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All photosynthetic reaction centers (RCs) have two parallel sets of electron transfer cofactors that cross the
membrane. In quinone-type RCs (including photosystem II (PSII)), however, only one pathway (the active
branch) is used for electron transfer. Since the electron transfer cofactors of each pathway have nearly identical
distance and orientation relationships, it is assumed that local differences in protein environment determine
the directionality of electron transfer. To understand further the factors that affect energy distribution among
the PSII RC cofactors, we altered the PSII RC cofactor symmetry by replacing the inactive-branch pheophytin
(Pheo) with a chlorophyll (Chl). We mutated the D1-L210 residue to a histidine (D1-L210H) to provide a
Mg ligand for Chl. Analyses of the pigment composition of D1-L210H RCs indicated that the inactive-
branch Pheo had been replaced by a Chl. Comparisons of wild-type and D1-L210 transient absorption spectra
confirmed that the red-shifted Pheo Qx absorption band (543.5 nm) belonged to the active-branch Pheo.
Surprisingly, intact D1-L210H PSII complexes were unable to evolve oxygen, lacked Chl variable fluorescence,
(following a flash), and were unable to photoaccumulate reduced Qa, indicating that electron transfer in
D1-L210H PSII complexes was severely perturbed. The kinetics of primary charge separation, however, were
not substantially altered in D1-L210H RCs, indicating that the Chl substitution had not perturbed the energetics
of the primary electron donor/acceptor pair. Significantly, intact D1-L210H PSII core complexes had a
substantially increased and red-shifted Chl fluorescence emission band attributed to fluorescence from Chl’s
of the distal antenna complex as well as a blue-shifted fluorescence emission peak attributed to Chl’s of the
proximal antenna complex (77 K). These results are interpreted in terms of a redistribution of the excited-
state energy among the pigments of the RC multimer, leading to loss of the excited state via fluorescence in
the D1-L210H mutant.

Introduction

Photosystem II (PSII)51 in plants and algae catalyzes the light-
driven oxidation of water and reduction of plastoquinone.
Primary charge separation takes place in the reaction center
(RC), consisting of the D1, D2, cytochromeb559, and psbI
proteins as well as six chlorophyll (Chl) and two pheophytin
(Pheo) electron transport cofactors (Figure 1). The structural
organization of the core pigments in PSII RCs is similar to that
in the bacterial reaction center (BRC) ofRhodobacterViridis,
and thus the BRC has served as an important model for PSII
structure and function (for a review see refs 1-3). In both BRC
and PSII RC complexes, electron transfer from the excited state
of a primary donor Chl to a Pheo represents the primary
photochemical event of photosynthesis. Reduced Pheo rapidly
reduces a quinone bound at the QA-binding site in intact PSII
preparations (QA- is missing from isolated PSII RCs), generating
the stable charge-separated state P+/QA

-. In the intact PSII

complex, the oxidized primary donor Chl is reduced by electrons
that are ultimately extracted from water in a process generating
molecular O2.

All quinone-type reaction centers (PSII and the BRC) have
two parallel and C2 symmetry-related electron transfer pathways
that transcend the membrane (see Figure 1 for a schematic
representation of the coordinates of the PSII RC).4-6 In the BRC,
primary electron transfer occurs almost exclusively (90%) along
the L-branch (active branch), one of two parallel electron transfer
pathways.7 Similarly, charge separation in water-splitting PSII
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Figure 1. Structural arrangement of PSII coordinates according to
Zouni et al.6 The phytyl tails are truncated for clarity.
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complexes takes place along only the active branch.4,8 At
present, the structural basis for this functional asymmetry in
electron transfer is not apparent, due to the fact that the cofactors
of both branches have nearly identical orientations and distances
between adjacent cofactors. This similarity in structural orienta-
tion of the Chl’s is associated with a lack of diagnostic spectral
features, which might be used to differentiate the RC Chl’s from
each other. Similarly, the two Pheo’s have nearly identical
spectral features, even at cryogenic temperatures. Bleaching of
the Pheo Qx bands (542 nm) and the primary donor (P680) Qy
band are the only diagnostic optical transitions that are routinely
used to monitor primary charge separation in PSII.9,10

