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Abstract

In this Minireview, a comparison of the binding niches of the PS II cofactors from several existing models of
the PS II reaction center is provided. In particular, it discusses a three dimensional model of the Photosystem
II (PS II) reaction center including D1, D2 and cytochrome b559 proteins from the green algaChlamydomonas
reinhardtii that was specifically generated for this Minireview. This model is the most complete to date and includes
accessory chlorophyllzs, a manganese cluster, two molecules ofβ-carotene and cytochromeb559, all of which are
essential components of the PS II reaction center. The modeling of the D1 and D2 proteins was primarily based
on homology with the L and M subunits of the anoxygenic purple bacterial photosynthetic reaction centers. The
non-homologous loop regions were built using a sequence specific approach by searching for the best-matched
protein segments in the Protein Data Bank, and by imposing the matching conformations on the corresponding
D1 and D2 regions. Cytochromeb559 which is in close proximity to D1 and D2 was tentatively modeled inα/β
conformation and docked on the QB side of the PS II reaction center according to experimental suggestions. An
alternate docking on the QA side is also shown for comparison. The cofactors in the PS II reaction center were
modeled either by adopting the structures from the bacterial counterparts, when available, with modifications
based on existing experimental data or byde novomodeling and docking in the most probable positions in the
reaction center complex. The specific features of this model are the inclusion of the tetramanganese cluster (with
calcium and chloride ions) in a open, C-shaped structure modeled within the D1/D2/cytochromeb559 complex
with D1-D170, D1-E189, D1-D342 and D1-A344 as putative ligands; and the modeling of twocisβ-carotenes and
two accessory chlorophyllzs liganded by D1-H118 and D2-H117. We also analyzed residues in the model which
may be involved in the D1 and D2 inter-protein interactions, as well as residues which may be involved in putative
bicarbonate and water binding and transport.

Abbreviations:ABNR – adopted basis Newton Raphson energy minimization approach; BLAST – basic local
alignment search tool; ENDOR – electron nuclear double resonance; EPR – electron paramagnetic resonance;
ESE – electron spin echo; ESEEM – electron spin echo envelope modulation; P680 – the ‘special pair’ chlorophyll
a and the primary electron donor of Photosystem II; PCC – Pasteur culture collection; PS II – Photosystem II; QA –
the primary plastoquinone electron acceptor of Photosystem II; QB – the secondary plastoquinone electron acceptor
of Photosystem II; rms – root mean square deviation

∗∗ The work was completed in 1997 when G was on sabbatical
leave from the Department of Plant Biology, University of Illinois
at Urbana-Champaign.

Introduction

Photosystem II (PS II), one of the two photosystems
in plants, algae, prochlorophytes and cyanobacteria,
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is the only protein complex in nature that is able to
evolve molecular oxygen by oxidizing water (Debus
1992). The reaction center complex of PS II, where the
photochemical reaction II takes place, consists of sev-
eral membrane bound polypeptides including: D1, D2,
a heterodimer of cytochromeb559, PsbI and PsbW
(Vermaas et al. 1993; Diner and Babcock 1996; Nu-
gent 1996). For a description of the genes and their
expressions, see Herrmann et al. (1991). The reaction
center, utilizing the harvested light energy, undergoes
charge separation in picosecond time scale (Greenfield
et al. 1997) followed by electron transfer from water
to plastoquinone. Two major polypeptides of the re-
action center, D1 and D2, contain a number of bound
organic and inorganic cofactors that are crucial for the
PS II photochemistry. These cofactors include a tetra-
manganese cluster, two redox active tyrosine residues
labeled as YZ and YD, six chlorophylla molecules,
two pheophytins, and two plastoquinones. A non-
heme iron, located between bound plastoquinones QA
and QB, does not participate directly in the electron
transfer but is vital for the electron transfer process.
Bicarbonate anions are crucial for liganding to the
non-heme iron and participating in the reduction of
plastoquinone in PS II (Govindjee and van Rensen
1993). Twoβ-carotene molecules are present in the re-
action center complex and are believed to be involved
in a photoprotective process.

Despite the importance of this protein complex to
provide electrons to Photosystem I and oxidize wa-
ter to molecular oxygen, the molecular structure and
the functional mechanism of the PS II reaction cen-
ter are not yet fully understood. A high resolution
X-ray crystal structure of the PS II reaction center
is not yet available, only low resolution structures
have been obtained (Rögner et al. 1996; Rhee et
al. 1997). In the absence of the crystal structure of
the PS II reaction center, much of the structural un-
derstanding of the PS II reaction center is derived
from the significant sequence and functional homol-
ogy with the non-oxygenic photosynthetic reaction
centers of the purple non-sulfur bacteriaRhodobac-
ter (Rb.) sphaeroidesandRhodopseudomonas (Rps.)
viridis, for which high resolution crystal structures are
available (Lancaster et al. 1995). A two-dimensional
structure of plant Photosystem II at 8�A resolution,
reported by Rhee et al. (1997), confirms that the gen-
eral feature of the PS II reaction center is homologous
to the purple bacterial ones. This study, as well as
previous studies on analysis of two-dimensional PS II
crystal structures (Barber et al. 1997; Hankamer et al.

1997), confirmed that the PS II complex exists in a
dimer form with a two-fold symmetryin vivo.

To aid in atomic level structural understanding of
the PS II reaction center, several three dimensional
computer models have been constructed based exclu-
sively on the homology of D1/D2 polypeptides with
the L/M subunits of the bacterial reaction center of
Rb. sphaeroidesandRps. viridis(Trebst 1986; Bowyer
et al. 1990; Svensson et al. 1990; Ruffle et al. 1992;
Svensson et al. 1996; Xiong et al. 1996).

Though the comparison with the bacterial reaction
centers is very useful, the PS II reaction center has sev-
eral unique features that cannot be modeled directly
by homology. Most of the previous models, based
entirely on homology principle, are incomplete and
fall short in predicting and analyzing features in PS
II that are not found in the bacterial system. In order
to construct a more reasonable and more useful com-
puter model that includes specific features of the PS
II reaction center, an approach combining homology
and experimental knowledge is applied to model parts
of the PS II reaction center which do not have coun-
terparts in the bacterial reaction center. Based on the
existing experimental knowledge of the structure and
function of the PS II reaction center, molecular dock-
ing techniques, in association with other computa-
tional tools, were applied in modeling various possible
conformations of the P680 chlorophylls, and bicar-
bonate anions (Ruffle and Nugent 1992; Ruffle et al.
1992; Xiong et al. 1996; Svensson et al. 1996). How-
ever, the tetramanganese cluster which is crucial for
PS II oxygen evolution had not been included within
the protein complex in most of the models. There
have also been several other unique features of the
PS II reaction center such as accessory chlorophyllzs
(Koulougliotis et al. 1994), twoβ-carotene molecules
(Kobayashi et al. 1990), and a conformation of the
QA pocket different from that in anoxygenic bacte-
ria (Zheng and Dismukes 1996). All of these required
further improvement from the previous models. There
are also accumulating new experimental evidence re-
garding cytochromeb559 which is an integral part of
the PS II reaction center and that functions presum-
ably in the process of photoprotection (Whitmarsh and
Pakrasi 1996); this has provided sufficient informa-
tion for a more complete, although still incomplete,
molecular modeling of PS II.

In this Minireview, a comparison of the binding
niches of the PS II cofactors from several existing
models of the PS II reaction center is provided. In par-
ticular, we present here a more complete three dimen-
sional model of the Photosystem II (PS II) reaction
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center, including D1, D2 and cytochromeb559 pro-
teins from the unicellular green algaChlamydomonas
reinhardtii, that was specifically generated for this
minireview. We chose to useC. reinhardtiibecause it
is one of most widely used model systems for molecu-
lar biological studies of photosystems (Rochaix 1995;
Rochaix et al. 1998) including extensive characteriza-
tion of its PS II reaction center. The three dimensional
model of the PS II reaction center ofC. reinhardtii,
presented here, includes D1, D2 polypeptide chains,
the alpha and beta subunits of cytochromeb559, and
the following cofactors: reaction center chlorophyll
P680, four accessory chlorophylls, two pheophytins,
the non-heme iron, the tetranuclear manganese clus-
ter, two bicarbonate anions, two plastoquinones (QA
and QB with modified conformations), twoβ-carotene
molecules, and the heme moiety for cytochromeb559.
The model was constructed by combining homology
modeling strategy as well as incorporating the avail-
able experimental data regarding the unique features
of the photosystem. We believe the availability of this
almost complete model will aid in more comprehen-
sive understanding of PS II molecular structure and the
mechanism of the photochemical reactions in the PS II
complex.

Computational methods

In view of the unique nature of the current minireview
in which we have discussed a newly constructed model
of PS II reaction center of the eukaryotic green alga
Chlamydomonas reinhardtii, it becomes necessary to
present here, a brief discussion of the computational
methods used in this work.

