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ABSTRACT. For a detailed understanding of the function of photosystem Il (PSIl), a molecular structure is
needed. The crystal structure has not yet been determined, but the PSII reaction center proteins D1 and
D2 show homology with the L and M subunits of the photosynthetic reaction center from purple bacteria.
We have modeled important parts of the D1 and D2 proteins on the basis of the crystallographic structure
of the reaction center frorRhodopseudomonadridis. The model contains the central core of the PSII
reaction center, including the protein regions for the transmembrane helices B, C, D, and E and loops
B—C and C-D connecting the helices. Inthe model, four chlorophylls, two pheophytins, and the nonheme
Fe#t ion are included. We have applied techniques from computational chemistry that incorporate statistical
data on side-chain rotameric states from known protein structures and that describe interactions within
the model using an empirical potential energy function. The conformation of chlorophyll pigments in
the model was optimized by using exciton interaction calculations in combination with potential energy
calculations to find a solution that agrees with experimentally determined exciton interaction energies.
The model is analyzed and compared with experimental results for the regiops,dhP redox active
pheophytin, the acceptor side #eand the tyrosyl radicals Tyrand Tye. Psgo is proposed to be a
weakly coupled chlorophyl pair which makes three hydrogen bonds with residues on the D1 and D2
proteins. In the model the redox-active pheophytin is hydrogen bonded to D1-Glu130 and possibly also
to D1-Tyrl26 and D1-Tyr147. Tyris hydrogen bonded to D2-His190 and also interacts with D2-GIn165.
Tyrz is bound in a hydrophilic environment which is partially constituted by D1-GIn165, D1-Asp170,
D1-Glul89, and D1-His190. These polar residues are most likely involved in proton transfer from oxidized
Tyrz or in metal binding.

In oxygenic photosynthesis in plants, algae, and cyano- electron donor, &g the acceptor complex including the
bacteria, photosystem Il (PSiigarries out the light-driven  intermediary pheophytin acceptor, the first and second
reduction of plastoquinone by electrons derived from water. quinone acceptors, Qand @, and the F& ion. On the
The PSII complex is composed of more than 20 polypeptide donor side, the heterodimer contains two redox-active
subunits (Andersson & Styring, 1991; Vermaas et al., 1993). tyrosine residues: the immediate electron donor ¢&P
It is widely accepted that the integral membrane proteins Tyrz on the D1 protein (Debus et al., 1988a; Metz et al.,
D1 and D2 constitute the PSII reaction center and form a 1989), and an accessory electron donor,pTgn the D2
heterodimer that binds the redox components necessary foprotein (Debus et al., 1988b; Vermaas et al., 1988). The
the primary electron transfer reactions (Nanba & Satoh, D1/D2 heterodimer probably also binds the Mn cluster

1987). These bound redox components include the primaryinvolved in the water oxidation reaction, which consists of

four Mn ions, and also binds a &aion (Debus, 1992).

— X _ The three-dimensional structure of the PSII reaction center
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proteins show a sequence identity of approximately 20% with a molecular mechanics energy function (Brooks et al., 1983).
their equivalents from purple bacteria, the L and M subunits The model also includes a proposal for the structure of the
(Williams et al., 1983, 1984; Youvan et al., 1984; Michel et primary donor, Bs, which is correlated with known data
al., 1986). This sequence homology places PSII in the “gray on Rsgo Obtained with optical spectroscopy. The model
zone” for sequence homology modelingg.,one cannot be  allows the interpretation of experimental data on the cofactor
sureper sethat the backbone fold of PSII will follow that  binding sites and is used to suggest further experiments with
of the bacterial reaction centers. However, additional the aim of improving the model and further elucidating the
evidence exists suggesting that structural homology shouldrole of specific residues in PSII function.
exist. Antibody binding studies showed that each of the D1
and D2 proteins spans the membrane five times, as in theMETHODS AND DATA
purple bacteria (Sayre et al., 1986). There are also functional The modeling procedure described below comprises a
analogies between PSII and the purple bacterial reactioncombination of computational approaches and is as fol-
centers. These involve especially the pheophytin acceptorlows: determination of regions that are likely to be structur-
and the secondary charge stabilization reactions involving ally conserved; transfer of atomic coordinates, including PSII
electron transfer from the pheophytin ton@nd to @ cofactors; positioning of nonconserved amino acid side
(Wraight, 1982). The cofactors involved in these steps are chains using a rotamer library; minimization of the potential
chemically related, and spectroscopic results concerning theenergy; optimization of side-chain and pigment interactions
intermediate acceptor pheophytin (Lubitz et al., 1989; using energy calculations; evaluation of the structural quality;
Moénne-Loccoz et al., 1989; Nabedryk et al., 1990) and Q and, finally, comparison with experimental data.
and @ (Rutherford, 1987) indicate that these components Homology Modeling The present modeling was made
are probably bound in a similar fashion in the two systems. only of those regions with highest homology with the
Furthermore, the fact that the herbicide azidoatrazine bindstemplate protein, the photosynthetic reaction center fRps.
to both the D1 protein and the L subunit (Pfister et al., 1981; uiridis (Deisenhofer et al., 1985; Deisenhofer & Michel,
De Vitry & Diner, 1984) also suggests that there are 1989). The model consists of the most central parts of the
structural similarities in the gsite. The resemblance is also D1 and D2 proteins and the cofactors bound in these regions
substantiated by the identification of point mutations in (Figure 1). It contains eight transmembrane helices, 302
homologous positions in the D1 protein and the L that give amino acids, a chlorophyll dimer, two monomeric chloro-
rise to resistance against herbicides binding in theni@he phylls, two pheophytins, and a Feion (Svensson et al.,
(Trebst, 1986). 1992). There is 22% sequence identity (66 identical residues)
The available evidence suggests that the use of the purplebetween PSII andRps. viridis in this region (Michel &
bacterial reaction center as template for PSIl homology Deisenhofer, 1988). The regions excluded from the model-
modeling may provide useful information in determining the ing are the N-terminus, the first transmembrane helix, the
structure of cofactor binding sites in PSIl. This has allowed A—B loop, the D-E loop, and the C-terminus. These
assignment of functionally and/or structurally important regions are more difficult to treat as they are less homologous
residues (Michel et al., 1986; Trebst, 1986; Michel & with Rps.viridis and also because they vary significantly
Deisenhofer, 1988; Svensson et al., 1990; Otsuka et al., 1992petween D1 and D2 proteins of different species (Svensson
Ruffle et al., 1992). Several models derived by exploiting et al., 1991) and tend to be external and in contact with other
the homology exist for various regions of PSIl. By exchang- subunits.
ing a small number of side chains in tReiodopseudomonas The 2.3 A resolution structure of the photosynthetic
viridis structure (Deisenhofer et al., 1985) to the correspond- reaction center froniRps.viridis (Deisenhofer et al., 1985;
ing PSII residues, we graphically modeled Z7yand Typ Deisenhofer & Michel, 1989) was usdc., the 1PRC entry
on the donor side of PSIl (Svensson et al., 1990, 1991). in the Brookhaven Protein Data Bank (Bernstein et al., 1977).
Several aspects of the model have been confirmed by aAtomic coordinates for the backbone and the identical side
combination of site-directed mutagenesis and spectroscopychains were directly transferred to the PSIl model. Coor-
(Tommos et al., 19931994; Tang et al., 1993; Roffey et dinates for the four bacteriochlorophydl and two bacte-
al.,, 1994b). Attempts have also been made to model theriopheophytinb molecules were transferred for those atoms
herbicide-binding niche in the gQsite of the D1 protein  which are chemically identical in chlorophydl and pheo-
(Trebst, 1987; Crofts et al., 1987; Bowyer et al., 1990; Tietjen phytina. The nonidentical atoms in the chromophores were
et al., 1991; Ohad et al., 1992; Egner et al., 1993, Sobolevinserted with standard geometry with the program CHARMM
& Edelman, 1995). “Knowledge™-based homology modeling (Brooks et al., 1983).
techniques, involving data-bank searches for loop structures, Initial Side-Chain Orientation.The side chains of identi-
have also been used to model the entire D1/D2 heterodimercal residues in homologous proteins have a high probability
(Ruffle et al., 1992). of adopting the same conformation (Summers et al., 1987).
In this paper we present a model for the core of the PSII Therefore, the coordinates of all identical residues were fixed.
reaction center of spinach and the associated cofactors baseto position the nonidentical side chains, the sparse-matrix-
on homology considerations and energy calculations. Thedriven (SMD) algorithm was used (Tuffery et al., 1991). This
aim has been to create a structural model which accom-is based on a rotamer library obtained from an analysis of
modates all relevant experimental results. First, the backbonetorsion angles present in structures determined to high
was transferred where possible from fRgs.viridis template resolution. The PSII cofactors (a chlorophyll dimer, two
structure to PSII. Second, the side chains were positionedmonomeric chlorophylls, two pheophytins, and &Fen)
and small backbone adjustments made using methods thatvere at this stage in the calculations fixed.
combine statistical data of side-chain orientations (Tuffery ~ Molecular Mechanics CalculationsThe SMD-derived
et al., 1991) with a description of physical interactions using PSII model was used as an input for molecular mechanics



14488 Biochemistry, Vol. 35, No. 46, 1996 Svensson et al.

topology file. Partial charges for the phytyl tail were
calculated in the same manner, using the geometry obtained
in theRps.viridis structure. For chlorophyll, partial charges
were adapted from pheophytin. The central®¥@n was
given the sum of the charges from the two hydrogens bound
to the pyrrole nitrogens.

Bond length, bond angle, and dihedral angle reference
values for the energy function were assigned the values in
high-resolution crystallographic structures of chlorophyll and
pheophytin analogues (Fisher et al., 1972; Chow et al., 1975;
Kratsky & Dunitz, 1975, 1977; Takahashi et al., 1984). The
force constants were derived by, as far as possible, transfer-
ring the existing parameters for the porphyrin macrocycle
of the heme group (Kuczera et al., 1990). Force constants
for the ring substituents were transferred from smaller,
chemically related molecules (Smith & Karplus, 1992).