In the BRC the excited state, formed after light absorption,
is trapped by the Chl’s of the special pair (ChlSP). Primary
charge separation takes place between one Chl of the special
pair and Pheo, and this is mediated by electron transfer through
the active branch Chl monomer (for a review see refs 3 and
11). In contrast to the BRC, a substantial body of evidence
indicates that the primary donor in PSII is a Chl monomer
(ChlM), located between the ChlSP and the Pheo (Pheoactive) on
the active branch.12-16 Furthermore, the excited state in PSII is
not efficiently trapped by the Chl’s of the ChlSP, but rather is
extensively delocalized across several pigments, including the
ChlSP, the two ChlM’s, and one or both of the Pheo’s.10,17,18

This delocalization of the excited state across the core pigments
of the PSII RC is known as the multimer model.17

While great progress has been made in characterizing the
structural basis for the directionality of electron transfer and
the identity of the primary donor Chl in the BRC,19-25 little is
known about the structural or physical basis for primary charge
separation in PSII. One approach that has been used to
characterize the molecular basis for functional asymmetries in
both the BRC and PSII is perturbation of the symmetry of the
RC core cofactors by pigment substitution. In the BRC, Pheo’s
have been replaced with Chl’s. This was achieved by providing
an axial ligand for the Mg2+ ion of Chl by site-directed
mutagenesis of amino acid residues that are located over the
center of the Pheo macrocycle ring.21,22,26One class of BRC
RC pigment mutants that has been extensively characterized is
the â-BRC mutants. The BPheo that participates in charge
separation (BPheoactive) was replaced with a BChl in this group
of mutants. The pigment substitution was achieved by replacing
a leucine residue (M-L212 inRb. capsulatusand M-L214 in
Rh. sphaeroides) located near the center of the BPheoactive

macrocycle ring with a histidine residue. The histidine residue
provides a ligand for the Mg2+ ion of BChl, resulting in the
replacement of the BPheoactivewith a BChl.21,22Extensive studies
of â-type BRC mutants indicated that while charge separation
occurs between P (the primary donor) and the BChl occupying
the BPheoactive branch site, the quantum yield of the charge-
separated state (P+QA

-) was substantially reduced. This reduc-
tion in charge separation was associated with both an increased
lifetime of P* (excited state) and an increased back reaction or
charge recombination rate between P+ and BChlL-.21 The
reduction in the quantum yield of charge separation in these
mutants was attributed to the greater reducing potential of BChl-

relative to BPheo-.
Recently, the two core Pheo’s of PSII RCs have also been

replaced with chemically modified Pheo’s by detergent extrac-
tion, and pigment reconstitution approaches.27-30 Exogenous
Pheo replaced approximately 100% of the Pheoinactive and 40%
of the Pheoactive. Resonance Raman studies of the modified PSII
RCs indicated that the pigment substitution did not substantially
alter the binding environment of the Pheo’s or other cofactors.

However, circular dichroism (CD) spectral analyses indicated
that both the wavelength and amplitude of the 681 nm positive
peak were altered, as well as the negative chirality peak at 667
nm. These results indicated that the excitonic interactions
between the core pigments were perturbed.

We have used a transgenic (site-directed mutagenesis) ap-
proach to modify the pigment composition of PSII RCs and to
demonstrate that, by providing a ligand (D1-L210H) for a Chl
Mg ion near the Pheoinactivebinding site, a Chl can be substituted
for Pheoinactive. The Pheoinactive f Chl mutant forms stable RC
complexes that can be isolated using standard protocols.
However, intact mutant PSII complexes have a substantially
impaired ability to evolve O2 and do not accumulate reduced
QA. The phenotype is attributed to an impaired ability to form
a charge-separated state and to reduce Pheoactive in intact PSII
(O2-evolving) complexes. This impaired ability to form a charge-
separated state is associated with a greatly increased level of
Chl fluorescence emission measured at 77 K. These results are
interpreted in terms of a redistribution of the excited-state
equilibrium among the core pigments of the mutant RC, which
leads to a reduced ability to trap the excited state and the
increased Chl fluorescence. It is inferred that efficient charge
separation in PSII is dependent upon properly biasing the
distribution of excited states among the active branch pigments.

