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■ Abstract Recent progress in two-dimensional and three-dimensional electron
and X-ray crystallography of Photosystem II (PSII) core complexes has led to major
advances in the structural definition of this integral membrane protein complex. Despite
the overall structural and kinetic similarity of the PSII reaction centers to their purple
nonsulfur photosynthetic bacterial homologues, the different cofactors and subtle dif-
ferences in their spatial arrangement result in significant differences in the energetics
and mechanism of primary charge separation. In this review we discuss some of the
recent spectroscopic, structural, and mutagenic work on the primary and secondary
electron transfer reactions in PSII, stressing what is experimentally novel, what new
insights have appeared, and where questions of interpretation remain.
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INTRODUCTION

In the past few years there have been a considerable number of advances at the
spectroscopic, biochemical, and structural level that have improved our under-
standing of structure/function relationships in the Photosystem II (PSII) reaction
center. We attempt to integrate here many of these findings as they relate to pri-
mary and secondary electron transfer, stressing what is new and what issues still
remain unresolved. We refer the reader to a number of excellent review articles
(22, 24, 27, 46, 88, 90, 133) that cover in more detail some of the older data or are
more focussed in covering a subset of the topics addressed here.

STRUCTURE

Really spectacular progress has been made very recently in the description of the
physical structure of the PSII reaction center and core complexes. The term reac-
tion center has been used to describe a biochemically isolated entity comprised
of polypeptides D1 and D2 (PsbA and PsbD, respectively, plus redox cofactors),
cytochrome b559 (PsbE and F, plus heme) and PsbI (56a, 77a). In this review, un-
less otherwise indicated, this term refers only to the D1/D2 complex including the
associated cofactors. The PSII core complex, also biochemically isolated, contains
up to 25 different integral membrane and extrinsic polypeptide subunits (50), in-
cluding those of the biochemically isolated reaction center and chlorophyll-protein
complexes CP43 (PsbC) and CP47 (PsbB). Beginning with an appreciation of the
structural and functional homologies between the reaction centers of PSII and
those of the purple nonsulfur photosynthetic bacteria (75, 125), increasingly de-
tailed models have been proposed for the arrangement of the prosthetic groups and
of the D1 (L) and D2 (M) subunits that coordinate them (97, 112, 148). After many
years of trying to do protein crystallography, investigators have had major successes
recently that are allowing them to place the structural models on a much firmer
footing. First, a spinach subcore complex containing the reaction center and CP47
formed, upon detergent dialysis, two-dimensional crystals (91) that yielded an 8-Å
structure (92), following image processing of electron micrographs. This structure
has now been refined to 6̊A (90). More recently, three-dimensional crystals of
dimeric O2-evolving PSII core complexes fromSynechococcus elongatushave, in
a remarkable advance, yielded a structure with 3.8-Å resolution (149). Although
the resolution is still too low to resolve the side chains of the amino acid residues,
most of the chromophores, theα-helices, theβ-sheets, and the Mn cluster have been
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localized with good precision (Figure 1). The overall protein complex extends well
outside the membrane, 10̊A on the stromal side and 55̊A on the lumenal side.
A band that is 40Å thick is considered to be within the membrane. At least 17
subunits are present, 14 of which are integral membrane polypeptides, contributing
36 transmembraneα-helices. A total of 35 chlorophylls (Chls) have been identi-
fied, with 16 assigned to polypeptide CP47, 13 to polypeptide CP43, and 3 each
to polypeptides D1 and D2 (137). Two pheophytins (Pheos) are associated with
the D1-D2 complex, which forms the heart of the reaction center. These chlorins
are arranged in a pseudo-C2-symmetrical fashion around the nonheme iron, as
are the CP47 and D2 polypeptides on one side and CP43 and D1 on the other.
The symmetry is broken by the cytochrome b559 heme on the stromal side of the
complex and coordinated by PsbE and PsbF, which are located near the D2 sub-
unit but 27Å from ChlZD2 (see below); by the Mn cluster associated with the
lumenal side of D1 and located 15̊A from the pseudo-C2-symmetry axis; and by
cytochromec550 and PsbO, which are extrinsically associated with the lumenal
side of CP43 and of D1, respectively.

Analysis of this structure as well as that at the primary, amino acid level have
indicated significant differences with the reaction centers ofRhodopseudomonas
viridis and Rhodobacter sphaeroides. The central reaction center chlorins
(Figure 1) are designated as belonging to the A or B branch of the reaction cen-
ter, the presumed electron transfer active and inactive branches, respectively. The
special pair chlorophylls, PA (PD1) and PB (PD2) located on the lumenal side of
the complex and implicated in primary charge separation (see below), have par-
allel ring planes 5Å apart and are 10̊A apart center to center (91, 149). These
are more widely separated (Figure 2) than the special pair bacteriochlorophylls
(Bchlorophylls) in the bacterial reaction centers where the respective ring plane
separation and center to center distance are 3.5Å and 7.4–7.6Å [e.g., Reference
(36)]. This wider separation in PSII greatly weakens the excitonic coupling that
characterizes the bacterial reaction center homologues. This difference has im-
portant consequences for excitation energy localization within the reaction center
(see below). Two monomeric chlorophylls, BA and BB, located 9.8Å and 10Å,
respectively, center to center from PA and PB, are inclined at a 30◦ angle with re-
spect to the membrane plane as are their Bchlorophyll homologues in the bacterial
reaction centers. The homologous histidines that coordinate these Bchlorophylls
in the bacterial reaction centers are missing in PSII. PheoA and PheoB are located at
10.7Å and 10.6Å, respectively, (center to center) toward the stromal side from BA

and BB, with their head groups perpendicular to the membrane plane. The primary
quinone electron acceptor, QA, is located an additional 12.0̊A (center to center)
toward the stromal side from PheoA and 10.5Å from the nonheme iron. Electron
transfer in the bacterial reaction centers originates from the PA/PB special pair in
its lowest excited singlet state to BA then to PheoA and ultimately to QA [for review
see Reference (147)]. Despite the presence of homologous redox components in
PSII, kinetic deconvolution of energy transfer and primary charge separation in
PSII is complicated by the spectral congestion that exists within its reaction center
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Figure 2 The center to center distances inÅ between the cofactors of theSynechococcus
elongatusPSII reaction centers (149) and of theRb. sphaeroidesreaction centers (36).
Adapted from (36).
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(see below). An additional symmetrically localized pair of chlorophylls, for which
there is no homologue in the bacterial reaction center, ChlZD1 and ChlZD2, is located
at 30.2Å and 30.4Å, respectively, from PA and PB. One or both of these can be
oxidized in a low quantum yield process (see below) that may regulate PSII charge
separation in a nonphotochemical quenching process [e.g., Reference (106)].

