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ABSTRACT: Site-directed mutations were introduced to replace D1-His198 and D2-His197 of the D1 and
D2 polypeptides, respectively, of the photosystem II (PSII) reaction center ofSynechocystisPCC 6803.
These residues coordinate chlorophylls PA and PB which are homologous to the special pair Bchlorophylls
of the bacterial reaction centers that are coordinated respectively by histidines L-173 and M-200 (202).
PA and PB together serve as the primary electron donor, P, in purple bacterial reaction centers. In PS II,
the site-directed mutations at D1 His198 affect the P+-P-absorbance difference spectrum. The bleaching
maximum in the Soret region (in WT at 433 nm) is blue-shifted by as much as 3 nm. In the D1 His198Gln
mutant, a similar displacement to the blue is observed for the bleaching maximum in the Qy region (672.5
nm in WT at 80 K), whereas features attributed to a band shift centered at 681 nm are not altered. In the
YZ•-YZ-difference spectrum, the band shift of a reaction center chlorophyll centered in WT at 433-434
nm is shifted by 2-3 nm to the blue in the D1-His198Gln mutant. The D1-His198Gln mutation has little
effect on the optical difference spectrum,3P-1P, of the reaction center triplet formed by P+Pheo- charge
recombination (bleaching at 681-684 nm), measured at 5-80 K, but becomes visible as a pronounced
shoulder at 669 nm at temperaturesg150 K. Measurements of the kinetics of oxidized donor-QA

- charge
recombination and of the reduction of P+ by redox active tyrosine, YZ, indicate that the reduction potential
of the redox couple P+/P can be appreciably modulated both positively and negatively by ligand replacement
at D1-198 but somewhat less so at D2-197. On the basis of these observations and others in the literature,
we propose that the monomeric accessory chlorophyll, BA, is a long-wavelength trap located at 684 nm
at 5 K. BA* initiates primary charge separation at low temperature, a function that is increasingly shared
with PA* in an activated process as the temperature rises. Charge separation from BA* would be potentially
very fast and form PA+BA

- and/or BA
+Pheo- as observed in bacterial reaction centers upon direct excitation

of BA (van Brederode, M. E., et al. (1999)Proc. Natl. Acad Sci. 96, 2054-2059). The cation, generated
upon primary charge separation in PSII, is stabilized at all temperatures primarily on PA, the absorbance
spectrum of which is displaced to the blue by the mutations. In WT, the cation is proposed to be shared
to a minor extent (∼20%) with PB, the contribution of which can be modulated up or down by mutation.
The band shift at 681 nm, observed in the P+-P difference spectrum, is attributed to an electrochromic
effect of PA

+ on neighboring BA. Because of its low-energy singlet and therefore triplet state, the reaction
center triplet state is stabilized on BA at e80 K but can be shared with PA at >80 K in a thermally
activated process.

INTRODUCTION
The primary electron donor of the reaction centers of the

purple non-sulfur photosynthetic bacteria is a pair of exci-

tonically coupled bacteriochlorophyll (BChl)1 molecules (1,
2), PA and PB, coordinated by L-His173 and M-His200 (202),
respectively (3-5). Upon photooxidation of the primary
donor, the oxidizing equivalent is either shared between or
localized on one member of the special pair (6). There are
substantial amino acid sequence homologies between the
bacterial reaction centers and photosystem II (PSII) (7-10).
The histidines that coordinate PA and PB of the bacterial
reaction centers are conserved in PSII at D1-His198 and D2-
His197, respectively, and are prime candidates for the
coordination of the primary donor, P. Despite this conserva-
tion, there are a number of key differences between the two
types of centers: (1) The oxidized donor P+ of PSII has a
much more positive reduction potential than its bacterial
homologue (11, 12). (2) The exciton coupling attributed to
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P (∼140 cm-1; 13-16) is far weaker than that associated
with the bacterial primary donor (500-1000 cm-1; 1), most
likely because of the greater separation (10 Å center to
center) of PA and PB (17, 18). (3) The P triplet, formed
through charge recombination, at liquid helium temperature,
between the primary donor-acceptor pair, is localized on a
monomeric chlorophyll (19-23) with an orientation more
like that of the bacterial reaction center monomeric accessory
Bchlorophylls, BA or BB (15, 24), while in bacterial reaction
centers the triplet orientation is consistent with its localization
on one or both of PA and PB (25, 26). It has been suggested
that the triplet and possibly the cation radical itself may be
localized either on the PSII homologue of BA or BB (24, 27)
or that PA or PB or both in PSII have an orientation more
like that of an accessory BChl than that of the special pair
BChls of the bacterial reaction centers (24, 28, 29). There
has been considerable debate as to whether the cation and
the triplet are localized on the same chlorophyll (28, 30) or
whether there might be migration of either the triplet (27,
31) or of the cation radical (32, 33). Rutherford and
collaborators (32, 34), on the basis of the orientation of3P
in PSII, and Van Grondelle and collaborators (33, 35), on
the basis of observations of charge separation following direct
photoexcitation of BA in bacterial reaction centers, have in
fact suggested alternative mechanisms for charge separation
in PSII originating from BA*. The respective localization and
mechanism of formation of the P+ cation radical and of3P
therefore remain key questions regarding PSII reaction center
function.

One of the major difficulties in identifying the processes
leading to and the components participating in charge
separation in PSII is the close similarity in the absorbance
spectra of the chlorophylls that comprise the reaction center
and the core antenna. One approach to dissecting these
processes is by tagging the component chlorophylls by
introducing spectroscopic markers and by modifying their
redox function through the introduction of site-directed
mutations.

Site-directed replacement of either of the His-Mg2+

ligands (L-His173 and M-His202) of P870 by Leu or Phe
(36, 37) or Glu (38) leads to the replacement of the respective
special pair BChl by a bacteriopheophytin (BPheo) leading
to the formation of a heterodimeric BChl-BPheo special
pair. While such replacement appears to result from a loss
of the Mg coordinate covalent bond, substitution for the
coordinating His of Gly (38, 39) does not lead to replacement
of BChl. Despite the absence of a coordinating residue in

the case of the glycine mutant, it is likely that a water
molecule has taken its place (39). The consequences of the
Gly, Asn, and Ser substitutions (38, 39) are, however, rather
subtle with only very minor changes observed in the
absorbance and Stark spectra and electronic spin density dis-
tribution and only a small increase (e21 mV) in the reduction
potential of the primary donor. Small changes in the
Resonance Raman spectra of the bacterial L-His173Gly and
M-His202Gly (39) hint at minor changes in the Mg2+

coordination environment. A considerable number of site-
directed replacements have also been introduced inChlamy-
domonas reinhardtiito replace A-His676 and B-His656, the
WT residues that coordinate the special pair chlorophylls
that constitute the primary electron donor, P700, of PSI.
Many of these allow in vivo accumulation of PSI and
produce substantial increases in the reduction potential of
the redox couple P700+/P700 and a displacement to the blue
of the 77 K oxidized-minus-reduced difference spectrum of
P700 (40, 41).

We describe here the construction in PSII of a collection
of mutations with and without metal coordinating residues
at the positions of the homologous histidines, D1-His198 and
D2-His197 (8-10, 18, 42, 43). Our intent was to introduce
perturbations affecting individual chlorophyll molecules and
to examine the consequences these had on the spectroscopic
properties of the primary electron donor, P, and the reaction
center triplet,3P, as well as on the redox properties of the
primary donor. We show here, using the cyanobacterium
Synechocystis6803 that replacement of D1-His198 and of
D2-His197 with Mg2+-coordinating residues and with small
residues bearing alkyl side chains conserves reaction center
Chl but produces changes that are more marked than those
observed in the bacterial reaction centers. The changes
observed include shifts in the difference spectra P+-P and
YZ•-YZ and positive and negative displacements in the
reduction potential of P+/P. The mutations produce practi-
cally no differences in either the EPR or the difference optical
spectra associated with the reaction center triplet,3P-1P, at
e80 K. The observations presented allow us to place the
lowest electronic singlet transition of PA (λmax ) 672.5 nm)
at higher energy than that of BA (λmax ) 684 nm) which
means that ate80 K primary charge separation must be
occurring exclusively from BA*. The P+ cation is at all
temperatures, however, subsequently stabilized primarily on
the PA chlorophyll, coordinated by D1-His198.

MATERIALS AND METHODS

Mutant Construction.With the exception of the glycine
substitution, mutations at codon 198 of thepsbA3 gene,
encoding the D1 subunit, were introduced into the TD41
psbA triple deletion strain ofSynechocystisPCC6803 as
described in Nixon et al. (44). The mutant D1-His198Gly
was constructed using the Chameleon Mutagenesis Kit from
Stratagene. A mutagenesis plasmid (designated pC1) was first
constructed by subcloning the 1.7 kBBsrGI-SphI fragment
from plasmid pTC3 (44), which contains most of the WT
psbA3 gene, into the Litmus 38 vector from New England
Biolabs. An antisense mutagenic primer was used which
replaces the His-198 CAC codon with a glycine GGT codon.
The StratageneSca I-Mlu I selection primer was also
employed to enrich for mutagenized plasmids. Mutagenesis
was carried out according to the manufacturer’s instructions.

1 Abbreviations: BA, monomeric accessory Chl on the active D1
branch of the reaction center; BB, monomeric accessory Chl on the
inactive D2 branch of the reaction center; BChl or Bchlorophyll,
bacteriochlorophyll; BPheo, bacteriopheophytin; Chl, chlorophyll; D1,
the D1 polypeptide of the PSII reaction center; D2, the D2 polypeptide
of the PSII reaction center; DCMU, diuron, 3-(3,4-dichlorophenyl)-
1,1-dimethylurea; EPR, electron paramagnetic resonance; FTIR, Fourier
transform infrared spectroscopy; HEPES,N-(2-hydroxyethyl)piperazine-
N′-(2-ethanesulfonic acid); HPLC, high-performance liquid chroma-
tography; MES, 2-(N-morpholino)ethanesulfonic acid; P, the primary
electron donor of PSII;3P, the triplet state of the primary electron donor
of PSII; PA, the chlorophyll coordinated by D1-His198; PB, the
chlorophyll coordinated by D2-His197; Ph or Pheo, pheophytin; PSII,
photosystem II; QA, the primary quinone electron acceptor of PSII;
QB, the secondary quinone electron acceptor of PSII; WT, wild-type
Synechocystis6803; YD, D2-Tyr160, the redox active tyrosine of PSII
on the D2 polypeptide; YZ, D1-Tyr161, the redox active tyrosine of
PSII on the D1 polypeptide.
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Introducing the CACf GGT mutation simultaneously
removes anAfl III restriction site, and this change was
subsequently used to screen for possible mutants. A putative
mutant identified and sequenced in the pC1 plasmid was then
cloned back into pTC3 for transformation intoSynechocystis
PCC6803 deletion strain TD41 (44). Mutations at codon 197
of the psbD1 gene encoding the D2 subunit were introduced
as previously described (45, 46).