Material and Methods

Generating the D1-L210H Mutant. The nonconservative
D1-L210H mutation was introduced into the chloroplast-encoded
intron-lesspsbAgene present in plasmid PBA155.31 Codon 210
was changed from TTA to CAC by oligonucleotide directed
mutagenesis leading to the substitution of the leucine residue
with a histidine residue. The mutagenic oligonucleotide primers
for the D1-L210H mutation were

and

In addition, the D1-L210H mutagenic primers introduced a
diagnosticNsiI restriction endonuclease recognition site into the
psbA gene by introducing a silent mutation at residue D1-H215.
The plasmids containing mutagenizedpsbA fragments were
transformed into theChlamydomonas reinhardtii(C. reinhardtii)
psbA deletion strain, CC 744, as described in ref 32. The
preliminary identification of spectinomycin and streptomycin
resistant transformants was performed by restriction site analysis
of PCR-generatedpsbA fragments, followed by DNA sequenc-
ing using a standard DNA sequencing kit (Pharmacia). The
control strain ofC. reinhardtii used in our study is strain CC
2137 and is referred to as wild type (WT).

Isolation of PSII Particles. Control and mutant strains of
C. reinhardtii were grown in Tris-acetate-phosphate (TAP)
media at 25°C in low light (5-15 µmol of photons m-2 s-1)
to avoid photoinhibition. Thylakoids and O2-evolving PSII core
particles of WT and the D1-L210H mutant were prepared from
log-phase cells ruptured using a bionebulizer and solubilized
with Triton X-100, respectively.32 The quality of the PSII RC
particles was confirmed by the absence of a blue shift in the
red maximum absorption peak prior to and after spectroscopic
measurements.9 PSII RCs were prepared from PSII core particles

5′-TTCGGTGGTTCAGCATTCTCAGCTATGCATGGT-
TCTT-3′

5′-TTCGGTGG TTCACACTTCTCAGCTATGCATGGT-
TCTT-3′
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essentially as described in ref 33 with minor modifications. For
removal of the proximal antenna complexes from D1-L210H
mutant RCs, the TSK-DEAE-650 column was washed with
buffer containing 0.2% (w/v) Triton X-100 rather than 0.35%
Triton X-100 used for washing WT RCs. The Triton X-100
detergent was then exchanged with 2.0 mMη-dodecyl â-D-
maltoside in Tris‚HCl buffer containing 10% glycerol, pH 7.5,
to stabilize the RCs. RCs were the eluted in then-dodecylâ-D-
maltoside containing buffer with 150 mM NaCl. The relative
amounts of Chla, Pheoa, and carotenoids in the purified PSII
RC complex were calculated according to ref 34 and confirmed
by HPLC analysis (data not shown).

Biochemical and Biophysical Characterization of Wild-
Type and Mutant PSII Complexes. Light-saturated (1000
µmol of photons m-2 s-1) rates of O2 evolution were measured
as previously described in ref 32 using DMBQ (2,5-dimethyl-
p-benzoquinone) as an electron acceptor. Room-temperature
absorption spectra of PSII RCs were recorded using a Cary 3E
UV-Vis spectrophotometer in buffer containing 50 mM Tris‚
HCl, pH 7.2, 10% glycerol (w/v), and 2.0 mMn-dodecylâ-D-
maltoside at a Chl concentration of 5µg of Chl/mL. Flash-
induced microsecond Chla fluorescence decay kinetics were
measured using a pulse-modulated fluorometer as described by
ref 35. Intact cells were diluted with TAP medium to a
concentration of 20µg of Chl/mL and incubated in the dark
for 5 min prior to measurement.