The isolated pigments were energy minimized starting
from the crystallographic coordinates to an RMS energy
gradient<10-6 kcal mott A=, For methyl pheophorbide
a the resulting heavy-atom RMS coordinate deviation
between the crystallographic structure and the energy-
minimized structure was 0.66 A. The RMS deviation for
the macrocyclic core was only 0.12 A.

STROMA

N

D1 MTATLERKEUESLWGKF . CNWITHTENRLY I .GWFGVLEIPTLLTATSVF‘IIAFIAAPPVDIDGI .REPVS@S. LLYGNN 76
D2 MTLAVGKETKD  EKULFDEMDUWLRRURE VEVGHEGLLLEBCAY PALGGHE TG TPV TSWY THELASSYLEGCNFLTARY 79

D1 I11SGATLPTSAAIGLUFY P [WBA. ASVDEWLY NGG] >YF?LIVLHFLLGVA(‘YM(IREW!L.’%FRL(JMRPEIAVAYSAPVAAAT 155
D2 =Tp ANSLAHSLL] LWCPEAQGDFTRWCOLGGLWAFVALEGAFALTCFBLROFELARSVOLRPYNAIAFSCGPIAVEY 155

—
D1 AVFLIYPIGQGEF
D2 SVPLIYPLGQUCWE

D1 H‘{k!-‘l;QEBBl'!FLTH\-A;(vY FbKL-I!.’QYASPNR:SRSLHFPLAAWPWGINFTALGI STMAFNLNGFNFN. QGVVDSQGRV] 314
D2 AFNl“l‘ﬂAEBl’!&MV‘I'ANRFW.‘?O Ir;(;vn PONKRWLHFPMLEYVPVIGLRMSALGY VG LALNLRAY LFVSQE T KAAKDYEL 312

D1 NIWAL( LNRANLGMEVMHE . . RNAHNFFLDLARTEAPSTNG 353
D2 ETHYTKNILLNEGTRAWMAAQUOPHEN . LTFPREVLPRGNAT 353

Ficure 1: Predicted folding pattern for the D1 protein (the D2 :
protein is almost identical). The transmembrane helices B, C, D, The energy function and parameters used to represent the

and E and the loop connecting the C and D helices are drawn in coordination of the Mg ion in the chlorophylls was that

bold. These are the regions of both the D1 and D2 proteins, which described in Foloppe et al. (1995). The ¥Mdo His bond

are included in our calculations. Amino acids with a proposed distance of 2.13 A was taken from a high-resolution crystal

chlorophyll ligand; D1-Glu130, hydrogen bonding of the redox- :

active pheophytin; D1-Tyr161, Tyy D1-Asp170, proposed to be (Tronrud et al.,.1986). Thg refe_repge dlstance of 2.14 A for

involved in Mn binding; D1-His190, important for Tyor electron the acceptor side Feand its histidine ligands was taken
from the Rps.viridis structure. The force constants of 65

transfer to Bsg, His198, proposed ligand to the central ¥Mdgon
of the Rigo chlorophyll; D1-His215 and D1-His272, ligands to the  kcal molt A-2 were taken from the FeHis interaction in
myoglobin (Kuczera et al., 1990).

acceptor side P&. Shown in the lower part of the figure are the
amino acid sequences for the D1 and D2 proteins in spinach. The . .
a-helices are marked with bars above the sequences for the D1 _Model System for Molecular I\/Iechanlcs_ Calcu_latlons.
protein and below the sequences for the D2 protein. The two helicesSince only fragments of the D1 and D2 proteins are included
in the C-D and D-E loops are marked with dashed bars. Residues in the model, the N-terminal and C-terminal ends of each
conserved between the D1 and D2 proteins are shown in boldface.segment were blocked with ammonium groups (D1-Leu106,
) . D1-Asn266, D2-Cys106, and D2-Ser263) and carboxyl
calculations using the CHARMM program (Brooks et al., groups (D1-1le224, D1-Leu297, D2-Phe224, and D2-
1983). The form of the energy function is described in detail | eu294). All side chains except D1-Glu130, D1-Asp170,
in Smith and Karplus (1992). The CHARMM version 22 and D1-Glu189 were assumed to be in their most common

protein topology and parameter files with all atoms explicitly protonation states at pH 7 in aqueous solution. D1-Glu130
included were used. Nonbonded interactions were smoothlywas protonated at thee® position. This is similar to the

truncated by a cubic switching function from 10 to 12 A
during energy minimization and from 7.5 to 8 A during
conformational searches.

situation in theRps.viridis reaction center and is suggested
from experimental results in PSII that indicate the presence
of a D1-Glu130 hydrogen bond to the redox-active pheo-

Force Field Parameters for the CofactorsSuitable phytin (Lubitz et al., 1989; Maene-Loccoz et al., 1989;
parameters for the energy function, describing the referenceNabedryk et al., 1990). The side chains of D1-Asp170 and
values and force constants for the cofactor molecules D1-Glu189 are close in space (Svensson et al., 1991). D1-
(chlorophyll, pheophytin, and F& bound in PSII, were  Aspl70 is known to affect manganese binding to the oxygen-
lacking. It was therefore necessary to derive such param-evolving complex (Nixon & Diner, 1992; Chu et al., 1995a),
eters. The approach used to derive the parameters wasaising the possibility that Mn ions coordinate to D1-Asp170.
similar to that adopted previously for bacteriochlorophylland No Mn ions were included in the model. Therefore, to
bacteriopheophytin (Foloppe et al., 1992, 1995). Partial point compensate for the absence of potential counterions for D1-
charges for the porphyrins were derived from semiempirical Asp170 and D1-Glul89, these groups were protonated in
quantum mechanical calculations on an isolated moleculethe model. The histidines in the model are all assumed to

of the pheophytin analogue methyl pheophorbéd@& two
different crystallographically determined geometries (Fisher
et al., 1972; Takahashi et al., 1984) using MOPAC 6.0 with
the AM1 Hamiltonian (Dewar et al., 1985) and Mulliken

be neutral with one proton on thedlll position.

Amino acid substitution to or from prolines will locally
affect the backbone conformation. There are seven non-
proline and four proline residues Rps.viridis that in PSI|

population analysis (Mulliken, 1955). The charges from the are respectively substituted to prolines and non-prolines
two calculations were averaged and scaled by a factor of (Table 1). In addition, there is a deletion of one residue in
0.721 for consistency with charges in the CHARMM?22 both the D1 and D2 proteins compared to the L and M
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Table 1: Amino Acid Substitution Involving Prolines betweRps. on the point-dipole approximation from (Pearlstein, 1991),

viridis and PSII in the Modeled Region which positions the transition dipoles at the center of the
Rps.iridis PSII Rps.ciridis PSII chlorophyll macrocycle. This relatively simple model seems
L eu-L35 D1Prolll AaMI5L D2-Pro150 to hold well for describing the interactions in the PSII
Tr;_'l_nS D1-Prolal Val-M173 D2:P:ol72 reaction center since the distance between the pigments
Pro-L118 D1-Alal44 Pro-M174 D2-Serl73 allows little overlap between the porphyrirorbitals. Also,
Ala-L237 D1-Pro279 Pro-M179 D2-Alal78 there is no evidence for the involvement of charge transfer
Pro-L253 D1-Phe295 Ser-mM271 D2-Pro276  gtates in the absorption spectrum of PSII reaction centers
Thr-M142 D2-Prol41

[cf. Scherer and Fischer (1991)]. Pigment orientations which
gave satisfactory results for the exciton interaction were
subunits ofRps.iridis. This deletion is located in the loop  incorporated into the model, and a limited CHARMM force
connecting the short CD helix and the D helix (Figure 1). field minimization of the protein and porphyrin ring sub-
This loop is flexible and adapts to the deletion without stituents was performed (Svensson et al., 1995). It was found
distorting neighboringx-helical structures. Backbone ge-  that displacement of the two pigments corresponding to the
ometries in the regions of the proline exchanges and thespecial pair in purple bacteria is sufficient to obtain agree-
deletion were regularized by limited energy minimization. ment between the calculated exciton interaction energy and
Different PSII cofactor compositions were tested in the those determined from experimental spectrasef (¥an Kan

calculations. The transfer frorlﬁps.uiridis of two or four et a|_, 1990; Braun et a|_, 1990; Carbonera et a|_, 1994; Kwa
chlorophylls, two pheophytins, and a¥don was foundto et al., 1994). The solution found involves a 1.5 A symmetric
be possible without steric hindrance. However, a carotenoid translation of the two Ch|0r0phy||s in the dimer along an

placed in the same position as in tRps.viridis reaction  axis parallel to the membrane plane and the chlorophyll ring
center was found to collide with D2-Phe158 and D2-A|a116, p|anes together with a rotation of 5.8round the normals

thereby increasing the van der Waals interaction energy o the chlorophyll ring plane. The center to center distance

unacceptably. The corresponding residuefps. viridis  js10.1 A and the angle between the Gansitions is 152
are both glycines. This suggests that the carotenoid bindinggiying a total exciton interaction energy of 182 chior the
in PSII might be significantly different from that iRps.  two chlorophylls of the dimer. A final energy minimization

would be able to extract electrons from a closely located gn RMS energy gradient of 0.08 kcal mbiA—.

carotenoid. In th&ps.viridis reaction center the carotenoid
is bound close to the bacteriochlorophylls of the special pair.
However, carotenoid oxidation is a rare event in PSII (Telfer
et al., 1991), indicating that the binding site of the carotenoid
probably is found further away froms&.