Characterization of Core Complexes and Cells.Non-
oxygen-evolving PSI II core complexes were isolated from
the mutants according to the methods previously described
(47, 48). Unless otherwise indicated, all optical absorption
and fluorescence measurements were performed at room
temperature as previously described (49-51) using a flash
detection spectrophotometer, based upon an original design
by Joliot et al. (52). A saturating xenon flash (1µs width at
half-height) was used as the actinic source where whole cells
were used. A laser flash (0.6 or 1µs total width, using a
Cynosure SLL-250 or LDL-3 dye laser, respectively) con-
taining either Rhodamine 6G, Sulforhodamine 640, or
Oxazine 720 was the actinic source where PSII core
complexes were used. The functional PSII reaction center
concentration on a per cell basis was determined relative to
the wild type, as previously described (53), by measuring
the variable fluorescence yield of chlorophyll during a
sequence of 20 saturating light flashes (18 Hz). The
measurement was performed in the presence of 20µM
DCMU and 20 mM NH2OH in cells previously treated with
0.3 mMp-benzoquinone and 0.3 mM potassium ferricyanide.
The cells were suspended at a concentration equivalent to
an OD730 nm ) 0.9.

Low-temperature optical measurements of P+-P and3P-
1P were performed on PSII core complexes as previously
described (54). Sub-microsecond, flash-induced absorbance
changes were measured at room temperature in an instrument
described by Be´al et al. (55).

EPR measurements were performed using PS II core
complexes (at a final concentration of∼1 mg Chl mL-1)
suspended in buffer containing 50% glycerol (v/v), 40 mM
MOPS (pH 7.0), 20 mM CaCl2, 5 mM MgCl2, 20 mM
MgSO4, 0.8 mM EDTA, and 0.03% dodecyl maltoside. The
samples were chemically reduced with 20 mM sodium
dithionite and 0.1 mM benzyl viologen (56) and purged with
argon before freezing in darkness in Wilmad 707-SQ quartz
EPR tubes. The tubes were stored frozen in liquid nitrogen
until use. The spin-polarized triplet was generated by
continuous illumination at 4 K in the EPRcavity. Illumina-
tion was provided by an Ealing halogen light source passed
through a 2-cm water filter, a Melles-Griot heat-absorbing
filter, and a 40-cm Lucite light guide. Spectra were obtained
on a Bruker ER200D spectrometer fitted with an Oxford
cryostat. The spectra shown are light-minus-dark subtrac-
tions.

The chlorophyll/pheophytin in PSII core complexes was
determined as previously described (48). The pigments were
extracted with 90% acetone and then separated by reverse
phase on a Zorbax-ODS HPLC column (4.6 mm× 15 cm,
Rockland Technologies) according to Eskins et al. (57).

The concentration of DCMU binding sites was estimated
according to Vermaas et al. (58) using whole cells at a
concentration of 25µg of Chl/mL and incubated at various

concentrations of14C-diuron (57µCi/µmol) in the presence
and absence of unlabeled 20µM atrazine to correct for
nonspecific binding. The cells were spun down, and the
supernatant was counted. The difference (without atrazine)
minus (with atrazine) is a specific measure of diuron bound
to PSII.

Steady-state rates of oxygen evolution were measured in
whole Synechocystiscells as previously described (44).

RESULTS

Site-Directed Mutations.The first site-directed mutations
introduced at D1-His198 and D2-His197 were leucines (59).
These were chosen as a test of whether, in PSII, a chlorophyll
could be replaced by a pheophytin, forming a heterodimeric
special pair in PSII analogous to that observed in the bacterial
reaction centers (36, 37). Surprisingly, this mutation resulted
in the complete loss of the PSII reaction centers in both
mutant strains (Table 1), as indicated by the absence of
fluorescence induction in the presence of DCMU and
hydroxylamine and by the absence of PSII QB binding sites
as measured by14C-diuron. A similar loss of reaction center
has been reported for the mutant strain D2-His197Tyr (60).
The site-directed mutations analyzed in this work are
summarized in Table 1. The replacement of His with other
residues with alkyl side chains (valine and alanine) gave, in
contrast to those strains just mentioned, levels of functional
centers 5-10% and 50-60%, respectively, of wild type
levels on a per cell basis. The D1-His198Ala mutant is
competent for photoautotrophic growth and, despite the
absence of a coordinating side chain, does not result in the
replacement of a chlorophyll with a pheophytin as determined
by pigment analysis. This behavior is reminiscent of the
recently reported observation of the retention of Bchlorophyll
in the special pair primary electron donor ofRb. sphaeroides
reaction centers upon replacement of L-His173 and M-
His202 with glycine (39). However, the replacement of D1-
His198 by Gly, results in a level of functional PSII centers
per cell that does not exceed 5% of wild-type levels.

We report here that a broad range of residues can occupy
the D1-His198 site and still allow center assembly and
chromophore binding (Table 1). The behavior of the resulting
mutants differs from wild type with regard to the absorbance

Table 1: Photoautotrophy, Oxygen Rates, and Center Content

mutant
photoautotrophic

growth
% oxygen

evolution rate
% of WT PSII
reacn centers

WT + 100 100
D1-His198Gln + 100 80-100
D1-His198Cys + 70-100 80-90
D1-His198Ala + 50-70 50-60
D1-His198Lys - yes, but rapidly

photoinhibited
40

D1-His198Asn + (poor) ∼50 10-20
D1-His198Glu - 20-25 30-40
D1-His198Ser - ∼20 27-33
D1-His198Thr - ∼10 16-23
D1-His198Val - ∼10 5-10
D1-His198Gly ND e5
D1-His198Leu - 0 0
D2-His197Gln + 40 80
D2-His197Ala + ND 50
D2-His197Asn + (poor) ND 20
D2-His197Leu - 0 0

Location in PSII of Charge Separation, P+ and3P Biochemistry, Vol. 40, No. 31, 20019267



difference spectra of P+-P and the reduction potentials of
the primary donor couple P+/P. These are examined below
beginning with the absorbance difference spectra.

P+-P Difference Spectra.Difference spectra for P+-P
were measured in the vicinity of the Soret bleaching in the
blue region of the spectrum. The spectra shown are measured
1 µs after a saturating laser flash and have been corrected
for the contribution of QA--QA. A complete difference
spectrum in the Soret region is shown for the WT and the
D1-His198Gln mutant between 375 and 500 nm (Figure 1A),
while, for the other mutants, only the region close to the
maximum bleach is shown (Figure 2). The differences
between the spectra are significant, showing for the D1-
His198 mutants (Figures 1A,B and 2A) displacements in the
bleaching band of up to 3 nm to the blue (e.g. D1-His198Gln)
compared to WT, which is located at 433 nm. There is no
apparent correlation between the kinetic behavior of P (see
below) and the shifts in the difference spectra. For example,
mutant D1-His198Gln shows the most displaced spectrum
and yet shows a reduction potential for P+/P that is virtually
the same as observed for WT in PS II core complexes (see
below).

The corresponding D2-His197 mutants respond somewhat
differently. Their P+-P difference spectra are less perturbed
(Figure 2B) showing in the Soret some broadening, combined
with displacements to the red of the bleaching band by 0.5-
1.5 nm, with D2-His197Ala the most red-shifted of the lot.
None of the mutations show displacements to the blue as
observed at D1-198. As discussed below (see Discussion),
we attribute these small displacements to the red of the
bleaching maximum to two opposing effectssa small
intrinsic displacement to the blue of the PB absorbance band
from the ligand replacement counterbalanced by an increased
stabilization of the P+ cation on PB, which absorbs to longer
wavelength than PA.

The P+-P difference spectra for the wild type and D1-
His198Gln mutant were also measured on a much shorter
time scale (10 ns, Figure 1B) to determine if there were any
evidence for migration of the cation between 10 ns and 1
µs. A modification of the spectrum in this time range would
be an indication of such migration. Figure 1B shows that
the difference spectrum of P+-P measured in the D1-
His198Gln mutant, while decaying slightly, is invariant on
the time scale of 10 ns to 1µs. This measurement indicates
that the reaction center has become fully equilibrated with
respect to the location of the P+ cation in less than 10 ns.
The P+-P spectrum is thus representative either of the
chlorophyll that has participated in primary charge separation
or of the chlorophyll to which the cation has migrated in
,10 ns. As the reaction center triplet forms on the time scale
of 60-200 ns (61-63), upon illumination with QA reduced,
the cation radical detected at 10 ns is likely to be the source

FIGURE 1: (A) P+-P difference spectrum measured 1µs after a
saturating actinic flash on PSII core complexes of WT and mutant
strain, D1-His198Gln. The core complexes were suspended at a
concentration of 10µg of Chl/mL in 20 mM MES, pH 5.9,
containing 10µM K3Fe(CN)6. The spectra were recorded at 298 K
and have been corrected for the contribution of QA

--QA. The
optical path is 1 cm. (B) P+QA

--PQA difference spectra measured
at 10 ns (closed symbols) and 1µs (open symbols) after a saturating
actinic flash in PSII core complexes from the WT (squares) and
the mutant D1-His198Gln strains. The core complexes were
suspended at 22µg of Chl/mL in 50µL of 20 mM MES, pH 5.9,
plus 40µM K3Fe(CN)6. The optical path is 2.5 mm. The spectra
were recorded at 298 K.