The homology modeling procedure for the D1/D2
proteins of the PS II reaction center ofC. reinhardtii
was carried out as described by Xiong et al. (1996)
by using the QUANTA/CHARMm (version 4.1) mole-
cular modeling program. The amino acid sequences
of D1 and D2 of the green alga are according to
Erickson et al. (1984) and Erickson et al. (1986), re-
spectively. The sequence alignment of the D1 and D2
proteins with the L and M subunits ofRb. sphaeroides
(1PCR) andRps. viridis(1PRC) was primarily based
on Xiong et al. (1996) with minor adjustments. The
two bacterial template proteins (1PCR and 1PRC)
were matched and then superimposed, and the coor-
dinates of the aligned sequences were averaged and
copied to the modeled sequences. The newly defined
coordinates for D1 and D2 were briefly refined with
the Structural Regularization function in QUANTA as

described earlier (Xiong et al. 1996). Certain D1 and
D2 loop sequences (including the C-terminal region
of D1) in between the aligned regions clearly do not
exhibit homology with the L and M sequences and
were treated in two different ways. For the loops of
less than or equal to four residues, the conformation
of the loops was built using the ‘Build Coordinates’
function in the Protein Design subprogram. The newly
built peptide conformation was regularized as above.
The sequence variable loop regions of more than four
residues (including the C-terminal region of D1) were
modeled using a fragment homology strategy. In this
sequence-specific approach, we searched for the best
matched protein sequences which have a high resolu-
tion structure, using a ‘basic local alignment search
tool’ (BLAST, Altschul et al. 1990). The search re-
sults (not shown) produced searched fragments with
high degrees of similarity to the modeled sequences;
hence, the sequence homology was significant for all
the searched fragments. This bits-and-pieces homol-
ogy modeling strategy is based on Han and Baker
(1996) and allowed us to combine the loop confor-
mation with the rest of the modeled regions and to
complete the modeling of the entire D1/D2 complex
for C. reinhardtii

The modeling of the N-terminal of D1/D2 was
similarly directed by the alignment of D1/D2 with
the bacterial L/M polypeptides. After careful refine-
ment of the alignment in the N-terminal region, the
aligned conserved residues (shown in Figure 1) were
assigned coordinates from the bacterial templates. The
loops were then inserted by the built-in function of
QUANTA. The structure was then extensively refined
by structural regularization and energy minimization
procedures. The secondary structure of C-terminal
residues of D1 was defined by borrowing coordinates
from the BLAST-searched fragments. The modeling
of the tertiary structure of the C-terminal region in-
volves the adjustment of the location of the fragment
based on the experimental suggestions that the D1 C-
terminal region was involved in assembly of the Mn
cluster (Britt 1996; Diner and Babcock 1996) which is
in close vicinity to the donor Z (D1-Y161) and under
the D1 CD helix. Since no quantitative experimental
determination has been done to indicate the location
of the C-terminal, there was thus a certain degree of
freedom involved in our movement of the C-terminal
fragments.

The PS II cofactors that have counterparts in
the bacterial reaction centerRb. sphaeroides(1PCR)
were edited using the Molecular Editor function of
QUANTA and incorporated into the D1/D2 protein
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complex as described by Xiong et al. (1996). These
modified structures include two chlorophylls for the
special pair, two accessory chlorophylls, two pheo-
phytins, two plastoquinones and aβ-carotene (on the
D2 side).

Further modifications were made on the confor-
mations of certain cofactors based upon available
experimental data that indicate significant variations.
We modeled the two chlorophyll monomers of the
chlorophyll special pair (P680) essentially according
to Svensson et al. (1996), which involved a move-
ment of the two monomers by 10�A apart (center to
center) and a rotation that allowed their Qy excitonic
transition moments to make an angle of 150◦. This
P680 conformation was suggested to fit all the current
data (Svensson et al. 1996). The hydrogen bonding
pattern of QA was first studied using ENDOR spec-
troscopy by Rigby et al. (1995). A recent study on the
conformation of plastoquinone QA indicated that the
isoprenyl chain relative to the aromatic head group is
rotated by 90◦ at Cβ position from that in the bacte-
rial QA (Zheng and Dismukes 1996). This correction
was also made using the graphical interactive tools in
the Molecular Editor subprogram. QB from the tem-
plate structure ofRb. sphaeroides(1PCR) is not in
fully bound state and is displaced by 5�A when com-
pared with the QB in theRps. viridisstructure (1PRC,
Lancaster et al. 1995). To correct this, the position
of the plastoquinone QB was manually moved by 5
�A to match the superimposed QB of the 1PRC struc-
ture. Two bicarbonate anions were also docked into
the model at the non-heme iron and the QB sites, as
described by Xiong et al. (1996). Based on EPR and
site-directed mutagenesis experiments (Koulougliotis
et al. 1994; Hutchison and Sayre 1995), there are two
extra accessory chlorophylls that may be liganded to
residues D1-H118 and D2-H117. They were included
by manually docking them into these sites. An addi-
tional β-carotene molecule suggested to exist on the
D1 side of the PS II reaction center was modeled in
the symmetrical position (relative to the central axis of
the reaction center) of theβ-carotene on the D2 side,
which is a homologue of the bacterial carotenoid. (For
roles of carotenes in PS II reaction centers, see Trebst
and Depka 1997; and Depka et al. 1998.)

The D1/D2 protein structure combined with the
above cofactors was energy-minimized using the
CHARMm protocols (Brooks et al. 1983). The energy
minimization was performed until convergence was
reached (rms force< 0.01 kcal/mol·�A2), as described
by Xiong et al. (1996). During this process, the coor-
dinates of all the cofactors were constrained in place

and only the D1 and D2 polypeptides were allowed to
move.

After the energy minimization of the pro-
tein/cofactor complex, a tetramanganese cluster along
with Ca and Cl was added into the D1/D2 model. The
Mn cluster was modeled separately as an open, C-
shaped structure as suggested by Klein et al. (1993)
and Dau et al. (1995). Other necessary details will
be provided later in the paper. Following the addition
of the Mn cluster energy minimization (500 ABNR
iterations) of the C-terminal region was performed.

Cytochromeb559, an intrinsic transmembrane
protein of the PS II reaction center (Cramer et al. 1993;
Whitmarsh and Pakrasi 1996), has no homologous
bacterial templates to aid the homology modeling.
This protein, having two subunits,α and β, was
modeled exclusively based on existing information in
literature, as discussed in the text of this minireview.
Transmembraneα-helices of theα (residues 18–43)
and of theβ (residues 18–43) subunits were assigned
according to Cramer et al. (1993) and Whitmarsh and
Pakrasi (1996) and the cytochrome was modeled in the
α/β heterodimer form. The conformations of the N-
and C-terminal regions of theα subunit and the N-
terminal region for theβ subunit were modeled using
the BLAST approach, as mentioned above. The newly
modeled terminal regions were combined with the he-
lical regions and refined by energy minimization. The
α andβ polypeptide chains were then combined with
a heme group, allowing the histidine residue from
each subunit (α-H23 andβ-H23) to form a ligand
to the heme iron. The structure of the heme moiety
was obtained from that of cytochromeb562 of Es-
cherichia coli (PDB file code, 256B). Theα andβ
subunits together with the heme were docked in the
D1/D2 complex on the QB side with theβ subunit in
close association with helix E of the D1 protein. The
docking of cytochromeb559 also took consideration
of the following experimental information: the esti-
mated distances of the heme iron to QB (C2) and P680
(Mg) are 20 and 35�A, respectively (Shuvalov 1994);
and, the N terminus of theα subunit is cross-linked
to the D1 DE loop region (D1-F239 to D1-E244)
(Barbato et al. 1995). The contact region of the com-
bined D1/D2/cytochromeb559 was further minimized
to obtain the finalized model (500 ABNR iterations).

In summary, the modeling of theC. reinhardtii
D1/D2 proteins was based on homology with the L/M
subunits of bothRps. viridisandRb. sphaeroides.The
D1 and D2 proteins were aligned with the L and M
subunits, respectively. The alignment was primarily
based on the modeling of the PS II reaction center
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of Synechocystis6803 (Xiong et al. 1996) with minor
adjustments (Figure 1). After alignment, we find 27%
sequence identity (92 residues) and 56% sequence
similarity (194 residues) for D1 with the L subunit
and 24% sequence identity (83 residues) and 63% se-
quence similarity (217 residues) for D2 with the M
subunit.

The entire modeling work was performed on
UNIX Silicon Graphics Power Series Workstation
4D/440VGXT. Copies of the coordinates of this model
in PDB format are available on request from the
authors.

Description of theChlamydomonasPS II model

As expected and is well known (Trebst 1986), the
general topology of the D1/D2 model resembles that
of the L/M structure of the bacterial reaction center,
each containing five transmembraneα-helices (Fig-
ures 1 and 2A) denoted as A, B, C, D and E. There are
also several short non-membraneα-helices between
the transmembrane helices on both the lumenal and
stromal sides, which are denoted as CD, DE, etc. The
detailed secondary structure profiles analyzed from the
modeled D1, D2 and cytochromeb559 are also shown
in Figure 1. The definition for the boundaries of the
transmembraneα-helices (cylinders in Figure 1) are
slightly different from those in earlier PS II models
(Ruffle et al. 1992; Svensson et al. 1996; Xiong et
al. 1996). The interface between D1 and D2 was also
examined which is mostly composed of residues in the
N-terminal and C-terminal regions of D1 and D2, as
well as the transmembrane helices D and E (marked
under the sequences in Figure 1). The contact residues
are thought to provide the key protein–protein inter-
actions maintaining the proper conformation of the
reaction center complex. Further, certain contact sites
between D1 and D2 have been proposed to be espe-
cially susceptible to proteolytic cleavage in the rapid
turnover of the D1 protein during exposure to high
light (Trebst 1991; Trebst and Soll-Bracht 1996).