Potential Energy Calculations and Rigid Rotation Con-
formational SearchesEnergy calculations with CHARMM

Evaluation of the Structural ModelThe final model was
evaluated using the PROCHECK programs (Laskowskii et
al., 1993). This is a check of the stereochemical quality of
the protein structure and includes the Ramachandran plot
(Ramachandran et al., 1963), side-chain torsion angle and
hydrogen bond energy analysis, and a secondary structure
: : : : assignment based on the method of Kabsch and Sander
were applied to identify residues that had not adopted an (1983). The stereochemical quality of the present model as

optimal conformation. The internal self energy and the . L
interaction energy with the environment were calculated for Qetern_ﬁmed by the analysis within the PROCHECK programs
s equivalent to an X-ray structure of about 2.0 A resolution.

each residue and compared with the average values foun .
P g n the Ramachandran plot 83.5% of the non-glycine, non-

for each residue type. The side chains of residues with i . . oy
above-average energies were positioned using rigid rotationProline residues have .backbone conformatlor]s that are Wlthln
the most favored regions, 14.1% of the residues are in the

torsional energy maps (Summers & Karplus, 1989). These

maps are created by calculating the energy as a function Ofadditional allowed regi_on, 1.6% (four residues) are "? the
the dihedral angles of the side chain while keeping the rest 9€nerously allowed regions, and only as few as two residues,

of the protein rigid. One to three dihedral angles were varied D2-§3In107 'and D2-Ser166, OUt.Of the 243 non-glycine, non-
at a time, and they were sampled at Itervals. For each proline residues are in the disallowed regions. No bad
residue the energy minimum conformation was retained. In Ontacts between nonbonded atoms are present. The hy-

the cases where several residues were found to closelydregen-bonding potential (standard deviation of 0.7 kcal/
interact, this procedure was performed iteratively to con- MOl the peptide bond planarity (7.8tandard deviation),
vergence. and the @ tetrahedral distortion (1°8standard deviation)

Optimization of the Chromophore Conformationa/ithin are all within the accepted ranges defined for these properties
the protein structure, the pigment molecules can be positioned™oM Well-refined X-ray structures. The side-chain torsion
in various ways which would result in different absorption 2ndlé potentials with standard deviations around &ere

spectra. The absorption spectra of two chromophores areln the model petter than in high—re_so_lution crysta_l structures.
shifted apart when they are near enough for their electric For the protein backbone the d¢V|at|on from the ideal values
dipole moments to interact. The distance and the angleWas as follows: for the bond dlstgnces 0.00_G.A_and for the
between the pigments determine the strength of the interac-Pond angles 1#as compared with the equilibrium bond
tion. We have optimized the position of the primary donor !€ngth and angles from the CHARMM22 force field.
chromophores in their protein environments, and the different The planarity of the macrocycles in the PSIl model is in
pigment conformations were evaluated with exciton interac- the same range as in thips. viridis reaction center. The
tion calculations (Pearlstein, 1991) to determine if the chlorophylls of the P680 pair are slightly more bent than
interaction would agree well with experimentally determined the monomeric chlorophylls and pheophytins. This is due
absorption spectra. These exciton calculations were basedo stronger interactions with the protein environment. In the
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chlorophyll pair, the CBD atoms (see Figure 3) are ap-
proximately 8 out of plane while all other atoms are less A
than 5 out of plane. In both the chlorophyll and the
pheophytin molecules, the atoms of the partially saturated
rings are found somewhat more out of plane than those of
the unsaturated rings. In the dimeric chlorophylls, the central
Mg?* ions are displaced 0.2 A out of the macrocycle plane
toward the histidine ligands while the Ntfgions of the
monomeric chlorophylls are found in the plane of the pyrrole
nitrogens. This difference is due to the lack of protein
ligands for Mg+ in the monomeric chlorophylls in our
model.

Empty spaces in the model large enough to accommodate
solvent molecules or possibly other nonincluded cofactors
were analyzed using the QUANTA 4.0 molecular modeling
package (Molecular Simulation Inc., Burlington, MA). In
the central part of the PSII model, the side chains together
with cofactors are densely packed. Some empty spaces were e
found though. These could be sites for water molecules  *
within the protein structure. The most dominant empty
spaces were in the clefts between the D1 and D2 proteins,
close to the monomeric chlorophylls. For this region, the B
structural prediction is weaker. Therefore, possible errors
in the positioning of the monomeric chlorophylls, especially
of the flexible phytyl tail, could partially be the cause of the
empty spaces. Another possibility is that these empty spaces
are part of the carotenoid binding sites in the PSII reaction
center.

The PSII model was compared with tHeps. viridis
structure using least squares fitting of the backbone coor-
dinates using the McLachlan algorithm (McLachlan, 1982)
as implemented in the program ProFit V1.6 (Dr. Andrew C.
R. Martin, SciTech Software/UCL, http://www.biochem.
ucl.ac.uk~martin/#profit). The backbone coordinate RMS
deviation is 1.75 A. On the lumenal end of the B helix, the
stromal end of.the D helix, and 'both end§ O_f the E helix, Ficure 2: Overall structure for the PSII model. (A) A view within
there are relatively large coordinate deviations from the the membrane plane. Ribbon representations are drawn for the D1
purple bacterial structure. This may be related to the lack protein (red) on the left and the D2 protein (blue) on the right. The
of the connecting loops and the long C-terminus. Another redox components, the four chlorophylls, the two pheophytins, the
significant contribution to the coordinate RMS deviation Lyrosme radicals Ty and Tyg, and the metal ions are shown as

L . . .., ball-and-stick representation. The phytyl chains are omitted for
comes from positions where prolines were interchanged With ¢|arity. Also shown are the structurally important proline residues.
non-prolines (Table 1). Deviations are less in the interior (B) A view from the lumenal side of the thylakoid membrane down
of the structure where the cofactors are bound. The backbonghe axis between the center point of the chlorophyll dimer and the
coordinate RMS deviation of 1.75 A between the PSII model acceptor side Pé ion. The D1 protein is on the left side and the

- ; o D2 protein on the right. The symmetric position of the tyrosine
and theRps. viridis reaction center is in the range of what radicals and the chlorophyll dimer constitutingdts clearly visible.

is expected for the protein core of two homologous proteins The figure was created with the program MOLSCRIPT (Kraulis,
with a sequence identity of 225% (Hilbert et al., 1993).  1991).

It should also be pointed out that, although we have given ) o ) ]
the distances with 0.1 A accuracy, the overall structural Protein, which is not conserved between spinach (alanine)
accuracy probably is lower than this, especially since the @nd pea (glycine). Coordinate RMS deviations were also
thermal fluctuations in proteins are on the 1 A scale at c@lculated for the cofactors (four chlorophylls, two pheo-
physiological temperatures. The true reliability in the model Phytins, and the acceptor side’Fe
is d|ff|cul_t to assess. .ThIS is th_e reason that no error bars RESULTS AND DISCUSSION
are provided to the distances given.

The model was also compared with a previously published () Structure of the PSIl Reaction Cente©ur structural
model for PSII (Ruffle et al.1992) using QUANTA and  model of the PSII reaction center contains the central parts
ProFit, respectively, for graphical and computational analysis. of the D1 and D2 proteins and bound cofactors (Figure 2A).
The two models were superposed using the least squares fitn these regions, the D1 and D2 proteins are mainly in an
of the backbone coordinates in the common structural regiona-helical conformation. In each protein there are four long,
(D1-Gly110 to D1-Ala224, D1-Asn266 to D1-Met293, D2- mostly hydrophobic membrane-spannuagpelices (B, C, D,
Cysl106 to D2-Phe224, D2-Ser263 to D2-Leu294). A and E). There is also a shorter helix on the lumenal side of
coordinate RMS deviation was calculated for all heavy atoms the membrane between the transmembrane helices C and D,
for the same region but excluding position 122 on the D2 called the CD helix. This helix is partially in the membrane
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Table 2: Secondary Structural Features Assigned from the Model been observed in membrane-bound proteins chh as por!ns
Coordinates Using the Modified Kabsch and Sander (1983) Analysis (Weiss et al., 1991; Cowan et al., 1992), bacteriorhodopsin
Method Implemented in PROCHECK (Henderson et al., 1990), and the purple bacterial reaction
from to from to centers (Deisenhofer & Michel, 1989). It has been proposed
a-helix B DI1-Prolll DI-Argl36 D2-Glyll0 D2-Argl3s that the aromatic side chains interact with the lipid head-
a-helixC  D1-Trpl42 D1-GIn165 D2-Tyrld2 D2-GIni6s  groups and that the amphipathic nature of tyrosines and
a-helix CD D1-Glyl78 D1-Glul89 D2-llel79 D2-Phel89  tryptophans could energetically stabilize the interface be-
o-helixD  D1-Prol96 D1-Ser221  D2-Prol96 D2-Asn221  tween apolar and polar environments (Cowan et al., 1992).
o-helix®  D1-Ser270 DI-le290 D2-Lys265 D2-Val28s Aromatic residues are numerous in the PSII reaction
center. However, in the PSIl model there is no obvious
Table 3: Angles between Helices of the D1 and D2 Proteins and  clustering of phenylalanines, tyrosines, and tryptophans at

the C2 Symmetry Axis the membrane surface interface. Only on the lumenal side
D1, angle D2, angle is there a slight preponderance of aromatic residues. This
helix with C2 (deg) with C2 (deg) difference between the D1 and D2 proteins and other
B 15 15 membrane proteins might reflect the fact that the D1/D2
C lumen 24 24 heterodimer has very little or no contact with lipids since it
Sﬁfﬁﬁ;‘? 48 4% is surrounded by other proteins in the PSIl complex.
D stroma 28 29 Alternatively, it may be due to the particular lipid content
E lumen 30 29 in the thylakoid membrane, which is dominated by galac-
E stroma 19 14 tolipids. The aromatic amino acids included in the D1 and

D2 protein model are often involved in proteinofactor
layer and is amphipathic, with the more polar side facing interaction with ring structures of the chlorophylls and
the lumenal surface. The membrane-spanning helices arepheophytins (Figure 4AC) or directly involved in electron
between 20 and 26 residues long. The secondary structuratransfer (Tyy and Tyg) (Figure 4E,F).
features are described in Table 2. Polar or charged amino acids are mostly found outside

Helices C and E on both the D1 and D2 proteins contain the membranous part of a transmembrane protein. However,
proline residues in the center of the membrane-spanningthere are several charged amino acids in the hydrophobic
region. Prolines may introduce a kink or a bending of an part of the D1/D2 heterodimer model. In all cases these are
a-helix as well as exposing the backbone carbonyl (von involved in liganding the cofactors (see below).