X-band EPR spectra were recorded with a Bruker ESP-300
spectrometer equipped with an Oxford Instruments helium
cryostat and temperature controller. For the detection of the QA

-

Fe2+ signal, PSII membranes were illuminated at 200 K for 10
min in the presence of 100 mM sodium formate to block QA-
to-QB electron transfer. All samples were scanned 10 times. The
signals were normalized on the basis of the TyrD

• signal. For
light-induced generation of Pheo- signal, PSII RC preparations
were illuminated in the presence of sodium dithionite (2 mg/
mL) for 3 min at 4°C by a white light source through a heat-
absorbing filter, and rapidly frozen in 77 K for EPR measure-
ments. The instrument settings were the following: sample
temperature, 4 K; microwave power, 32 mW; microwave
frequency, 9.48 GHz; field modulation frequency, 100 kHz;
magnetic field modulation amplitude, 2.0 mT.

Light-induced absorption difference spectra using PSII RCs
were recorded using an HP-8452a spectrophotometer. PSII RC
preparations (∼4.8 µM Chl) were suspended in buffer A
supplemented with sodium dithionite (2 mg/mL) and 1µM
methyl viologen, and incubated in the dark at 4°C for 5 min
prior to measurement. To photoaccumulate reduced Pheo, the
sample was illuminated with white light (2800µmol of photons
m-2 s-1) for 10 s prior to measurements. Samples were kept at
4 °C with a circulated refrigerated water bath during data
collection.

Steady-state 77 K Chl fluorescence emission spectra of PSII
preparations were recorded on a Fluoro-Max spectrometer with
a homemade liquid nitrogen Dewar. The samples were diluted
to a final concentration of 5µg of Chl/mL using buffer
containing 0.4 M sucrose, 15 mM NaCl, 5 mM MgCl2, and 20
mM Mes/NaOH (pH 6.0) and were excited at 436 nm. The
excitation and emission slits were 5 and 2 nm, respectively.
Spectra were normalized at 685 nm.

Circular dichroism spectra were recorded at 4°C on an Aviv
CD spectrometer (Model 40DS/UV-Vis-IR) provided with a
circulating water bath. The bandwidth was 2 nm. The PSII RC
concentrations were adjusted to 20µg/mL Chl in buffer A. Each
experiment was carried out in triplicate.

Femtosecond transient absorption measurements were carried
out using PSII RCs as described in ref 9. Sub-200 fs excitation
pulses were centered at 685 nm, and different samples were
used in the experiment to assess the reproductibility of the data.
During data collection, samples (typically 40-50µM Chl) were
maintained at 4°C and were rapidly stirred in a cuvette under
anaerobic conditions.

Results

The identity of theChlamydomonasD1-L210H mutant was
confirmed by PCR amplification of the introducedpsbA gene,
identification of a mutation-specific, diagnostic restriction
fragment length polymorphism, and DNA sequence analysis
(data not shown). To determine whether the mutations altered
the pigment composition of the PSII RCs, we measured the Chl
and Pheo content of isolated RCs. As indicated in Table 1, WT
RCs had a typical Chl/Pheo ratio of 6.5:2. In contrast, the molar
ratio of Chl to Pheo was 7.5:1 in the D1-L210H mutant
consistent with the replacement of one Pheo with a Chl. This
interpretation was further supported by the room-temperature
ground-state absorption spectra of the WT and D1-L210H
mutant PSII RCs (Figure 2, inset). Consistent with the loss of
one Pheo, the amplitude of the Pheo Qx absorption peak in the
D1-L210H mutant was 50% less than that of WT. No apparent
spectral changes were observed, however, in the Chl Qy region
of WT or mutant PSII RCs (Figure 2). Notably, an apparent
red shift of the Pheo Qx absorption band (∼1.5-2 nm) was
observed in the D1-L210H PSII RC spectra relative to WT
(Figure 2, inset). The two Pheo’s in PSII RCs have different
absorption maxima similar to their counterparts in the BRC.
The long-wavelength-absorbing form of Pheo is attributed to
the Pheoactive.4,18,28,36Relative to Pheoactive the Pheoinactive Qx
band is blue-shifted.37,38The observed red shift in the Qx region
of the D1-L210H RCs is attributed to the loss of blue-shifted
Pheoinactive (539 nm).

TABLE 1: Pigment Composition in Isolated WT and
D1-L210H Mutant PSII Reaction Center Preparationsa

Chl a Pheoa

WT 6.5( 0.5 2( 0.2
D1-L210H 7.5( 0.5 1( 0.1

a The standard deviation from four determinations is shown.