In the current PS II reaction center model, the
modeled cofactors bound to D1/D2 include six chloro-
phylls, two pheophytins, twoβ-carotenes, two plasto-
quinones, a tetramanganese cluster with calcium and

−→
Figure 2. (A) The modeled cofactors in the PS II reaction center (see ‘Computational methods’) shown in liquorice bond forms. (B). The
combination of D1/D2/cytochromeb559 proteins and the bound cofactors. The ribbon form indicates theα-helices. D1 and D2 all have five
transmembrane helices and several amphipathic helices in the lumenal (bottom) and stromal (top) sides. Cytochromeb559 was modeled inα/β
form; each subunit has one transmembrane helix.

chloride liganded, one non-heme iron and two bicar-
bonate ions (Figure 2A). The structures of most of the
cofactors are arranged in a two fold symmetry relative
to the central axis of the reaction center. It is important
to note here that the prosthetic groups in theSyne-
chocystissp. PCC 6803 model (Xiong et al. 1996) did
not have idealized geometry owing to distortions aris-
ing from unconstrained energy minimization. How-
ever, the currentChlamydomonasmodel has idealized
geometry for the prosthetic groups. The stoichiome-
try and geometry of the above cofactors modeled is
consistent with the consensus of the published ex-
perimental data (Nanba and Satoh 1987; Gounaris et
al. 1990; Kobayashi et al. 1990; van Leeuwen et al.
1991; Chang et al. 1994; Eijckelhoff and Dekker 1995;
Pueyo et al. 1995; Zhelva et al. 1996). The combined
protein and cofactor model of theC. reinhardtii PS
II reaction center is shown in Figure 2B. We will de-
scribe below mainly the features of the newly modified
or added cofactors beyond what has been published
recently (Svensson et al. 1996; Xiong et al. 1996).
Table 1 provides the names and the numbering of the
amino acids that form the binding niches of the various
cofactors discussed below.

Chlorophylls

In a previousSynechocystis PCC 6803model with
D1/D2 and cofactors (Xiong et al. 1996), various pos-
sible conformations of P680 were discussed. It was
concluded that the P680 conformation for which the
special pair is perpendicular to the membrane was the
preferred conformation. In this current model, that has
idealized geometry of the prosthetic groups, the two
monomers of the P680 chlorophyll dimer were further
modified according to Svensson et al. (1996) to allow
the center-center distance of the two monomers to be
10.0�A and their Qy excitonic transition moments to be
at an angle of 150◦ (Figures 3 and 4). (This is different
from the arrangement of the two bacteriochlorophylls
in the ‘special pair’ of the bacterial reaction cen-
ter.) Such P680 conformation was suggested to match
all existing experimental data on the primary donor
(Svensson et al. 1996). Those magnesium ions at
the center of the two chlorophyll monomers are lig-
anded by two specific histidine residues, D1-H198 and
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D2-H197, which, according to sequence comparison,
match well with L-H173 and M-H210 (Rps. viridis
numbering) of the bacterial special pair ligands (Fig-
ures 3 and 4). Mutations at these two histidine residues
have strongly implicated the role of the two residues in
coordinating the P680 (Vermaas et al. 1988; Nixon et
al. 1992).

Based on out-of-phase ESEEM (electron spin echo
envelope modulation measurements), the distance
from P680 to QA has been evaluated to be 27.4±0.3�A
in samples lacking non-heme iron (Zech et al. 1997).
Hara et al. (1997) have confirmed, also by ESEEM
spectroscopy, the same distance to be 27.2±1.0�A in
three different PS II preparations. Our model predicts
this distance to be within one�A of those reported in
the literature.

In our current model, two of the accessory chloro-
phylls were modeled based on their counterparts in
anoxygenic bacteria (Figure 3). We further note that
the fifth and the sixth chlorophylls (the accessory
chlorophylls here) of the D1 and the D2 are also equiv-
alent to the cC and cC′ chlorophylls of the PSI (Krauss
et al. 1996). As in previous models (Ruffle et al. 1992;
Xiong et al. 1996), these two chlorophylls have no
conserved histidine ligands in D1 and D2. Svensson et
al. (1996) had proposed a possibility that water mole-
cules may act as ligands for the chlorophylls. This
possibility may be considered analogous to that in
the crystal structure of peridinin-chlorophyll-protein
of Amphidinium carterae(Hofmann et al. 1996) which
shows a chlorophyll liganded by a water molecule.

Several experiments have indicated that two ad-
ditional accessory chlorophylls may exist and may
be liganded by D1-H118 and D2-H117 (D2-H118
in plants) (Koulougliotis et al. 1994; Hutchison and
Sayre 1995; Mulkidjanian et al. 1996). We have, thus,
included two such accessory chlorophylls (termed
chlorophyllzs) perpendicular to the membrane and al-
lowed them to be liganded by the above two histidines
(Figure 3). In this model, the two chlorophyllzs mod-

←−
Figure 3.The modeled conformation of six chlorophylls in theC. reinhardtii PS II reaction center. The center of the chlorophyll special pair
(P680) is coordinated by two histidines (D1-H198 and D2-H197). Two accessory chlorophylls on the exterior of the reaction center are liganded
by another two histidines (D1-H118 and D2-H117). Two redox active residues D1-Y161 (Z) and D2-Y160 (D) as electron donors to P680 are
also shown. D2-H189 is also shown as interacting with D2-Y160 through hydrogen bonding. D1-H190 is thought to be homologous to D2-H189
but is not modeled within the hydrogen bonding distance to D1-Y161.

Figure 4.The model for tetramanganese cluster. The conformation of the Mn cluster is according to Klein et al. (1993) and Dau et al. (1995).
The calcium and chloride anions were modeled according to Babcock (1995). The putative amino acid ligands to the Mn are also shown. The
relative position of the cluster with the donors Z and D and P680 chlorophylls are also shown. For clarity, the phytol groups of the chlorophyll
special pair were not shown.

eled to D1-H118 and D2-H117 are separated from the
non-heme iron by 36.1�A and 40.4�A (from Mg to
Fe), respectively, which matches the experimentally
determined value of 39.5± 2.5 �A (Koulougliotis et
al. 1994). The center-to-center distances of the two
accessory chlorophylls to P680 are 30.4�A and 32.3�A,
for the D1 and D2 chlorophyllzs, respectively, which
also match the experimental determination of 30�A
(Schelvis et al. 1994). The distance from the magne-
sium of D1-chlorophyllz to the magnesium of other
accessory Chl of D1 is 23�A, whereas the distance
from it to the magnesium of the Chl of P680 on the
D1 side is 10.8�A. On the other hand, similar distances
on the D2 side are 24.9 and 12.5�A, respectively. Al-
though there is a symmetry in the molecule, the above
distances suggest that the symmetry is not perfect,
and this may be one of the factors, no matter how
small, in predicting widely different rates of electron
flow on the two sides of the molecule. It may also be
useful in interpreting the heterogeneous charge separ-
tion data, related to equilibration of excitation energy
amongst the different Chl and pheophytin molecules
in PS II reaction centers (Greenfield et al. 1997). Site-
directed mutagenesis on D1-H118 inC. reinhardtii
also indicates the strong possibility of D1-H118 to be
a chlorophyll liganding residue (Hutchison and Sayre
1995). A modelling result of the chlorophyllzs was
first presented in a review by Nugent (1996).

As shown in Figures 2A and 2B, the two
chlorophyllz molecules are actually located towards
the exterior of the D1/D2 complex and their binding
may involve other PS II core proteins. It is conceiv-
able that in some PS II reaction center preparations,
these two chlorophylls may be easily lost when prepar-
ing the PS II reaction center resulting in occasionally
different number of chlorophylls per reaction center
(ranging from 4 to 6) and hence the controversies in
experimental determinations (Nanba and Satoh 1987;
Barber et al. 1987; Gounaris et al. 1990; Kobayashi et
al. 1990; van Leeuwen et al. 1991; Moskalenko et al.
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1992; Chang et al. 1994; Eijckelhoff and Dekker 1995;
Pueyo et al. 1995, Zheleva et al. 1996; Eijckelhoff et
al. 1997; Kurreck et al. 1997).

β-Carotenes

Carotenoids in the PS II reaction center are suggested
to function in protecting this complex against photo-
oxidation by quenching the triplet state of the primary
electron donor P680 (Frank and Cogdell 1996) al-
though the triplet of carotene has not been established
to be an intermediate. In isolated PS II reaction center
preparations, the majority of the reports indicate that
there are two carotene molecules per PS II reaction
center (Gounaris et al. 1990; Kobayashi et al. 1990;
Montoya et al. 1991; De Las Rivas 1993; Eijckelhoff
and Dekker 1994; Mimuro et al. 1995). Further, it has
been suggested that the two carotenes may be excitoni-
cally coupled (Kwa et al. 1992). We have modeled two
β-carotene molecules in the D1/D2 protein complex,
one which is located on the D2 side was modeled by
modifying the structure of dihydro-neurosporene from
Rb. sphaeroides(1PCR), and the other by docking aβ-
carotene on the D1 side (see Trebst and Depka (1997);
and Trebst et al. (1998) for a discussion of the role of
carotenes in PS II reaction centers). As a first approx-
imation, this conformation is consistent with the idea
of symmetry of the reaction center: the D1β-carotene
is docked in a symmetrical position, relative to the
central axis of the reaction center, to that of the D2
β-carotene. There are controversies regarding the ori-
entation of the one carotene with respect to the other,
as well as regarding the configuration ofβ-carotene in
the PS II reaction center. Clearly, the model is specula-
tive and needs to be tested. Earlier data (Fujiwara et al.
1987) had suggested that theβ-carotene adopts atrans
configuration. However, recent data (Bialek-Bylka et
al. 1995), obtained by extracting carotenoids in com-
plete darkness, indicate that the carotenoids in the PS
II reaction center adopt a 15-cis configuration consis-
tent with the central mono-cis structure as observed
for the carotenoids in all bacterial reaction centers.
We consider this work more reliable than the older
work and, thus, in our modeling we used thecis con-
figuration for the carotenoids. In fact, theβ-carotene
found in the PSI reaction center also has a 15-ciscon-
figuration (Bialek-Bylka et al. 1996). The universal
cis configuration ofβ-carotene in all photosynthetic
reaction centers contrasts with alltrans-configuration
found in the light harvesting complexes (Frank and
Cogdell 1996). Thus, this particular natural selec-
tion for the cis configuration in the reaction center

appears to have some advantages over the other con-
figuration in performing the photo-protective function.
However, the answer to the question of orientation of
one carotene with respect to the other would have to
wait for further modeling and experiments.