FIGURE 2: (A, B) P+-P difference spectra measured 1µs after a
saturating actinic flash on PSII core complexes of WT and strains
containing mutations D1-His198Asn, -Gln, -Ala and D2-His197Asn,
-Gln, and -Ala. The conditions were the same as for Figure 1A,
except 5µg Chl/mL. The spectra have been corrected for the
contribution of QA

--QA and normalized to the WT signal.
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of the cation that participates in charge recombination to
generate the triplet.

The P+QA
--PQA difference spectra in the Qy region were

also compared at 80 K in core complexes isolated from the
wild type and D1-His198Gln mutant (Figure 3). The
spectrum of QA--QA in the Qy region was examined in these
complexes in Stewart et al. (64). The contribution of this
difference spectrum to that of P+QA

--PQA is approximately
1% between 660 and 680 nm and 5% between 680 and 690
nm. The difference spectrum of Figure 3 is therefore
primarily P+-P. This spectrum shows bleaching (in WT) at
672.5 and 682-683 nm and a positive peak at 678 nm. The
form of the spectrum has been explained by a band bleaching
associated with the oxidation of P accompanied by a P+-
induced electrochromic band shift of a neighboring chloro-
phyll (30). Thus, in the WT spectrum, there is either a
bleaching at 672.5 nm and a blue-shift of a 682 nm-centered
band or a bleaching at 682-683 and a red-shift of a 675
nm-centered band Upon replacement of D1-His198 with Gln,
a displacement to the blue of 3 nm, as in the Soret, is ob-
served for the 672.5 nm band. This is the larger of the two
bleached bands observed in the spectrum. The other bleached
band, located at 682-683 nm, is unaffected by the mutation.

There are several possible explanations for the mutation-
induced spectral shifts. These are (1) that the cation is
predominantly localized on the chlorophyll with the mutated
axial ligand which absorbs at and is consequently bleached
at 672.5 nm (in WT) and (2) that the cation is localized on
a different chlorophyll. In this latter case there are two
subcases: (a) The cation is localized on the chlorophyll with
the 682-683 nm band producing an electrochromic shift in
the spectrum of the nearby chlorophyll with the mutated
ligand. (b) The mutation causes a redistribution of the charge
among the reaction center chlorophylls, causing different
chlorophylls to contribute to the P+-P difference spectrum.

Tyr•-Tyr Difference Spectra.To distinguish among these
possibilities, we looked for an independent method to
determine whether these mutations have actually produced
a displacement of the spectrum of one of the reaction center

chlorophylls and to determine which one that was. One way
that we have found to do so is via the oxidation of the PSII
redox-active tyrosines, YZ and YD. Absorbance changes
associated with these oxidations are observed in the red (65)
and the blue regions (49, 66) of the visible spectrum that
clearly arise from chlorophyll band shifts in the Qy and Soret
optical transitions, respectively. While the interpretation of
these band shifts remains controversial (electrochromism (51,
67, 68) versus proton displacement within a hydrogen bond
(69)), there is no disagreement as to their arising from one
or more of the reaction center chlorophylls. These are likely
the electronic counterparts of differences observed in the
vibrational spectra for YZ•-YZ (70, 71) and YD•-YD (72),
attributed to the keto C9dO groups of P.

The wild-type YZ•-YZ associated red band shift in the
Soret (Figure 4) shows an inflection point at∼434 nm, close
to the bleaching minimum observed for P+-P. The entire
band shift in the D1-His198Gln mutant is displaced by 2-3
nm to the blue relative to that of the wild type just as we
observed for the P+-P difference spectrum of the same
mutant. This observation implies that a single chlorophyll
molecule dominates the YZ-associated Soret band shift.
Homology models of PSII (10) show the chlorophyll
coordinated by D1-His198 (PA) to be closer to YZ (∼10 Å)
than is BA (∼14 Å). PA is also oriented with the axis of its
Qy transition, passing through pyrrole rings I and III, in the
plane of the membrane and pointing toward YZ. This
orientation could explain why the oxidized tyrosine causes
a Qy (65) and a Soret band shift should this band shift be of
electrochromic origin. YZ is more closely aligned with the
Qx axis passing through rings II and IV of BA. The
chlorophyll Qx electronic transition is very weak and may
not result in a change in dipole strength between the ground
and excited states. We will indicate in the Discussion section
why we think this signal is electrochromic and associated
with the plus charge produced upon YZ oxidation. The plus

FIGURE 3: P+QA
--PQA difference spectra measured at 80 K. The

PSII core complexes of the WT and D1-His198Gln mutants were
suspended at a concentration of about 10µg of Chl/mL in 50 mM
MES, pH 6.5, 10 mM MgCl2, 20 mM CaCl2, 0.02%â- dodecyl
maltoside, and 60% glycerol containing 3 mM K3Fe(CN)6. The
decay of the flash-induced absorbance changes was fitted with two
exponential phases (t1/2 ≈ 1.8 ms (≈40%) and t1/2 ≈ 6.3 ms
(≈57%)) plus a nondecaying component of≈3%. The sum of the
amplitudes is depicted as a function of the wavelength. The spectra
were normalized to the bleaching minimum.

FIGURE 4: YZ•-YZ and YD•-YD difference spectra measured in
PSII core complexes isolated from the WT and D1-His198Gln
strains. The YZ•-YZ difference spectra were measured as in Diner
and de Vitry (49) at a concentration of 10µg of Chl/mL in 20 mM
MES, pH 5.9, 20µM benzidine, and 10µM K3Fe(CN)6 . Shown is
the difference 0.5-5 ms after a saturating actinic flash. This
difference minimizes the contribution of QA

--QA. The YD•-YD
difference spectrum was measured as in Diner et al. (51) with the
core complexes suspended in 100 mM Na phosphate and 400 mM
Na formate, pH 6.0, containing 100µM K3Fe(CN)6 and 100µM
K4Fe(CN)6. The YD•-YD difference spectrum was normalized to
the amplitude of the red-shifted component of the YZ•-YZ
difference spectrum.

Location in PSII of Charge Separation, P+ and3P Biochemistry, Vol. 40, No. 31, 20019269



charge responsible for the electrochromism is certainly not
localized on the tyrosyl radical but on a nearby residue or
residues that act as proton acceptor.

The D1-His198 ligated PA chlorophyll is therefore the most
significant optical probe of YZ oxidation. That the D1-
His198Gln mutation induces the same displacement of the
P+-P and the YZ•-YZ difference spectra implies that this
mutation has indeed modified the ground-state absorbance
spectrum of PA, coordinated by D1-198. This observation
eliminates the alternative possibility mentioned above of a
mutation-induced modified charge distribution. The domi-
nance of the bleached 433 nm band in the Soret and the
672.5 nm band in the Qy region P+-P difference spectra is
consistent with both of these bearing the oscillator strength
of the chlorophyll that becomes oxidized. As both are shifted
by the D1-His198Gln mutation, it is likely that the reaction
center chlorophyll cation is predominantly localized on PA

at g10 ns following primary charge separation.
An examination of the YD•-YD difference spectrum

(Figure 4) shows an inflection point at 436 nm, indicating
that the optical probe for the oxidation of this tyrosine is a
chlorophyll other than PA. Homology modeling and theC2

symmetry of the reaction center point to the D2-His197
coordinated PB chlorophyll as being the most likely optical
probe for this tyrosine (10, 17, 73). The difference in the
spectra for YZ•-YZ and YD•-YD also implies that the
chlorophylls are either excitonically decoupled or only very
weakly coupled, unlike their homologues in the bacterial
reaction centers. As PA is the principal optical probe for YZ•-
YZ, then by symmetry PB, peaking at 436 nm in the Soret,
is the optical probe for YD•-YD.

3P-1P Difference Spectra.As pointed out in the Introduc-
tion, one of the puzzles associated with PSII function is the
unexpected orientation with respect to the membrane plane
of the spin-polarized triplet,3P (15, 24, 74). Rather than being
oriented with itsgz triplet axis lying in the membrane plane
as in the bacterial reaction centers (75, 76), this g-tensor
component for3P is oriented at 60° with respect to the
membrane normal (ring plane 30° with respect to the
membrane plane). This orientation is identical to the orienta-
tion of the monomeric Bchlorophylls of the bacterial reaction
centers (15, 24) and has led to a number of different
proposals associating3P with either a homologous PSII
monomeric accessory chlorophyll, BA or BB, or a rotated
PSII homologue of one of the PA and PB special pair
Bchlorophylls (see Introduction and Discussion).

The results presented above support the idea that the site-
directed mutations at D1-198 directly modify the absorbance
spectrum of the PA chlorophyll coordinated by this ligand.
To determine whether the reaction center charge recombina-
tion-induced triplet was localized on this same chlorophyll,
we looked for alterations in the spectroscopic properties of
the triplet, detected by both optical and magnetic resonance
techniques.

The triplet was generated at both 5 and 80 K by flash
excitation in the presence of dithionite, conditions under
which QA is reduced prior to illumination. The3P-1P triplet
minus singlet difference spectrum was measured in the red
in PSII core complexes of both the D1-His198Gln mutant
and the wild type. As seen in Figure 5A, the difference
spectra of both complexes are superimposable at 80 K and,
if at all at 5 K, show a slight displacement opposite in sign

FIGURE 5: (A) Top: 3P-1P difference spectrum measured at 5 K
as in Hillmann et al. (30) using PSII core complexes isolated from
WT and D1-His198Gln (D1-H198Q). The core complexes were
suspended in the same medium as in Figure 3 at about 10µg of
Chl/mL except that instead of adding K3Fe(CN)6 the sample was
reduced with 10 mM dithionite. The decay of the flash-induced
absorbance changes was fitted with two exponentials (t1/2 ≈ 1.0
ms andt1/2 ≈ 5 ms). The sum of the amplitudes is depicted as a
function of the wavelength. The spectra were normalized to the
bleaching minimum which corresponds to a∆A of 0.02. Bottom:
3P-1P difference spectrum measured at 80 K using PSII core
complexes isolated from WT and D1-His198Gln. The conditions
were the same as for the upper spectra. (B)3P-1P difference
spectrum measured at 77, 150, and 230 K using PSII core
complexes isolated from WT and D1-His198Gln (D1-H198Q). The
conditions were the same as for (A). The triplet yields at 150 and
230 K are respectively 43% and 27% of that at 77 K. The bleaching
maximum at 77 K corresponds to a∆A of 0.01.
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to the difference spectrum for P+-P measured at 80 K. The
absence of an effect of the D1-His198Gln mutation on the
main bleaching band of the3P-1P difference spectrum argues
that the triplet is not localized on PA at e80 K.