The current level of resolution of the PSII crystal structure permits only a
description of the Cα trace of the most-orderedα-helical andβ-sheet regions of
the polypeptides that comprise the PSII core complex. The identity and orientation
of the amino acid side chains remain unknown. Despite this lack of definition, there
are a number of residues, some of which are bacterial reaction center homologues,
that have been identified by site-directed mutations coupled with spectroscopic
analysis as being ligands to prosthetic groups. These are discussed below as we
describe each of the redox active components of the PSII reaction center.

ENERGY TRANSFER

New structural data have permitted the localization of 37 of the chlorin rings
(35 chlorophylls and two pheophytins) (137, 149). The position (within 1Å) and
orientation (within 10◦) of the ring planes are known with considerable accuracy.
Although the orientation of the transition dipoles cannot be deduced from the
crystal structure, these are to some extent known from linear dichroism and photo-
selection experiments. This structural information has promoted renewed interest
in modeling of the kinetics of energy transfer from the antenna to the reaction cen-
ter. There appear to be two camps regarding this issue. In one of these (Figure 3),
the Reversible Radical Pair Model (3, 12, 21, 102), there is rapid equilibration of
the excitation energy between the antenna and the reaction center [τ ≤ 15 ps; e.g.,

Figure 3 Two contrasting models for the kinetic limitation of primary charge separation
in PSII. In the upper model, the rate is limited by electron transfer within the reaction
center. In the lower model, the rate is limited by energy transfer to the reaction center.

A
nn

u.
 R

ev
. P

la
nt

. B
io

l. 
20

02
.5

3:
55

1-
58

0.
 D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 C

N
R

S-
m

ul
ti-

si
te

 o
n 

05
/0

9/
05

. F
or

 p
er

so
na

l u
se

 o
nl

y.



9 Apr 2002 15:49 AR AR156-23.tex AR156-23.SGM LaTeX2e(2002/01/18)P1: GDL

556 DINER ¥ RAPPAPORT

(21)]. The latter is a shallow trap, and charge separation is trap limited. Barter et al.
(3) have recently provided additional support for this model by showing that the ef-
fect of the antenna size on the Chl∗ singlet state lifetime could be well simulated by
a three-state model [(AntennaRC)∗ ↔RP1↔RP2] in which the excitation energy
is rapidly equilibrated between the antenna and reaction center, and two radical
pair states (RP1 and RP2) are involved in the slower, two-stage trapping process.
The lifetime of the singlet excited state increases with antenna size, ranging from
reaction centers (8 chlorin pigments) up to PSII membrane fragments from spinach
(BBY, ∼250 chlorin pigments) (5).

In a contrasting model (Figure 3), equilibration of light energy within the an-
tenna complexes [τ < 5 ps (21, 137)] and within the reaction center [τ ≤ 400 fs,
(35, 73)] is considered to be rapid, but energy transfer between the antenna and the
reaction center is slow and rate limiting. Based on careful examination of the PSII
X-ray crystal structure, Vasil’ev et al. (137) concluded that two chlorophylls, C12
and C30 of CP43 and CP47, respectively, are the core antenna pigments that are
responsible for 50% of energy transfer to the reaction center. These authors con-
cluded, however, that the distance and orientation of these pigments with respect
to the reaction center pigments would put energy transfer to the reaction center
in the 100 ps range, making energy transfer to the center rate limiting for charge
separation. This may be a common feature in photosynthesis as rate limitation by
energy transfer to the reaction center has also been observed inRb. sphaeroides
(4) and in PSI (127) [for review see (133)]. An additional conclusion of Vasil’ev
et al. (137) is that a lower limit for the intrinsic rate of charge separation in PSII
is (0.7 ps)−1, a rate consistent with a rapid component for charge separation upon
direct excitation of P680 as reported by Groot et al. (47) (τ = 0.4 ps at 240 K).
This rate is substantially faster than most reports of charge separation, which range
from 1–20 ps for PSII (32, 44, 61, 95, 103, 139) and for bacterial reaction centers
(38, 133). Groot et al. (47) suggest that even within the PSII reaction center there
could be kinetic components for energy transfer (e.g., between the active and inac-
tive branches) that could be rate limiting for charge separation. Multiple radical pair
states, inhomogeneous broadening, and protein relaxation all may be contributing
to the kinetic heterogeneity observed for charge separation in PSII (see below).
The two peripheral reaction center chlorophylls, ChlZD1 and ChlZD2, which had
been proposed to be the main conduits for energy transfer into the center (70, 136),
have orientations and positions that make for weaker coupling to the antenna and
reaction center than do C12 and C30. This conclusion is consistent with measure-
ments of Schelvis et al. (103) in which a 20–30 ps component for charge separation
was attributed to a rate limitation by energy transfer from ChlZD1 and ChlZD2 [see
also (136)].

The Energy Transfer To The Trap Limited Model should show a rate of charge
separation that is only weakly dependent on antenna size and on the intrinsic rate of
charge separation within the reaction center in PSII preparations containing CP43
and CP47, i.e., preserving the integrity of the rate-limiting step. In the D1D2 cyt
b559PSII reaction centers that lack these two subunits, the observed rate should, in
this model, more closely reflect the intrinsic rate of charge separation. At variance
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with this expectation, Barter et al. (3) found a rather monotonic dependence of the
singlet excited state lifetime upon the antenna size. It could be argued, however, that
the D1D2 cyt b559 PSII reaction centers, the smallest photoactive complexes, were
missing QA, whereas the larger ones had QA reduced. This difference could distort
the apparent dependence of the excited state lifetime on antenna size. Indeed, the
redox state of QA could influence, likely via electrostatic effects, the singlet state
lifetimes independent of antenna size. It has been observed that the redox state of
the quinone has a large influence on the rise (95, 102) kinetics of primary radical
pair formation. Gibasiewicz et al. (41), however, showed that the kinetics of radical
pair formation as detected by a photovoltaic method were largely independent
of the redox state of QA, although the decay was greatly accelerated by QA

− as
opposed to QA or QAH2. This issue remains to be resolved. Ways in which the two
models of Figure 3 might begin to overlap could include the discovery of additional
chlorophylls that have not yet been resolved in the 3.8-Å crystal structure that might
speed antenna-center excitation equilibration or, as Groot et al. (47) suggest, there
might be energy transfer rate limitations even within the reaction center.

