189L + 37 ( 5 55( 5 73( 7
E189I + 62 ( 5 60( 5 88( 4
E189Df - <5 108( 6 87( 3
E189Nf - 6 ( 2 121( 6 87( 3
E189H - <5 104( 12 75( 2
E189G - <5 112( 5 75( 3
E189A - <5 95( 3 30( 10
E189S - <5 108( 8 69( 6
E189T - <5 90( 12 37( 6
E189V - <5 72( 18 72( 3
E189M - <5 109( 8 44( 3
E189C - <5 70( 9 71( 3
E189Y - <5 54( 10 46( 4
E189F - <5 70( 7 56( 2

a Data acquired with cells containing PSI.b Measured in growth
medium without glucose.c Initial rates measured in growth medium.
The light-saturated rate of O2 evolution in wild-type* cells was 680(
30 µmol of O2 (mg of Chl)-1 h-1. d Estimated from the total yield of
variable chlorophyll a fluorescence (Fmax - F0). e Estimated by
comparing the fraction of QA•- photoaccumulated after 10-15 s of
illumination in the presence of DCMU with that in wild-type* and D1-
D170A cells (37, 61). f Data from (37).
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of the state P680QA is low (F0). The fluorescence yield of
the state P680QA

•- is 2-5-fold higher thanF0 because the
rate constant of charge separation decreases in the presence
of QA

•-. The fluorescence yield of the state P680
•+QA

•- is
low because P680

•+ is a fluorescence quencher. The different
fluorescence yields of the states P680QA

•- and P680
•+QA

•- form
the basis of an assay that is sensitive either to the absence
of photooxidizable Mn ions in PSII or to slow electron
donation from the Mn cluster to YZ• (37, 61, 73, 74, 79).
This assay involves measuring the maximum yield of
chlorophylla fluorescence that follows each flash in a series
of closely spaced saturating flashes. In wild-type* cells, the
first saturating flash generates the highly fluorescent state
YZ

•P680QA
•-. The Mn cluster reduces YZ• within 30-1300

µs [(75-78) and references cited therein], and the subsequent
oxidation of QA

•- by QB generates the state YZP680QAQB
•-,

returning the fluorescence yield toF0. The second saturating
flash then regenerates the highly fluorescent state YZ

•P680QA
•-.

If the Mn cluster is absent, or if electron transfer from the
Mn cluster to YZ

• is slowed considerably, then the state
YZ

•P680QA persists when the second saturating flash is
applied. This flash then forms the low fluorescent state
YZ

•P680
•+QA

•-. Because YZ• cannot reduce P680
•+, the maxi-

mum fluorescence yield after the second saturating flash is
quenched by P680

•+. In all of the photoautotrophic mutants
(i.e., in D1-E189Q, D1-E189K, D1-E189R, D1-E189L, and
D1-E189I cells), the maximal fluorescence yield was es-
sentially the same after each flash (e.g., Figure 1A), implying
that nearly all PSII reaction centers in these mutants contain
photooxidizable Mn clusters in vivo. In all of the nonpho-
toautotrophic mutants, the maximum fluorescence yield after
the second and subsequent flashes was quenched substantially
(e.g., Figure 1B,C), implying either that the Mn cluster is
absent or that electron donation from Mn to YZ

• is slowed
substantially in these mutants during one or more of the S
state transitions.

The percentage of reaction centers containing photooxi-
dizable Mn ions in vivo can be estimated from the rate that
QA

•- photoaccumulates when cells are illuminated for 1-15
s in the presence of DCMU (37, 61, 79). The basis for this
assay is that alternate PSII electron donors{e.g., YD (80,
81) or cytochromeb-559 (80, 82, 83) [the latter via ChlZ
(84, 85) and/or Car (86, 87)]} reduce P680

•+ with low
quantum yields (80-82, 88), forming the relatively stable
states cytoxQA

•- and YD
•QA

•-. The rate of oxidation of these
alternate electron donors correlates with the equilibrium
concentration of P680

•+ (80-82, 88). Consequently, these
donors are oxidized more rapidly in reaction centers that lack
photooxidizable Mn ions than in those that contain photo-
oxidizable Mn ions (82, 88). During continuous illumination
in the presence of DCMU, the states YZ

•QA
•- and S2QA

•-

form and recombine until relatively stable states such as
cytoxQA

•- and YD
•-QA

•- photoaccumulate. By comparing the
rate that QA

•- photoaccumulates in mutant cells with that in
wild-type* and D1-D170A cells,2 the percentage of PSII
reaction centers containing photooxidizable Mn ions in vivo
can be estimated (37, 61, 79). On the basis of this assay, the
percentages of PSII reaction centers containing photooxi-
dizable Mn ions were estimated to be 80-90% in D1-E189Q,

D1-E189K, D1-E189R, D1-E189I, D1-E189D, and D1-
E189N cells, 70-80% in D1-E189L, D1-E189H, D1-E189G,
D1-E189V, and D1-E189C cells, 50-70% in D1-E189S and
D1-E189F cells, and 30-50% in D1-E189A, D1-E189T, D1-
E189M, and D1-E189Y cells (Table 1).

Oxidation of QA
•- by Mn or YZ

• in Intact and Mn-Depleted
PSII Particles.To further define the role of D1-Glu189, PSII
particles were isolated from the mutants D1-E189Q, D1-
E189L, D1-E189D, D1-E189N, D1-E189H, D1-E189G, and
D1-E189S. The O2 evolution rates of the D1-E189Q and D1-
E189L PSII particles were 2.4( 0.2 mmol of O2 (mg of
Chl)-1 h-1 and 2.7( 0.2 mmol of O2 (mg of Chl)-1 h-1,
respectively, or 40-45% the rate of wild-type* PSII particles.
To further characterize the Mn clusters in the mutant PSII
particles, the kinetics of charge recombination between QA

•-

and the donor side of PSII were measured after a single flash
2 The PSII reaction centers of D1-D170A cells contain no photo-

oxidizable Mn ions (61).