In this modeling, each carotenoid was modeled
to be within the van der Waals contact distance with
two accessory chlorophylls, one ‘proximal’ accessory
chlorophyll close to the special pair, and the other
‘distal’ accessory chlorophyll liganding to D1-H118
or D2-H117. The close proximity ofβ-carotene to the
accessory chlorophyll suggests a high probability of
its function in quenching the triplet state of primary
donor P680 via the accessory chlorophyll, analogous
to the role of the carotenoid in the reaction center of
anoxygenic bacteria. However, no positive data are
available on this point. In light of the insufficient in-
formation on the location of theβ-carotene molecules,
we consider the docking of theβ-carotenes on the re-
action center protein highly tentative, but challenging.
However, the model provides information on the near-
est neighbor amino acid residues that can be tested
through site-directed mutagenesis (see Table 1).

Donors to the oxidized form of reaction center
chlorophyll pair P680: The tyrosines

Also shown in Figure 3 are two tyrosine residues,
D1-Y161 and D2-Y160, which are electron donors to
the oxidized form of the reaction center chlorophyll
P680 (known as the donors Z and D, or YZ and YD).
Their roles as donors to P680+ were clearly demon-
strated by site-directed mutagenesis studies (Vermaas
et al. 1993; Britt 1996). The two tyrosine residues,
both with their hydroxyl groups pointing toward the
lumen, are arranged symmetrically around the spe-
cial pair chlorophylls. The modeled distance from the
D1-Y161 phenolic oxygen to the magnesium of the
nearest chlorophyll of the P680 dimer is 12.5�A, which
matches with the experimentally determined distance
of 10–15�A (Hoganson and Babcock 1989); however,
the distance from the same hydroxyl oxygen to the
oxygen of the carbonyl group (on the 5th ring) of the
same Chl is only 8.5�A. The measured distance be-
tween the phenolic oxygens of D1-Y161 and D2-Y160
are 31.3�A which matches with the experimentally
measured 29–30�A distance in spinach (Astashkin et
al. 1994; Kodera et al. 1995). The modeled distances
of the phenolic oxygens of tyrosines Z and D to the
non-heme iron are 37.4�A and 37.1�A, respectively,
which fall in the range of the EPR spectroscopic mea-
surements of 37± 5�A by Koulougliotis et al. (1995)
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usingSynechocystisPS II core preparations. Out-of-
phase ESSEM measurements on iron-depleted PS II
have suggested that the distance from oxidized D1-
Y161 to QA must be> 32 �A (Zech et al. 1997);
distance measurements, based on our model, are: from
hydroxyl oxygen of D1-Y161 to C6 of QA, 35.3�A;
from alpha C of the tyrosine to C6 of QA, 33.1�A.
Further, the distances to C6 of QA from the alpha C
and the hydroxyl oxygen of D2-Y-160 are 36.5 and
37.8�A, respectively. The above experimental studies
provide strong support to the validity of the current PS
II three-dimensional model, presented here.

In our model, the distance from the phenoxy oxy-
gen of D1 tyrosine-161 to the C4 phenol of Phe-186 is
6.2�A; and to the closest oxygen of carboxyl of Asp-
170, it is 5.6�A. Further, the distance from the back-
bone C of Gln-165 to the carboxyl oxygen of tyrosine-
161 is 5.4�A. Most of these distances are much larger
(by almost 1–2�A) than those modeled by Kless and
Vermaas (1996), by another method, for the wild-type
Synechocystissp. PCC 6803. It is worth mentioning
that these authors explicitely stated that they only rely
on the differences they observed between the wild type
and the mutants they had constructed. However, even
this needs further investigation.

The donor D (D2-Y160) is modeled at a close dis-
tance to a histidine residue D2-189: the distance from
the oxygen of the hydroxyl of tyrosine toε2-nitrogen
of histidine is 4.0�A (3.1�A, from the hydroxy hydro-
gen of D2-Y160 toε2-nitrogen of D2-H189) which
allows for weak hydrogen bonding interactions. Fur-
ther, we note that the distance from the same hydrogen
to δ1 nitrogen of the same histidine is a bit larger, 4.4
�A. Spectroscopic studies on the site-directed mutants
of D2-H189 inSynechocystis6803 strongly supports
its proposed interaction with the donor D (Tang et
al. 1993; Tommos et al. 1993). It was suggested that
D2-H189 may function to accept the proton from D2-
Y160 upon oxidation of D (Svensson et al. 1996). The
ESE-ENDOR experiment of Campbell et al. (1997)
has shown that D2-H189 is a direct ligand to D2-Y160
with its τ nitrogen pointed toward YD, consistent
with our current model. This close interaction was,
however, not observed in our previous model (Xiong
et al. 1996); we attribute this inconsistency to the
slightly different methodology used during the mod-
eling processes. However, we consider the current
model an improved version of the earlier model.

In the D1 protein, the residue homologous to D2-
H189 is D1-H190. The distance from the oxygen of
the hydroxyl in tyrosine toδ1-nitrogen of histidine is
9.0�A, and 10.8�A to its ε2-nitrogen We also note that

the hydrogen of NH in D1-H190 is 8.2�A away from
the hydroxy oxygen of the donor Z, the D1-tyrosine-
161; the distance from the closest ring N of His-190
is 8.9�A. Kless and Hadar (1996) had modeled it to
be 6.1�A, whereas Svensson et al. (1996) had this dis-
tance to be 4�A. Ruffle et al. (1992) had modeled the
histidine beyond hydrogen bonding distance from YZ.
Thus, a geometric homology between the two histidine
residues does not appear to exist. Mutation of D1-
H190 residue to a phenylalanine gives spectroscopic
data similar to the wild type, supporting the suggestion
that the histidine may not be in close contact with the
donor Z (Kramer et al. 1994; Roffey et al. 1994); this
is inconsistent with the conclusion of Svensson et al.
(1996) who have proposed a possible electrostatic in-
teraction between the two residues. On the other hand,
this histidine residue is believed to be involved in the
assembly of the manganese cluster, and its closest dis-
tance (fromδ1-hydrogen of the side chain of histidine
to one of the hydrogens (H1) of the water molecule
liganded to the Mn cluster) was modeled to be 7.0�A
(see below). Further, we note that if this measurement
was made to individual Mn atoms, it would it would
be still farther ranging from 8.9 to 11.5�A.

Tetramanganese cluster

The presence of Mn on the lumenal side of the PS II
reaction center was first indicated by Fowler and Kok
(1974) from their proton release experiments, whereas
Blankenship and Sauer (1974) showed that Mn was
released into the lumen upon Tris treatment and ex-
plicitly proposed that Mn resides on the lumenal side
of the membrane. Further, Coleman and Govindjee
(1987) were the first to propose that Mn atoms were
bound to specific amino acids on the lumenal side of
the D1/D2 proteins. Since then extensive biochemi-
cal and molecular biological studies have been made
in analyzing the structure and function of manganese
ions in the involvement of water oxidation. A previ-
ous attempt to model Mn cluster in the D1/D2 protein
model was that by Ruffle and Nugent (1992). In the
present study, we have modeled the tetramanganese
cluster along with calcium and chloride within the PS
II reaction center. The tetramanganese cluster, which
is located within the PS II reaction center, mediates
the oxidation of water to form molecular oxygen. Dur-
ing this process, electrons are extracted to reduce the
oxidized donor Z (Britt 1996; Yachandra et al. 1996).
Extensive biochemical and spectroscopic studies have
given significant new insights into the structure of this
tetramanganese cluster. Several structural models for
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the Mn cluster, based on extensive experimental re-
sults, are available (Klein et al. 1993; Dau et al. 1995;
Babcock 1995). After evaluating the various models
of the Mn cluster, we chose the model of M. Klein, V.
Yachandra and co-workers, remodeled the Mn cluster
along with Ca and Cl, and then incorporated it into
our constructed PS II reaction center protein model.
The Mn cluster was first modeled separately as an
open, C-shaped structure as suggested by Klein et al.
(1993) and Dau et al. (1995). For convenience, all
four Mn ions in this model were modeled in the +3
state, which were linked together by mono- or di-µ-
oxo bridges. The distances of Mn–Mn were modeled
to be 2.7�A for the two oxo species and 3.3�A for
the single oxo species as indicated by the X-ray ab-
sorption spectroscopy studies (Dau et al. 1995). The
set of angles between the Mn-Mn vector (a imaginary
line between two Mn atoms) relative to the membrane
normal (a vertical axis running across the membrane)
was modeled to be 68◦, 30◦ and 57◦, respectively.
The first and the third angles are for the two di-µ-oxo
bridges and the second is for the mono-oxo bridge. A
calcium ion (Ca2+) and a chloride ion (Cl−) which
are also essential for water oxidation were appended
to the tetramanganese center, the modeling of which
was according to Babcock (1995). The chloride was
modeled to ligand to one of the Mn on the open end
of the C-shaped structure. A substrate water molecule
was modeled to bind to a terminal Mn and another wa-
ter was modeled to bind to the calcium on the opposite
end of the cluster.

In the models of Coleman and Govindjee (1987)
and Padhye et al. (1986) and Babcock (1995), amino
acids with carboxylic groups as well as a histi-
dine residue are ligands to the Mn/Ca ions. Site-
directed mutagenesis studies on both D1 and D2 have
suggested a number of candidates as Mn liganding
residues (Debus 1992; Britt 1996). Among them,
D1-D170 was suggested to be a key ligand during
photoactivation of oxygen evolution machinery while
assembling the Mn cluster (Nixon and Diner 1992),
even though this residue appears not to be involved
in the steady state turnover. Thus, in our tentative
modeling of the Mn cluster, this residue served as a
target in our initial docking. Its orientation was then
further manipulated to allow it to be in close vicinity
of other carboxylic groups or histidine residues, as de-
scribed by Klein et al. (1993) and Dau et al. (1995).
During this process, the side chains of the relevant
amino acid residues with carboxylic groups on the D1
C-terminus were also moved such that they became
closer to D1-D170 and the Mn cluster.