Figure 2. Room-temperature ground-state absorption spectra of PSII
RCs isolated from wild-type and D1-L210H mutant strains. Spectrum
for WT, s; D1-L210 mutant, ---. Inset: absorption spectra of Pheo
Qx band of PSII RCs in WT and D1-L210 mutants.
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To determine whether the mutation affected energy and
electron transfer processes in intact PSII complexes, flash-
induced Chla fluorescence rise and decay kinetics in dark-
adapted WT and D1-L210H cells were measured. The rapid
rise of Chl fluorescence fromF0 to FM is indicative of the
reduction of QA.39 We observed a significantly reduced variable
Chl a fluorescence yield for the D1-L210H mutant relative to
WT, indicating that this mutant had a reduced ability to form
the high Chl fluorescence state, P680/QA

- (Figure 3).
Oxygen evolution rate measurements provided further evi-

dence that electron transfer in the D1-L210H mutant was
impaired. D1-L210H mutant thylakoid membranes had only 4%
of the O2-evolving activity of WT thylakoids when measured
under light-saturating conditions, indicative of a block in PSII
electron transfer (Table 2).

The first stable charge-separated state generated in PSII after
the primary photochemical reaction is the S2QA

- state, repre-
senting reduction of QA and oxidation of the Mn-containing,
water-splitting complex. As previously discussed, Chl fluores-
cence decay measurements following a flash of light suggested
that QA

- was not generated in the mutant. To determine whether
QA

- would accumulate under conditions where forward and
reverse electron flow from QA- were inhibited, we measured
the light-induced accumulation of QA- by EPR using PSII core
particles at cryogenic temperatures in the presence of formate
to block QA

- to QB electron transfer. Due to the magnetic
interaction between QA- and the nearby Fe2+ atom, a diagnostic
EPR signal atg ) 1.82 was generated. The yield of sodium
formate enhanced QA-Fe2+ signal in the D1-L210H mutant was
dramatically reduced relative to WT (Figure 4). Using TyrD

• as
an internal standard, the integrated yield of the QA

-Fe2+ signal
in the mutant was determined to be only 6% that of WT.

To determine if Pheo was reduced under conditions favorable
for its photoaccumulation, we measured Pheo accumulation in
sodium dithionite treated PSII RC preparations illuminated at
4 °C by EPR. Figure 5 shows the light-minus-dark EPR spectra
of reduced Pheo in WT and the D1-L210H mutant recorded at

15 K. The line shape and line width of the Pheo EPR signal in
the D1-L210H mutant was identical to that of WT. However,
the steady-state yield of theg ) 2.003 Pheo radical was
significantly reduced in the D1-L210H mutant (approximate
25%( 5% of WT). These results indicate a substantial reduction
in either primary charge separation or an accelerated back-
reaction between Pheo- and P+.

To determine the contributions of Pheo- to the light-minus-
dark absorption spectrum of PSII RC, we compared the light-
induced absorption difference spectra of wild-type and D1-
L210H mutant PSII RCs. Figure 6 shows the absorption
difference spectra recorded at 4°C upon illumination for 10 s
in the presence of 1µM methyl viologen and 2.0µg/mL sodium
dithionite to reduce Pheo. The light-induced absorption differ-
ence spectrum of WT RCs resembled that seen in spinach,38

with negative peaks at 515, 543, and 682 nm and positive peaks
at 595 and 656 mm.4,41 There was a pronounced red shift in
the Pheo Qx band in the D1-L210H mutant relative to WT,

Figure 3. Chlorophyll fluorescence decay kinetics of light-grown cells
from WT and D1-L210H mutant strains. WT,s; D1-L210 mutant,
---.

TABLE 2: Oxygen Evolution Rates of PSII Core Particles
Isolated from WT and D1-L210H Mutant Strain a

O2 evoln rate (µ mol of O2 mg Chl-1 h-1)

WT 270( 20 (100%)
D1-L210H 10( 5 (3.7%)

a Values are the average of three separate measurements using
isolated PSII particles.