Heijne, 1991). Inthe PSII model, the prolines that are within  (II) Chromophore Composition and BindingThe PSII

the transmembrane helices are all near the helix kinks. Theymodel includes four chlorophylls, two pheophytins, and a
face the interior of the protein and cause therefore a Fe*' ion. This is similar to the purple bacterial reaction
narrowing of the helix packing in the middle of the centers, which bind a bacteriochlorophyll dimer, two mon-
transmembrane segment. The kinked helices (Table 3) resulibmeric bacteriochlorophylls, two bacteriopheophytins, two
in different helix packing on each side of the membrane. quinones, and a non-heme?téon. The cofactors and also
On the lumenal side, each transmembrane helix makesthe electron transfer rates between the primary donor and
contacts only with nearest-neighbor helices on the samethe electron acceptor system are comparable between PSI|
subunit. On the stromal side, the helix packing is more denseand purple bacteria (Rutherford, 1989; Diner et al., 1991b).
and close interactions exist between helices D and E on theTherefore, similar orientations and distances between the
D1 protein and helices D and E on the D2 protein (Figure cofactors are expected, and for the acceptor side, the
2A). Proline residues are also positioned at the start of structural analogy between purple bacteria and PSII is almost
helices B, C, and D and at the end of helix C on the D1 complete. In contrast, there are large differences on the
protein. On the D2 protein, prolines are positioned at the donor side.

start of helices C and D and at the end of helix C. A proline  Striking differences between PSII and purple bacteria are
in the first three positions of a helix stabilizes its formation found in the function, orientation, and binding of the
since atransproline favors a helical backbone angle and chlorophylls constituting the primary donor and the accessory
also introduces rigidity of the protein backbone (MacArthur chlorophylls. The exciton coupling between pigments in the
& Thornton, 1991). The prolines at the end points of the C entire PSII core complex is significantly lower than in the
helices function as helix breakers (Chou & Fasman, 1974), purple bacterial counterparts (Van Gorkom & Schelvis, 1993;
not allowinga-helical hydrogen bonding. Durrant et al., 1995), suggesting that the chromophore

The modeled region contains 33 glycine residues, of which conformation is different. The orientations of the chlorophyll
10 are conserved between the D1 and D2 proteins. Severapigments in PSIl are a subject of controversy (Diner &
of these are positioned in the D and E helices at the middle Babcock, 1996, and references therein), and several pos-
of the transmembrane segment, allowing for dense helix sibilities have been put forward. For example, recently two
packing. Several more of the glycines in the model are alternative models, derived originally from EPR measure-
conserved with respect to tHeps. viridis reaction center  ments (Van Mieghem et al., 1991), were discussed in relation
and are located at or close to endsoehelices (Michel & to absorbance difference spectra (Hillmann et al., 1995). In
Deisenhofer, 1988). Their conservation provides further one of these models an accessory chlorophyll makes an angle
evidence supporting the structural homology of the two of 30° with the membrane plane. In the other, one of the
systems and was of crucial importance for their alignment special pair chlorophylls makes an angle of 3Gith the
(Michel & Deisenhofer, 1988). membrane plane. Electrochromic measurements have been

Clustering of aromatic residues at the interface between interpreted as indicating that the special pair is formed from
the hydrophobic and hydrophilic parts of the membrane has two, orthogonally oriented chlorophyll molecules (Mulkid-
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Table 4: Center to Center Distances between Important Components in the Structural Model of PSII
Chipz,acc Chlpy,peso Chlpz,peso Chlpy ace Phe®z,inact Phe®: act Fet Tyrz Tyro D170

Chl P2.ace 12.4 9.4 19.8 11.5 23.1 26.6 24.9 17.5 27.9
ChlD1.P6go 10.1 9.9 20.5 16.3 28.3 13.6 23.1 16.7
Chlpz,peso 14.1 16.1 20.5 28.2 23.2 13.4 24.8
Chlpzacc 24.1 10.4 26.5 16.3 26.5 19.0
Phe®s,inact 23.1 18.4 33.3 21.7 37.2
Phe®y ac 18.3 21.9 32.9 26.4
Fert 375 36.9 42.6
Tyrz 35.0 6.3
Tyrp 35.2
D170

janian et al., 1996) with the accessory chlorophyll on the Generally, PSII reaction center preparations bind four to six
D1 protein oriented perpendicular to the membrane. Thesechlorophylls, two pheophytins, one to tyfecarotenes, and
three structural propositions are clearly qualitatively different. one Fé&' ion (Satoh, 1993; Seibert, 1993). Recent results
To reconcile the various spectroscopic data on the primary suggest the presence of six chlorophylls per two pheophytins
donor in PSII, a deeper understanding of the relation to in most preparations (Eijckelhoff & Dekker, 1995). How-
structure of the photophysics concerned may be required.ever, the functionally limiting number of chlorophylls most
Meanwhile, a more empirical approach can be taken in which likely is four because the primary charge separation in PSiI|
proposed pigment geometries are incorporated into a detailedreaction center preparations with varying chlorophyll com-
three-dimensional model of the protein which can then be position is similar. Similar conclusions have also been
tested by mutagenesis experiments. The approach we haveeached from hole-burning experiments (Chang et al., 1994)
taken was to use exciton interaction calculations in combina- and from data obtained from reaction centers with one
tion with potential energy calculations of the protein  peripheral chlorophyll removed by Cu-affinity chromatog-
pigment complex to test many different chlorophyll confor-  raphy (Vasha et g11995).
mations that would fit the spectroscopic data to see whether The closely coupled pigments are most probably bound
they are structurally possible within the framework of the in the cleft between the D1 and D2 proteins, which
th” ”.‘Ode' (?venss_onpestlfll., 1ﬁ?5t2 We T’?Vte Jogndt that corresponds to where the accessory pigments are bound in
€ primary donor in mig € constituted by WO 4,0 purple bacteria. Inthe PSII model we have placed these
_symmetrlcally pl_aced chiorophyll molecules, as is th_e case pigments at the corresponding positions of the bacteriochlo-
mf phurplﬁl bacf”ﬁ" . H(r)]weve_r,_ tr}e center tho center dl_stan(]:ce rophylls inRps.viridis although the histidines coordinating
iotleAC(ng:g} Eimu';eezlge;';scirrge;r\gg toatﬁgpdail;etl:r?geoof the chlorophyll M@* ions are not present in the D1 or the
73; A'in the Rp's u?ridis structure FZI'he two monomeric D2 protein_s (Michel & Deisenhofer, 1988; Kuhn et -al-994)'
chlorophylls are s.imilarly placed aﬁd oriented as their purple It is possible that polar groups other than histidines can
) provide ligands to the My ions of the accessory chloro-
bacterial counterparts, hylls, since mutation of these histidines to serinefn
Whereas adoption of pigment orientations radically dif- phy ’I shas b de with d d ch .
ferent from the bacterial reaction centers cannot be ruled Out,cgpsu atusnas een made without any etec_te change in
pigment composition or photosynthetic function (Coleman

they cannot be incorporated without major rearrangement& Youvan, 1990). In antenna proteins many other groups
of the protein structure. Modeling such structural rearrange- can provide ligands to chlorophyll (Tronrud et al., 1986

ments is beyond the scope of the techniques applied hereKl‘jhlbrandt et al.,, 1994). Possibly even water might be

Moreover, the present model is in accord with a number of . : ; -
experimental data concerning the donor-side structure presentas a I|gand in PSl. Howevgr, this possibility cannot
"be addressed in the present modeling.

particularly the interactions of Tyr(see below). The
construction of a protein model in which these interactions  In addition to the inner chromophores corresponding to
are preserved and in which the special pair chlorophylls are those in purple bacteria, there are often two extra chlorophyll
oriented in ways radically different from the present model @ molecules bound to the PSII reaction center, making six
(for example, orthogonal) would appear to be difficult. We chlorophylls per two pheophytins. These extra chlorophylls
therefore strongly favor a separated dimer structure §gg P~ might be bound by D1-His118 and D2-His118 on the B
where the special pair is parallel and the accessory chloro-helices as proposed by Michel and Deisenhofer (1988). This
phylls are tilted at 3Dwith respect to the membrane plane. is supported by a mutation of the residue D2-His117 to
The parallel conformation of the primary donor chlorophylls tyrosine inSynechocysti6803 (corresponding to D2-His118
of PSIl is supported also by the fact that the histidines in spinach), which resulted in loss of photosynthetic growth
ligating the central Mg ion of the bacteriochlorophylls in  (Pakrasi & Vermaas, 1992). Chlorophylls bound at D2-
the purple bacteria are preserved as D1-His198 and D2-His118 would in our model be oriented perpendicular to the
His198 in PSII. membrane plane due to constraints in the protein structure.
Our interpretation of the available spectra for the PSIl This orientation is supported experimentally by the finding
reaction center is that chlorophylls with considerable exci- that at least some of the accessory pigments in the PSII
tonic interaction with B and chlorophylls with very weak  reaction center are almost perpendicular to the membrane
interaction are both present in the reaction center. This canplane (Kwa et al., 1992). These outer pigments are not
be explained only by PSII reaction centers containing five involved in the primary charge separation (Schelvis et al.,
to six chlorophylls per two pheophytins, with two accessory 1994), and they show a slow energy transfer gg 8f 10—
chlorophylls close to thedgy and two bound more distant. 50 ps (Schelvis et al., 1994; Vasha et al., 1995).
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The additional two chlorophylls present in the PSII
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HMC
reaction center were not structurally included in our model- cBBL M8 oy 508
ing, since the B helices on both the D1 and D2 proteins are e CT’ He e " recz
on the periphery of our defined core structure and would c38 C,LC c2c 50
have considerable interaction with other, nonhomologous wesevs—cod BQC“B/ \\C1C/C \zsc-cfxc
protein regions that could not be included. These interacting, ..z, \ NL '}C\ /A
nonincluded protein regions are the A helices of the D1 and CIB™ e o4
D2 proteins and possibly portions of the cytochrob3&9, HB-GHB }HD_HD
Psbl, PsbW, and/or the CP47 and CP43 proteins. A close A\ HND /
interaction with the CP47 is highly likely since this is the CHA—Np ND—C1D
antenna protein with the strongest association to the D1/D2 = "(Ued A \ D ézo\ 7
reaction center PSII (Ghanotakis et al., 1989). A T
(1) Detailed Description of Important Structural Ele- ons Zon
ments. We have focused our analysis on the environments ~ reszz %477 \\SBD_C"D
of the central redox components in the PSII reaction center 01D=CGDH80 0BD e o
core,i.e., Psgy the redox-active pheophytin, the acceptor- _CGA o0 Lo
side F&", and the tyrosine radicals, Tyand Tye. Less O e % 2
well defined regions in the model include the binding sites cED " cre—cig
of monomeric chlorophylls, the quinones, the carotenoids, g C e MEDS e o 174t
and the Mn cluster, for which the sites in the model are only G2~ Hie_ Sae e
partial. " (Ua LIS ”‘;%9 iy ST R
() Psso The primary donor & is, in the model, msinca” N B /c’a\ c‘ﬁ
constituted by two parallel chlorophylls symmetrically bound Je 3 Hls a QP \CQ/C‘;\ e
between the D1 and D2 proteins, toward the lumenal side I 3, ””C‘A‘E,st