Potential carboxylate ligands to the Mn cluster
have been suggested to be D1-D170, D1-E333, D1-
D342 and D1-A344 (Coleman and Govindjee 1987;
Babcock 1995). Whereas three of the above residues
appear to fall into the Mn binding domain (a 5�A
sphere that allows van der Waals interactions), D1-
E333 is located too far from the putative Mn binding
domain to be considered as a likely binding residue.
However, D1-E189 was in close vicinity to the car-
boxylate ligands to provide a pair of carboxylate
bridges to the Mn cluster (Figure 4). Histidine residues
D1-H190, D1-H332 and D1-H337 were suggested
to be the potential cluster ligands (Babcock 1995).
We consider D1-H337 a more likely ligand than the
other two due to the closer spatial proximity. The
direct involvement of D1-H337 in Mn binding was
strongly supported by site-directed mutagenesis and
EPR analysis (Bowlby et al. 1996). D1-H190, in con-
junction with D1-E189, was proposed to be involved
in a proton shuffling pathway extracting protons from
the water oxidation complex (Babcock 1995) and is
also shown in Figure 4. Amino acid residues found
within the van der Waals distance (5�A), or at slightly
larger distance, from the Mn cluster, which appear to
form the Mn binding pocket, are D1-L91, D1-D170,
D1-F182, D1-E189, D1-H190, D1-M293, D1-N296,
D1-N301, D1-A336, D1-H337, D1-N338, D1-F339,
D1-P340, D1-L341, D1-D342, D1-L343 and D1-
A344. Among them, residues D1-F182, D1-F339, D1-
L341 and D1-L343 are non-polar and are not likely to
provide strong direct interactions to the Mn cluster. A
histidine residue, D1-H332, is not included in the 5�A
sphere (theδ1 nitrogen of the histidine is 12.5�A away
from the calcium ion), but it may be somehow impor-
tant for the assembly of the Mn/Ca cluster. Further,
we note that distances fromδ1 nitrogen of histidine to
the individual Mn atoms range from 13.7 to 20.2�A,
and those fromε2-nitrogen of histidine to individual
Mn atoms to range from 15.6 to 22.3�A. Site-directed
mutagenesis on D1-H332 as well as D1-E333, D1-
H337, and D1-D342 indicates that they may influence
the assembly and/or stability of the Mn cluster (Chu et
al. 1995).

In the current model, the ‘center to center’ distance
between D1-Y161 and the Mn cluster is 14.5�A (from
γ -carbon of D1-Y161 to the ‘central’ oxygen of the
Mn cluster), which could be consistent with the most
of the experimental data known to date. We note that
if one measures the distance from the oxygen of the
hydroxyl group of this tyrosine to the individual oxy-
gens of the Mn cluster, it ranges from 8.0 to 13.6�A,
wheras that to individual Mn atoms, it ranges from
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6.9 to 14.1�A. Noguchi et al. (1997) have recently
provided evidence, using Fourier Transform Infrared
Spectroscopy, that a Mn cluster and a tyrosine is linked
via a chemical and/or hydrogen bonds and that struc-
tural changes of the Mn cluster are transmitted to the
tyrosine through these bonds. If this is proven to be
true, then a tyrosine, other than D1-Y-161, may have
to be considered, or, a mechanism must be sought
to explain the apparent contradiction. However, the
distance, in our model, from the hydroxyl oxygen of
D2-Y160, to various oxygens of the Mn cluster ranges
from 29.5 to 32.0�A, much farther than from D1-Y161.
Thus, the D2-Y160 cannot be the tyrosine studied by
Noguchi and co-workers. This further emphasizes the
asymmetry of the two sides and reasons for the differ-
ences between D1-Y-161 and D2-Y-160. A difference
in accessibility of the two tyrosines to outside agents
was recently published by Li et al. (1997). The dis-
tance of about 15�A between YZ and the Mn cluster is
supported by the following observations: (1) analysis
of electrochromic absorption changes (Mulkidjanian
et al. 1996); (2) spin lattice relaxation measurements
of Kodera et al. (1995); (3) high field EPR analysis
of Un et al. (1994); and (4) kinetic measurements of
355 nm absorption changes at different temperatures
(Karge et al. 1997). However, this distance between
the two redox groups is still a matter of debate. The
ESE-ENDOR spectroscopic experiments of Gilchrist
et al. (1995) showed a close proximity (4.5�A) between
the Mn cluster and YZ. On the other hand, the pulsed
EPR study of Astashkin et al. (1997) questions the
interpretation of 4.5�A value in reflecting the distance
between Yz and the Mn cluster. We modeled the Mn
cluster after considering the above distance constraints
as well as the components of its coordination sphere
which is mainly composed of carboxylate residues.
Furthermore, the modeled distance between the Mn
and donor YD is 30.2�A (from the central oxygen of
the Mn cluster to theζ -carbon of D2-160), and ranges
from 29.5 to 30.2�A even when the distance is mea-
sured to the individual Mn atoms. (The distance from
ζ carbon of the D2-Y-160 to the various oxygens of
the Mn cluster range from 29.5 to 32.0�A, and from
hydroxyl oxygen to the oxygens of the Mn cluster to
range from 28.3 to 30.9�A.) These data agree with the
28–30�A value of distance between D2-Y-160 and the
Mn cluster, as determined by a pulsed EPR selective
hole burning experiment (Kodera et al. 1994); and 30
± 0.2�A by ESE-ENDOR method (Hara et al. 1996).

Research on the mechanism of charge and proton
transfer in the water oxidation complex has led to the
proposal of a redox cofactor X in the water oxidation

complex accepting protons during the S-state transi-
tion (Haumann et al. 1996, 1997a, b; Hundelt et al.
1997). X has been tentatively assigned to be a histidine
residue. This assignment is consistent with the earlier
data of Allakhverdiev et al. (1992) and Berthomieu
and Boussac (1995). If we consider this assignment
valid, the histidine can be either D1-H190 (see above)
or D1-H337 due to their close proximity. The distance
from the δ1-hydrogen of D1-H190 to the H1 of the
water molecule liganded to the Mn cluster is 7.0�A,
but from theδ2-carbon to the chloride liganded on the
Mn cluster, it ranges from 9.8 to 11.2�A as there are
several carbon atoms. We note, however, that distances
from ε1-nitrogen of histidine to individual Mn atoms
range from 8.9 to 10.1�A; and from δ1 nitrogen to
individual Mn atoms, the distance ranges from 8.9 to
11.5�A. Bögershausen et al. (1996) proposed that the
oxidized form of YZ is stabilized by a nearby base ‘B’.
We, however, did not find any basic residues within
a 5�A distance from D1-Y161 in our current model.
The nearest basic residues are D1-H190 and D1-H195
which are modeled to be in a range of 8.0 to 10.8
�A from the donor Z (8.2 and 9.8�A, from hydroxy-
oxygen of D1-Y160 toδ1-hydrogens of NH group of
D1-H190 and D1-H195, respectively; distances from
the hydroxy oxygen of the tyrosine toδ1-nitrogen and
to ε2-nitrogen of D1-H190 are 9.0 and 10.8�A, respec-
tively ). If such a ‘base’ indeed exists near YZ, we
are unable to provide any information on it from our
model. We cannot rule out the possibility that a remote
base functions in a manner that we do not yet know
and understand.

Cytochromeb559 and the heme binding region

Cytochromeb559 is an intrinsic and essential compo-
nent of the PS II reaction center (Cramer et al. 1993;
Whitmarsh and Pakrasi 1996). Its presence is critical
for the biogenesis and stable assembly of the PS II re-
action center. Though this protein is not involved in the
primary electron transport in PS II, experimental stud-
ies suggest that it may be involved in protecting PS II
from photodamage in excess light. However, since this
protein is absent in anoxygenic photosynthetic bacte-
ria, it has no available homologue for direct modeling.
Thus, it presents a challenge to modeling the struc-
ture de novonot only at the secondary and tertiary
levels, but also at the quaternary level. In this work,
knowledge on the experimental characterization of this
protein is exclusively employed for constructing the
model. The relevant literature is briefly summarized
below.
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Cytochromeb559 has two subunits,α andβ, each
containing one transmembraneα-helical domain (Her-
rmann et al. 1984; Pakrasi et al. 1988) and one
histidine residue which is presumably to be a heme
ligand (Babcock et al. 1985). It is proposed that
both histidines are required to act as ligands for the
heme, which is a common situation in a number of
membrane-bounda- andb-type cytochromes (Esposti
1989). Site-directed mutagenesis of the two histidines
results in a complete loss of PS II (Pakrasi et al.
1991). The number of cytochromeb559 per reaction
center determined by spectroscopic and EPR analy-
ses is one cytochromeb559 per D1/D2 in isolated
PS II preparations (Buser et al. 1992) although some
favor two cytochromes. A heterodimer conformation
appears to be a preferred one, consistent with the pre-
vious work of Herrmann et al. (1984) and Widger et
al. (1985). Protease digestion and immuno-gold label-
ing experiments demonstrate that the amino terminal
end of theα subunit is located on the stromal side
and its carboxyl end is on the lumenal side (Tae et
al. 1988; Vallon et al. 1989; Marr et al. 1996), and
that the amino terminal end of theβ subunit is lo-
cated on the stromal end (Tae and Cramer 1994). If
the heme is coordinated by the histidines from each
subunit, the above data will put the heme close to the
stromal end of the thylakoid membrane. The surface-
enhanced Raman scattering spectroscopic data support
this suggestion (Picorel et al. 1994). Although the es-
timate for the number of hemes per reaction center has
been a matter of controversy in the literature (Whit-
marsh and Pakrasi 1996), in isolated reaction center
preparations, the stoichiometry for theα andβ sub-
units is 1:1 (Widger et al. 1985), and that for D1,
D2, and cytochromeb559 is 1:1:1 (Nanba and Satoh
1987). The heme group can also exist in at least two
different interconvertible redox potential forms, a pH-
independent high potential form and a pH-dependent
low potential form (Whitmarsh and Pakrasi 1996).
Shuvalov (1994) has proposed a model that allows a
hydroxyl anion binding between the heme iron and
the ε2-nitrogen of the histidine of theα subunit in

←−
Figure 5. The model for the binding niche of the heme in cytochromeb559. The heme iron is coordinated byα-H23 andβ-H23. The two
propionate groups on the rings III and IV of heme are hydrogen bonded byβ-T16 andβ-Y12, respectively. Two tryptophan residues,α-W-20
andβ-W19, appear to provide the crucial hydrophobic interactions for stabilizing the heme. (The heme that appears slightly buckled in the
diagram has now been made planar in the actual file.)