FIGURE 1: Yields of variable chlorophylla fluorescence produced
by each of four saturating flashes given at 50 ms intervals to D1-
Glu189 mutant cells containing PSI. Five milliseconds of data are
shown for each flash. (A) D1-E189K. (B) D1-E189H. (C) D1-
E189G. Conditions: 20µg of Chl in 0.58 mL of 50 mM MES-
NaOH, 20 mM CaCl2, and 10 mM NaCl, pH 6.5, 274 K. The cells
were incubated in darkness for 1 min before the monitoring flashes
were switched on. The frequency of the monitoring flashes was
switched from 1.6 to 100 kHz for 5 ms beginning 1 ms before
each saturating flash. The vertical scales are normalized to the
maximum (F - F0)/F0 values measured after the first flash in each
series. The data in (A) are representative for D1-Glu189 mutants
that grow photoautotrophically. The data in (B) and (C) are
representative for nonphotoautotrophic D1-Glu189 mutants, i.e.,
those that require glucose for propagation.
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(Figure 2). These measurements were conducted at 325 nm,
a wavelength where interference from YZ

• and the Mn cluster
is minimal (89-93). In both wild-type* and mutant particles,
the QA

•- decay kinetics were fit with three exponentially
decaying phases3 (Table 2). The most rapidly decaying phase,
with rate constantk1, was assumed to represent charge recom-
bination between QA•- and YZ

• (90, 93, 94). This phase had
k1

-1 ≈ 200 ms in wild-type* PSII particles,k1
-1 ≈ 160 ms

in D1-E189Q, D1-E189N, and D1-E189H PSII particles,k1
-1

≈ 140 ms in D1-E189L PSII particles,k1
-1 ≈ 100 ms in

D1-E189D and D1-E189S PSII particles, andk1
-1 ≈ 50 ms

in D1-E189G PSII particles (Table 2). The percentage of

reaction centers exhibitingk1 was 11.4( 0.9% in intact wild-
type* PSII particles (Figure 2A), 63( 1% in Mn-depleted
wild-type* PSII particles (Figure 2E),∼30% in D1-E189Q
and D1-E189L PSII particles,∼50% in D1-E189S, D1-E1-
89D, D1-E189N, and D1-E189H PSII particles (e.g., Figure
2B,D), and∼64% in D1-E189G PSII particles (Figure 2C).

In Mn-depleted PSII particles, a substantial percentage of
reaction centers does not exhibitk1; that is, a substantial
percentage of QA•- does not recombine with YZ•. The reason
is that, in some Mn-depleted reaction centers, P680

•+ becomes
reduced during the lifetime of YZ• by an alternate electron
donor [e.g., YD (80, 81), ChlZ (84, 85), or Car (86, 87)]
because of the redox equilibrium, YZ

•P680 T YZP680
•+ (80-

83, 88). The reduction of P680
•+ by an electron donor other

than YZ generates the state YZQA
•-; the subsequent oxidation

of QA
•- requires many seconds (39, 90, 93, 94).

In intact wild-type* PSII particles, a significant percentage
of reaction centers (11.4( 0.9%) exhibitsk1 (Table 2); that
is, a significant percentage of QA

•- recombines with YZ•. In
the presence of 0.1-1.0 mM MnCl2, this percentage de-
creased to 7( 1% (not shown, but see Figure 2A). Exo-
genous Mn2+ ions rapidly reduce YZ• in PSII particles that
lack Mn clusters (73, 95-98) (e.g., see Figure 2E-H),
leaving QA

•- to be oxidized slowly, possibly by charge
recombination with the Mn3+ ion that remains at the high-
affinity Mn binding site (99). In Mn-depleted PSII particles
from Synechocystissp. PCC 6803, Mn2+ reduces YZ• with
KM ) 1.5( 0.5µM (73, 99). Therefore, 0.1-1.0 mM MnCl2
should eliminatek1 in reaction centers that lack Mn clusters.
However, because 7( 1% of intact wild-type* PSII particles
continue to exhibitk1 in the presence of 0.1-1.0 mM MnCl2,
a small percentage of QA•- must recombine with YZ• even
when the high-affinity Mn binding site near YZ is occupied
by a Mn cluster or by a Mn2+ ion. It is unlikely that this
phenomenon is an artifact introduced during isolation of the
PSII particles: when charge recombination between QA

•-

and the donor side of PSII is measured in intact wild-type*
cells of Synechocystis6803, approximately 16% of the
variable fluorescence yield decays4 with k1

-1 ) 100 ( 40
ms (61) [also see (73)]. Heterogeneities or conformational
equilibria that slow the reduction of YZ• by Mn in a fraction
of reaction centers may cause a small percentage of QA

•- to
recombine with YZ• despite the presence of a Mn cluster or
a Mn2+ ion.5

To estimate the percentage of intact wild-type* PSII
particles that contain flash-oxidizable Mn clusters, we assume
that 0% of Mn-depleted PSII reaction centers contain flash-
oxidizable Mn ions and that, in the presence of 1.0 mM
MnCl2, 100% of intact wild-type* PSII particles contain

3 The exponentially decaying phases are reported in terms of initial
amplitudes (% of total) and lifetimes (i.e.,k-1); that is, the time required
for the amplitude to decay to 1/e of its initial value.

4 At the pH values employed, all kinetic phases of charge recombina-
tion are more rapid in intact cells ofSynechocystissp. PCC 6803 than
in isolated PSII particles (73, 101).