H24

of the membrane. Our optimization of the pigment positions
in PSIl shows that it is possible to accommodate two FiGURE 3: Chemical structure of pheophyta Atom names are
chlorophylls in a weakly coupled pair in the structural model according to the Brookhaven Protein Database (PDB) guidelines
of PSII (Svensson et al., 1995). The chlorophylls of the pair on tetrapyrrole nomenclature.

are separated by 10.1 A, center to center distance, and near!
parallel, with the distance between the ring planes of 3.4 A.
Of the two chlorophylls in the pair, one is bound to the D1
protein, where D1-His198 provides a ligand to the central
Mg?* ion. The other is associated with the D2 protein and
ligated by D2-His198. Due to the interaction with the
histidine ligands the Mg ions are pulled 0.2 A out of the
macrocycle planes.

Interestingly, after the two chlorophylls were moved apart

to fulfill the exciton interactions (Svensson et al., 1995), new p2-His198 have been suggested to coordinate the chloro-
specific proteir-chromophore interactions appeared in the phylls of Pygo (Trebst, 1986; Michel & Deisenhofer, 1988).
structural model. Polar groups on the D1 and D2 proteins gome experimental support for this hypothesis comes from
came close enough to the chlorophyll molecules to form mytagenesis work iSynechocysti€803. In the mutant D2-
hydrogen bonds. The hydrogen bonds are formed betweenyis197— Tyr or Leu (sequence position corresponds to D2-
D1-Thr286 and the O1D oxygen atom (PDB nomenclature, His198 in spinach) the PSII complex was not assembled or
see Figure 3) of the ¥3ester group (IUPAC, 1987) in  perhaps destabilized (Vermaas et al., 1987; Pakrasi &
Chlpy pego and between D2-Ser283 and the corresponding vermaas, 1992). The result was similar for the mutation
oxygen on Chiz pegoin the dimer (Figure 4A). The hydrogen  p1.His198— Leu (Diner et al., 1991a). Mutants with D2-
bond distances are 2.7 and 2.6 A, respectively. Another His197— Gin or Asn could be grown photoautotrophically.
implicated proteir-pigment interaction of importance is & The function of PSIl was somewhat impaired, which in D2-
close van der Waals contact between D2-Trp192 and the D2-His197 — GIn could be explained by a lowered midpoint
associated chlorophyll of the dimer (Ghbesg. This tryp- potential of the By/Pesgt redox couple (Vermaas, 1993).
tophan is stacked against ring D of the chlorophyll and These results support the function of D1-His198 and D2-
interacts possibly via a weak hydrogen bond to the O2D His198 as ligands todg,. Interestingly, mutations of the
oxygen of the 13ester group of Clabpesa This arrangement  orresponding residues His M208 Leu or Phe and His-
is in accord with results from FTIR experiments, indicating | 173— Leu in Rhodobacter capsulatussulted in a reaction
the presence of at least two, probably three, hydrogen bondszenter with a heterodimeric special pair containing a bacte-
between the chlorophylls inekt and the protein (Nogushi  rigchiorophyll and a bacteriopheophytin (Coleman & You-
et al., 1993). van, 1990). The binding of pheophytin instead of chlorophyll
The hydrogen bonds to the chlorophylls are interesting, could not be achieved in PSII since the PSII complex seems
since hydrogen bonds are known to modify the redox to be more sensitive than purple bacteria to changes in this
potential of the special pair in purple bacteria (Williams et region. This could be explained if one assumes that the
al., 1992; Stocker et al., 1992; Wachtveitl et al., 1993). stability of the D1 or D2 proteins is decreased when
However, in the purple bacteria the hydrogen bond is formed chlorophyll cannot be coordinated or that the binding of the

With the bacteriochlorophyll acetyl group, which is conju-
gated with the macrocyclic ring. This group corresponds to
a vinyl group in chlorophyll, which cannot be involved in
hydrogen bonding. The hydrogen bonds we have suggested
are not conjugated to the macrocycle, which might suggest
that they have little effect on the redox potential gt
Instead, they probably have a structural role in binding and
orienting the pigment molecules.

From the analogy with purple bacteria, D1-His198 and
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D1-His198 Vi

¥1-Ber268

Ficure 4: (A) Chlorophyll dimer proposed to constitute the primary dongge,Ras derived by the structural fitting of the chlorophyli
orientations on the basis of exciton interaction calculations. The view is in the membrane plane parallel to the chlorophyll ring planes. The
D1 protein, on the right-hand side, provides two ligands to theGlss D1-His198 is a ligand to the central Mg ion, and D1-Thr283 is
hydrogen bonded to the O1D ester oxygen. On the left-hand side, the corresponding ligands from the D2 protgirpde &kl shown.
D2-His198 coordinates the central Mg ion, and D2-Ser286 forms a hydrogen bond to the O1D ester oxygen. The figure also shows D2-
Trp192, which is stacked against ring D of the chlorophyll and possibly hydrogen bonded to the O2D oxyges gfsc(B) Chlorophyll