Figure 4. Sodium formate enhanced QA
-Fe2+ EPR signal (g ) 1.82

and 1.67) in PSII core particles from WT and D1-L210H mutant strains.
WT, s; D1-L210 mutant, ---. EPR conditions: sample temperature, 4
K; microwave power, 32 mW; microwave frequency, 9.48 GHz; field
modulation frequency, 100 kHz; magnetic field modulation amplitude,
2.0 mT. TheY-axis is relative yield of the EPR detectable radical
normalized to YD•.

Figure 5. Photoaccumulated Pheo EPR signal in isolated PSII RCs
from WT and D1-L210H mutant strains. WT,s; D1-L210 mutant,
---. TheY-axis is relative yield of the EPR detectable radical normalized
to YD

•.
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consistent with the loss of the blue-shifted Pheoinactive.10

Considering that Pheoactiveabsorbs at a longer wavelength than
Pheoinactive (Figure 2), such results imply that both Pheoinactive

and Pheoactive contribute to the Pheo Qx band bleaching under
continuous illumination in wild-type RCs. This bleaching could
be attributed to either reduced or excited-state Pheo since both
have identical spectra. In addition, there were large shifts in
the Pheo Qy bands of the D1-L210H mutant at 663, 670, and

680 nm relative to WT. The Qy absorbance transitions at 670
and 681 nm have been attributed in part to Pheo and are
confirmed by the absorbance differences observed in Figure 6.10

To examine the primary photochemistry of the D1-L210H
mutant, we measured Pheo reduction kinetics in isolated PSII
RCs at 4°C following a series of laser flashes. Pheo- Qx bleach
kinetics were measured at two different wavelengths: 542.2 nm
for WT and 543.6 nm for the D1-L210H mutant. Figure 7 shows
the transient absorption kinetics in the Pheo Qx region following
excitation at 685 nm. Our fits were started at 0.5 ps following
the pump flash to exclude instrument-response-limited compo-
nents, which presumably include buffer-associated transients as
well as the simultaneous excited-state absorption of chlorins.9

Three exponential decay components were required to ad-
equately fit the data (Table 3). As expected for primary charge
separation, the time constant for the fastest lifetime component
was 3.6 ps in WT9,33 and 5.2 ps in mutant RCs. Overall, there
were no large differences in the lifetime components between
the mutant and WT, although theτ values of the fast components
fell just outside their respective error bars. However, the
amplitude of the middle lifetime component (50-60 ps),
attributed to energy equilibration within the RC, increased by
a factor of∼1.5 in mutant RCs relative to WT RCs.

Figure 8 shows the Pheo- transient absorption spectra of D1-
L210H and WT PSII RCs observed 1.5 ns after a 200 nJ, 685
nm excitation pulse. These data have been normalized to 558.5
nm. The Pheo Qx bleach at 1.5 ns is attributed to the formation
of charge-separated P680+Pheo- state.42 At this time interval
bleaching contributions from Pheoinactive are also maximal.10 It
was apparent from analysis of the Pheo- Qx bleach spectra of

Figure 6. Light-induced absorption difference spectra of isolated PSII
RCs from WT and D1-L210H mutant strains. WT,s; D1-L210 mutant,
---. Inset: spectra of Pheo Qx absorption region. PSII RCs were
illuminated in the presence of methyl viologen and sodium dithionite
with white actinic light (2500µmol of photons m-2 s-1) through a heat
absorbing filter for 10 s.

Figure 7. Transient absorption kinetics for isolated PSII RCs at 542.2 nm (WT) and 543.6 nm (D1-L210H) at 4°C. Inset: kinetics at early time.

TABLE 3: Averages and Estimated Errors for the Fit Parameter to the Data at the Peak of the Pheo Qx Band (542.2 nm for
WT and 543.6 nm for D1-L210H Mutant) in Isolated PSII Reaction Center Complex

τfast (ps) Afast (%) τintermediate(ps) Aintermediate(%) τslow (ps) Aslow (%)

WT 3.6( 0.5 39( 2 59( 2 38( 3 429( 10 22( 5
D1-L210H 5.2( 1 32( 4 62( 4 57( 5 538( 5 11( 5

16908 J. Phys. Chem. B, Vol. 108, No. 43, 2004 Xiong et al.



WT and the D1-L210H mutant RCs that there was no contribu-
tion from Pheoinactive in the mutant. These results are consistent
with the replacement of Pheoinactiveand not Pheoactivewith a Chl.