COMPARISON WITH BACTERIAL REACTION CENTERS

Primary charge separation in the reaction centers of the purple photosynthetic
bacteria is initiated by the excitation of the special pair Bchlorophylls, PA and
PB, following energy transfer from the light-harvesting complexes. These PA and
PB are located close to each other (36) (see above) (Figures 1 and 2) and are
excitonically coupled (500–1000 cm−1), thereby constituting a long wavelength
trap for the reaction center excitation energy (e.g., 870 nm inRb. sphaeroides)
(147). The splitting between the special pair Bchlorophylls (PA/PB) and the ac-
cessory Bchlorophylls (BA and BB) is∼1000 cm−1 and between the special pair
Bchlorophylls and the bacteriopheophytins (Bpheophytins)∼1500 cm−1 (147).
(PA/PB)∗ in bacterial reaction centers decays in a multiexponential process to yield
P+Pheo− with time constants ranging from 0.9 to 4 ps, which may involve P+B−

as an intermediate, but there is not unanimity of opinion in this regard [see Ref-
erence (147)]. In PSII, the reaction center chlorophylls are much more congested
spectrally as their absorbance spectra heavily overlap. In contrast to the bacterial
reaction centers, the overall absorption envelope of the PSII reaction centers is
only approximately 500 cm−1 at half height. The excitonic coupling between the
reaction center pigments is weak, with the homologous PA and PB chlorophylls
suggested to show a coupling of approximately 85–140 cm−1 (11, 118, 134). The
structural homology between the bacterial reaction centers and PSII and the similar
time domains over which charge separation occurs would lead one to assume that
primary charge separation in PSII occurs mechanistically as it does in the bacterial
reaction center. The kinetics of primary charge separation in PSII, however, have
been reported to show multiple phases for the formation of the P+Pheo− charge
pair (32, 44, 45, 60, 77). In addition, the triplet state of P, formed by P+Pheo−

recombination at liquid helium temperature, has been shown in PSII (131, 135) to
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be localized on a monomeric chlorophyll with an orientation (ring plane 30◦ with
respect to the membrane plane) more like that of BA or BB rather than PA and
PB as is seen in the bacterial reaction centers (49, 119). These observations have
led a number of authors to suggest that primary charge separation might occur
differently in PSII, potentially initiated by excitation of BA rather than PA/PB. A
number of groups have shown in bacterial reaction centers that it is possible to
observe, under certain conditions, the formation of radical pair states upon direct
excitation of BA (69, 128, 130, 142). Dekker & van Grondelle (24) and Rutherford
and coworkers (98, 99) have suggested that in PSII the lack of spectral differentia-
tion and the orientation of3P, respectively, might be consistent with a contribution
of B∗A to primary radical formation. Key questions then are (a) where is primary
charge separation initiated and (b) are the oxidized primary donor cation radical
and the triplet localized on the same or on different chlorophylls, and if the latter,
which one of the two has migrated and on what timescale?

SPECTRA OF PSII REACTION CENTER CHLORINS

PA, the Primary Site for P+ Cation Localization

Although it has been difficult to track the reaction center triplet and primary cation
radical of PSII because of the spectral congestion mentioned above, there has been
some success using Fourier transform infrared spectroscopy (FTIR). Noguchi et al.
(80) and Breton and coworkers (101) have been able to show, based on the vibra-
tional frequency of the C131 O (C9 O) carbonyl, that the chlorophyll on which the
reaction center triplet,3P, is localized at low temperature (1669 cm−1) is different
from the chlorophyll(s) on which the P+ cation is localized (1679 or 1704 cm−1).

More recently, Diner and coworkers (30) have introduced site-directed muta-
tions that have permitted optical tagging of some of the reaction center chloro-
phylls. These tags have permitted the assignment of the Qy and Soret absorbance
maxima to PA, PB, and BA. Histidines D1-His198 and D2-His197 are the PSII
homologues of histidines L-His173 and M-His200(202) of the bacterial reaction
centers responsible for the coordination of chlorophylls PA and PB, respectively.
Both residues were replaced in PSII by a variety of amino acids that alter the reduc-
tion potentials of the coordinated chlorophylls and introduce displacements to the
blue of their absorbance spectra. The latter is explained by the loss of the more po-
larizable His axial ligand, which stabilizes the chlorophyll excited state. Replace-
ment of the PA ligand, D1-His198, with Gln resulted in the largest displacement
(3 nm) to the blue of the PA absorbance spectrum for the Soret (433→ 430 nm,
298 K) and Qy transitions (672.5→ 669.5 nm, 80 K) (30). That the P+-P dif-
ference spectrum at all temperatures shows this same shift argues that PA is the
primary location of the P+ cation independent of the temperature. Measurements
of absorbance changes polarized parallel and perpendicular to the membrane plane
indicate that the orientation of the Qy transition of the chlorophyll responsible for
P+(PA

+) is parallel to the membrane plane (71) (Figure 1).
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Most surprising among the site-directed replacements reported at D1-His198
and D2-His197 were those that did not introduce coordinating side chains (e.g.,
Ala, Val) (30). Introduction of Ala gave photoautotrophic strains in both cases.
However, larger noncoordinating resides such as Leu (30) and Tyr (138) gave
no reaction center. It is likely that in the case of the D1-His198Ala and the D2-
His197Ala mutations a water molecule has replaced the imidazole ring of histi-
dine as the axial ligand to Mg2+. A residue like Leu would displace the water
molecule preventing coordination, and deprotonation of the water ligand or OH
bond stretch would explain the substantial stabilization (1E′ P+/P∼−80 mV)
of P+ by the Ala mutation relative to the wild-type strain. A similar replace-
ment of the His coordination with a water molecule has been reported in the
L-His173Gly and the M-His200Gly mutants ofRb. sphaeroides(43, 105) and in
the B-His656Glu mutant of PSI (66, 144). In contrast to PSII, however, replacement
of each His ligand with Leu does allow assembly of the bacterial reaction center but
with incorporation of a Bpheophytin in place of Bchlorophyll at the mutated site
(14a, 58a). It is possible, in the case of PSII, that the binding energy contributed by
the axial coordination is required for chlorin incorporation. In bacterial reaction
centers, other residues must contribute sufficiently to allow Bchlorin binding.