dimer in a view perpendicular to the chlorophyll ring planes. The orientation is as in Figure 2A. The center to center distance between the
chlorophylls in the model is 10.1 A, giving a very small atomic overlap, which is considerably lower than for the special pair in a purple
bacterial reaction center. (C) Structural environment of the pheophytin electron acceptor. The specific binding of the pheophytin is mostly
defined by the hydrogen bond from D1-Glu130 (upper left). The carboxyl group of this residue points toward the carbonyl oxygen on the
pheophytin macrocycle. D1-Tyr126 and D1-Tyr147 also provide hydrogen bonds to the pheophytin. Residues interacting with the macrocyclic
ring are D1-Tyr147 and D1-Pro150 in the C helix. On the other side of the ring, the side chain of D2-Leu210 is packed at van der Waals
distance, and toward the acceptor side we find residue D2-1le214. The orientation is similar to that in Figure 2A. (D) Acceptor side iron
with its four histidine ligands: D1-His215, D1-His272, D2-His215, and D2-His269. The interactions between the histidines afAd the Fe
ion are indicated with dashed lines. The stromal ends of helices D and E from both the D1 (behind) and D2 (in front) proteins are shown.
Other residues shown are D1-Ser268 and D2-Lys265, which, with their peptide oxygens, are proposed to be hydrogen bonded (dashed
lines) to the N nitrogens on D1-His272 and D2-His269, respectively. The orientation is as in Figure 2A. (E) Structural environment of
Tyrp. This panel shows a part of the D2 protein with the plane of the membrane oriented perpendicular to the plane of the paper. The
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chlorophylls is required for the formation of the D1/D2 macrocycle (Figure 4C). The distance from the carboxylic
reaction center complex. oxygen on D1-Glul30 to the carbonyl oxygen on the
In the PSII model, the & pair chlorophylls are in van  pheophytin is 2.58 A. This coincides well with the expected
der Waals contact with the accessory chlorophylls on the bond length of 2.42.7 A for a strong G-H-+-O hydrogen
D1 and D2 side. This is similar to the purple bacterial bond (Brown, 1976). The pheophytin is bound by two more
structures but the interaction is substantially stronger. This hydrogen bonds provided by residues of the D1 protein.
results from the translations of the chlorophylls made in the These residues, D1-Tyr126 and D1-Tyrl47, are hydrogen
exciton interaction optimization, where the pair pigments bonding the ester group oxygens O1D and O1A, respectively
were moved away from each other. As a result they slightly (Figure 4C). In the close vicinity, D1-Arg129 is involved
approached the accessory pigments (Svensson et al., 1995)n @ hydrogen bond to the phenolic oxygen of D1-Tyr126
The contacts are edge to side with a center to center distanc&nd is within 5 A of D1-Glu130 and the O1D position of
for the chlorophylls of approximately 10 A (Table 4). Many the pheophytin. Also D2-Leu210 interacts with the pheo-
residues constitute the binding pocket for the chlorophylls. phytin and is packed at van der Waals distance from the
Most interact principally via van der Waals energies. A few center of the macrocyclic ring. On the other side of the ring
significant electrostatic interactions are also found. D1- the aromatic side chains of D1-Tyr147 and the D1-Pro150
Met183 interacts electrostatically with the nitrogens and the are very close. Toward the binding pocket of the quinone
Mg?* ion of the Chb1psse D1-Met183 is positioned on the — acceptor Q we find D1-lle143 and D2-lle214. Possibly
opposite side of the liganding D1-His198. D1-GIn187 is in important for the function of electron transfer is the phytyl
van der Waals contact with the ethyl ring substituents and tail from Chb pegoOf the special pair, which is in van der
possibly also forms hydrogen-bonding interactions with D1- Waals contact with the macrocycle of the pheophytin. The
Met293 and D1-His195, which are close to, but not in contact phyty! tail of the pheophytin stretches toward the lumenal
with, Chlb1pesa  The residue D1-His195 has been mutated Side, spanning the distance to the special pair.
in Chlamydomonas reinhardtio asparagine, tyrosine, and The orientation and predicted structure around the pheo-
aspartate. The result was a slightly lower oxygen evolution phytin acceptor in PSII are well conserved from the bacterial
and a shifted equilibrium constant between zPg;" and reaction center structures. This has been proposed earlier
Tyr;Psso, Most likely due to a change in the midpoint by independent experiments using different spectroscopic
potential for the Ty#/Tyr;°* couple (Roffey et al., 1994a; methods (Lubitz et al., 1989; Moee-Loccoz et al., 1989;
Kramer et al., 1994). From the present model, as D1-His195 Nabedryk et al., 1990; Kwa et al., 1992). Measurements
is closer to B than to Typ, we would suggest that the have revealed that the carbonyl oxygen at thé ddsition
mutation rather affectsek) or the electron transfer between on the pheophytin in PSII forms a hydrogen bond to a nearby
Psgo and Ty carboxylic amino acid. This is similar to the situation in
In purple and green bacteria, Tyr-M210 is important for the purple bacterial reaction centers, and inRps.viridis
the charge separation and the electron transfer from thereaction center this bond is formed to Glu-L104. Sequence
special pair to the bacteriopheophytin, and an exchange ofalignment studies suggested that the corresponding residue
Tyr-M210— Phe slows down the reaction by a factor of 4 in PSIl was D1-Glu130 (Michel & Deisenhofer, 1988), which
(Finkele et al, 1990). InChloroflexus aurantiacu$1210 is supported in our energetically optimized structure (Figure
is a leucine, and the primary electron transfer is considerably4C). Thus, both the spectroscopic (Lubitz et al., 1989;
slower than in purple bacterial reaction centers (Becker et Moénne-Loccoz et al., 1989; Nabedryk et al., 1990) and the
al,, 1986). In PSIl it has been suggested that D2-Leu206, structural work presented here support the existence of the
which corresponds to M210 in purple bacteria, is responsible hydrogen bond to the pheophytin in PSII.
for the slower charge separation in the PSII reaction center Further evidence comes from site-directed mutagenesis
(Barber, 1993). In the model, D2-Leu206 is located close experiments. In the cyanobacteriuBynechocysti$803
to the accessory chlorophyll on the active branch and to bothresidue 130 on the D1 protein is a glutamine. Mutation of
chlorophylls of the By pair. The corresponding residue on  D1-GIn130 to glutamate and leucine resulted in a modified
the inactive branch is D1-Phe206, which also is in van der quantum yield of the R¢;*Phec formation and a shift of
Waals contact with both chlorophylls of the pair and the the Q absorption band in the pheophytin spectrum (Giorgi
accessory chlorophyll. etal., 1996). A more polar side chain at position 130 of the
(i) The Pheophytins.The pheophytin electron acceptor D1 protein gives a higher wavelength peak position, which
is bound in the center of the hydrophobic membrane- seems to reflect the hydrogen-bonding strength. The hy-
spanning part of PSII between helix C of the D1 protein drogen bond is strongest when a glutamate is present at
and helix D of the D2 protein (Figure 2A). In the model, position 130, weaker when there is a glutamine, and not there
the specific binding of the pheophytin is most prominent with at all in the leucine mutant. Site-directed mutagenesis work
D1-Glul30. The carboxyl group of D1-Glul30 forms a of the corresponding residue Glu-L104 in purple bacteria
hydrogen bond to the carbonyl oxygen bound to the OBD has given comparable results (Bylina et al., 1988). Relevant
position (Figure 3) (13position, IUPAC) of the pheophytin  to this is work on the cyanobacteriuBynechococcligd42.

protein backbone is drawn with ribbons for the helical regions and wires for the loop regions. In the center, drawn with orange-colored
bonds is Typ, D1-Tyrl61. The side chains of D2-Pro162, D2-GIn165, D2-Phe186, and D2-His190 are shown. On the left-hand side, a part
of the nearest chlorophyll of thesdg pair is visible. The orientation is as in Figure 2A. (F) Structural environment of. Thhis panel