5 The microsecond phases of P680
•+ reduction in intact PSII prepara-

tions have also been proposed to reflect an equilibrium between different
conformational states of PSII (100) or between different protonation
states of hydrogen-bonded networks leading from YZ to the lumenal
surface (33) [see also the discussion in (41)]. Such equilibria may
contribute to photochemical misses in PSII by allowing QA

•- to reduce
P680

•+ in the equilibrium population of reaction centers in which electron
donation from YZ is slow (100). However, equilibria that slow the
reduction of YZ

• by Mn in a small percentage of reaction centers
probably would not contribute to photochemical misses in vivo because
QA

•- would presumably be oxidized by QB before it could reduce YZ•.

FIGURE 2: Formation and decay of QA•- after a single flash applied
to intact and Mn-depleted PSII particles in the absence and presence
of 1.0 mM MnCl2, as measured at 325 nm. (A) Intact wild-type*
PSII particles. Note that the traces obtained in the absence and
presence of 1.0 mM MnCl2 nearly overlap. (B) Intact D1-E189D
PSII particles. (C) Intact E189G PSII particles. (D) Intact D1-E189S
PSII particles. (E) Mn-depleted wild-type* PSII particles. (F) Mn-
depleted D1-E189D PSII particles. (G) Mn-depleted D1-E189G
PSII particles. (H) Mn-depleted D1-E189S PSII particles. To
facilitate comparisons, the amplitudes of the traces obtained in the
presence of MnCl2 were multiplied by factors of 1.28, 1.07, 1.19,
1.49, 1.04, 1.05, and 1.07 in panels B-H, respectively. Experi-
mental conditions: 20µg Chl/mL in 25% (v/v) glycerol, 50 mM
MES-NaOH (pH 6.0), 20 mM CaCl2, 5 mM MgCl2, 0.03%
n-dodecyl-â-D-maltoside, 10µM K3Fe(CN)6, 25 µM DCMU, 1%
DMSO, pH 6.0, 294 K. Traces obtained in the absence of added
MnCl2 in panels A-H represent the average of 25, 50, 50, 25, 25,
50, 50, and 50 sweeps, respectively. Traces obtained in the presence
of 1.0 mM MnCl2 in panels A-H represent the average of 25, 100,
50, 50, 50, 50, 50, and 50 sweeps, respectively. Samples were
replaced after 25 sweeps.
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flash-oxidizable Mn clusters or Mn2+ ions. Because 7( 1%
of intact wild-type* PSII reaction centers exhibitk1 in the
presence of 0.1-1.0 mM MnCl2 (see above) and 63( 1%
of Mn-depleted wild-type* PSII reaction centers exhibitk1

in the absence of added MnCl2 (Table 2), the total dynamic
range for %k1 is (63 - 7)%. Therefore, because 11.4(
0.9% of intact wild-type* PSII reaction centers exhibitk1 in
the absence of added Mn2+ ions (Table 2), the percentage
of intact wild-type* PSII reaction centers containing flash-
oxidizable Mn clusters is 100× [(63 - 11.4)/(63- 7)] )
92 ( 3.

To estimate the percentages of D1-Glu189 mutant PSII
particles that contain flash-oxidizable Mn clusters, we
proceed as in the previous paragraph, using the expression
100 × (63 - % k1)/(63 - 7). In using this expression, we
implicitly assume that the dynamic range for %k1 is the
same in D1-Glu189 mutant and wild-type* PSII particles.
With this expression, the percentages of D1-Glu189 mutant
PSII reaction centers containing flash-oxidizable Mn clusters
are 63( 4% in D1-E189Q, 55( 6% in D1-E189L, 30(
3% in D1-E189D, 27( 3% in D1-E189S, 23( 4% in D1-
E189N, and 23( 3% in D1-E189H PSII particles. No flash-
oxidizable Mn clusters could be estimated with this analysis
in D1-E189G PSII particles. However, the dynamic range
for % k1 may differ in these PSII particles because of the
unusually rapid rate of charge recombination between QA

•-

and YZ
• in intact D1-E189G PSII particles (Table 2).

To test the possibility that some of the D1-E189 mutant
PSII particles contain more Mn clusters than are oxidized
by a single flash, the kinetics of QA•- oxidation were also
measured in the presence of 1.0 mM MnCl2. In the presence
of 1.0 mM MnCl2, the rate of QA

•- oxidation was slowed
dramatically in all Mn-depleted PSII particles (Figure 2E-
H) and in all intact D1-Glu189 mutant PSII particles [e.g.,
D1-E189D (Figure 2B)], with the exception of intact D1-
E189G and D1-E189S PSII particles. In these PSII particles,
1.0 mM MnCl2 slowed QA

•- oxidation only moderately
(Figure 2C,D). In the presence of 1.0 mM MnCl2, QA

•- was
oxidized rapidly in 38( 2% of D1-E189G and 27( 2% of
D1-E189S reaction centers, respectively (Table 2). Evidently,

some D1-E189G and D1-E189S PSII particles contain Mn
clusters that are not photooxidized by a flash but that protect
YZ

• from reduction by exogenous Mn2+ ions. In this fraction
of PSII particles, YZ• is reduced by QA•- rather than by
exogenous Mn2+ ions. To estimate the percentages of these
PSII particles in the D1-E189G and D1-E189S preparations,
we proceed as in the previous paragraph, again assuming
that the total dynamic range for %k1 is (63- 7)%. Therefore,
the percentage of intact D1-E189G reaction centers contain-
ing Mn clusters that are not photooxidized by a flash but
that protect YZ• from reduction is 100× [(38 - 7)/(63 -
7)] ) 55 ( 4. Therefore, at least 55( 4% of D1-E189G
reaction centers contain Mn clusters (Table 2). The percent-
age of intact D1-E189S reaction centers containing Mn
clusters that are not photooxidized by a flash is 100× [(27
- 7)/(63- 7)] ) 36 ( 4. Therefore, the total percentage of
intact D1-E189S PSII particles containing Mn clusters is 63
( 5% (i.e., 27( 3% plus 36( 4%). Of these, 100× (27/
63) ) 43 ( 6% reduce YZ• after a flash and the remaining
100 × (36/63) ) 57 ( 8% protect YZ

• from reduction by
Mn2+ ions.