The oxidation of redox active tyrosines, YZ and YD, produces band shifts in
the Soret and the Qy regions of the chlorophyll absorption spectra. For YZ, the
band shift is sensitive to the D1-His198Gln mutation. The band shift is centered at
434 nm in wild type and at 432 nm in the mutant (30), indicating that PA is a
major probe of the oxidation of this tyrosine. This observation and the P+-P differ-
ence spectrum indicate that the absorbance maxima for PA are located at 433 and
672.5 nm in wild type.

PB

By symmetry, PB should be an analogous probe of the oxidation of YD. The Soret
band shift for YZ•-YZ is centered at 433–434 nm (consistent with PA), whereas
for YD•-YD it is centered at 436 nm (31). The Soret absorption maximum for
PB is therefore located at 436 nm. This 2–3-nm displacement of the absorbance
maximum to the red for PB relative to PA is likely conserved in the Qy region,
placing the probable absorbance maximum of PB at 675 nm.

BA

A band shift to the blue of electrochromic origin accompanies the formation of
P+. This band is centered at∼684 nm at 5 K (54) and at 681–682 nm at 80 K
(30). This same chlorophyll is also bleached upon formation of3P (684 nm at 5 K,
682 nm at 80 K) (see below for the mechanism of triplet formation) (30, 54). Both
the P+-induced band shift and the3P-1P difference spectrum are insensitive to
the D1-His198Gln site-directed mutation. This insensitivity, the observation of an
electrochromic shift of an accessory Bchlorophyll to the blue upon formation of
P+ in bacterial reaction centers (147), the primary localization of P+ on PA, and the
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reaction center triplet orientation all support the assignment of the 681–682-nm
(684 nm at 5 K) feature to the Qy transition of BA.

PheoA and PheoB

Borohydride reduction of the inactive branch pheophytin, PheoB (109) and ex-
change of PheoB (39, 40, 108) and partial exchange of PheoA (40, 39) with
131-deoxo-131-hydroxy-pheophytina indicate clearly that both pheophytins have
their Qy absorption maxima at 676–680 nm (at 6 K). Linear dichroism indicates
that the Qy transitions are perpendicular to the membrane plane (39) (Figure 1). The
Qx transitions of both pheophytins are located at 543 nm (at 6 K) (40). In bacterial
reaction centers, the Qx transition is sensitive to hydrogen bonding to the C131 O
of the exocyclic ring (15, 18). Mo¨enne-Loccoz et al. (76) have shown using Reso-
nance Raman spectroscopy that PheoA in PSII is likely hydrogen bonded (as it is
in bacterial reaction centers), with residue D1-130 being the likely homologue of
the bacterial L-104. Indeed, Giorgi et al. (42) have shown thatSynechocystissite-
directed mutations D1-Gln130Glu and D1-Gln130Leu displace the Qx band to
longer and shorter wavelength, respectively, consistent with a strengthening and a
disappearance of the C131 O hydrogen bond. This finding was recently confirmed
by a high-field electron paramagnetic resonance (EPR) spectroscopy study of PSII
core complexes bearing mutations at this position (33). That the Qx transitions
of both PSII pheophytins are located at 543 nm implies that they are bound with
hydrogen bonds of equal strength. Resonance Raman spectra of PSII core com-
plexes in which each of the pheophytins is replaced by a chlorophyll (D. Force,
A. Pascal, B. Robert & B. Diner, in preparation) show, in each case, the loss of
a similar feature at 1685 cm−1 arising from a hydrogen-bonded carbonyl group
(A. Pascal, personal communication). This observation also indicates directly that
both pheophytins have similar hydrogen-bond strengths to the C131 O carbonyl.
It had been proposed earlier that one possible distinction between the active and in-
active branches of the reaction center might be the presence of a hydrogen-bonded
pheophytin on the active branch and the absence of a hydrogen bond on the inactive
branch (76). The above observations rule out this hypothesis.

BB

Replacement of the inactive branch PheoB with 131-deoxo-131-hydroxy-pheophytin
a results in the loss of the Pheo Qy transition at 676–680 nm but also causes the
blue shift of a transition at 680 nm that is attributed to BB (39). Replacement of
PheoA induces a blue-shifted transition at approximately 682 nm that is attributed
to BA, in agreement with the above assignment.

ChlZD1 and ChlZD2

A linear dichroism study (39) and characterization of a PSII reaction center com-
plex containing five chlorophylls (126) both attribute to ChlZD1 and to ChlZD2

a 670-nm Qy transition oriented nearly perpendicular to the membrane plane
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(Figure 1). The assignments of the absorption maxima of the reaction center chlo-
rins are summarized in Figure 1.

REACTION CENTER TRIPLET, 3P

The energetic consequences of the spectral assignments described above provide
new insights into the mechanism of charge separation and the localization of the
reaction center triplet state,3P. Under conditions where P+Pheo− cannot relax to
form P+Q−A either because QA is reduced or absent, there is a decorrelation of
the spins on the radical pair resulting in singlet/triplet mixing. Recombination
of the triplet state of the radical pair gives rise to a reaction center triplet state
that forms with aτ ∼ 30 ns at room temperature (20) and slows as a function
of temperature (81, 141) to 100–200 ns at 10 K (58, 134). The energy of the3P
is estimated to be 0.54 eV below the singlet state (141). The triplet resides on
a monomeric chlorophyll (25, 34, 100, 114, 134) and has the gz component of its
anisotropic g-tensor oriented at 60◦ with respect to the membrane plane (68, 135);
both findings are consistent with3P residing on BA or BB. This localization is in
contrast to what is found in the bacterial reaction centers where the triplet resides
on one or both PA and PB (49, 119). The comparison of the optical difference
spectrum3P-1P with that of P+-P (see above) indicates that the triplet is localized
on a chlorophyll absorbing at 684 nm at 5 K (30, 54, 55). This chlorophyll was
associated with the electrochromic band shift observed upon formation of P+

A and
so is attributed primarily to BA rather than to BB in PSII (30).