shows part of the D1 protein with the plane of the membrane oriented perpendicular to the plane of the paper. The protein backbone is
drawn with ribbons for the helical regions and wires for the loop regions. In the center, drawn with orange-colored bongsD&-Tyr
Tyrl61. The side chains of D1-Pro162, D1-GIn165, D1-Aspl170, D1-Phel86, D1-Glu189, D1-His190, and D1-Ala294 are shown. On the
right-hand side, a part of the nearest chlorophyll of thg Pair is visible. The orientation is as in Figure 2A.
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In this strain, two distinct forms of the D1 protein are is one additional hydrogen bond to the OBD position coming
expressed under different light conditions and show a from D2-Asn143. D1-Met214 is only 3.8 A away from the
different sensitivity to photoinhibition (Clarke et al., 1993a; OBD position and the macrocyclic ring of the inactive
Kulkarni & Golden, 1994) as well as a different photochemi- pheophytin. Interestingly, both D2-Asn143 and D1-Met214
cal yield (Clarke et al., 1993b). The most striking difference are in the region which faces the quinone binding site of
among the 25 differing amino acids between the two forms Qg. On the other branch the corresponding residues are both
of the D1 protein is in position 130, which is a glutamic isoleucines. Thus, the inactive branch is more hydrophilic
acid in the most efficient gene product and a glutamine in toward the quinone site. Other residues making van der
the other. These data could suggest the importance ofWaals contacts with the macrocycle of the pheophytin are
hydrogen bonding in adjusting the redox potential to optimize D2-Phel47, D2-Pro150, and D1-Leu210. The phytyl tails
function. Since the I3 (OBD) oxygen is part of the of the chlorophylls on this branch are also in close contact
conjugated system of double bonds in the porphyrin mac- with the macrocyclic ring of the pheophytin. To our
rocycle, it is expected that a modified interaction with this knowledge no mutagenesis experiments have been done in
position will have a considerable effect on the electronic this region of the PSII reaction center.
structure of the pheophytin. It is also known that mutations  (iii) The Acceptor-Side F&. The nonheme Fé& ion on
affecting the hydrogen-bonding influence the redox potentials the acceptor side of PSII is bound to residues at the stromal
of bacteriochlorophylls in the purple bacterial reaction center ends of helices D and E of the D1 and D2 proteins (Figure
(Williams et al., 1992; Stocker et al., 1992; Wachtveitl et 2A,B), where it is ligated by four histidines, D1-His215, D1-
al., 1993) and the heme group in cytochrom@-angen et His272, D2-His215, and D2-His269, in the structural model
al., 1992). (Figure 4D). These four histidines are conserved in all PSII
The other two hydrogen bonds that are proposed from the sequences (Svensson et al., 1991). It has been proposed from
modeling are likely to have more structural roles in binding EXAFS studies that histidines are involved in?*Feand
the pheophytin. D1-Tyr126 and D1-Tyr147 hydrogen bond quinone binding in PSII (Bunker et all982). The pattern
to the ester groups which are more distant from the of the four histidine ligands was suggested from the similarity
macrocyclic ring system. These residues are well conservedwith the purple bacterial reaction center structures and their
in all organisms. However, the cyanobacteridmabaena identity proposed from sequence analysis (Trebst, 1986;
7120, which also has two gene forms encoding the D1 Michel et al, 1986; Michel & Deisenhofer, 1988). Spec-
protein, possesses a phenylalanine at position 147 in form 2troscopic studies indicate that the ligation of thé'Fen is
and 3 of the D1 protein. It would be interesting to study structurally very similar between purple bacteria and PSlI
the photochemical yield in this organism to verify the effect (Diner & Petrouleas, 1987; Rutherford, 1987).
of the hydrogen bond from D1-Tyr147. Other important residues in the modeled environment of
D2-Leu210 is conserved from the purple bacteria and the Fé*ion are D1-Ser268 and D2-Lys265, which with their
corresponds to Leu-M212 iRps.viridis and Leu-M214 in peptide oxygens are hydrogen bonded to tlerlitrogens
Rh. sphaeroides The side-chain orientation is almost on D1-His272 and D2-His269, respectively. D1-Ser268
identical in our model and the crystallographic structures interacts electrostatically with the Feion and its ligands.
(Deisenhofer et al., 1985; Allen et al., 1987a,b). Leu-M214 D1-Ser212, D2-Cys212, D2-Met272, and the peptide oxygen
has been mutated to a histidineRf. sphaeroidewith the of D1-Leu271 interact electrostatically with the?Fend its
result that the bacteriopheophytin was replaced by a bacte-histidine ligands, toward the interior of the protein. Nonpolar
riochlorophyll with the exchanged histidine side chain being residues including D1-Val219, D1-Leu275, and D2-Val219
a ligand to the central Mg ion (Chirino et al., 1994). Electron constitute the close environment of the acceptor-side iron
transfer was slowed down between the special pair and theand its histidine ligands.
bacteriopheophytin, and the quantum yield af Qormation Experimental evidence for histidines coordinating th&'Fe
was lowered (Kirmaier et al., 1991). It would be interesting is provided from mutagenesis work on the cyanobacterium
to introduce similar changes by mutagenesis also in PSIl. Synechocysti&803, where D2-His268 (corresponding to D2-
Toward the proposed binding pocket fog Qe find the His269 in plants) has been mutated to a glutamine (Vermaas
hydrophobic residues D1-lle143 and D2-1le214. Unfortu- etal., 1994). The mutants lost photoautotrophic growth and
nately, our model does not include other residues betweendid not show any electron transfer fromy @ the plasto-
the pheophytin and Q The Q binding site is in part quinone poolj.e,, Qs. Both quinone pockets were perturbed,
constituted by the BE loop, which compared to the purple which could be explained by the loss of the nonheme iron.
bacteria includes large insertions and therefore cannot beOther mutants in this region are D2-His244Asn and D2-
reliably modeled. Gly215— Trp in Synechocysti8803 (Vermaas et al., 1987,
The pheophytin on the inactive branch is also bound 1990a). These residues correspond to D2-His215 and D2-
strongly with several hydrogen bonds. The residue D2- Gly216 in higher plants. Both of these mutations showed a
GIn130 is involved. The amide nitrogen is the hydrogen destabilization of the D2 protein and disturbed the local
bond donor to the pheophytin OBD position. It also donates structure around Qand Fé".
a hydrogen bond to the O1D position of the pheophytin. D1-  Since the high-spin Fé ion is expected to have one or
Tyrl26, which binds the O1D position at the active branch, two more ligands, there should be at least one further ligand
is not present in the D2 protein. Instead, we find a to the iron in PSII. This ligand cannot be predicted from
phenylalanine here, which is in van der Waals contact with the model since the loop regions on the stromal side, which
this part of the pheophytin. Also at position 147 there is a could hold the last ion ligand (see below), are not in our
phenylalanine in the D2 protein instead of the corresponding included region (Figure 1). In purple bacteria the last two
tyrosine in the D1 protein. The pheophytin O1A position ligands come from a glutamate residue, Glu-M23Rips.
lacks a hydrogen bond on the inactive branch, while there viridis, which functions as a bidentate ligand. This residue
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is not conserved in PSII. Instead, the fifth ligand has been been suggested to form a-635° angle with the membrane
suggested to be a bicarbonate ion (Michel & Deisenhofer, plane (Un et al., 1994). In the present model, the orientation
1988; Van Rensen et al., 1988), and there exists strongof Tyrp is in agreement with the orientation from the EPR
experimental evidence for this hypothesis from ligand data, and the angle between the-&J4—phenolic oxygen
displacement experiments (Petrouleas & Diner, 1990). The axis and the membrane plane is’67The phenolic oxygen
bicarbonate ion is proposed to bind as a carbamate to theis pointing toward the lumenal surface of the membrane
D2-Lys265 amino group or with an ionic interaction with (Svensson et gl.1990). This orientation was also the
D2-Lys265 and D2-Arg266 (Diner et al., 1991b). Other energetically most favorable for Tyr
residues interacting with HGO and modifying the bicar- Furthermore, spectral simulation of the EPR signal from
bonate effect have been suggested from mutagenesis worklyrp has provided information on the angle between the
(Govindjee, 1993). These include several residues involved 5-methylene protons and the 2prbital of the G (C1)
in herbicide resistance, of which only D1-Leu275 is included carbon of the phenolic ring (Rigby et al., 1994; Tommos et
in the model. D1-Leu275 seems to be part of thebipding al., 1994; Warncke et al., 1994). For the proton which
site and is therefore not likely to directly affect either the couples most strongly with the unpaired electron of the
Fe* or its ligands. In contrast to the bicarbonate hypothesis, phenolic ring, this angle in spinach is4@Rigby et al., 1994),
D1-Glu231 has been proposed to be a direct ligand to theand we have constrained the dihedral angle in our model to
Fe*t ion from modeling work by Ruffle et al. (1992). the corresponding angle. However, when we tried to energy
The structural similarity between the PSII model and the minimize the model without these dihedral constraints, a very
purple bacterial structures is very high for theHguinone similar angle was found as determined experimentally.
region, and we cannot directly localize the origin of the  Tyrp is located in a hydrophobic environment constituted
functional differences between PSIl and purple bacteria: the of many aromatic residues (Svensson ¢tl&191). The most
lower redox midpotential of the Fe(lll)/Fe(ll) transition in  prominent interaction in the model is the hydrogen bond to
PSII, the NO binding, or the pH dependence of ¢healue D2-His190 (Figure 4E). The distance between thel N
of the Q. Fe(ll) EPR signal (Rutherford & Zimmermann, nitrogen in the histidine and the phenolic oxygen in the
1984; Diner et al., 1991b). However, it is possible that these tyrosine is 2.8 A. That Tyis hydrogen bonded is supported
differences are dependent on the fifth ligand (the HQO by ESEEM, ENDOR, and FTIR spectroscopic investigations
and residues from the stromal loops of the D1 and D2 (Rodriguez et al., 1987; Evelo et a1989ab; Tang et al.
proteins that are not included in the model. 1993; Bernard et al., 1995). The close proximity between
(iv) The Tyrosyl Radicals.The redox-active tyrosyl  Tyrpand a base, most probably a histidine, was also proposed
residues Tys and Tyg have been identified as Tyrl61 on from kinetic EPR data (Vass & Styring, 1991).
the D2 protein (Debus et al., 1988b; Vermaas et al., 1988) It is quite possible that D2-His190 also fulfills a structural
and Tyr161 on the D1 protein (Debus et al., 1988a; Metz et role in connecting the €D loop with the turn where the E
al., 1989), respectively. Tyrand Tyg are located sym-  helix breaks, by hydrogen bonding to the peptide oxygen of
metrically relative to theC2 axis near the lumenal ends of D2-Leu294 (Figure 4E). Another residue that interacts
helix C on the D2 and D1 proteins, respectively (Figure 2A). strongly with Tyg is D2-GIn165, which, with its amide
The symmetric location of the two tyrosyl radicals relative group, comes close to the phenolic oxygen of the tyrosine
to the acceptor side Fg which is placed on th€2 axis, to form another hydrogen bond (Figure 4E). In addition,
was recently experimentally supported by relaxation en- Tyrp is surrounded by many other conserved hydrophobic
hancement measurements (Koulougliotis et al., 1995). Theresidues (D2-Phel70, D2-Phel82, D2-Phel89, D2-Leu290,
distances from Ty and Ty to the acceptor side Feare and D2-Ala291). D2-Phel86, which is in van der Waals
measured to be 3% 5 A (Bosch et al., 1991; Hirsch &  contact with the aromatic ring of Tyr is part of the CD
Brudvig, 1993; Koulougliotis et al., 1995), which agrees well helix and occupies the space betweenplamd the primary
with the distances derived from the model of 36.9 and 37.5 donor, approximately midway between these. D2-Phel86
A, respectively (Table 4). The tyrosine residues are located is not conserved between higher plants and cyanobacteria
on the side of the C helix which faces the special pair. Their and is a leucine in the latter (Svensson et al., 1991). D2-
protein environments are constituted by residues from the CAla291 is in van der Waals contact with the aromatic ring
and D transmembrane helices, the lumenallCloop, and of Tyrp. Important for the spatial orientation of Tyis D2-
the CD helix (Figure 4E,F) (Svensson et al., 1991). The Prol62, the residue next in sequence on the same helix.
distance between the center of the ring of Jand Tyg Important aspects of the model were recently verified by
and the closest Mg atoms in the chlorophyll pair is-13 EPR spectroscopy of the Ty radical in the cyanobacterium
A (Table 4). The distance between Tyand Rgohas been  Synechocysti®6803, where residues on the D2 protein
estimated by EPR measurements to be-18 A (Bock et predicted to interact with the Ty radical were mutated
al., 1988; Hoganson & Babcock, 1988) and 14 A (Kodera (Tommos et al., 1993, 1994; Tang et al., 1993). Modified
et al., 1992), which agrees with the model. The experimen- EPR spectra have been published for the following mu-
tally obtained distance between Fyand Tyg of 30 A tants: D2-Prol61— Ala, D2-Prol61— Leu, D2-GIn164
(Astashkin et al., 1994) is slightly lower than the 35 A that — Leu, D2-His189— Leu, D2-His189— Tyr, D2-His189
we see in our model (Table 4). — Asp, and D2-His189— Glu (the residue numbering in
Tyro. The orientation of Ty in the membrane has been the D2 protein ofSynechocysti§803 differs by one residue
studied by EPR spectroscopy (O’Malley et al., 1984; compared to spinach, due to a deletion at the N-terminus).
Rutherford, 1985; Un et al., 1994). The published orientation The altered EPR spectra were, in the D2-Prot6Ala and
data have been interpreted as an angle of @5 between D2-GIn164— Leu mutants, found to be due to slight twists
the radical C+C4—phenolic oxygen axis and the membrane in the orientation of the radical ring plane (Tommos et al.,
plane (Svensson et alt990). The tyrosyl ring plane has 1994). In the first case, the twist is probably due to a slightly
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perturbed backbone conformation imposed by the exchangeTang et al., 1995; Un et al., 1996). D1-His190 may still be
of the proline residue. In the latter case the twist is due to involved in a hydrogen bond to the peptide oxygen of D1-
different side-chain interactions induced by the mutation. In Leu297, which is symmetrical with the structurally important
the mutants of D2-His189 the spectral change imposed by proposed hydrogen bond close to gysee above).
the mutation is much larger. Thgvalue is, as in the wild The important role for D1-His190 on the donor side has
type, close to 2.0050 but the line width is much smaller. been experimentally confirmed by site-directed mutagenesis.
This indicates a major change in the close environment of When D1-His190 inC. reinhardtii is mutated to either
Tyrp. In this case the predicted hydrogen bond is probably phenylalanine or tyrosine, the oxygen evolution is lost.
lost, and it is also possible that the D2 protein structurally is However, the EPR spectrum of T9¥ in the mutant D1-
perturbed due to removal of the hydrogen bond to the His190 — Phe is very similar to the wild type spectrum
E-helix. High-field EPR on the mutant D2-His189 Gin (Roffey et al., 1994b), which suggests that the mutation does
indicate that Tys®* is not hydrogen bonded or much weaker not modify the close structural environment of ZyrTyrz
hydrogen bonded in this mutant (Un et al., 1996). The is not affected by mutation of D1-His190 to glutamine in
mutant work and the related EPR spectroscopic work around Synechocysti8803 as determined frof,O exchange FTIR
Tyrp are strongly supportive for the structural model. spectroscopy (Bernard et al., 1995). Thus, D1-His190 is not
Tyrz. Tyrz has been predicted to be similarly oriented in in as close contact with Ty@as the corresponding D2-His190
the membrane as Tybecause of the similarity in the EPR  is with Tyrp. This result is in agreement with the predictions
spectrum of Ty and Typ®* (Babcock & Sauer, 1973; from the structural model, where a longer distance between
Hoganson & Babcock, 1988). Recent EPR data on orientedTyrz and D1-His190 is seen. The T¥f radical was also
samples have shown Tyyand Tyk to be similarly oriented  difficult to induce in these mutants, which is probably related
with the C-O bond approximately parallel to the membrane to the findings that exchange of D1-His190 to glutamate or
normal (Mino & Kawamori, 1994). Twris placed in the aspartate irSynechocysti803 slowed down the electron
structural model similarly as Tymwith the phenolic oxygen  transfer from Ty to Psggt about 200 times (Diner et al.
pointing toward the lumen. In contrast, Byis found in a 1991a; Nixon & Diner, 1994). Similar arguments have also
more flexible environment than TyrMino & Kawamori, been obtained from fluorescence experiments in mutants in
1994), which is supported by the experimentally determined D1-His190 inC. reinhardtii (Kramer et al., 1994; Roffey et
higher rotational mobility of the aromatic ring (Tommos et al., 1994a). D1-His190’s importance in electron transfer is
al., 1995). In addition, the relatively large similarity in the perhaps also supported by the observid gf 6—7 in the
EPR spectra between Tf and Typ®* indicates that the  reduction of Bgs" (Conjeaud & Mathis, 1986), which was
dihedral angle between tifemethylene protons and the2p  proposed to be due to the interaction between the tyrosine
orbital of the G (C1) carbon of the tyrosyl ring is very  and a nearby histidine residue. These results concerning D1-
similar between the two radicals, and we have therefore, alsoHis190 can be explained by a direct involvement of this
for Tyrz, constrained the angle to 4&luring the energy  residue in the electron transfer from Fyo Psgo Or that it
minimization. functions as a base accepting the proton fromy,Tijrereby
Tyrz is in the model found in a much more hydrophilic facilitating the oxidation of Tyy. Both functions might apply
environment than Ty (Svensson et gl1991). Toward the  if we consider a concerted electreproton (hydrogen atom)
lumenal side from Tyrthere is a cluster of polar and charged transfer from Tyy.
residues: D1-GIn165, D1-Aspl70, and D1-Glul189 (Figure  Tyrz is in the model in van der Waals contact with D1-
4F). They come close in space and might constitute part of Phe186, D1-GIn165, and D1-Ala294 on the D1 protein. D1-
the binding site for the Mn cluster within a few angstroms Phel86 is placed between Fyand Rgoand is also likely to
from Tyrz (Svensson et gl1991). D1-Aspl70 has been be a part of the electron transfer pathway (Figure 4F). This
proposed to be involved in Mn binding (Nixon & Diner, phenylalanine is conserved in the D1 protein. In contrast,
1992; Chu et al., 1995a). Recent data indicate that thethe corresponding residue is not conserved in the D2 protein
distance between Tyiland the Mn cluster might be as close (Figure 1). This might be reasonable since there occurs no
as 4.5 A (Gilchrist et al., 1995). Considering our structural fast electron transfer from Tyrto Psgo
model, a Mn ion that close to Tymost likely is coordinated An closer understanding of the function of Fyis
by D1-Aspl170. Highly relevant for the structural consid- presently evolving, and here the model is useful for structural
erations is also a mechanistic model that recently was interpretation of functional hypotheses. There still exist
proposed, where Ty acts as an hydrogen atom abstractor many unresolved questions concerning zT'for example,
directly coupled to the water splitting chemistry of the Mn the interaction between Tyand the presumed Mn binding
cluster, implicating a very short distance between the site and the location of the Mn cluster. Furthermore, which
phenolic oxygen on Tyrand the Mn cluster (Gilchrist et  residues are involved in the release of the proton upon
al., 1995; Hoganson et al., 1995; Tommos et al., 1995).  oxidation of Tyg and the preferred electron transfer pathway
Upon oxidation, Ty# releases its proton to form a neutral (if any) to Rigs™ are yet to be elucidated.
radical. It is likely that the polar residues close to Zyr (IV) Comparisons with the Existing Model for PSNWe
together with D1-His190, could participate in transferring have compared our model with the previously published
this proton to the lumen. The distance between the phenolicmodel for the PSII reaction center (Ruffle et al., 1993). The
oxygen on Tys and D1-His190 is approximately 4 Ainthe backbone structures are similar with a coordinate RMS
model. This suggests that there is no direct hydrogen bonddeviation of 2.08 A. In contrast, some side-chain and
with D1-His190, although an electrostatic interaction is cofactor geometries differ significantly. The coordinate RMS
present (Svensson et al., 1990). This is perhaps corroboratedieviations are in the range of up to 8 A for some residues
by recent experimental results indicating the absence of aclose to helical ends. However, this is not unexpected since
well-ordered hydrogen bond for Ty (Tommos et al., 1995;  the models are built on protein segments of different lengths.
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Smaller, but more significant, are the coordinate RMS
deviations of up to 45 A around the two chlorophylls
constituting Rsp and also in the environment of Tyr We
have analyzed these in some detail.