To characterize energy coupling in D1-L210H mutant, we
measured the Chl/Pheo CD spectra of WT and D1-L210H
mutant RCs. This spectroscopic method is sensitive to pigment-
pigment interactions within the PSII RC complex. Importantly,
the spectra shown in Figure 9 were highly reproducible between
different RC preparations. The Chl CD spectrum of WT RCs
had a strong positive signal centered at 682 nm and a smaller
negative peak at 669 nm. These two peaks were inverted in the
D1-L210H RCs, however. The positive-negative band pair in
the red region of the CD spectrum is thought to be associated
with excitonic interactions involving P680, although recent
studies suggest that absorbance changes at 680 nm can arise
from interactions between other RC chlorins as well as contribu-
tions from pigment-protein interactions.43-46 Significantly, the
CD and light-induced absorption spectra (Figure 6) of the D1-
L210H mutant have similar changes in absorption peaks (669
and 682 nm) relative to WT. These changes presumably result
from the loss of electronic interactions between Pheoinactiveand
the RC Chl’s and the addition of new electronic interactions
between the Chl occupying the Pheoinactive binding site and
adjacent pigments. Interestingly, in RCs with Pheoinactivereplaced
by modified Pheo (131-OH-Pheo), similar∆CD peaks were

observed at 667 and 682 nm,29 consistent with Pheoinactivetaking
part in excitonic interactions with the other cofactors.

To characterize further the effects of replacing Pheoinactiveon
energy transfer processes in intact PSII complexes, we measured
the Chl fluorescence emission spectrum of intact PSII core
particles at 77 K. These complexes contain the Chl-protein
complexes of the proximal and distal antennae in addition to
the reaction center complex. These measurements allow us to
assess alterations in excited-state deexcitation pathways involv-
ing Chl’s of the antenna complex. As shown in Figure 10, the
Chl fluorescence emission spectrum of WT PSII membranes
exhibits two distinct emission bands centered at 685 and 695
nm. The emission at 695 nm is attributed to a low-energy Chl
bound to the H-114 residue of the proximal CP47 chlorophyll-
protein antenna subunit.47 The origin of the maximum at the
685 nm emission band is more complicated and includes
contributions from charge recombination48 and the distal light-
harvesting II (LHC-II) chlorophyll-protein complex.49 As
shown in Figure 10, the D1-L210H mutant has an elevated and
red-shifted Chl fluorescence emission at 699 nm (relative to
the 695 nm emission peak) and a slightly blue-shifted Chl
fluorescence emission at 683 nm presumably arising from the
proximal antenna complex. The elevated Chl fluorescence
emission in the mutant was also reflected by the high Chl
fluorescenceF0 level detected in transient Chl fluorescence
assays using whole cells (Figure 3 and data not shown).

Discussion

We have demonstrated that the replacement of the D1-210
leucine residue with a histidine residue resulted in the incor-
poration of a Chl into the Pheoinactive binding site. This
conclusion is based on analysis of the pigment composition of
PSII RCs and the observed red shifts in the absorption spectra
of both the ground state (Figure 2) and transiently reduced
(Figure 8) Pheo Qx band. The mutant Pheo Qx band was red-
shifted 2 nm with respect to WT (542 nm), consistent with the
assignment of the blue-shifted Pheo to the inactive branch
Pheo.10,37

Light-saturated rates of O2 evolution (Table 2) and the Chl
fluorescence decay kinetics of PSII in cells (Figure 3) demon-
strated that the D1-L210H mutant had a substantially reduced
ability to carry out forward electron transfer compared to the

Figure 8. Transient absorption spectra of isolated PSII RCs at 4°C
recorded 1.5 ns following a 200 nJ, 685 nm excitation pulse. WT,s;
D1-L210 mutant, ---.

Figure 9. Visible light (4 °C) CD spectra of PSII reaction centers
isolated from WT and D1-L210H mutant strains. WT,s; D1-L210
mutant, ---.