Figure 6.An alternative model for cytochromeb559. In this model, cytochromeb559 in theα/β form is docked to the QA side of the D1/D2
complex. Theα subunit was modeled to be in close vicinity with the helix E of the D2 protein. The geometry of the transmembrane helix of
theα subunit thus resembles that of H subunit of the bacterial reaction center.

theα/β heterodimer form, making it a low potential
(or extra low potential) form of cytochromeb559. A
modeling result of the heme moiety of the cytochrome
was presented by Nugent (1996).

In this minireview, we suggest a conformation that
accommodates the consensus of the above experimen-
tal data. We have modeled one cytochromeb559 with
the α/β form (the amino acid sequences were based
on Mor et al. 1995). The cytochrome was positioned
with the N-terminal ends of both subunits on the stro-
mal side and C-terminal ends on the lumenal side
and was placed near the D1/D2 complex fitting into
the open space between the two proteins (Figure 2).
This location appears to match the electron projection
map of the two dimensional PS II crystal structure
(Nakazato et al. 1996). Transmembraneα-helices of
theα andβ subunits were assigned according to the
sequence analyses of Cramer et al. (1993) and Whit-
marsh and Pakrasi (1996). The modeling allows the
heme to be liganded by specific histidines from each
subunit (α-H23 andβ-H23). The conformation of the
N- and C-terminal regions of theα subunit and the N-
terminal region for theβ subunit was modeled using
the BLAST approach. Anα-helix was newly gener-
ated on the N-terminal region of theα subunit based on
one of the searched template fragments (1NHP). Sim-
ilarly, two shortβ-strands were newly generated on
the C-terminus of the a subunit based on the template
structure of 1ALB.

Theα andβ subunits together with the heme were
docked in the D1/D2 complex on the QB side with
the β subunit in close association with the helix E
of the D1 protein. This association is based on the
cross-linking experiment of Barbato et al. (1995) who
suggested that the cytochrome is located on the QB
side. In this modeling, we accommodated the above
suggestion by modeling the two cross-linked regions,
N-terminus of the a subunit and a D1 DE loop region
(D1-F239-D1-E244), in close vicinity. This contact
region was suggested to play a role in photoprotec-
tive mechanism under high light. In the docking of
cytochromeb559 to the D1/D2 complex, we also took
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into account the following experimental evidence: the
estimated distances between the heme and QA and
P680 to be 20 and 35�A, respectively (Shuvalov 1994).
Theα subunit is in close vicinity with the A helix of
the D2 polypeptide. Mutagenesis studies of Pakrasi
et al. (1991) and Shukla et al. (1992) have indicated
a close association of cytochromeb559 with the D2
polypeptide. We need to point out that the possibility
of α subunit being close to D1 may also exist, though
our current model appears to better fit the overall elec-
tron density map of the two dimensional crystal of the
Photosystem II complex (Nakazato et al. 1996).

After modeling cytochromeb559, we examined
the protein binding region for the heme moiety. Our
model in Figure 5 predicts that the heme iron is co-
ordinated by two histidines,α-H23 andβ-H23. Both
bond distances are 1.9�A (from the Fe to the respective
ε2-nitrogen of the liganding histidine residue). Two
tryptophan residues,α-W20 andβ-W19, appear to
provide the crucial hydrophobic interactions for sta-
bilizing the heme. The main chain nitrogen ofα-W20
and sidechain ofβ-R18 provide hydrogen bonds to the
two carboxylate groups on the rings III and IV of the
heme, respectively. Other residues that are involved in
the heme binding areα-I17, α-Y19, α-S24, α-V27,
α-F31 andβ-V27. We suggest that site-directed mu-
tagenesis on these residues be carried out to test their
involvement in the heme binding.

The possibility of cytochromeb559 being located
on the QA side is considered a valid alternative as that
on the QB side. We have thus constructed such an
alternate model (Figure 6). In this alternative confor-
mation, cytochromeb559 in theα/β form is docked
on the QA side of the D1/D2 complex. Theα subunit
was modeled to be in close vicinity with the D2 pro-
tein. The location of the transmembrane helix of the
α subunit is thus antiparallel with the helix E of the
D2 protein. The above-mentioned distance constraints
were also satisfied during the modeling. It is interest-
ing to note that in such a geometry cytochromeb559
resembles the conformation of transmembrane part of
the bacterial H subunit which functionally is involved
in the assembly of the bacterial reaction center (Chory
et al. 1984; Sockett et al. 1989). We propose that, in
such a conformation, the transmembraneα-helix of
the a subunit may assume a similar role by forming
a nucleation center for the sequential assembly of the
other components of the PS II reaction center, i.e. D1
and D2. The molecular genetic and immunological ev-
idence provided by data of Shukla et al. (1992) and
Tae and Cramer (1994) may be taken to support the
notion that cytochromeb559 may serve a functional

homologue of the H subunit in the bacterial system.
It is clear that only future modeling and experimen-
tal work will provide the final answer to the location
and binding of cytochromeb559, especially in view of
the fact that we have not modeled the small molecular
weight polypeptides psb I and psb W and we do not
know whether that will interfere with the modelling on
the QA or the QB side. Furthermore, even the current
models of the orientation of the hemes of cytochrome
b559 are being challenged. McNamara et al. (1997)
have presented data on a mutant with genetically fused
subunits that suggests a model of two homodimers of
α andβ subunits, with the heme in theα pair facing the
stroma side, and the heme in theβ pair facing the lu-
men side. Although we are unable to imagine how this
later idea is even feasible, the modeling work needs
to be extended to see which of the current models are
theoretically sustainable.

Bicarbonate/water binding and transport channel

The newly refined crystal structure of the bacterial re-
action center (Ermler et al. 1994; Deisenhofer et al.
1995) shows that multiple water molecules are present
to facilitate the protonation of reduced QB. On this
basis, Xiong et al. (1996) suggested an analogous
water/bicarbonate binding niche which may function
similarly in the D1/D2 model for the cyanobacterium
Synechocystis6803. Such a model was constructed by
making the following assumptions: (1) QB molecule
in PS II is also buried inside the protein complex;
and its protonation is ultimately dependent upon the
transport of protons from the outer environment; (2)
the direction of the proton transport in the PS II re-
action center is similar to that in the reaction center
of anoxygenic photosynthetic bacteria; (3) charged
residues form the putative proton transport channel, as
in the bacterial reaction center; (4) local electrostatic
characteristic of the binding region weighs more than
the precise geometric match with the bacterial water-
binding residues; and (5) the channel to be constructed
has another end at the non-heme iron site as well.
Thus, by superimposing the bacterial structure (1PCR)
onto the constructed PS II reaction center model, a
series of D1/D2 charged residues were identified as
the putative bicarbonate/water binding residues. In-
terestingly, most of the identified residues had been
previously shown in experimental investigations to be
related to the ‘bicarbonate effect’ (Govindjee and van
Rensen 1993). A striking feature was that near the
QB and non-heme iron sites the residues are predom-
inantly positively charged in contrast to the bacterial
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reaction center which lacks the bicarbonate effect (en-
hancement of electron flow from reduced QA to singly
reduced QB, was suggested to be due to stimulation
of proton transport in PS II). In the current model that
includes cytochromeb559, a similar attempt for con-
structing the channel was made based on the above as-
sumptions. In addition to the charged D1/D2 residues,
three residues from theα subunit of cytochromeb559
were also found to fall in the close vicinity of the water
channel when the bacterial structure is superimposed
on the PS II reaction center model. Though the inclu-
sion of these residues can be speculative, site-directed
mutagenesis on these residues is expected to provide a
test of the model.

Comparison with existing PS II reaction center
models

We have presented and discussed an almost complete
three dimensional model of D1–D2-cytochromeb559
of the PS II reaction center with the inclusion of a com-
plete set of cofactors based on homology principles
as well as on experimental data, much of which were
derived from site-directed mutagenesis and spectro-
scopic studies of the PS II reaction center. Compared
to the major existing models of the PS II reaction cen-
ter (see Ruffle et al. 1992; Svensson et al. 1996; Xiong
et al. 1996), which have different degrees of complete-
ness, we found the current model to have significant
similarities with them as well as many differences and
unique features.