There is, however, a small sideband observed between 665
and 672 nm that appears to be displaced (∼3 nm) to shorter
wavelength by the D1-His198Gln mutation at these temper-
atures. As there is no P+ generated under the conditions of
this experiment, this feature may reflect the loss of a weak
exciton interaction between BA and PA.

Noguchi et al. (27, 28), Kamlowski et al. (62), and Bosch
et al. (77) have reported a temperature-dependent transfer
of the PSII reaction center triplet, with the first two groups
proposing an energy gap of 8-13 meV between the triplet
state energies. Noguchi et al. (27, 63) have suggested that
the triplet could migrate from3P680 to another chlorophyll
designated ChlT at low temperature or be formed directly
on ChlT. The3P-1P spectrum was therefore examined at
temperatures above 80 K to determine if the triplet localiza-
tion might include PA at higher temperatures. The3P-1P
difference spectra were compared at 77, 150, and 230 K for
the wild type and the D1-His198Gln (Figure 5B). While the
spectra broaden somewhat with temperature, it is clear that
in the case of the D1-His198Gln mutant there is a marked
shoulder that appears on the short-wavelength side of the
bleached band consistent with an increased contribution of
PA at elevated temperature. We attribute the shoulder, in the
case of the mutant, to the 3 nm displacement to the blue of
the ground-state absorbance spectrum of PA from 672.5 to
669.5 nm.

EPR Spectra of Spin-Polarized Triplet.The spin-polarized
triplet, 3P, was also generated with QA reduced by continuous
illumination in the EPR cavity and detected by EPR at 5 K.
Should the D1-198 mutations alter the localization of the
triplet or the coordination symmetry of the chlorophyll on
which the triplet were localized, then D and E, the axial and
rhombic zero field splitting parameters, respectively, might
be altered. Figure 6 shows a comparison of the spin-polarized
triplet spectra for the wild type and the D1-His198Ala strains.
These spectra as well as the others, which are all virtually
identical (see Table 2), indicate that, at least at liquid helium
temperature, no differences exist in the zero field splitting
parameters of the spin-polarized triplets or in the optical
spectra, arguing that the chlorophyll that is bleached upon
triplet formation is not the same one as is modified by the
mutation.

The D and E zero field splitting parameters and the
AEEAAE polarization pattern reported here and in Coleman
et al. (42) are indicative of a reaction center spin-polarized
triplet formed by charge recombination (for review see ref
78). The spectra are virtually identical to those reported by
van Mieghem and Rutherford (24) and are consistent with
the localization of the triplet on a monomeric chlorophyll
(19). There is no detectable contribution from triplets formed
by intersystem crossing in the CP43 and CP47 core antenna.
No triplet states are observed under oxidizing conditions.
Furthermore, the temperature dependence of triplet formation
(decreasing with increasing temperature, Figure 5B) and the
light saturation behavior for3P all point to a reaction center
origin for the triplet. We conclude, therefore, that the optical
spectra described above arise exclusively from the reaction
center triplet.

Redox and Kinetic Properties of Mutations.In contrast to
the observations in bacterial reaction centers, where the redox
properties of the primary donor were hardly affected by
replacement of the coordinating histidines with Gly, Asn,
and Ser (38, 39), we find in PSII substantial effects of ligand
substitution. The relative reduction potential of the redox
couple P+/P was determined by two methods: (a) by charge
recombination in whole cells and in core complexes using
fluorescence and optical spectroscopy, respectively; (b)
by analysis of the kinetics of reduction of P+ by YZ in
core complexes using optical spectroscopy (see Figures 7
and 8).

Charge recombination between the donor and acceptor
sides of the PSII reaction center occurs between P+ and QA

-,
with the rate determined by the equilibrated concentration
of each of these. The intrinsic rate constant for P+QA

-

recombination in the absence of such equilibration,kin, was
found to be 700 s-1 in PSII core complexes isolated from
the D1-Tyr161Phe strain, which lacks the secondary electron
donor, YZ, and from which the secondary quinone electron

FIGURE 6: Spin-polarized EPR spectra of the3P generated under
reducing conditions by continuous illumination at 5 K in PSII core
complexes from the WT (upper) and the mutant D1-His198Ala
(lower) strains. These are light-minus-dark difference spectra (see
Materials and Methods). The PSII core complexes are at a
concentration of∼1 mg of Chl/mL. EPR conditions: temperature,
4.2 K; microwave power, 63µW (35 dB); Sweep width: 1000 G;
Frequency: 9.416 GHz; Modulation frequency: 100 kHz, modula-
tion amplitude, 20 G; time constant, 82 ms; number of scans, 10.

Table 2: Spin-Polarized Triplet Zero-Field-Splitting Parameters

strain |D| (cm-1) |E| (cm-1)

WT 287× 10-4 44× 10-4

D1-His198Ala 288× 10-4 44× 10-4

D1-His198Cys 286× 10-4 44× 10-4

D1-His198Gln 289× 10-4 44× 10-4

D1-His198Glu 289× 10-4 44× 10-4
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acceptor, QB, was extracted in the course of isolation in the
presence of detergent (50). In isolated PSII core complexes,
lacking the secondary quinone electron acceptor, QB, and
an artificial electron acceptor, and in whole cells in the
presence of DCMU, QA- is oxidized solely by charge
recombination. The rate of charge recombination is much
slower with YZ present (>10 ms) than the rate at which the
oxidizing equivalent is equilibrated on the donor side of the
reaction center (<200µs). Consequently, the rate of charge
recombination, in the presence of DCMU and with the
secondary and tertiary donors intact, is determined by the
equilibrated concentration of P+. The distance from QA- to
YZ• and to the Mn cluster is too great for YZ• QA

- or S2
QA

- recombination to be kinetically competitive (Rappaport,
F., Guergova-Kuras, M., Nixon, P. J., Diner. B. A., and
Lavergne J., manuscript submitted). The lower the equilib-
rium constants governing the overall equilibrium,

(S1 and S2 are two successive oxidation states of the Mn
cluster (79)), the higher the concentration of P+ and the
higher the observed rate (Vobs) of charge recombination,
expressed in eq 1 in terms of the donor side equilibrium
constants (Kzp and Ksz) and kin. We assumekin, to a first
approximation, to be independent of the mutation. This
assumption is supported by the observations of Lin et al.
(80), who have reported only a weak dependence of the rate
of charge recombination between QA

- and P870+ on the
reduction potential of P870+/P870. Any increase ofkin with
E′P+/P would if anything lead to an underestimate ofKzp.

A single flash was given to whole cells in the presence of
DCMU and the rate of relaxation of the chlorophyll
fluorescence yield examined (Figure 7A, Table 3). In whole
cells of Synechocystis6803, the fluorescence yield is an
approximately linear indicator of the redox state of the
primary quinone electron acceptor, QA (53). The higher the
fluorescence yield, the more reduced QA. Figure 7A and
Table 3 show the kinetics of charge recombination, observed
in whole cells ofSynechocystisstrains containing mutations
at D1-His198 and D2-His197. When the D1-198 mutants
are compared to WT (His), the relative rates range from
slower (Lys), to similar (Gln), to faster (Ala, Cys, Ser, Glu).
It is likely that the mutations at these sites are an exclusive
indicator of an alteredKzp rather thanKsz, the reactions of
which occur at a distance from the primary donor. Those
mutants showing a higher rate of recombination, compared
to wild type, therefore reflect a stabilization of P+ (negative
∆E′, Table 3) while those that are slower reflect a destabi-
lization (positive∆E′).

FIGURE 7: (A) Fluorescence relaxation in wild-type and mutant
strains following a single flash in the presence of DCMU as
described in (53). The cells were suspended at a concentration of
0.9 OD (730 nm) in BG-11 medium (117) plus 50 mM HEPES,
pH 7.5, and pretreated for 10 min with 0.3 mMp-benzoquinone
and 0.3 mM K3Fe(CN)6. DCMU (40 µM) was added, and the
fluorescence yield was monitored by following a saturating actinic
flash by a train of detecting flashes given at the indicated times.
The data were normalized to the same initial value at 500µs after
the actinic flash. (B) Kinetics of charge recombination between
QA

- and the electron donor side in wild-type and mutant PSII core
complexes at pH 5.7, measured at 325 nm, an absorbance maximum
for QA

--QA. His was replaced by Asn, Gln, and Ala at codons
D2-197 and D1-198. A saturating actinic flash was followed by a
train of detecting flashes at the indicated times. PSII core complexes
were suspended in 20 mM MES, pH 5.7, plus 1µM K3Fe(CN)6
at a concentration of∼7 µg of Chl/mL. The data for the mutant
core complexes were normalized to the initial value of the WT
sample, measured at 500µs after the actinic flash. Optical path: 1
cm.

FIGURE 8: Kinetics of reduction of P+ measured at 432 nm at pH
5.7 in the same wild-type and mutant PSII core complexes as in
Figure 7B. A saturating flash was followed by a train of detecting
flashes at the indicated times. PSII core complexes were suspended
in 20 mM MES, pH 5.7, plus 10µM K3Fe(CN)6 at a concentration
of ∼5 µg Chl/mL. The results for the mutant complexes were
normalized to those of the wild type at a delay of 1µs. These
kinetics have not been corrected for the formation of YZ•. Optical
path: 1 cm.

S1YZP+ y\z
Kzp

S1YZ
+P y\z

Ksz

S2YZP

Vobs) kin[1/(Kzp(1 + Ksz) + 1)] (1)

∆E′ ) 59 log(Kzpmut
/Kzpwt

) (2)

Kzpmut
/Kzpwt

) [(kin/Vobsmut
) - 1]/[(kin/Vobswt

) - 1] (3)
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The Glu and Lys mutations lie at the two extremes, fastest
and slowest, respectively, consistent with the expected charge
and polarizability of these residues. The localization of a
plus charge on P+ would be most favored by the anionic
Glu and least by Lys, a nonpolarizable neutral ligand.