Figure 10. Chl fluorescence spectra of PSII core particles from WT
and D1-L210H mutant strains at 77 K. WT,s; D1-L210 mutant, ---.
The Y-axis is relative fluorescence yield normalized to 685 nm.
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WT. While some reduced Pheoactive (30% of WT) was photo-
accumulated in isolated D1-L210H RC complexes (at cryogenic
temperatures), virtually no QA- (4% of WT) accumulated in
intact PSII core particles under conditions (cryogenic temper-
atures plus formate) in which electron transfer to QB was
blocked. These results indicate that intact PSII preparations of
the D1-L210H mutant had a substantially impaired ability to
stabilize the charge-separated state. This was surprising given
the fact that the Pheo not involved in charge separation was
the pigment replaced by a Chl and not vice versa.

The transient absorption spectra (Figure 8) showed that the
amplitude of the Pheo Qx bleach in the isolated D1-L210H RCs
(1.5 ns) was reduced (∼40-50%) relative to WT. We attribute
the observed Pheo bleach to the formation of the radical pair
P680+Pheo- rather than to a long-lived (1.5 ns) Pheo*. Thus,
we conclude that in D1-L210H RCs the steady-state yield of
radical pair formation is about half that in WT PSII RCs (Figure
6). Previously, it has been reported that one Pheo/RC is reduced
under continuous illumination in the presence of dithionite and
methyl viologen.4 However, it was not possible from these early
measurements to determine which of the two Pheo’s was
bleached. If there were no Pheo Qx bleaching contributions from
Pheo* at 1.5 ns post excitation, then we would conclude that in
WT RCs both Pheo’s are reduced. Jankowiak et al.10 demon-
strated, however, that both Pheoactive and Pheoinactive were
bleached in WT PSII RCs. The kinetics of Pheoinactivebleaching,
however, were much slower than those for Pheoactive. At early
times (<10 ps) the Pheo Qx bleach is dominated by Pheoactive,
but by 1.5 ns it is dominated by Pheoinactive bleaching. They
attributed the slow bleaching of Pheoinactive to energy equilibra-
tion between higher delocalized Qy states and the Pheoinactive

Qy state following relaxation of the PheoactiveQx state. We favor
this explanation for the bleaching of Pheoinactive in WT RCs.

In the D1-L210H mutant increased occupancy of the Chl,
which replaced Pheoinactive, by the lowest excited state could
account for both the reduced quantum yield of charge separation
and the increased Chl fluorescence from PSII core particles. In
support of this interpretation, it is clear from the Chl CD spectra
of WT and D1-L210H RCs (Figure 9) that there were substantial
changes in the excitonic interactions between pigments in D1-
L210H RCs. The Pheo Qy CD features (670 and 681 nm) of
the D1-L210H mutant have the appearance of a derivative
spectrum relative to WT. Such spectra may result from altered
phase interactions between the multiple components of the
delocalized excited states across the six core chlorins and are
consistent with a redistribution of the excited-state equilibrium
among the pigments of the multimer.

Theoretically, it has been shown that the small orbital energy
shifts belonging to one pigment relative to that of another can
give rise to significant effects on the electronic coupling matrix
elements for electron transfer.50 The presence of Mg in the Chl
changes the distribution of electrons in the highest occupied
and lowest unoccupied molecular orbitals. This results in a
change in the overall electronic structure of the Chl excited state,
which in turn is reflected in the electronic coupling between
the Chl and the remaining pigments within the multimer
complex. We observed a distinct narrowing of the Chl fluores-
cence of mutant PSII RCs relative to WT (data not shown)
consistent with a stronger coupling between pigments of the
mutant PSII RC relative to WT. Given the increased and
distinctly blue-shifted Chl fluorescence emission arising from
the proximal antennae and substantially increased and red-shifted
Chl fluorescence emission from the distal antenna complexes
(Figure 10) of D1-L210H PSII core particles, we propose that

there is an increased occupancy of inactive branch pigments
by the lowest excited state. In mutant PSII core particles, the
excited state is then dissipated via new deexcitation networks
ultimately leading to reductions in the yield of charge-separated
states (Table 2, Figures 2-6, 8) and increased yields of Chl
fluorescence (Figure 10).
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