It is clear that the general topology and the back-
bone structure of the D1 and D2 proteins of the four
models from four different species (cyanobacterium
Synechocystis; green algaChlamydomonas; and the
angiosperms pea and spinach) are rather similar, each
with a five transmembraneα-helical structure posi-
tioned symmetrically relative to the central axis of the
reaction center (Svensson et al. (1996) included only
four of the five D1/D2 transmembrane helices). How-
ever, due to the different alignment and energy mini-
mization procedures used in the modeling, the length
and constituents of the transmembraneα-helices are
slightly different in each model. The modeling of the
non-transmembrane regions using the bits-and-pieces
homology modeling strategy (Han and Baker 1996)
in the current and in our previous model (Xiong et
al. 1996) allowed us to construct the entire D1/D2
complex model which served as a basis for detailed
structural analyses such as identification and analysis
of interface residues (see Figure 1).

The conformations of the major cofactors common
to all four models are also similar, which were derived
from the bacterial counterparts, with the exception of
significant modifications on the ‘special pair’ chloro-
phylls (Svensson et al. 1996, and this model), QA
and QB (Xiong et al. 1996; this model). The impor-
tant addition of chlorophyllzs, β-carotene on the D1
side, the tetramanganese cluster and cytochromeb559
in this model, with the support of experimental data,
extends the work beyond the scope of homology mod-
eling and establishes a paradigm for exploitation of
computer models for experimental investigation of the
PS II reaction center complex.

The ligands and protein binding environment for
the cofactors are of special interest in the studies of
structure–function relationship of the PS II reaction
center. We have thus compiled such information from
the four models and show it in Table 1. In sum-
mary, the ligands to magnesium atoms of the P680
chlorophylls in all the four models are D1-H198 and
D2-H197. D2-W191 appears to be a key residue that
provides a ring stacking force for the reaction center
chlorophyll pair P680; D1-M183 may be important
in stabilizing the chlorophyll ring by providing elec-
trostatic interactions (Svensson et al. 1996); whereas
D2-T286 may provide hydrogen bonding to the ring
IV of D2 P680 chlorophyll. The model of Svensson
et al. (1996) also indicates the involvement of D2-
S283 as well for such an interaction. The accessory
chlorophylls close to the P680 chlorophylls have no
histidine ligands in all the four models, whereas the
chlorophyllzs , newly included in this model, are lig-
anded by D1-H118 and D2-H117. Aromatic residues
D1-F180 and D2-F179 appear to provide ring stacking
forces for the accessory chlorophylls close to P680,
while the D2-L206 and D2-L209 are suggested to be
the ‘superexchange mediator’ for the electron trans-
port between pheophytin and plastoquinone (Plato et
al. 1989). Our previous and current models contain
β-carotene molecule(s). The protein binding environ-
ments forβ-carotene on the D2 side from both models
are similar. The inclusion ofβ-carotene on the D1
side is new in this model. However, its modelling is
considered highly tentative at this stage.

The pheophytin on the QA side (active side) is
hydrogen bonded to the keto group on ring V by
D1-E130 according to three of the four models. D1-
R27 was modelled to provide such interactions in
the current model. In our previous model (Xiong et
al. 1996), the amide hydrogen atom of D1-Q130,
as well as the hydrogen of the guanido group of
D1-R27, hydrogen bond to the keto oxygen of the
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Table 1. Comparison of modeling results of the binding niches of PS II cofactors from several existing models of the PS II reaction center. NS:
information not explicitely stated in the paper; the table is not from a comparison of the actual models

Cofactors Proposed structural Residues (C. Residues Residues (spinach Residues

role reinhardtii model) (Synechocystis6803 model) (pea model)

This paper model) Xiong et al. Svensson et al. (1996) Ruffle et al.

(1996) (1992)

Chlorophyll special Ligands to D1-H198 and D2-H197 D1-H198 and D2-H197 D1-H198 and D2-H198 D1-H198 and D2-H198

pair magnesiums

Provide ring D2-W191 D2-W191. D2-W192 NS

stacking forces

H-bond to the ester D1-T286 NS D1-T286 and D2-S283 NS

group on the ring

IV of D2 P680

chlorophyll

Electrostatic D1-M183 D1-M183 D1-M184 NS

interactions

Accessory Ligands to D1-H118 and D2- NS NS NS

chlorphylls magnesiums H117 (for chlorophyllz)

Provide ring D1-F180 and D2-F179 D1-F180 and D2-F179 NS –

stacking forces

Serve as a conduit D2-L205 and D2-L209 D2-L205 NS D2-L206

for electron

transport between

the accessory

chlorophyll and the

active pheophytin

on the QA side

β-Carotene (D2 side) Form the binding D2-A44, D2-L45, D2-L45, D2-W48 NS NS

pocket D2-W48, D2-L49, D2-L49, D2-A71,

D2-T51, D2-Y67, D2-L74, D2-F91,

D2-L74, D2-F91, D2-W111, D2-

D2-W111, D2- D112, D2-F113.

A112, D2-A115, D2-A115, D2-A119,

D2-A119, D2-L116, D2-L116, D2-F153,

D2-F153, D2-V156, D2-V154, D2-F157,

D2-F157, D2- D2-L158, D2-S172,

W167, D2-P171, D2-F173, D2-G174,

D2-S172, D2-F173, and D2-V175

D2-G174, D2-V175

and D2-I178

β-Carotene (D1 side) Form the binding D1-F48, D1-R64, NS NS NS

pocket D1-E65, D1-P66,

D1-Y112, D1-Q113,

D1-L114, D1-I115,

D1-V116, D1-C117,

D1-F119, D1-L120,

D1-L121, D1-A154,
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Table 1. Continued

Cofactors Proposed structural Residues (C. Residues Residues (spinach Residues

role reinhardtii model) (Synechocystis6803 model) (pea model)

This paper model) Xiong et al. Svensson et al. (1996) Ruffle et al.

(1996) (1992)

D1-F158, D1-L174,

D1-G175, D1-I176,

D1-T179, and D1-F180

Pheophytin (active H-bond to the keto D1-R27 D1-R27 and D1-Q130 D1-E130 D1-E130

side) group on ring V

Pheophytin (active H-bond to ester D1-Y126 D1-Y147 D1-Y147/D1-Y126 D1-Y126

side, continued) group of the ring IV

Provide ring D1-Y147 D1-Y147 NS NS

stacking for

pheophytin

H-bond to ester NA D1-Y126 NS NS

oxygen of phytol

branch

Serve as a conduit D2-W253 and D2-I213 D2-W253 and D2-I213 D1-I143 and D2-I214 D2-W254

for electron

transport between

the active

pheophytin and QA

Pheophytin (inactive H-bond to the keto D2-Q129 and D2-N142 D2-Q129 and D2-N142 D2-Q130 and D2-Q143 D2-Q130

side) group on ring V

Provide ring D2-F146 D2-F146 D2-F147 NS

stacking forces

Located between the D1-F255 and D1-M214 D1-F255 and D1-M214 D1-M214 NS

inactive pheophytin

and QB function

unknown

QA H-bond to the D2-H214 and D2-S262 D2-T217, D2-N230, NS (not included in the NS

carbonyl oxygens D2-S262 and D2-N263 the model)

Form the binding D2-G206, D2-H214, D2-H214, D2-T217 NS (not included in D2-L211, D2-I214,

pocket D2-T217, D2-V218 D2-T221, D2-N230 the model) D2-H215, D2-T218,

D2-A249, D2-N250, D2-A249, D2-N250, D2-M247, D2-

D2-W253, D2- D2-W253, D2- A250, D2-W254,

N263, D2-K264, S254, D2-S262, D2- D2-F262, D2-N264,

D2-L267, D2-L209, N263, D2-K264, D2-K265, and D2-

D2-L210, D2-I213, D2-L267, D2-L209, L268

D2-Q255, D2-V259, D2-L210, D2-I213,

D2-A260, D2-F261, D2-Q255, D2-I259,

D2-S262, and D2-A260, D2-F261, and

D2-F270 D2-W266

Ring stack with QA D2-W252 D2-W252 NS (not included in NS

the model)

pres771b.tex; 21/07/1998; 17:57; p.19



248

Table 1. Continued

Cofactors Proposed structural Residues (C. Residues Residues (spinach Residues

role reinhardtii model) (Synechocystis6803 model) (pea model)

This paper model) Xiong et al. Svensson et al. (1996) Ruffle et al.

(1996) (1992)

QB H-bond to the D1-H215 and D1- D1-H215, D1-H252 NS (not included in D1-S264

carbonyl oxygens H252 and D1-S264 the model)

Form the binding D1-H215, D1-L218, D1-H215, D1-V219 NS (not included in D1-F211, D1-M214,

pocket D1-V219, D1-F246, D1-Y246, D1-A251, the model) D1-H215, D1-L218,

D1-A251, D1-H252, D1-H252, D1-F255, D1-V219, D1-A251,

D1-F255, D1-I259, D1-S264, D1-N266, D1-H252, D1-F255,

D1-S264, D1-N267, D1-L271, D2-F232, D1-I259, D1-Y262,

D1-S268, D1-L271, D1-F211, D1-M214, D1-S264, D1-N266,

D1-P196, D1-F197, D1-I259, D1-F260, D1-N267, D1-S268,

D1-L200, D1-A203, D1-Y262, D1-A263, and D1-L271

D1-G207, D1-F211, D1-F265, D2-I30,

D1-M214, D1-A263, D2-L37, D2-F38,

D1-F265, D1-W278, D2-F125, and D2-

D1-I281, D1-F285, R128

and D2-I231

Non-heme iron Ligands to the iron bicarbonate, D1- bicarbonate, D1- D1-H215, D1-H272, D1-E231, D1-H215,

H215, D1-H252, H215, D1-H272, D2-H215, and D2- D1-H272, D2-H215,

D2-H214, and D2- D2-H214, and D2- H269 and D2-H269

H268 H268

Bicarbonate at the Form the binding D1-I224, D1-V219, D1-L233, D1-V219, NS (not included in NS

non-heme iron pocket D1-D227, D1-S258, D2-N230, D2-F232, the model)