Reduction of YZ• by QA
•- in Mn-Depleted PSII Particles.

In the absence of exogenous Mn2+ ions, the fastest phase of
QA

•- oxidation,k1, was more rapid in all D1-Glu189 mutant
PSII particles than in wild-type* (Figure 2, Table 2). This
observation suggests that charge recombination between QA

•-

and YZ
• is accelerated in the D1-Glu189 mutants compared

to wild-type*. However, the analysis is complicated by the
presence of Mn clusters in some reaction centers but not
others: the rate of charge recombination between QA

•- and
YZ

• is determined by the rate of electron transfer from QA
•-

to P680
•+ and by the equilibrium, P680

•+ YZ T P680 YZ
• (74,

80-82, 88, 93). The equilibrium constant is greater in the
absence of the Mn cluster [Keq ) 90-120 at pH 6.0 (80)]
than in its presence [Keq ) 20-30 in the S1 state (102, 103)]
because the midpoint potential of YZ

•/YZ decreases relative
to that of P680

•+/P680 in the absence of the Mn cluster (80,
93, 103, 104). To eliminate this complication, the kinetics
of YZ

• reduction were measured in wild-type* and D1-
Glu189 mutant PSII particles after extraction of Mn. The

Table 2: Kinetics of QA•- Decay after a Flash in Intact and Mn-Depleted Wild-Type* and Mutant PSII Particlesa

k1 k2 k3
b

% k1
-1 (ms) % k2

-1 (s) % k3
-1 (s)

reaction centers
with Mn clusters (%)

wild-type* 11.4( 0.9 207( 34 38( 3 3.2( 0.4 51( 3 26( 3 92( 3c

Mn-depleted wild-type* 63( 1 190( 10 17( 1 1.6( 0.3 20( 1 >100 0d

E189Q 28( 4 160( 35 30( 4 2.7( 0.3 42( 5 43( 4 63( 4e

E189L 32( 3 143( 22 32( 1 2.0( 0.2 36( 2 34( 5 55( 6e

E189G 64( 1 54( 6 20( 1 1.9( 0.2 17( 1 >100 55( 4f

E1896+MnCl2 38 ( 2 23( 1 37( 1 2.5( 0.2 25( 1 45( 7 55( 4f

E189S 48( 1 104( 13 27( 2 2.8( 0.2 25( 2 47( 10 63( 5g

E1895+MnCl2 27 ( 2 65( 10 41( 1 2.8( 0.3 32( 2 41( 7 63( 5f

E189D 46( 1 108( 10 27( 2 2.4( 0.4 28( 3 44( 10 30( 3e

E189N 50( 2 160( 9 28( 1 2.3( 0.3 22( 2 >70 23( 4e

E189H 50( 1 161( 7 29( 1 1.8( 0.1 21( 2 >68 23( 3e

a Tabulated are the averages and sample standard deviations of 4-10 separate measurements conducted on each sample type. The exponentially
decaying phases are reported in terms of initial amplitudes (% of total) and lifetimes (i.e.,k-1); that is, the time required for the amplitude to decay
to 1/e of its initial value.b The values ofk3 should be considered approximate because only 16 s of data was subjected to the fitting procedure.c In
the presence of 0.1-1.0 mM MnCl2, % k1 decreased to 7( 1% and 100% of wild-type* reaction centers were assumed to contain Mn clusters or
Mn2+ ions (see text).d Assumed.e Calculated from the relation 100× [(63 - % k1)/(63- 7)]. f The percentage of E189G reaction centers containing
Mn clusters that are photooxidized by a flash is (63- 64)/(63- 7) ) 0%. However, in 100× [(38 - 7)/(63- 7)] ) 55 ( 4% of E189G reaction
centers, Mn clusters protect YZ

• from reduction by exogenous Mn2+ ions (see text).g The percentage of E189S reaction centers containing Mn
clusters that are photooxidized by a flash is (63- 48)/(63- 7) ) 27 ( 3%. In an additional 100× [(27 - 7)/(63 - 7)] ) 36 ( 4% of E189S
reaction centers, Mn clusters that are not photooxidized by a flash protect YZ

• from reduction by exogenous Mn2+ ions (see text).
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kinetics were measured at 287.5 nm, an isosbestic point for
QA

•- in Synechocystissp. PCC 6803 (60, 93), and were fit
with two exponentially decaying phases (Figure 3). In Mn-
depleted wild-type* PSII particles, 69( 5% of YZ

• decayed
with k-1 ) 180 ( 28 ms, and the remainder decayed with
k-1 ) 1.0( 0.4 s. In D1-E189G, D1-E189N, and D1-E189S
PSII particles,∼80% of YZ

• decayed withk-1 ) 140-150
ms, and the remainder decayed withk-1 ≈ 1.4 s. In D1-
E189D PSII particles, 85( 2% of YZ

• decayed withk-1 )
104 ( 9 ms, and the remainder decayed withk-1 ) 1.2 (
0.3 s. These data confirm that charge recombination between
QA