Assuming very weak coupling of the singlet states of the reaction center chloro-
phylls, the energy of the triplet state should track that of the singlet state (72). As
BA is the longest wavelength chlorophyll of the reaction center, it is now under-
standable why the triplet is localized on BA at 5 K rather than on PA, the major
site of cation localization at all temperatures. It is not clear whether the triplet
is actually generated at PA or PheoA by recombination of P+A Pheo−A (or P+A B−A or
B+A Pheo−A ), migrating to BA at a rate faster than triplet formation, or whether it
is the cation that migrates to BA or the anion that migrates to BA from P+A Pheo−.
At this point, the triplet would be formed, respectively, by B+A Pheo−A or P+A B−A
recombination, thus directly forming the triplet on BA.

Although the triplet is clearly localized on BA at≤80 K, the localization of3P
changes as the temperature rises (10, 58, 78, 80). At elevated temperature (≥150 K),
another chlorophyll(s) begins to contribute to the reaction center triplet population.
This chlorophyll has a C131 O stretch like that of PA (80, 101) and is oriented
perpendicular to the membrane plane (58). Over the same temperature range, the
3P-1P difference spectrum begins to show a short wavelength shoulder, the position
of which is sensitive to the D1-His198Gln mutation (30). All of these observations
are consistent with an increased sharing of the reaction center triplet with PA at
elevated temperature. The temperature dependence of the triplet localization is
consistent with an energy gap1E of 8–13 meV that would correspond to the
difference in the triplet state energies of BA and PA (10, 58, 78, 80).
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SHARING OF THE CATION RADICAL

Diner et al. (30) have proposed that the P+ cation radical is primarily localized on
P+A . A mid-IR band at 1940 cm−1 detected by FTIR (80; J. Breton, personal com-
munication) and methyl hyperfine couplings measured by electron nuclear double
resonance (ENDOR) (93, 117) both gave indications of some delocalization of
the P+ cation. The ENDOR measurements were consistent with an approximate
80:20 distribution between two or more chlorophylls with one chlorophyll domi-
nating (now known to be P+A ). The D2-His197Ala mutation gave∼1-nm displace-
ment of the P+-P difference spectrum to the red, whereas the same mutation on
D1-His198Ala produced a 2-nm shift to the blue (30). This observation is consis-
tent with a displacement of the P+ cation toward PB in the D2-His197Ala mutant
through stabilization of P+B . This ability to control the position of the cation sug-
gests the possibility that its position might be subject to electrostatic control as
well (see below).

PRIMARY CHARGE SEPARATION

It would appear from the spectral assignments discussed above that BA is the
longest wavelength chlorin located within the reaction center. Additional support
for this conclusion comes from a study by Konermann & Holzwarth (63) of the
spectral decomposition of the PSII reaction center at 10 K, which led these authors
to conclude that BA or BB was responsible for the longest wavelength emission.
Furthermore, Peterman et al. (85) have measured at 5 K the vibronic fine structure
of a line-narrowed emission spectrum upon excitation of PSII reaction centers
at 684–686.1 nm. The emission spectrum, which should arise from the longest
wavelength-emitting component of the reaction center, shows a C131 O (C9 O)
carbonyl stretch at 1669 cm−1. Such a feature has been assigned by Noguchi and
coworkers to BA (80, 81).

At 5 K, the ratio of finding the excitation energy on BA (684 nm) versus PA
(672.5 nm) B∗A/ P∗A (Figure 4) is approximately 1031, based on Boltzmann consider-
ations (singlet state energy difference of 31 meV). This partition, forSynechocystis,
is somewhat more extreme than for spinach andSynechococcus(1021–1024) where

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 4 The relative localization of the excitation energy on the central components
of the PSII reaction center at 5, 77, and 298 K. The shaded area corresponds to the
percent of the total excitation on that component, calculated from the Boltzmann equa-
tion using the absorbance maxima of Figure 1. This distribution is calculated at each
temperature based on the absorbance maxima of the chromophores at 5 K. The use of
the 5-K spectrum is certainly an over simplification at 298 K, but the energy is broadly
distributed anyway at the latter temperature.
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the absorbance maxima of PA are likely located at 676 nm and 675 nm, respectively
(54, 55). For BA and PheoA (680 nm), the B∗A/ Pheo∗A ratio at 5 K is 5.6× 1010. As
the rate of charge separation is generally thought to be slower than that of energy
equilibration [but see (47)] between the reaction center pigments (100–250 fs)
(35, 77), the excited state responsible for charge separation will be exclusively
localized on BA at this temperature. That charge separation can occur at≤20 K
on the ps timescale with high quantum yield (∼75%) (47, 57, 143) implies that it
must be occurring from B∗A. The two likely radical pair products are P+A B−A and
B+A Pheo−A (Figure 5). van Broderode et al. (129) have shown that direct excitation of
BA will produce P+A B−A as the initial radical pair inRb. sphaeroidesreaction centers.
These authors have also shown that excitation of BA in reaction centers in which
the special pair Bchlorophylls have been replaced by a Bchlorophyll:Bpheophytin
heterodimer (M-His202Leu mutant) will produce predominantly B+

A Pheo− as the
initial radical pair (130).

The observations in PSII at low temperature of a long-lived singlet excited state
arising from a chlorophyll absorbing at 683 nm (63, 64) with spectral similarities to
the charge-separating state (85) would imply that the radical pair state(s) generated
from B∗A is(are) nearly equipotential with B∗A. Were there a distribution of the
energies of these states, then some fraction of them would require thermal activation
and at 5 K might be inaccessible, giving rise to long-lived fluorescence (24, 85).
Indeed, Groot et al. (47) have shown that charge separation in PSII reaction centers
is to some extent an activated process.