D2-G226, D2-R233, D2-R233, D2-A234,

D2-A234, and D2- D2-P237 and D2-

Q239 K264

Donor Z Located between Z D1-A156, D1-V157, D1-A156, D1-F186, For details, see the D1-V157, D1-F182

and P680 D1-F186, D1-G289, D1-A287, D1- paper D1-V185, D1-F186,

D1-L290, and D1- M288, D1-G289, and D1-I289

T292 D1-V290, D1-S291,

D1-T292, and D1-

M293

Surrounding protein D1-S155, D1-A156, D1-T155, D1-V157, D1-Q165, D1-D170, D1-P162, D1-Q165

environment D1-V157, D1-F158, D1-F158, D1-L159, D1-F186, D1-Q189, D1-D170, D1-G171,

D1-L159, D1-V160, D1-I160, D1-P162, and D1-A294 D1-F182, D1-F186,

D1-P162, D1-I163, D1-I163, D1-G164, D1-H190, and D1-

D1-G164, D1-Q165, D1-Q165, D1-G166, I290

D1-G166, D1-D170, D1-N298, D1-G299,

D1-H190, D1-L290, D1-N301, D1-N303,

D1-T292, D1-M293, and D1-Q304

D1-A294, and D1-F295

Electrostatic NS NS D1-H190 NS

interactions

Donor D Surrounding protein D2-H87, D2-V154, D2-V154, D2-S155, D2-F170, D2-F182, D2-P162, D2-Q165,

environment D2-S155, D2-V156, D2-V156, D2-F157, D2-F189, D2-L290, D2-F170, D2-F182,
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Table 1. Continued

Cofactors Proposed structural Residues (C. Residues Residues (spinach Residues

role reinhardtii model) (Synechocystis6803 model) (pea model)

this paper model) Xiong et al. Svensson et al. (1996) Ruffle et al.

(1996) (1992)

D2-F157, D2-L158, D2-L158, D2- and D2-A2901 D2-F186, D2-H190,

D2-I159, D2-P161, M159, D2-P161, D-W192, and D2-

D2-L162, D2-Q164, D2-L162, D2-G163, L294

D2-F169, D2-F185, D2-Q164, D2-F169,

D2-H189, D2-V286, D2-A170, D2-D171,

D2-V287, and D2- D2-F185, D2-A290,

L289 D2-L291, and D2-

N292

Provide H-bonding D2-H189 D2-F169 D2-H190 and D2- D2-H190 and D2-

(backbone) Q165 Q165

Tetramanganese Ligands to D1-D170, D1-E189, NS (not included in NS (not included in NS (not included in

cluster, Ca, and Cl Mn/Ca/Cl D1-H337, D1-D342, the model) the model) the model)

and D1-A344

Form the Mn D1-L91, D1-D170, NS (not included in NS (not included in NS (not included in

binding pocket D1-F182, D1-E189, the model) the model) the model)

D1-H190, D1-

M293, D10N296,

D1-N301, D1-A336,

D1-H227, D1-N338,

D1-F339, F1-P340,

D1-L341, D1-D342,

D1-L343, and D1-

A344

Bicarbonate/water Form the putative D1-K238, D1-E242, D1-H215, D1-K238, NS (not included in NS (not included in

transport channel D1-E243, D1-E244, D1-E242, D1-E243, the model) the model)

(with cytochrome D1-H252, D1-R257, D1-E244, D1-H252,

b559 modeled at the D1-R269, D2-R23, D1-R257, D1-R269,

QB side) D2-D25, D2-D227, D2-K23, D2-D25,

D2-R233, D2-E242, D2-E224, D2-R233,

D2-K254, D2-R26, D1-E236, D2-E241,

Cyt α-K3, cyt α-E6 D2-E242, D2-K264,

and Cytα-R7 and D2-R265

Heme of Ligands to the hemeα-H23 andβ-H23 NS (not included in NS (not included in NS (not included in

cytochromeb559 iron the model) the model) the model)

Form the binding αI17, αY19,α- NS (not included in NS (not included in NS (not included in

pocket W20,α-S24,α- the model) the model) the model)

V27, α-F31,β-R18,

β-W19, andβ-V27

pheophytin molecule. However, inC. reinhardtii, D1-
130 is a glutamate instead. We assume that this is in

an acidic carboxlyate (–COO−) form. Different con-
clusions would be obtained if this was not the case.
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Though the sidechain of this residue and the keto oxy-
gen of the pheophytin, both being electron negative,
were sufficiently close in our initial raw modelbefore
energy minimization, they were moved further apart
from each other after the structural refinement which
removed the unfavorable interactions (in our model,
ε2 hydroxyl oxygen (O3) of active pheophytin (on
D1) is 4.9�A from Oε2 of glutamic acid-130, whereas
the distance from Oε1 of glutamate is 5.6�A). The
nearby D1-R27 with its basic guanido group thus pro-
vides the only interaction with the keto oxygen (the
distances in our current model from the oxygen of
active pheophytin to NH1 are 3, to NH2 4.6 and to
N epsilon 4.6�A of the arginine residue). However,
the residue is still within reasonable close vicinity of
the pheophytin oxygen. Site-directed mutagenesis in
Synechocystis6803 changing this residue from gluta-
mine into a glutamate caused the difference absorption
spectrum to shift 3 nm and resemble the spectrum of
the higher plants, the pheophytins of which have a
higher quantum yield efficiency (Giorgi et al. 1996).
This may suggest that in reality either this interaction
between D1-130 and pheophytin is not needed for high
efficiency or the sidechain of D1-E130 exists in a pro-
tonated form which may provide a stronger interaction
or a water molecule may be bound in between the
pheophytin oxygen and the carboxylate group of D1-
E130. Any of the above three possibilities will need
further experimental tests. The ester group of the ring
IV of the pheophytin is hydrogen bonded by D1-Y126
and/or D1-Y147. However, the model of Xiong et al.
(1996) suggests that D1-Y147 ring stacks with pheo-
phytin while D1-Y126 hydrogen bonds to the ester
oxygen in the phytol branch. We note that the tem-
plate structure of the cofactors used in the previous
model was that ofR. viridis (1PRC), whereas that
used in this paper isR. sphaeroides(1PCR). The vari-
ations are more prominent in the phytol branches for
the bacteriochlorophylls and bacteriopheophytins, and
thus affecting the modeling results. D2-W253, D2-
I213, and perhaps D2-I143, are considered ‘conduit
residues’ which are located between the pheophytin
and the QA head group. More consensus in mod-
elling is found for the pheophytin in the inactive side
with D2-Q129, D2-N142 hydrogen bonding to the
keto group on the ring V, and D2-F146 providing the
ring stacking force to the porphyrin ring. Due to the
manipulation of QA in this model, more differences
are found for the QA binding pocket. In this model,
the carbonyl oxygens of QA are hydrogen bonded by
D2-H214 and D2-S262, one on each side; whereas
in our previous model (Xiong et al. 1996) D2-T217,

D2-N230, D2-S262 and D2-N263, two on each side,
provided hydrogen bonding to QA. The rest of the QA
binding pocket, both for the head group and the phy-
tol tail, is also different in the two models. However,
in both our models, D2-W252 ring stacks with QA.
Ruffle et al. (1992) had only modeled the QA head
group and thus had less residues in its binding pocket,
while the model of Svensson et al. (1996) lacks the
plastoquinones, QA and QB. In the current model as
well as in our previous model, QB is hydrogen bonded
by D1-H215, D1-H252 and/or D1-S264, whereas the
model of Ruffle et al. (1992) indicates only D1-S264
to be the hydrogen bonding residue. Further compu-
tational work by Mackay and O’Malley (1993a, b) on
the model of Ruffle et al. (1992) confirmed their re-
sults on the quinone and herbicide binding sites. Since
significant manual manipulation was also involved for
modeling QB in the current study, it has resulted in
some differences in residues forming the QB binding
pocket. The non-heme iron is modeled to be liganded
by four conserved histidine residues, D1-H215, D1-
H272, D2-H214, D2-H268 and a bicarbonate anion.
The bicarbonate binding environment is also slightly
different from that in the previous model (Xiong et al.
1996).

The model of Svensson et al. (1996) differs from
that of Ruffle et al. (1992) and Xiong et al. (1996, this
paper). In the Svensson et al. model, D1-H190 is a
key residue in electrostatic interaction with the donor
Z; and in the Ruffle et al. model (as well as in both
our PS II models), it is not. On the other hand, D2-
H189 is hydrogen bonded to the donor D in all models,
but it has a stronger interaction in the Svensson et
al. model compared to the Xiong et al. models. The
amino acid ligands in the tetramanganese center and
the binding pocket for the heme iron in cytochrome
b559 are unique in our current model and have been
described above. The residues forming the putative
water/bicarbonate transport channel are rather similar
in both the current and in our previous model (Xiong
et al. 1996) with the tentative inclusion of several
cytochromeb559 residues in our newer model.

Concluding remarks

In summary, through the comparison of the key
residues associated with the cofactors in the four major
models, a consensus of the modeling results can be
drawn and further experimentation can be designed to
test the validity or resolve inconsistencies between the
models. It needs to be further emphasized, however,
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that the construction of the current PS II model, for
this minireview, which has touched many areas in the
research of PS II structure and function is based on
several lines of experimental evidence, some of which
are still controversial. Thus our model and others dis-
cussed above are by no means to be consideredreal
structures. The tentative nature of the predictions and
hypotheses made on the PS II reaction center structure
is fully recognized by the authors and will certainly
be subjected to future experimental verifications. We
await the crystal structure of the PS II to validate or
reject the various parts of our model.
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