•- and YZ
• is accelerated in D1-Glu189 mutant PSII

particles in comparison to wild-type*.
EPR Spectra of D1-E189Q PSII Particles.A parallel

polarization, integer spin multiline EPR signal was observed
in dark-adapted D1-E189Q PSII particles (Figure 4, lower
trace). This signal is similar to the S1 state multiline EPR
signal that is observed in wild-type* PSII particles from
Synechocystis(Figure 4, upper trace) (105, 106), and we
assign it to the S1 state in D1-E189Q PSII particles. A
multiline EPR signal was also observed in the perpendicular
mode after illumination of D1-E189Q PSII particles at 195
K (Figure 5, lower trace). This signal is similar to the S2

state multiline EPR signal observed in wild-type* PSII
particles illuminated under the same conditions (Figure 5,
upper trace), and we assign it to the S2 state in D1-E189Q
PSII particles. After correcting for the different Chl contents
of the two samples, the integrated area of the D1-E189Q S2

state multiline EPR signal was approximately 64% of the
integrated area of the wild-type* signal. Because 92( 3%
of the wild-type* PSII reaction centers was estimated to
contain photooxidizable Mn clusters (Table 2), we conclude
that approximately 59% of the D1-E189Q PSII reaction
centers gave rise to the S2 state multiline EPR signal. A
similar percentage (63( 4%) of D1-E189Q PSII particles
was estimated to contain flash-oxidizable Mn clusters (Table
2). The percentages of PSII particles contributing to the S1

state multiline signals were not estimated because of the
presence of an underlying background signal that is observed
in almost all parallel mode spectra of PSII. The shape of
this background signal varies between samples, preventing
accurate calculation of hyperfine signal areas. The S1 and
S2 state multiline EPR signals of D1-E189Q PSII particles

were the same whether the PSII particles were isolated from
Synechocystiscells containing or lacking PSI.

FIGURE 3: Formation and decay of YZ• after a single flash applied
to Mn-depleted PSII particles, as measured at 287.5 nm. Condi-
tions: same as in Figure 4 but without DCMU or DMSO. Each
trace represents the average of 432 sweeps. Samples were replaced
after 144 sweeps. FIGURE 4: Parallel polarization EPR spectra of dark-adapted wild-

type* (upper trace) and D1-E189Q (lower trace) PSII particles. After
illumination, the samples used for Figure 5 (below) were dark-
adapted for 1.5 h at 273 K before being flash-frozen in liquid N2.
Experimental conditions: dual mode cavity; microwave frequency,
9.42 GHz; microwave power, 51 mW; modulation amplitude, 8 G;
modulation frequency, 100 kHz; time constant, 164 ms; conversion
time, 164 ms; temperature, 2.7 K; 9 scans for wild-type* and 31
scans for D1-E189Q. The spectra have been normalized for Chl
content and for the number of scans accumulated. Underlying the
multiline features in each sample is an unidentified background
signal that is observed in almost all parallel mode spectra of PSII.
The shape of this background signal varies between samples, thus
preventing a quantitative comparison of the integrated hyperfine
signal intensity between the wild-type* and D1-E189Q mutant
spectra.

FIGURE 5: Light-minus-dark EPR spectra of wild-type* (upper
trace) and D1-E189Q (lower trace) PSII particles. Samples were
illuminated for 5 min at 195 K before being flash-frozen in liquid
N2. The wild-type* sample contained∼3.3 mg of Chl/mL and was
isolated from cells lacking PSI. The D1-E189Q sample contained
∼2.5 mg of Chl/mL, was isolated from cells containing PSI, and
contained 1 mM DCMU and 1% DMSO. Sample buffer: 25% (v/
v) glycerol, 50 mM MES-NaOH (pH 6.0), 20 mM CaCl2, 5 mM
MgCl2, 25 mM MgSO4, 0.03%n-dodecyl-â-D-maltoside. Experi-
mental conditions: dual mode cavity; microwave frequency, 9.68
GHz; microwave power, 3.2 mW; modulation amplitude, 10 G;
modulation frequency, 100 kHz; time constant, 20 ms; conversion
time, 41 ms; temperature, 7 K; 60 scans. The spectra have been
normalized for Chl content and have had theg ) 2.0 region,
containing the EPR signal of YD•, removed for clarity.
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EPR Spectra of Non-O2-EVolVing PSII Particles.No S1

state multiline EPR signal was observed in dark-adapted D1-
E189D, D1-E189G, D1-E189N, D1-E189S, or D1-E189H
PSII particles. Similarly, no S2 state multiline EPR signal
was observed in any of these PSII particles after illumination
at 195 K or in D1-E189D or D1-E189G PSII particles after
illumination at 273 K in the presence of DCMU (not shown).

Illumination of D1-E189D, D1-E189G, D1-E189N, D1-
E189S, and D1-E189H PSII particles near 273 K in the
presence of PPBQ and K3Fe(CN)6 as electron acceptors
produced narrow “split” EPR signals (Figures 6 and 7). In
D1-E189D PSII particles, the split signal had a line width
of ∼155 G and additional features split by∼235 G (Figure
6A). In D1-E189G PSII particles, the split signal had a line
width of ∼110 G (Figure 6B) plus additional features
resembling the small flanking multiline peaks observed in
acetate-treated PSII preparations from spinach (13, 17-20,
107-111). Hints of such flanking multiline peaks were also
evident in the split signals observed in D1-E189N and D1-
E189S PSII particles (Figure 7A,B). The split signals in D1-

E189N, D1-E189S, and D1-E189H PSII particles had line
widths of∼75,∼100, and∼100 G, respectively (Figure 7).

DISCUSSION

In this study, we show that mutations of D1-Glu189 that
fail to support the photoautotrophic growth of cells containing
PSI also alter the magnetic properties of the Mn cluster and
perturb the redox properties of both the Mn cluster and YZ.
On the basis of modeling studies (56-59), D1-Glu189 has
been proposed to be a possible ligand of the Mn cluster. In
cytochromec from yeast, Lys can replace Met (112) and
Arg can replace Met (113) and His (114, 115) as ligands to
Fe. In cytochromec-550 from ThiobacillusVersutus, Lys
can replace Met as a ligand to Fe (116). In cytochromec
peroxidase, Gln can replace His as a ligand to Fe with little
change in the enzyme’s steady-statekcat value (117). Con-
sequently, the retention of O2 evolution and photoautotrophic
growth in the D1-E189Q, D1-E189K, and D1-E189R
mutants would be consistent with ligation of the Mn cluster
by D1-Glu189 if residues such as Asp, Asn, Ser, and Gly