Konermann et al. (64) and Peterman et al. (85) were unable to detect fluores-
cence emission from Pheo∗ at 5–10 K. However, at 77 K, Pheo∗ is apparent with a
ratio of Chl∗/Pheo∗ of 4:1 (64) (Figure 4). This observation is consistent with a 4-
nm (10.5 meV) difference between the energies of the lowest excited singlet states
of BA (684 nm) and Pheo (680 nm). It is possible then that Pheo∗ could begin to con-
tribute to radical pair formation as the temperature increases, generating B+

A Pheo−

as the initial product. At 298 K, the energy is likely to be distributed over all of the
central pigments of the reaction center with B∗A representing no more than 25%
of the total (Figures 4 and 5). All of the active branch pigments could contribute
to radical pair formation, although the relative contributions to charge separation
from the different excited states are likely to be different depending on their rates of
charge separation and on the relative energies of the radical pair and excited states.
The observed heterogenity in charge separation in reaction centers is then likely to
arise from the heterogeneity of excited states that contribute to it, the inhomoge-
neous broadening of the optical transitions (48), a distribution of energy levels for
a single radical pair state (48, 62), a succession of increasingly stabilized radical
pair states accessed through electron transfer (24, 62), and relaxations within the
protein matrix (Dynamic Solvation Model) (24, 62, 84). Proposals by Dekker &
van Grondelle (24) situate primary radical pair formation in≤2 ps, expanded rad-
ical pair formation in∼8 ps, and protein relaxation on the 50 ps time scale. Where
excited, the ChlZD1 and ChlZD2 would contribute 20–30 ps components that are
limited by energy transfer to the central pigments of the reaction center.
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Figure 5 The localization as a function of temperature of the singlet excited states before
charge separation and of the triplet and radical pair states after charge separation, in the
active branch of the PSII reaction centers.
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A number of groups have directly measured the depth of the PSII trap. In plants,
the free-energy gap between the equilibrated singlet excited state and P+Pheo−,
measured at 60 ps following actinic excitation at 298 K, is only−27 meV (74), in-
creasing to−46 to∼−110 meV on the nanosecond timescale (8, 48, 62, 141),
consistent with the Dynamic Solvation Model mentioned above. Site-directed
mutations constructed inSynechocystis6803 that increase the reduction poten-
tial of P+/P (D1-His198Gln,1G ∼16 meV) or lower the reduction potential of
Pheo/Pheo−by removing a hydrogen bond to the C131 O carbonyl (D1-Gln130Leu,
1G ∼53 meV) produce significant decreases in the concentration of the radical
pair detected at 60 ps. InSynechocystis, the D1-Gln130 hydrogen bond to C131 O
raises by∼36 meV the energy of the P+Pheo− state relative to the same state where
D1-130 is a Glu as in higher plants (74). Thus in wild-typeSynechocystis, P+Pheo−

is actually∼21 meV above the excited state energy at 60 ps. A consequence of this
uphill process for radical pair formation is that the electron transfer from Pheo−

to QA (250–300 ps) should appear as a component in the excited state relaxation.

DONOR-SIDE SECONDARY ELECTRON TRANSFER

The redox active tyrosines, YZ and YD (D1-Tyr161 and D2-Tyr160, respectively)
[for reviews see (23, 26, 27)], act as secondary electron donors and are oxidized to
form the neutral radicals, releasing the phenolic proton. Site-directed mutagenesis
has implicated D1-His190 and D2-His189 as the immediate proton acceptors for
YZ and YD, respectively [see (23, 26) and references therein]. Pulsed ENDOR mea-
surements have indicated direct hydrogen bonding of the proton on theτ -imidazole
nitrogen of D2-His189 to YD• (16). FTIR measurements indicate that this same His
is hydrogen bonded by the phenolic proton of YD (53). However, there is no clear
evidence to indicate the formation of the imidazolium form of histidine (53, 82)
upon tyrosine oxidation, implying that the proton on theπ -imidazole nitrogen of
D2-His189 is likely transferred to a proton acceptor. The proton may, however,
remain associated with the acceptor and back hydrogen bond. If the hydrogen-
bonded chain were to extend to the bulk phase, then it is possible that the positive
charge of the proton could be dissipated by proton release at the surface. In the
case of YZ, the situation is even less clear. Site-directed replacement of D1-His190
causes a substantial slowing of YZ oxidation (29, 52), consistent with a similar
role as the acceptor of the phenolic proton of YZ. However, pulsed ENDOR mea-
surements do not indicate a direct hydrogen bond between the two, as in the case
of YD (K. Campbell & R. David Britt, personal communication). Either the two
are indirectly linked by intermediary waters or amino acid residue side chains or
the hydrogen-bonded interaction between the two is intermittent (gated). Thus for
both tyrosines, either the released proton is distributed among a number of likely
hydrogen-bonded residues or the charge, if not the actual proton, is released to the
bulk phase. There has been considerable debate over this issue, as it has repercus-
sions for the hydrogen atom abstraction model for water oxidation that implicates
YZ directly in this mechanism (13, 120). This model is a consequence of recent
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demonstrations of the close proximity between YZ and the Mn cluster (113, 116),
the lowered activation energy that results from having a strong base prepositioned
to accept a proton from bound water as the Mn cluster is being oxidized (67, 145),
and the difference in bond dissociation energies that favor hydrogen atom transfer
from the Mn cluster to YZ• (6, 83). In this model, the phenolic proton of YZ has
been proposed to be released to the lumen upon YZ oxidation. The proton-coupled
reduction of YZ• with the proton coming from a water molecule ligated to the Mn
cluster would then decrease the energetic levels of the reaction intermediates and
increase the driving force for the catalysis for water oxidation.

RETENTION OF TYROSINE PHENOLIC
PROTON AND ELECTROSTATICS

A number of authors have argued, however, that the YZ phenolic proton is retained
within the reaction center following oxidation (1, 30, 31, 86, 87), giving rise to a
chlorophyll band shift of electrochromic origin in the Soret and Qy spectral regions.
A similar band shift is observed accompanying the oxidation of YD but shifted by
2–3 nm to the red (31) (see above). The very slow exchange of the phenolic YD

proton upon replacement of H2O with D2O [t1/2∼ 9 h (28, 94)] also argues for
proton retention upon oxidation of this tyrosine. If instead the phenolic proton
were released to the thylakoid lumenal space, then there would be no retained
charge, and another explanation would need to be sought to explain the band shift
[e.g., a structural change or a hydrogen-bond displacement (122)]. Arguments
for proton retention include a pH dependence for proton release coupled to YZ

oxidation that turns off below pH 5 even though the pKa of the tyrosyl cation
radical is approximately−2 (87). In addition, Rappaport & Lavergne (86) have
observed an oscillation of period four of a very similar band shift in the Soret that
appears upon S-state advances that do not give rise to proton release (e.g., S1−>S2,
generation of a plus charge).