A number of these mutants were further examined in vitro
at pH 5.7. PSII core complexes lacking QB and the
manganese cluster were pretreated with concentrations of
ferricyanide no more than several times that of the reaction
centers (e1 µM), high enough to ensure the complete
oxidation of QA

- in the dark yet low enough so that electron
transfer to ferricyanide does not compete with charge
recombination. A single saturating light flash was given and
the kinetics of reoxidation of QA- by charge recombination
examined at 325 nm (Figure 7B, Table 3). On the basis of
the kinetics of charge recombination in PSII core complexes
at pH 5.7 (Figure 7B, Table 3), we estimate the wild-type
Kzp ) 53 (see also ref81), corresponding to a difference in
reduction potential between the redox couples YZ•/YZ and
P+/P of 102( 5 mV at this pH. A larger equilibrium constant
(Kzp ) 170) was estimated in PSII membranes from spinach
by two of us (67), on the basis of on a value forkin ) 6000
s-1 of Conjeaud and Mathis (82). The different estimates of
Kzp are likely due to species differences between spinach
and Synechocystisand have little quantitative significance
for the estimate of the∆E′ of P between the mutants and
WT. Mutants D1-His198Gln and D2-His197Asn show
recombination rates practically indistinguishable from wild
type in vitro. Mutants D1-His198Ala and Asn are markedly
faster than wild type, in vitro as in vivo. The relative changes
in Kzp in Figure 7A,B were used to calculate (eqs 2 and 3)
the displacement in millivolts of the reduction potential of
P+/P shown in Table 3.

The shifts in the donor side equilibria are also reflected
in the forward rates of oxidation of YZ by P+ (kzp) as
measured in PSII core complexes at pH 5.7 (Figure 8). P+

reduction by YZ was measured at 432 nm, close to the
bleaching minimum observed for P+-P (433 nm; see Figure
8). The data in this figure have not been but the amplitude
of P+ reported in column 3 of Table 4 has been corrected
for the contribution of YZ•-YZ (extinction coefficient at 432
nm 11% of P+-P at 433 nm) and QA--QA (extinction
coefficient at 432 nm 1% of P+-P at 433 nm) at this
wavelength. These data were further corrected to account

for the differences in the absorption maxima of the different
mutants. Those mutants with the highest rates of charge
recombination are also those with the lowest rates of P+

reduction, consistent with a slowing ofkzp upon a decrease
of the driving force of the reaction (a lowering of theE′ of
redox couple P+/P). With an increasingly negative∆E′, the
relaxation also becomes more markedly biphasic, reflecting
the fact that the more negative the reduction potential of P+/P
the closer it approaches that of YZ•/YZ. An increasingly long-
lived component of P+ is apparent which disappears by
charge recombination or by reduction by ferrocyanide.
Considering only the more rapid component of the biphasic
fit (k1 in Table 4), the influence of the∆E′ on the rate of
forward electron transfer is rather weak, averaging a factor
of +3.5 in rate per increase of 120 mV. Taking the amplitude
of the slow phase (AP+, residual normalized concentration
of P+ at 0.2 ms), we can estimateKzp (eq 4) which yields a
difference in the reduction potentials of YZ•/YZ and P+/P of
102 (10 mV in WT consistent with that calculated from
charge recombination (above). We can also useAP+ to
calculateKzpmut in the mutants and, using eqs 2 and 5, the
mutation-induced displacement ofE′P+/P (Table 4).

The ∆E′ values estimated from the slow phase of P+

reduction (Table 4) are consistent with the∆E′ estimated

Table 3: Kinetics of Charge Recombination

cellsa core complexesb

strain A1 k (s-1) ∆E′ (mV) (P+/P) A1 k (s-1) ∆E′ (mV) (P+/P)c

WT 0.51 0.56 0.60 13.3
D1-His198Ala 0.75 9.84 -74 0.83 220 -84
D1-His198Asn 0.81 117 -61
D1-His198Cys 0.83 11.1 -77
D1-His198Gln 0.77 0.072 +53 0.61 14.3 -2
D1-His198Glu 0.80 49.4 -117
D1-His198Lys 0.61 0.028 +88
D1-His198Ser 0.79 42.2 -112
D2-His197Ala 0.76 1.85 -31 (-19)
D2-His197Asn 0.66 14.1 -1
D2-His197Gln 0.70 58.5 -40

a In cells, recombination occurs between QA
- and P+ in equilibrium with S2 and YZ, with measurement by fluorescence yield relaxation (Figure

7A). b In core complexes, recombination occurs between QA
- and P+ in equilibrium with YZ, with measurement by∆I/I at 325 nm (Figure 7B).

c ∆E′ is the differenceE′mut - E′WT, whereE′ is the difference in reduction potential between the couples YZ•/YZ and P+/P. In WT E′ is 102 mV.

Table 4: Kinetics of P+ Reduction by YZ

strain k1 (s-1)a
% slow P+ redn
measd at 0.2 msb

∆E′ (mV)
(P+/P)c

WT 52 1.8
D1-His198Ala 32 31.7 -82
D1-His198Asn 35 9.0 -43
D1-His198Gln 54 slightlye WT slightly g WT
D2-His197Asn 96 0.64 +27
D2-His197Gln 29 14.2 -56

a k1 is the rate constant for the fast phase of the biexponential fit.
b The reduction of P+ was measured by∆I/I at 432 nm (Figure 8). The
amplitude of the slow phase of P+ reduction was measured at 0.2 ms
and corrected for the contributions of YZ•-YZ and QA

-- QA. c ∆E′ is
the differenceE′mut - E′WT, whereE′ is the difference in reduction
potential between the couples YZ•/YZ and P+/P. ∆E′ was calculated
from the data of column 3. In WT,E′ is 102 mV from column 3.

Kzp ) [(1/AP+) - 1] (4)

Kzpmut
/Kzpwt

) [(1/AP+
mut

) - 1]/[(1/AP+
wt
) - 1] (5)
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from charge recombination (Table 3) in the same mutants.
It was not possible to determine accurately in Figure 8 the
amplitude of the slow phase for the D1-His198Gln mutant.
The corrections for the difference in wavelength between
the P+-P bleaching maximum and the contribution of YZ•-
YZ are the largest in this mutant, and the amount of residual
P+ at 0.2 ms is quite small. However, the similarity in the
kinetics of the fast phase of the P+ relaxation for WT and
the D1-His198Gln mutant (52 and 54 s-1, Table 4) indicates
that the reduction potentials of P+/P are quite close.

DISCUSSION

Chlorophyll Coordination.Five coordinate ligation is
thought to be the norm for the binding of chlorins in proteins
and, on the basis of the neutral chlorophyll CdC stretching
modes (83), is likely true for PA and PB in PSII (27). The
substitution of L-His173 and M-His200(202) with nonco-
ordinating residues, either leucine or phenylalanine, in the
reaction centers ofRb. sphaeroidesandRb. capsulatusresults
in the replacement of the Bchlorophyll with a Bpheophytin
(36, 37). Substitution of the PSII homologues, D1-His198
and D2-His197, with leucine inSynechocystis6803 results
in the complete loss of the PSII reaction centers as detected
by the absence of a variable fluorescence yield and of14C-
diuron binding (not shown). While at first sight this result
implies that the presence of a coordinating residue is required
for center assembly or stability, we show in this paper that
noncoordinating residues such as alanine and even valine
allow the centers to accumulate to levels that are 50-60%
and 5-10%, respectively, of the wild type levels (Table 1).
While these residues cannot themselves provide coordination,
it is likely that the coordinating ligand in both cases is a
water molecule, as in the case of porphyrins and chlorophylls
in hydrocarbon solvents that have not been rendered anhy-
drous (84, 85). Steric exclusion of the water molecule by
the amino acid residue side chain is the likely reason leucine
and to a large extent valine block chlorophyll binding and
consequently center assembly. The difference with the
bacterial reaction centers may be that in PSII the axial
coordination provided by the ligand contributes to a greater
extent to the energetics of chromophore binding. Nonetheless,
coordination of a Bchlorophyll by an axial ligand inRb.
sphaeroidesreaction centers is still the preferred binding
motif over the replacement of the Bchlorophyll with Bpheo-
phytin. Goldsmith et al. (39) and Schulz et al. (38) have
shown that replacement of the coordinating His with Gly
still results in Bchlorophyll binding but with water as the
likely ligand. The same is likely true of the B-His656Gly
mutation of PSI (40, 41). In PSII, PSI, and the bacterial
reaction centers, the water ligand is likely hydrogen bonded
directly or indirectly to the protein matrix. In the Ala and
Gly mutants, water is the likely ligand, but the level of
functional PS II centers is significantly different. Further-
more, the substitution of His by Gly works well in PS I and
bacterial reaction centers but not in PS II (e5% of WT).
PSII may not tolerate well the increased flexibility inherent
in the glycine replacement.

Reduction Potential of P+/P. It has been proposed that
one way in which the reduction potential of a chlorin might
be elevated is through ring distortion (27, 86). This might
be one way in which the potential of P+/P is raised above
that of chlorophyll in organic solvents (∼+800 mV; 87).

FTIR spectroscopic evidence favors such a picture in PSII
in that the chlorophyll or chlorophylls on which the P cation
resides appear to have a distorted exocyclic ring (27),
reducing the possibility of charge delocalization over the
entire π system of the molecule. Such distortion could
diminish the binding energy of the chlorophyll association
with the PSII reaction center, requiring either an axial ligand
bound to the protein either covalently or a hydrogen bond
to enhance the driving force for binding.