FIGURE 6: Light-minus-dark EPR spectra of the “split” EPR signal
of D1-E189D and D1-E189G PSII particles. Samples [∼4 mg of
Chl/mL in 25% (v/v) glycerol, 50 mM MES-NaOH (pH 6.0), 20
mM CaCl2, 5 mM MgCl2, 30 mM MgSO4, 0.03%n-dodecyl-â-D-
maltoside, 0.6 mM K3Fe(CN)6, 0.6 mM PPBQ, 1% (v/v) DMSO]
were illuminated for 28 s above liquid N2 before being flash-frozen.
The vertical scale of (B) is expanded relative to that in (A). The
points marked by “‡” and “§” in the E189D spectrum are split by
155 and 235 G, respectively. The points marked by “/” and “#” in
the E189G spectrum are split by 110 and 185 G, respectively.
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, 41 ms; conver-
sion time, 82 ms; temperature, 7 K; 10 scans. The PSII particles
were isolated from cells lacking PSI. The spectra have had theg
) 2.0 region, containing the EPR signal of YD

•, removed for clarity.

FIGURE 7: Light-minus-dark EPR spectra of the “split” EPR signal
of (A) D1-E189N, (B) D1-E189S, and (C) D1-E189H PSII particles.
The vertical scales differ from those in Figure 6. Samples [∼6 mg
of Chl/mL for (A), ∼7 mg of Chl/mL for (B), and∼5 mg of Chl/
mL for (C), in the same buffer as in Figure 3] were illuminated for
28 s above liquid N2 before being flash-frozen. The points marked
by “‡” are split by 75, 100, and 100 G in panels A, B, and C,
respectively. Experimental conditions: dual mode cavity; micro-
wave frequency, 9.68 GHz; microwave power, 3.2 mW; modulation
amplitude, 10 G; modulation frequency, 100 kHz; time constant,
41 ms; conversion time, 82 ms; temperature, 7 K; 10 scans for (A)
and (C), 7 scans for (B). The PSII particles were isolated from
cells lacking PSI. The spectra have had theg ) 2.0 region,
containing the EPR signal of YD•, removed for clarity.
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are too small or inflexible to substitute.6 However, in most
of the nonphotoautotrophic D1-Glu189 mutants, more than
70% of the PSII reaction centers contain photooxidizable
Mn clusters in vivo [(37) and this study]. Furthermore,
replacing D1-Glu189 with Gln, Lys, or Arg might be
expected to alter the midpoint potentials of the Mn cluster
in all of its oxidation states because of the very different
pKA values of Glu, Gln, Arg, and Lys. In cytochromec
peroxidase, replacing His175 with Gln increased the midpoint
potential of the heme iron by at least 75 mV (118). In
cytochromec, replacing Met80 with His or Cys decreased
the midpoint potential of the heme iron by 230 and 600 mV,
respectively (119). In cytochromec-550 fromThiobacillus
Versutus, replacing Met100 with Lys decreased the midpoint
potential of the heme iron by 330 mV (116). The rate of
charge recombination between QA

•- and the S2 state of the
Mn cluster is determined by the rate of electron transfer from
QA

•- to P680
•+ and by the equilibrium: S1 P680

•+ T S2 P680

(74, 81, 82, 88). An alteration of the S2/S1 midpoint potential
would alter this equilibrium and, therefore, would alter the
rate of charge recombination between QA

•- and the S2 state
of the Mn cluster. However, the charge recombination
kinetics of D1-E189Q, D1-E189K, and D1-E189R cells
closely resemble those of wild-type* cells [not shown, but
see Figure 11 of ref (37)]. These data imply that D1-Glu189
has little influence on the S2/S1 midpoint potential. On the
basis of these considerations, we conclude that D1-Glu189
is unlikely to ligate the Mn cluster in PSII, in agreement
with our earlier analysis (37). However, a definitive conclu-
sion will require more direct studies.

The multiline EPR signals of D1-E189Q PSII particles in
the S1 and S2 states (Figures 4 and 5) closely resemble those
observed in wild-type* PSII particles. These similarities
provide additional, but not conclusive, evidence that D1-
Glu189 does not ligate the Mn cluster. One might expect
that replacing a carboxylate ligand with the corresponding
carboxamide would alter the magnetic properties of the Mn
cluster. However, the absence of such alterations in D1-
E189Q PSII particles does not rigorously exclude D1-Glu189
as a ligand to the Mn cluster. As a possible counterexample,
D1-Asp170 is most likely a ligand of the Mn cluster (99)
[for review, see (4, 5, 11)], but D1-D170H PSII particles
exhibit normal multiline EPR spectra in both the S1 state
(K. A. Campbell, R. D. Britt, and R. J. Debus, unpublished
observations) and the S2 state (X.-S. Tang and B. A. Diner,
personal communication; K. A. Campbell, R. D. Britt, and
R. J. Debus, unpublished observations). Nevertheless, we can
exclude the possibility that D1-Glu189 acts as a bridging
ligand between two Mn ions or as a bidentate ligand to a
single Mn ion.

The absence of S1 and S2 state multiline EPR signals in
the nonphotoautotrophic D1-Glu189 mutants shows that the
magnetic properties of the Mn cluster are altered in these
mutants. In these mutants, “split” EPR signals are ac-
cumulated under multiple turnover conditions (Figures 6 and
7). These signals resemble those observed in PSII prepara-
tions from spinach that have been depleted of Ca2+ (20, 21,
120-124) or Cl- (124, 125), or that have been treated with

acetate (13, 17-20, 22, 107-111, 126) or NH3 (22, 127,
128). The “split” EPR signals observed in the D1-Glu189
mutants are narrower than those observed in Ca2+-depleted
or acetate-treated PSII preparations from spinach, but are
similar in width to those observed in Cl--depleted (124) and
NH3-treated (22, 127, 128) PSII preparations from spinach
and in Ca2+-depleted PSII particles fromSynechocystissp.
PCC 6803 (129), the organism used in the present study. Of
particular note, the “split” EPR signal of D1-E189G PSII
particles exhibits features (Figure 6B) that resemble the
multiline peaks flanking the split EPR signal observed in
acetate-treated preparations (13, 17-20, 107-111). Hints of
such features are also evident in the D1-E189D, D1-E189N,
and D1-E189S PSII particles (Figures 6B and 7).