The ability to shift the position of the P+ cation between PA and PB by ligand
replacement and the difference in the absorbance maxima of PA and PB (30) mean
that the P+-P difference spectrum can be used as an electrostatic indicator of nearby
charges. Boerner et al. (7) reported and Diner and coworkers (unpublished) later
confirmed that the rate of charge recombination between P+ and Q−A is influenced
by the presence of YD•. D2-Tyr160Phe, a mutant lacking YD, showed a rate of
charge recombination nearly twice that observed in wild type. This observation is
consistent with the positive charge generation associated with YD•, which in wild
type would increase the reduction potential of P+/P, thereby decreasing both the
concentration of P+ at the expense of YZ and the rate of charge recombination
between P+ and Q−A (YZ• and Q−A are too far apart to allow a competitive direct
electron transfer). The positive charge would likely also influence the position of
the P+ cation between PA and PB. If we place D2-His190 at roughly 13 and 20Å,
respectively, from PB and PA and assume that most of the positive charge is in the
immediate environment of the histidine upon YD oxidation, then one can do a rough
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electrostatic calculation on the potential opposing the movement of a plus charge
from P+A to PB. This calculation gives a potential difference of 147 and 59 mV for
a dielectric constant of 4 and 10, respectively, which is larger than the estimated
40 mV difference in reduction potential of P+A /PA and P+A / PB (30). The charge
that accompanies YD oxidation would therefore be expected to have a substantial
influence on the localization of the P+ cation. Indeed, Faller et al. (37) have recently
suggested that the P+ reduction rate by YZ is slower in the presence of YD than
YD•. It was proposed that, owing to electrostatic interaction, the propensity of the
cation to reside on PA (the closest Chl to YZ) would be larger in the presence of YD•.
J. Bautista & B. Diner (unpublished) have examined the P+-P difference spectrum
in the presence and absence of YD and have found that, indeed, the mutant lacking
YD shows a difference spectrum shifted by approximately 0.5 nm to the red relative
to that of the wild type. This finding is consistent with the probability that the cation
residing on PB is larger in the absence of YD•. These observations are consistent with
charge retention and the electrochromic interpretation of the very similar YZ•-YZ

and the YD•-YD band shifts. In addition, Ananyev et al. (2) have found that the loss
of YD greatly slows the photoactivated assembly of the Mn cluster relative to wild
type. This observation has also been interpreted in terms of an enhancement by
YD• of the P+/P reduction potential, thereby increasing the driving force for Mn
oxidation. These observations provide a rationale for the evolutionary retention of
YD even though it is on a side path to the main electron transport pathway that
leads to water oxidation.

ALTERNATE ELECTRON DONORS

Illumination under conditions in which the normal donor side electron transfer
reactions (YZ/Mn oxidation) are blocked (e.g., low temperature) results in the ox-
idation of alternate electron donors. These include the formation of aβ-carotene
cation radical [Car+, ε990 nm= 160 mM−1 cm−1 (115)] [(79, 104); for review see
(124)], a chlorophyll cation radical [Chl+Z , ε820 nm= 7.0 mM−1 cm−1 (9)] (140),
and an oxidized cytochrome b559 [cyt b559, ε560–570 nm= 17.5 mM−1 cm−1 (19)]
[for review see (19, 110)]. The Chl+Z has been attributed to one of the two chloro-
phylls coordinated by D1-His118 and D2-His117 (ChlZD1and ChlZD2, respectively)
(Figure 1). This designation is based on several factors: (a) the location of these
histidines in the second transmembrane helix of D1 and D2 (75), (b) the kinetics
of energy transfer from peripheral chlorophylls to the central pigments in PSII
reaction centers (103), (c) the distance (39.5± 2.5 nm) of Chl+Z from the PSII non-
heme iron, measured using saturation-recovery EPR (65), and (d) the perturbation
of the Chl+Z Resonance Raman spectrum by site-directed mutations at D1-His118
in Synechocystis6803 (111).

When cyt b559 is reduced, it is the only cytochrome that is stabily oxidized
at temperatures≤100 K. If the cytochrome is oxidized prior to illumination, then
Chl+Z and Car are photooxidized, with the relative proportions of the two dependent
on the temperature and on the nature of the PSII preparation. In addition, there
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appear to be two components to Chl+
Z absorbing at 814 nm (inSynechocystis6803;

817 nm in spinach) and at 850 nm (only observed in spinach) (123). Tracewell et al.
(123) have suggested that these signals arise from Chl+

ZD1 and Chl+ZD2, respectively.
The oxidation of these chlorophylls is accompanied by very strong signals arising
from Car+ at 987 nm (Synechocystis) and 994 nm (spinach) and by a vibronic band
at 878 nm and 895 nm, respectively. As the temperature is raised from 20 K to
120 K, the component at 850 nm increases at the expense of the Car+ signal (123).
Additionally, if Car+ is generated at 20 K then warmed to 120 K, an increase is
observed in the 850 nm Chl+Z signal at the expense of the Car+ (51). These latter
observations have been interpreted in terms of an oxidation of ChlZ by Car+ in a
thermally activated process. Hanley et al. (51) have argued that because cyt b559

can be oxidized at 20 K, whereas ChlZ cannot (in the presence of cyt b559
+), then

cyt b559 and ChlZ are located on different branches of the oxidation pathway and
compete for the oxidizing equivalent on Car+ at higher temperatures (Figure 6B).
Tracewell et al. (123) were, however, able to observe some oxidation of ChlZ at
20 K and thus consider the question of a parallel (Figure 6B) or series (Figure 6A)
connection for ChlZ and cyt b559 to Car+ to be open.