Ligand replacement, though more so on D1-His198 than
on D2-His197, has substantial consequences for the redox
and spectroscopic properties of P (Tables 3 and 4; Figures 7
and 8). This is in contrast with the bacterial reaction centers
where the homologous glycine replacements are practically
indistinguishable from wild type (39). The largest redox
effects at D1-His198 are associated with His replacement
by Glu and Ser. Both of these substantially stabilize the
oxidizing equivalent on P as shown by the large acceleration
of the rates of charge recombination between QA

- and the
donor side. As acceptor-donor side recombination occurs
between QA- and P+, an enhanced concentration of the latter
accelerates the recombination. This stabilization occurs at
the expense of the localization of the oxidizing equivalent
on YZ. The stabilization of the oxidizing equivalent on P+

is also reflected in the slowed electron transfer from YZ to
P+ (Figure 8, Table 4), owing to the reduced driving force
of the reaction. There is also a slow phase in the relaxation
that increases as the reduction potential of the P+/P redox
couple approaches that of YZ•/YZ. The slow phase corre-
sponds to the concentration of P+ in equilibrium with YZ•.
The enhanced stabilization of P+ is understandable in the
case of Glu where the axial ligand is anionic. In the case of
Ala, the water molecule, which likely provides axial coor-
dination, could either lose a proton through outright depro-
tonation to form OH- or through the displacement of a
hydrogen bond to the protein. The latter mechanism may
also apply in the cases of Ser and Cys. Replacement of D1-
His198 with Lys on the other hand destabilizes the positive
charge on P+ as indicated by a slowing of charge recombina-
tion between QA- and the donor side. This ligand lacks the
polarizability of the histidine to help stabilize the cation.

We pointed out in the Results section that the influence
of ∆E′ on the rate of forward electron transfer is rather weak,
averaging only a factor of+3.5 in rate per increase of 120
mV (Table 4). This weak dependence could mean that the
reorganizational energy associated with YZ to P+ electron
transfer is unusually low (e100 meV) with the rate versus
free energy curve close to the Marcus inverted region (88).
This possibility can, however, be excluded by the temperature
studies of Renger et al. (89) that give a large reorganizational
energy of∼1.6 eV for reduction of P+ by YZ. More likely,
the rate is limited by either a proton transfer (68, 81, 90) or
a protein conformational change and not by electron transfer.

Merry and co-workers (43) have used the percent forma-
tion of radical pair states at 60 ps following an excitation
pulse to calculate the free energy of charge separation relative
to the singlet excited state of the reaction center (RC*). These
measurements were carried out in reaction centers isolated
from Synechocystiswild type and from the D1-His198Gln
and Ala mutants, the very same mutants studied here. These
authors report at 60 ps a lowered radical pair yield for
the D1-His198Gln mutant and a higher one for the D1-
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His198Ala mutant compared to WT. An increase in the
reduction potential of P+/P is expected to raise to a similar
extent the potential of the P+/P* couple, decreasing the
likelihood of charge separation relative to RC*. There is
qualitative agreement between the present observations and
those of Merry and co-workers (43). The latter authors
propose that, compared to WT, the P+/P couple is 13-19
mV more positive for the D1-His198Gln mutant and 23-
29 mV more negative for the D1-His198Ala mutant. The
signs of these changes are similar to what we observe in
vivo (+53 and-74 mV, respectively), on the basis of the
relative rates of charge recombination in whole cells but
smaller in amplitude. Rates of P+ reduction by QA

- and YZ

measured spectroscopically in PSII core complexes show the
P+/P redox couple of the D1-His198Gln mutant to be nearly
equipotential with wild type and that of the D1-His198Ala
mutant again substantially more negative (-84 and-82 mV,
respectively). The differences between the in vivo and in
vitro measurements may be a consequence of the loss of the
Mn cluster which is known to influence the rate of reduction
of P+ by YZ (82, 91) and the difference in reduction potential
between YZ•/YZ and P+/P (92). The differences with the
results of Merry et al. (43) may be due to their use of reaction
center preparations as well as the early times at which their
measurements are made (60 ps) as compared to our own
which are on the seconds time scale. The slower measure-
ments here allow ample time for protein-based relaxations
to occur. Despite the quantitative differences, the qualitative
similarities imply that the ability to stabilize P+ has a direct
influence on the quantum yield of charge separation.

The chemically understandable influence of the mutations
on the reduction potential of P+/P and the comparison with
the results of Merry et al. (43) argue that the mutations alter
directly the reduction potential of the chlorophyll coordinated
by the mutated ligand. This observation argues against the
remaining interpretation (2a, mentioned in the Results
section) of the mutation-induced displacement of the P+-P
difference spectrasi.e., that a nearby oxidized chlorophyll
produces an electrochromic shift in the spectrum of the
chlorophyll bearing the mutated ligand.

Homologous substitutions on the D2-His197 coordinated
chlorophyll give somewhat different results. Substitution of
D1-His198 with Gln and Asn produce, respectively, none
or even an increase in the reduction potential for the former
and a decrease in reduction potential for the latter (Figures
7 and 8; Tables 3 and 4). At D2-His197, the effects of these
two residues are smaller and reversed, with Gln showing
the larger cation stabilization. These inverse effects likely
stem from subtle differences in the coordination geometry
of the two chlorophylls, possibly influencing the position of
the Mg2+ with respect to the plane of the chlorin macrocycle.
While substitution of His with Ala produces a stabilization
of P+ in both cases, the effect is also much smaller at D2-
His197 than it is at D1-His198 (Table 3).

Effects of Mutations on P+-P and YZ•-YZ. All of the site-
directed mutations at D1-His198 examined with regard to
P+-P show blue shifts in their difference spectra (Figures
1-3). This behavior is similar to the blue shift of the
porphyrin Soret band when these molecules are dissolved
in nonpolarizable (isopentane, ethyl ether) versus polarizable
(e.g. pyridine, lutidine) solvents (85). A rapid electronic
accommodation of the polarizable solvent to the reoriented

dipole moment of the excited state produces a stabilization
of the latter (red-shift). Here all of the ligands shown (Ala,
Asn, and Gln) are less polarizable than His, resulting in a
displacement to the blue of the ground-state absorbance
spectrum and consequently of the bleaching minimum. A
similar displacement of 2( 0.5 nm is observed in PSI at 77
K for P700+-P700 upon replacement by Gln, Ser, Asn, Cys,
and Gly of A-His676 and B-His656, axial ligands to the
special pair chlorophylls that constitute the primary electron
donor of PSI (40, 41). Of the mutants discussed here, the
largest shift is that of Gln. The 3 nm blue displacement
observed in the Soret for D1-His198Gln from 433 to 430
nm is also observed for the Qy transition from 672.5 to 669.5
nm in the red (Figure 3). This spectral shift most likely
reflects the spectral displacement of the PA chlorophyll
absorbance spectrum. In support of this view, this chloro-
phyll, because of its proximity and orientation, is the major
spectroscopic probe (see Results and Discussion below),
responding in the Soret to the oxidation and reduction of
YZ and showing a 434 nm inflection and a 2-3 nm
displacement of the YZ•-YZ band shift by the D1-His198Gln
mutation (Figure 4).

Observations in the red (Qy region) also show PA to be a
probe for YZ oxidation. The P+QA

--PQA difference spec-
trum at 20 K in PSII-enriched membrane fragments from
spinach and at 5 K in Synechococcuscore complexes show
a bleaching centered at 676 and 675 nm, respectively (30,
54). These difference spectra are practically identical to those
in Figure 3. Thus, these bleaching bands are the spinach and
Synechococcushomologues of the D1-His198Gln sensitive
672.5 nm bleach inSynechocystis(Figure 3). Dekker (93)
and Mulkidjanian et al. (65) have shown in PSII core
complexes from spinach and pea, respectively, that YZ•-
YZ displays a red band shift with an inflection at 677 nm.
Thus, as for the Soret band, the Qy transition of the PA
chlorophyll is the most sensitive probe of YZ oxidation and
is sensitive to the D1-His198Gln mutation. In summary then,
the PA chlorophyll inSynechocystishas Soret and Qy optical
transitions centered at 433 nm (at 298 K) and at 672.5 nm
(at 80 K), respectively.

Mulkidjanian et al. (65) have pointed out that of the two
special pair, PA and PB, chlorophylls with their Qy transition
moments aligned toward YZ and YD, only the D2-His197
PB coordinated chlorophyll has the correct orientation to
produce an electrochromic red-shift associated with YZ

oxidation. This conclusion is based on theoretical arguments
of Fajer and collaborators (94) wherein placing a positive
charge near pyrrole ring I produces a red electrochromic shift
in the chlorophyll Qy transition. Our ability to spectroscopi-
cally perturb the PA chlorophyll coordinated by D1-His198
leaves little doubt that the chlorophyll coordinated by this
ligand is the spectroscopic probe for YZ•-YZ. Consequently,
these observations call into question either the sign of the
change in dipole moment between the ground and excited
states of PA or the interpretation of the chlorophyll band shift,
associated with YZ oxidation, as being electrochromic in
nature (51, 65, 67). Preliminary experiments on the influence
of YD• on the localization of the P+ cation (see below) favor
the retention of the phenolic proton upon YD oxidation and
an electrostatic effect on cation localization. These observa-
tions support the view that the YD•-YD chlorophyll band
shift is electrochromic in origin. From symmetry arguments
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and the similarity in shape of the YZ•-YZ and the YD•-YD

difference spectra (Figure 4), we believe that the PA band
shift associated with YZ oxidation is also electrochromic. We
would then explain the red shift of the PA absorbance band
upon YZ oxidation in terms of a transition from the ground
to the lowest excited singlet state of PA that results in a net
movement of electron density from ring I to ring III rather
than the other way around.