Depletion of Ca2+, depletion of Cl-, and treatment with
acetate all block advancement beyond the YZ

•S2 state (25,
109, 126). Treatment with NH3 slows one or more of the S
state transitions (130). In these inhibited preparations, the
“split” EPR signal arises from a magnetic interaction between
YZ

• and the S2 state of the Mn cluster (25, 109, 126). The
line shape of this signal is determined by the magnetic
properties of the Mn cluster and by the relative orientation
and distance between the Mn cluster and YZ

• (13, 17-20,
111). Therefore, the difference in line shapes between “split”
EPR signals observed in different D1-Glu189 mutants must
reflect differences in one or more of these parameters.

Because no S2 state multiline EPR signal is observed in
the nonphotoautotrophic D1-Glu189 mutants, we are unable
to exclude the possibility that the “split” EPR signals
observed in these mutants may arise from a magnetic
interaction between YZ• and a Mn cluster containing fewer
than four Mn ions or having an oxidation state less than S2.
In principle, a “split” EPR signal with flanking multiline
features could arise from a magnetic interaction between YZ

•

and a paramagnetic Mn cluster having a nuclearity of 2 or
higher, including the possibility of oxidation state differing
from any of the known S states. However, no signals
resembling the line shapes of known YZ

•S2 “split” EPR
spectra have been reported in damaged wild-type PSII
preparations, in PSII preparations containing fewer than four
Mn ions [e.g., (131)], or in PSII preparations having Mn
oxidation states lower than S2 [e.g., (132)]. Furthermore, if
Mn clusters having fewer than four Mn ions or dark-stable
oxidation states lower than S1 exist in the nonphotoau-
totrophic D1-Glu189 mutants, they are EPR-silent at X band
both after dark-adaptation and after a single turnover (e.g.,
after illumination at 195 K or at 273 K in the presence of
DCMU). Altered S2 states that exhibit no multiline EPR
signal have been reported previously. For example, no S2

state multiline EPR signal was observed in PSII preparations
from Synechococcus elongatusafter illumination at 140 K
and warming to 215 K despite X-ray absorption data showing
that the Mn cluster had been oxidized at 140 K (133).
Similarly, Cl--depleted PSII preparations exhibit no S2 state
multiline EPR signal (134, 135), and acetate-treated PSII
preparations exhibit an S2 state multiline EPR signal only
under special circumstances (109, 111). Consequently, our
observation of “split” EPR signals in the nonphotoautotrophic
D1-Glu189 mutants is consistent with an inability to advance
beyond an altered YZ•S2 state in these mutants. We favor
this interpretation. An inability to advance beyond an altered
YZ

•S2 state would be consistent with the inability of the

6 Possible reasons for the retention of O2 evolution and photoau-
totrophic growth in the D1-E189L and D1-E189I mutants are discussed
below.
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nonphotoautotrophic D1-Glu189 mutants to evolve O2 and
with the progressive quenching of the maximal yield of
chlorophyll a fluorescence observed in intact cells of these
mutants (e.g., Figure 1).

Few D1-E189G Mn clusters and only a minority of D1-
E189S Mn clusters (43( 6%) reduce YZ• after a flash; the
remaining Mn clusters protect YZ• from reduction by
exogenous Mn2+ ions (Figure 2). A similar phenomenon was
reported recently in D1-H332E PSII particles (136). As in
this earlier study, we propose that the low quantum yield of
oxidation of endogenous Mn clusters in D1-E189G and D1-
E189S PSII particles is caused by a dramatic slowing of the
rate of electron transfer from the Mn cluster to YZ

• during
the S1 f S2 transition. In the D1-E189S PSII particles, the
extent of slowing can be estimated. If only QA

•- and the
Mn cluster compete to reduce YZ

• in these PSII particles,
then, because QA•- reduces YZ• with k-1 ≈ 104 ms (Table
2) and only 43( 6% of the Mn clusters in D1-E189S PSII
particles reduce YZ• after a flash, the rate of electron transfer
from Mn to YZ

• during the S1 f S2 transition must havek-1

≈ 140 ms. This rate constant is 1400-fold slower than that
in wild-type PSII preparations, where YZ

• oxidizes the S1
state Mn cluster with a half-time of 55-110 µs (i.e., with
k-1 ) 80-160 µs) [(75-78) and references cited therein].
An 8000-fold slowing of this rate constant was estimated in
D1-H332E PSII particles (136), and a even greater slowing
may occur in D1-E189G PSII particles.

The low quantum yield for the oxidation of the Mn clusters
in D1-E189S and D1-E189G PSII particles raises the
possibility that the formation kinetics and stabilities of one
or more intermediates formed during photoactivation of the
Mn cluster [(137-141) and references cited therein] may
be altered in these mutants. In contrast to the oxidation of
assembled or partly assembled Mn clusters, the quantum
yield for the oxidation of a single Mn2+ ion by YZ

• appears
to be normal in D1-E189S and D1-E189G PSII particles
(Figure 2G,H).