There has been some controversy regarding the identity of ChlZ. Perturbations
of Resonance Raman spectra of Chl+

Z in site-directed mutations at D1-His118 in
Synechocystis6803 led to the conclusion that this residue coordinated ChlZ (111).
In contrast, observations by Ruffle et al. (96) of perturbations in the chlorophyll
fluorescence yield caused by mutations at D2-His117 inChlamydomonasand the
spin relaxation measurements by Shigemori et al. (107) that yield a 29-Å distance
between YD• and ChlZ both argue instead for coordination of ChlZ by D2-His117.
The demonstration by Tracewell et al. (123) of ChlZ oxidation at 814 nm only
in Synechocystisled these authors to assign this oxidized chlorophyll to Chl+

ZD1
(coordinated by D1-His118). The observation of Chl+ absorption at 817 nm and
at 850 nm in spinach led to the assignment of the latter to Chl+

ZD2 (coordinated by
D2-His117).

Figure 6 Two alternative models for the donor-side oxidative pathway that include Car,
ChlZ, and cyt b559. In model A (123), ChlZ and cyt b559 are connected in series to Car+. In
model B (51), ChlZ and cyt b559 are parallel donors to Car+.
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The X-ray crystal structure of PSII has placed cyt b559 much closer to
D2-His117 (ChlZD2) than to D1-His118 (ChlZD1) (Figure 1). Regardless of whether
ChlZ and cyt b559form a linear or branched pathway (Figure 6), it would still appear
that ChlZD2 is far more apt to compete with or to oxidize the cyt b559present in the
crystal structure. The reduction of cyt b559 by plastoquinol (146) and, more parti-
cularly, by QBH2 (or Q−B ) (14) would also be more consistent with the interaction
of this cytochrome with the D2 side components.

There has been considerable controversy over the years as to whether there are
one or two cyt b559associated with PSII [for review see (110)]. One possible solu-
tion to this debate is that there are two cyt b559 in thylakoid membranes but one is
readily lost following detergent treatment. What remains then in the X-ray structure
is the more tightly bound of the two. Consequently it may be that there are two path-
ways symmetrically arranged within the reaction center, both of which are capable
of oxiding cyt b559. Alternatively, it may be that only the D2 side pathway truly
does cyclic electron transfer when the main donor side pathway is blocked. This
would leave the D1 side to generate Chl+

ZD1, which would quench excitation energy,
consistent with the observations of Schweitzer & Brudvig [(106), also see (56)].

REEVALUATION OF ENERGETICS

Although a fairly clear and solid picture of the relative position and role of the
different PSII cofactors has recently emerged, the energetic picture of PSII is more
tenuous. This is, at least partly, attributed to the fact that, at variance with its bacte-
rial homologues in which most of the component reduction potentials are accessible
to direct redox titration, in PSII only three among the nine potentials have been
directly measured (the Pheo/Pheo−, QA/Q−A , and YD

•/YD couples). The determi-
nation of the free-energy changes associated with the successive electron transfer
reactions has, however, allowed the estimation of reduction potentials that could
not be directly determined by titration [see (27, 89, 121) for reviews of the currently
accepted values of the P+/P, YZ

•/YZ, S1/S0, S2/S1, S3/S2, and S0/S3 couples]. In fact,
all of the energetic relations within PSII rely on the determination of the reduction
potential of the Pheo/Pheo− couple [−640 mV (59)] and the assumption that the
energy level of the P+Pheo− state is defined relative to this reduction potential.
This latter hypothesis led Klimov et al. (59) to estimate the reduction potential
of the P+/P couple to be approximately 1.12 V (−0.64− 0.07+ 1.83) from the
free-energy change associated with charge separation (−70 meV) and the singlet-
singlet difference energy between P and P∗ (1.83 eV). The midpoint potential of
the P+/P couple has been then used as a reference to estimate the other reduction
potentials from measured equilibrium constants. There is growing evidence that
our current view of PSII energetics could be erroneous and may require revision.
As the reduction potential of the PheoA/Pheo−A couple is more negative than that of
the QA/Q−A couple, the equilibrium redox titration of PheoA is inevitably performed
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in the presence of Q−A . Above, we discuss the consequences of the redox state of QA

on the rate of P+Pheo− radical pair decay, i.e., the significantly increased rate in the
presence of Q−A with respect to QAH2. Gibasiewicz et al. (41) recently estimated
the electrostatic interaction between Q−A and Pheo− to be∼90 mV. Thus the energy
level of the P+Pheo− should be at least 90 mV more positive than predicted by the
equilibrium midpoint potential of the Pheo/Pheo− couple. Similarly, an electro-
static interaction between P+ and Pheo− could stabilize the radical pair and further
decrease its energy level. Indeed, van Gorkom (132) estimated the free energy
difference between P+Q−A and P+Pheo− to be 340 mV, i.e., approximately 260 mV
smaller than expected from the difference in midpoint potentials. If indeed the en-
ergy of the P+Pheo− radical pair is closer to that of P+Q−A than previously estimated,
then an immediate consequence of this conclusion would be the upward revision
of all of the reduction potentials (except for QA/Q−A and YD

•/YD), including that of
the P+/P couple, which determines the available driving force for water splitting.

CONCLUSION

There are a number of fundamental ways in which the view of PSII function is
being altered by (a) the newly developing three-dimensional structure of the PSII
core complexes, (b) biochemical chromophore replacement, (c) analysis of site-
directed mutations, and (d) new kinetic and spectroscopic methods. In this review,
we mention that energy transfer and the electron transfer pathways involving Car,
ChlZ, and cyt b559 are undergoing intense reevaluation in light of new structural
and kinetic information. As in the bacterial reaction centers, the three-dimensional
structure likely will allow a better appreciation of how electrostatic interactions
contribute to the energetics of the charge-separated states. Although not presently
the case, the PSII X-ray structure will ultimately provide a great deal more assur-
ance as to the location of the amino acid side chains of the component polypeptides,
critical for the construction and interpretation of site-directed mutations. The in-
tersection of all of these methods will provide a solid foundation for examining
questions regarding the role of the protein in the function and assembly of the Mn
cluster and other cofactors and the mechanisms of proton-coupled electron transfer;
investigations whose impact extends well beyond the domain of photosynthesis.
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Figure 1 Redox active components of theSynechococcus elongatusPhotosystem II
[adapted from Reference (149)] and theRb. sphaeroidesreaction centers [adapted from
Reference (17)]. The view in both cases is in the plane of the membrane. A and B refer
to the active branch and inactive branch components, respectively. The absorbance
maxima for each of the chromophores in theSynechocystisPSII reaction center are
indicated. Thedouble-headed dashed arrowsrefer to the approximate orientation of
the Qy transitions.
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