Stabilization of the P+ Cation on PA. The bleaching
observed in Figure 1A corresponds to an extinction coef-
ficient of 4.1× 104 M-1 cm-1. The extinction coefficient of
a chlorophyll molecule in the PSII core complex at 436 (λmax)
nm is approximately 7.4× 104 M-1 cm-1. While we do not
know exactly what the contribution of P+ alone is in the
P+-P difference spectrum, the oscillator strength of this band
is roughly consistent with what one would expect for the
oxidation of a chlorophyll molecule. Likewise, Hillmann and
co-workers (30, 54) have pointed out that the oscillator
strength of the 80 K bleaching at 675-676 nm (672.5 nm
in the present case, Figure 3) is also consistent with the
oxidation of a chlorophyll molecule. In both the Soret and
the Qy cases, these bands are displaced to the blue to the
same extent by the D1-His198Gln mutation. In the Soret
region, all of the mutations introduced at D1-198 produce a
displacement to the blue of P+-P, consistent with the loss
of the polarizable axial histidine ligand to the chlorophyll
coordinated by D1-His198. The oscillator strength of the
mutation-sensitive band, the blue shift for all D1-198 ligand
replacements, and the observation in the Soret of the same
blue displacement for P+-P as in the YZ•-YZ difference
spectrum, the inflection point of which matches the bleaching
maximum observed for P+-P, all argue that it is the
absorbance spectrum of PA that is displaced by the mutation.
With regard to the last point, the FTIR difference spectrum
for YZ•-YZ (70, 71) also shows a shift attributed to a keto
C9dO stretch at 1704-1707 cm-1 that is found in the P+-P
difference spectrum (27, 95). These observations argue,
therefore, against interpretation 2b of the Results, whereby
the D1-198 mutations modify the P+-P difference spectrum
by a redistribution of the cationic charge. The site-directed
mutations modify the reduction potential of the redox couple
P+/P in a manner that is consistent with the ability of the
axial ligand to stabilize or destabilize the P+ cation on that
chlorophyll (e.g. stabilization of the cation by glutamate,
destabilization by lysine). Merry and co-workers (43) have
shown that two of these same mutations (D1-His198Ala and
Gln) increase and decrease, respectively, the extent of radical
pair formation detected at 60 ps, consistent with the above-
described effects of coordination on the reduction potential
of P+/P. Both these observations and the dipole strength of
the bleached band, displaced by the D1-198 mutations, argue
that the P+ cation resides on PA and not on an adjacent
chlorophyll (e.g. BA) that produces an electrochromic band
shift of PA (possibility 2a described in the Results). In
addition, BA is located over the center and near normal to
the PA macrocycle and would be expected to produce little
electrochromic shift even if it were to be the site of cation
localization. We conclude therefore that the P+ cation is
primarily stabilized on PA at all temperatures on the basis
of the observations at 5 K (30) (see below), 80 K (Figure
3), and room temperature (Figures 1 and 2). An additional

argument, based on P+-associated electrochromism in the
bacterial reaction centers, is given below.

Location of3P as a Function of Temperature.

Both the3P-1P and the P+-P difference spectra at 80 K
show a bleaching in the red at 681 nm (Figures 3 and 5).
Others have attributed the low-temperature bleaching at 681-
686 nm to the oxidation of P680 (27, 30, 54) and the band
at 672-677 nm to either the low-yield oxidation of an
accessory chlorophyll (27) or to an electrochromic band shift
to the red accompanying P oxidation (30, 54). This latter
attribution arises from the observation of a low-temperature
bleaching at 684 nm for3P680-1P680 (30). Hillmann et al.
(30, 54) proposed an explanation in which the positive charge
and the triplet state were assumed to be located on the same
chlorophyll with maximum absorption at 685 nm at low
temperature.

On the basis of the current work, we prefer an alternative
interpretation in which3P is stabilized on BA at e80 K and
P+ on PA at all temperatures. The arguments are as follows:
(1) The chlorophyll on which the triplet is localized ate80
K does not respond to the D1-His198Gln mutation as
detected by optical difference or by EPR, implying that the
triplet and the cation are not localized on the same
chlorophyll. This observation is in agreement with FTIR
studies (27, 95) that concluded, on the basis of the differences
in the keto C9dO stretch frequencies, that ate80 K the
chlorophyll on which the triplet is localized (1669 cm-1) and
that (those) on which the cation is localized (1679 or 1704
cm-1) are different molecules. (2) The orientation studies
(24, 62, 74) on the low-temperature generated PSII reaction
center triplet are consistent with the near membrane parallel
orientation of the PSII homologues of BA and BB rather than
the membrane perpendicular orientation of PA and PB (17,
18). (3) In the bacterial reaction centers the electrochromic
shift of the accessory chlorophyll (BA, BB, or both) ac-
companying the oxidation of the primary donor is to the blue
(96, 97). Because of the similar orientation of the reaction
center chlorophylls to those of the bacterial reaction centers
(3, 5, 8, 9, 10, 17, 18, 98), we expect a similar blue shift in
PSII if the cation were localized on PA

+. If the cation were
localized on BA, then because of the closeness of ring I of
PB to BA

+, there would likely be an electrochromic shift of
PB which would be insensitive to the D1-198 mutations. As
mentioned above, the BA

+ cation would be located over the
center and near normal to the PA macrocycle, producing little
electrochromic shift. This geometry is inconsistent with an
interpretation of the PA derived bleaching at 672.5 nm (Figure
3) as being part of an electrochromic red-shift (30, 54)
induced by a positive charge on BA. It is, however, consistent
with the localization of the cation on PA accompanied by an
electrochromic blue shift of BA as in the bacterial reaction
centers (see below). We attribute, therefore, the principal
bleaching at 672.5 nm to the formation of PA

+ at 80 K and
the absorbance increase at 678 nm and the bleaching at 682-
683 nm to a blue band shift of BA centered at 681-682.

The 3P-1P difference spectra at 150 and 230 K (Figure
5B) are characterized by a shoulder at 669 nm that is present
in the D1-His198Gln mutant but absent from the WT. These
spectra, therefore, show evidence for a contribution from the
blue-displaced PA absorbance band in the D1-His198Gln
mutant, in contrast to those recorded ate80 K, where the
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mutant and WT spectra show little difference. This observa-
tion is consistent with the triplet having migrated in an
activated process to include the PA chlorophyll as the
temperature is raised (Figure 9A). Noguchi et al. (63) have
estimated the percent contribution of3P to the total reaction
center triplet to bee30% at 20°C. This observation also
further supports the EPR argument (see Results) that the
triplet is generated and localized in the reaction center and

not in the antenna complexes of CP47 and CP43. The
exclusive detection of the reaction center triplet may have
to do with rapid carotenoid quenching of the antenna but
not of the reaction center triplets (20). The temperature
dependence observed here for the reaction center triplet
localization is consistent with an 8-13 meV energy gap (27,
28, 62, 77) in which the triplet was proposed to be localized
on an accessory chlorophyll at low temperature and mobile
to include P as the temperature is raised (27). It is also
consistent with a decrease in the zero field splitting param-
eters (narrowing of the triplet spectrum) with increasing
temperature, indicative of a delocalization of triplet excitation
with the same energy gap dependence (62). Preliminary
studies indicated a change with temperature in the orientation
of the zero field splitting tensor axes with the higher
temperature component arising from a chlorophyll with its
macrocycle perpendicular to the membrane plane (62). This
observation is consistent with partial triplet localization onto
PA at elevated temperature.

The localization of the reaction center triplet on BA at low
temperature and on both BA and PA at elevated temperature
can now be explained by the difference in the absorbance
spectra of PA (λmax ) 672.5 nm at both 5 and 80 K, from
Figure 3 and Hillmann et al. (30, 54); see below) and BA
(λmax ) 681 nm at 80 K, 684 nm at 5 K, Figure 5A). The
long-wavelength assignment for BA is also consistent with
low-temperature electrochromic band shifts observed upon
reduction of QA (64). As the ordering of the triplet state
energies is parallel to that of the singlet states (99), it is clear
that at low temperature the triplet excitation will reside on
BA, regardless of where the triplet were generated. As the
temperature increases,kT overcomes the 8-13 meV gap in
the triplet energies (27, 28, 62) giving rise to triplet migration.

There is in3P-1P difference spectra at 5 and 80 K of
Figure 5A a small sideband observed between 665 and 672
nm that appears to be sensitive to the D1-His198Gln
mutation, undergoing the same∼3 nm displacement as
observed in the P+-P difference spectra. This feature may
be a reflection of the loss of weak exciton coupling (e100
cm-1) (13, 16) between BA and PA upon formation of3BA.

Charge Separation Is Initiated by BA*. The difference in
the absorbance spectra of PA and BA poses a fundamental
question as to the location and mechanism of primary charge
separation in PSII reaction centers. The similarity of the
P+QA

--PQA difference spectrum observed here at 80 K in
Synechocystisto that observed at both 5 K (30) and 77 K
(54) in Synechococcusindicates that the absorbance spectra
of PA and BA are practically invariant between 5 and 80 K
and that P+ is stabilized on PA at all temperatures including
at 5 K. Given the difference in the energies of the lowest
excited singlet states (31 meV), the localization of singlet
excitation on BA (684 nm) over PA (672.5 nm) is favored by
a factor of∼1031 at 5 K. As the rate of charge separation is
slower (0.4-21 ps) (29, 100-102) than the rate at which
energy is equilibrated within the central pigments of the
reaction center (100-250 fs) (103, 104), the excited state
that drives charge separation must be on BA rather than on
PA at low temperature (Figure 9A,B). This situation is
different from what is observed in wild-type bacterial reaction
centers where the strong coupling between the PA and PB

FIGURE 9: (A) Scheme indicating the various fates of the reaction
center following center excitation at 5 and 298 K. The initiators of
primary charge separation are BA* at 5 K and BA*, PA* and possibly
PhA* at 298 K. 3P is stabilized on BA at 5 K but is delocalized at
298 K. P+ is stabilized primarily on PA at all temperatures. Both
the triplet and the cation are free to migrate to find the state of
lowest free energy. (B) Energetics of excited and charge-separated
states. The difference in free energy between the BA and PA
chlorophyll triplet states assumes that the activation energy
measured for the migration of the triplet (27, 62) reflects the
difference in free energy between3PA and3BA. States PA+BA

- and/
or BA

+Ph- are proposed to be approximately isoenergetic with BA*
(see text). (C) Consequences of the directed mutation at D2-197
for the reduction potential of PB+/PB and the partitioning of the
cation between PA and PB.
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homologues produces a low-energy exciton band that
provides a trap for the excitation energy localized within the
reaction center (for review see ref97). Van Brederode et al.
(105) have, however, shown that direct excitation of BA in
reaction centers ofRb. sphaeroideswill produce PA

+BA
-.

Evidence for radical pair states generated directly from
excitation of BA has also been obtained by Lin et al. (80)
and Vos et al. (106). In bacterial reaction centers, isolated
from the YM210W mutant in which charge separation from
P* is greatly slowed, BA* will produce PA

+BA
- and to a

lesser extent BA+Pheo- (107). BA
+Pheo-, however, is the

dominant species produced from BA* in reaction centers
containing the BChl:BPheo heterodimer (108). These authors
have speculated that multiple routes for charge separation
might exist as well in PSII owing to the much weaker exciton
interaction between the reaction center pigments and the
absence of a low-energy exciton band of P as a long-
wavelength trap (33, 35). With extrapolation from the
bacterial reaction centers, these multiple routes have been
proposed by Dekker and van Grondelle (33) as possible
sources of the heterogeneity in the kinetics of charge
separation that has been observed in PSII (29, 100-102).
Because of the localization of the triplet and the oxidized
donor on P in the bacterial reaction centers and the inclined
orientation of the reaction center triplet in PSII, Rutherford
and co-workers (34, 109) have speculated that the monomeric
accessory BA chlorophyll might be all or part of P680.