The low quantum yield for oxidation of the Mn cluster in
D1-E189G and D1-E189S PSII particles and the inability to
advance beyond an apparent YZ

•S2 state in D1-E189D, D1-
E189G, D1-E189N, D1-E189S, and D1-E189H PSII particles
show that the redox properties of the Mn cluster are altered
dramatically in the nonphotoautotrophic D1-Glu189 mutants.
The midpoint potential of YZ also appears to be altered in
these mutants. In the absence of the Mn cluster, the rate of
charge recombination between QA

•- and YZ
• is accelerated

in D1-Glu189 mutant PSII particles compared to that in wild-
type* PSII particles (Figure 3). As stated earlier, the rate of
this reaction is determined by the rate of electron transfer
from QA

•- to P680
•+ and by the equilibrium, P680

•+ YZ T P680

YZ
• (74, 80-82, 88, 93). Although we are unable to exclude

an alteration of the redox properties of QA or P680, it seems
more likely that the accelerated rate of charge recombination
between QA•- and YZ

• in Mn-depleted D1-Glu189 mutant
PSII particles represents an alteration of the redox properties
of YZ. The rate of charge recombination between QA

•- and
YZ

• is significantly faster in Mn-depleted D1-E189D PSII
particles than in all other D1-Glu189 mutant PSII particles
(Figure 3). This finding is consistent with the ideas of David
Kramer and co-workers, who propose that D1-His190 and
D1-Glu189 interact via a hydrogen bond and that D1-His190

would bond more strongly with Asp189 than with Glu189
(54).

The dramatic differences in the O2-evolving and fluores-
cence characteristics of D1-E189Q and D1-E189D cells
previously led us to propose that D1-Glu189 participates in
a network of hydrogen bonds that is crucial for positioning
a residue that participates in proton release during water
oxidation (37). More recently, this residue has been proposed
to participate in a proton-transfer pathway leading from D1-
His190 to the lumenal surface, and to accept a proton from
D1-His190 either directly or by positioning a group that acts
as a proton acceptor (29, 31, 33). Mutant D1-E189Q cells
are photoautotrophic and evolve O2 at∼70% the rate of wild-
type* cells. Therefore, if D1-Glu189 accepts a proton directly
from D1-His190, then another group must also accept a
hydrogen bond from D1-His190 and must readily substitute
for D1-Glu189 in the D1-E189Q mutant. An alternate
scenario is that D1-Glu189 participates in a network of
hydrogen bonds that positions the proton acceptor for D1-
His190. Such a hydrogen-bonded network could be main-
tained by Gln. There is a precedent for such a replacement
of a carboxylate moiety by the corresponding carboxamide:
in dihydrofolate reductase, a hydrogen bond network involv-
ing Asp-27 is retained in the D27N mutation because an
O-HN hydrogen bond is simply replaced by an NH-N
hydrogen bond (142). The flexibility and hydrogen-bonding
properties of Lys and Arg may similarly permit these residues
to maintain a network of hydrogen bonds in place of Glu189
(143), especially if the network involves water molecules,
as seems likely in PSII on the basis of the hydrogen-bonded
networks observed in bacterial reaction centers (44, 45),
bacteriorhodopsin (46-48), cytochrome f (49, 50), and
cytochromec oxidase (51-53). None of the other residues
substituted for D1-Glu189 would be likely candidates for
maintaining such a network of hydrogen bonds. Both Asp
and Asn are shorter and less flexible than Glu and Gln (144).
Indeed, the substitution of Glu by Asp can be deleterious to
function because the position and orientation of the car-
boxylate moiety necessarily change in the structure of the
mutant protein [e.g., the E43D mutation in staphylococcal
nuclease (145) and the E165D mutation in triosephosphate
isomerase (146)]. Why, then, do the mutations D1-E189L
and D1-E189I support O2 evolution and photoautotrophic
growth? One possibility is that Leu and Ile, being relatively
bulky and hydrophobic, cause structural perturbations that
permit the missing D1-Glu189 carboxylate moiety to be
replaced by another residue or by a water molecule (37).
Such compensatory, mutation-induced structural rearrange-
ments have been observed in ferredoxin I ofAzotobacter
Vinelandii (147), ricin A (148), and human alcohol dehy-
drogenase (149). Such compensatory structural rearrange-
ments were proposed previously to account for the photo-
autotrophic growth of D1-D170L, D1-D170I, and D1-D170V
cells (37) and to account for the curious observation that
the substitution of D1-His337 with progressively bulkier and
more hydrophobic residues causes progressively less per-
turbation to the Mn cluster: whereas the Mn clusters in D1-
H337V cells are severely perturbed, those in D1-H337L cells
evolve O2 and those in D1-H337F cells support photoau-
totrophic growth (79).

That acetate-inhibited, Ca2+-depleted, Cl--depleted, and
nonphotoautotrophic D1-Glu189 mutant PSII preparations
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are all unable to advance beyond the S2YZ
• state suggests a

mechanism for the inhibition of Mn oxidation in the
nonphotoautotrophic D1-Glu189 mutants. Both acetate-
treatment (92, 150) and Ca2+-depletion (124, 151) dramati-
cally slow the oxidation of YZ by P680

•+. This phenomenon
is also observed in D1-His190 mutants, where the hydrogen-
bonding properties of YZ are disrupted (34-41). Conse-
quently, both acetate-treatment and Ca2+-depletion are
believed to disrupt a network of hydrogen bonds that includes
YZ and D1-His190 (33, 41, 151, 152). To provide the
necessary driving force for oxidizing the Mn cluster, YZ

• has
been proposed to abstract both an electron and a proton from
the Mn cluster in its S2 and S3 states (5, 14, 23-26, 28-33,
109). Acetate-treatment, Ca2+-depletion, and Cl--depletion
all have been proposed to block the conversion of S2YZ

• to
S3YZ by inhibiting proton transfer from Mn to YZ•: these
treatments have been proposed to disrupt a network of
hydrogen bonds that connects YZ with the water-derived Mn
ligands from which the proton is abstracted (24, 33, 109,
152). A similar disruption of these hydrogen bonds, or those
connecting YZ and D1-His190 with proton-transfer pathways
leading to the lumenal surface, may occur in the nonphoto-
autotrophic D1-Glu189 mutants.
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