As concluded here, the obligatory involvement of BA* in
primary charge separation at low temperature points to the
following pathways for primary charge separation in PSII
under these conditions (Figure 9A,B):

and

One or the other or both of the PA
+BA

-Pheo and PABA
+Pheo-

states must be very close in energy to BA* for charge
separation to occur at 5 K. As the population of PA* increases
with temperature, the more traditional

would be expected to increase. However, even at room
temperature the location of the excited state on BA over PA

would still be favored by a factor of 3.5. If, in addition, the
rate of charge separation in PSII reaction centers from BA*
is e1 ps, as in bacterial reaction centers (33), then the
contribution of BA* to room-temperature charge separation
may remain much greater than that from PA* for kinetic
reasons as well. In core and larger complexes of PSII, the
contribution of slow energy transfer steps (g20 ns) from the
antenna to the reaction center is, however, likely to be rate
limiting (33).

Peterman and collaborators (110) have examined at 5 K
the vibronic fine structure of a line-narrowed PSII emission
spectrum excited at 684-686.1 nm. The emission spectrum
shows a characteristic C9dO carbonyl stretch at 1669 cm-1,
the same frequency observed by low-temperature FTIR in
PSII reaction centers for the3P-1P difference spectrum (27).

The excitation wavelength and the vibrational fine structure
are both consistent with the excitation of BA, the site of
reaction center triplet localization ate80 K. Konermann et
al. (111) have also attributed to BA or BB of PSII the longest
wavelength emission in PSII reaction centers. One interpreta-
tion of these observations (110) is that BA* shows a long-
lived singlet excited state because the charge separated states
generated from BA* show a distribution around zero of free
energy differences compared to BA*. Some of these would
require thermal activation and so would be inaccessible at 5
K leading to long-lived fluorescence. For this reason we place
P+BA

- and/or BA
+Pheo- equipotential with BA* (Figure 9B).

It would be of interest to examine these pathways further
by examining the influence of the reduction potential of P+/P
on the quantum yield of charge separation at low temperature
as has been done at room temperature by Merry et al. (43).

We have not discussed the possible involvement of Pheo*
in primary charge separation. While the active branch
pheophytin is thought to absorb in the range of 679-683
nm (33, 64), making it possible that Pheo* could contribute
to charge separation as the temperature is raised, the results
of Konermann et al. (112) and Peterman et al. (110) at 10
and 5 K, respectively, show none or very little fluorescence
emission from Pheo* (e10%), indicating that the singlet
excitation is concentrated almost exclusively on BA* at these
temperatures. At 77 K, however, Pheo* becomes visible with
a ratio of Chl* to Pheo* emission of 8:2 (112).

Triplet and Cation Transfer.
There has been no kinetically resolved triplet transfer

observed in PSII. Thus either the triplet is generated at BA

or it is generated elsewhere in 60-200 ns (61-63) but is
transferred to BA in a faster process. Both PA

+BA
- and

BA
+Pheo- are possible intermediates that could result

respectively in triplet formation through HOMO coupled or
LUMO coupled electron transfer directly at BA without the
need for triplet transfer. Noguchi et al. (63) have also
proposed a concerted electron-transfer process involving BA

and starting from P+BAPheo-. Likewise the cation could
either be generated at PA directly (BA* a PA

+BA
- and PA*

a PA
+BA

-) or migrate to PA from BA
+ following BA* a

BA
+Pheo-. This possibility has been previously proposed by

Rutherford and co-workers (32, 109) and by Dekker and van
Grondelle (33). From the results of Merry et al. (43) it is
clear that mutations that affect the reduction potentials PA

+/
PA and the Pheo-/Pheo also have an impact on the yield of
charge separation at 60 ps following the excitation pulse.
Thus radical pair states that include PA

+ and Pheo- (mostly
PA

+Pheo-) are already present at this time and are in
equilibrium with the excited state of the reaction center. At
the present state of knowledge, it is difficult to distinguish
among these pathways, though picosecond spectroscopy
involving selective excitation of BA and PA at low temper-
ature could provide some discrimination among them.
Mutations that alter component absorbance spectra, reduction
potentials, and singlet excited-state lifetimes would be helpful
as they have been in the bacterial reaction centers (e.g. ref
35).

Sharing of P+ Cation between PA and PB. ENDOR
measurements to examine the electronic structure of the
oxidized primary electron donor inRb. sphaeroidesreaction
centers indicate that the P+ cation is shared between the two
special pair chlorophylls at a ratio of 2:1 (113). These authors

PABA*Pheoa PA
+BA

-Pheoa PA
+BAPheo-

PABA*Pheoa PABA
+Pheo- a PA

+BAPheo-

PA*BAPheoa PA
+BA

-Pheoa PA
+BAPheo-
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showed that the ratio could be modified by site-directed
mutations that affected the hydrogen-bonding characteristics
of the special pair chlorophylls. There are in fact examples
of bacterial reaction centers (e.g.Rb. capsulatus) where this
ratio is more disequilibrated (5:1 (113)). Similar measure-
ments in PSII (114, 115) have indicated a more asymmetric
sharing of the P+ cation between two or more chlorophylls
with one chlorophyll dominating with a ratio estimated at
82:18 (114). Using FTIR, Breton and collaborators (116)
observed inRb. sphaeroidesreaction centers a mid-IR
electronic band (2600 cm-1) arising from the charge delo-
calization of P+. Similar measurements in PSII (27; J. Breton
personal communication) have identified a broad band
centered at 1940 cm-1 in PSII that has been attributed to
charge delocalization but more localized than inRb. sphaeroi-
des. The closeness of the maximum bleaching of the WT
P+-P difference spectrum (433 nm, Figure 2A) to the inflec-
tion point of the YZ•-YZ difference spectrum (443-434 nm,
Figure 4) as well as the larger changes in reduction potential
and absorbance spectrum produced by D1-198 ligand
replacement, as opposed to those at D2-197, are all consistent
with preferential cation stabilization on PA over PB.

Of the mutations constructed at D2-197, the most marked
displacement of the maximum bleaching of the P+-P
difference spectrum occurs in the D2-His197Ala mutation
with a red-shift of 1-1.5 nm (Figure 2B). This shift is
opposite in sign to what the same mutation produced at D1-
His198 (Figure 2A). This opposite displacement can be
understood if we recall that the YD•-YD difference spectrum
shows an inflection point at 436 nm. Considering theC2

symmetry of the PSII reaction center, it is likely that the
major spectroscopic probe for YD•-YD is the PB chlorophyll
coordinated by D2-His197, just as PA is the major probe for
YZ•-YZ. Thus, it is likely that the ground-state absorption
spectrum of this chlorophyll shows a peak at 436 nm,
different from the 433 peak shown by the D1-His198
coordinated PA chlorophyll. The charge recombination
experiment performed in whole cells of the D2-His197Ala
mutant shows this mutation to induce a small stabilization
of P+ (Table 3). It is likely, therefore, that the cation is shared
between PA and PB, with the former the more dominant of
the two in WT. Upon introduction of the D2-His197Ala
mutation, the chlorophyll coordinated by the D2-197 ligand
is stabilized to cation localization (Figure 9C). The displace-
ment to the red of the P+-P bleaching minimum is then
understandable as the 436 nm PB chlorophyll makes an
increased contribution to the P+-P difference spectrum at
the expense of the PA chlorophyll absorbing at 433 nm. To
explain these differences, we propose a model in which the
reduction potentials of PA and PB differ by approximately
40 mV to account for the 80:20 distribution of the oxidizing
equivalent (114), with the D2-His197 coordinated PB chlo-
rophyll the more positive of the two. Upon introduction of
the Ala replacement at this site, the reduction potential of
this chlorophyll decreases by 20-40 mV such that the two
chlorophylls are more nearly equipotential. This model of
the two chlorophylls is depicted in Figure 9C. However, were
the D2-His197Ala mutation to induce a displacement to the
blue of the ground-state absorption band of PB (not exam-
ined), then the mutation-induced decrease in reduction
potential of this chlorophyll would be larger still.

That there are differences in the absorbance spectra for
the D1-His198 and the D2-His197 coordinated chlorophylls
implies that the exciton coupling between them is quite weak
(85-140 cm-1 (13-16, 23)) in contrast to what is observed
for the special pair Bchlorophylls of the bacterial reaction
centers (500-1000 cm-1 (1, 2)). This observation is con-
sistent with the estimated 10 Å center to center distance
between the metal centers of these chlorophylls from electron
and X-ray diffraction studies of PSII crystals (17, 18, 73) as
opposed to the 7.6 Å found in bacterial reaction centers (3-
5).

We have preferred to use the terminology P rather than
P680 for the chlorophyll(s) on which the cation is stabilized
to avoid implying that there is a single species, the absor-
bance maximum of which is located at 680 nm at room
temperature. It is likely that both PA and BA and to some
extent PB all contribute to the room-temperature P+-P
difference spectrum, the first and the third because they bear
the cation and the second because of its electrochromic
contribution.

We have shown here that the exchange of axial ligands
of individual chlorophyll molecules in PSII reaction centers
can provide spectroscopic markers for those chlorophylls as
well as providing a means to tune their redox properties.
These features have allowed us to identify those chlorophylls
on which the P+ cation and reaction center triplet are
localized as well as those that detect, by their band shifts,
the oxidation of the redox active tyrosines, YZ and YD.
Particularly striking is the conclusion that at low temperature
primary charge separation is driven exclusively by the excited
state of the monomeric accessory chlorophyll, BA. This
species is likely to be a major participant in charge separation
even at ambient temperatures. The kind of axial ligand
replacement that we have carried out here could also be used
to probe for the sites of coordination of BA and BB. Changes
in their spectroscopic and redox properties are likely to have
important consequences for the energetics and kinetics of
primary charge separation that should contribute to a better
understanding of this process in PSII.
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