The cofactor geometry in the model of Ruffle et al. (1992)
resembles that of the purple bacteriii. sphaeroidellen
et al., 1987a). In contrast, our model differs significantly
from the purple bacterial reaction center for the chlorophylls
constituting the pair, due to our structural optimization of
the pigment conformations to fit the available spectragqef P
From our excitonic interaction calculations on several
structural arrangements of the chlorophylls in the PSII model,
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while the predictions in the core of the protein were highly
accurate. In the present work on the PS Il reaction center it
is impossible to quantitatively evaluate the errors that will
be present. However, as all the residues of interest in the
present study are buried, the known uncertainties involved
in modeling solvent-exposed side chains are avoided, sug-
gesting that our precision could be high.

The sequence identity between the modeled proteins and
the template in the present model is only 22%. This is
significantly less than in the rhizopuspepsin test case.
However, the similarity (residues with similar size, charge,
hydrophobicity, or aromaticity) between the bacterial proteins

we can conclude that a conformation that resembles the(L and M subunits inRps. viridis) and the D1 and D2

purple bacterial conformatiomg., with a parallel dimer of
chlorophylls approximately-78 A apart, is not in agreement
with the excitonic coupling determined from the available
spectra of By Thus, it seems that, in this region, the
structure proposed by Ruffle et al. (1993) does not find
support in the existing experimental data. Moreover, in the
modeling by Ruffle et al. (1993) no energy calculations were
performed on the porphyrin pigments and protgaigment
interactions, which consequently have led to several unfavor-
able van der Waals contacts not present in our structure.

The structural region around Tyis also considerably
different between our PSII model and the model by Ruffle
et al. (1993). The angle between the CC1) to & (C4,
phenol group) axis and the membrane plane i% ifCour
model while it is 24 in the model by Ruffle et al. This
means that in the model by Ruffle et al. the tyrosyl side chain
is turned more toward the inner part of the protein. We can
also consider the orientation of pymwith respect to the
symmetrically located Tyron the D2 protein, which in both
models is oriented with an angle of approximately With
the membrane plane. More important are the orientation
studies showing that Tyrand Tyg are similarly oriented
close to perpendicular to the membrane plane (Mino &
Kawamori, 1994), suggesting that the orientation ofTigr
wrong in the model by Ruffle et al.

The part of the acceptor side we have included in our
model, the region around the pheophytin and thé"Fis
very similar to the model by Ruffle et al. In the model by
Ruffle et al. the regions of the quinones are included. We
have not studied those, but the herbicide binding in the Q
site of that model has been studied and agrees well with
experimental data (Mackay & O’Malley, 1993a,b).

CONCLUSIONS

The present model was obtained by combining assump-
tions about the structural homology of PSII and the bacterial

proteins in PSII in the central region of the model is50
60%. Furthermore, as described in Results and Discussion,
extensive checks of the present model have been made by
comparing predictions from the model with the existing body
of experimental data on PSIl, much of which was derived
by a combination of site-directed mutagenesis and spectros-
copy to give information on local structural elements in the
PSII reaction center.

The model is consistent with the experimental data
available at present. The results indicate that the model can
serve both as a basis for more advanced structural modeling
and computational approaches concerning the PSII reaction
center and as an aid in the design of detailed experiments to
advance our functional knowledge. For the two redox-active
tyrosines the model and the experimental work are in accord.
In fact, the model has served as the intellectual basis for
several of the experiments done recently with site-directed
mutagenesis and EPR spectroscopy on the structures around
the tyrosyl radicals. Consequently, this region is perhaps
the structurally best characterized in the PSII reaction center.
The model also accommodates results from site-directed
mutagenesis in the D1 protein around the pheophytin electron
acceptor and in the D2 protein around the acceptor-siéie Fe

To develop a testable proposal for the very important and
much debated structural issue around the primary electron
donor Rgo, we have used a new approach to predict the
chlorophyll structure. We have applied exciton calculations
on R and compared then with optical spectra in the
literature (Svensson et al., 1995). Many configurations of
two or more chlorophylls can give rise to the observed optical
spectra. However, by using the limited flexibility around
Psso in the model, we have been able to chose one of these
solutions that fit both the optical spectra and the constraints
put from the structural model. In this model of thesP
dimer, we have accommodated two chloroplaytholecules
in a weakly coupled dimer. The predicted center to center

reaction centers with energetic and spectroscopic consider-distance of the chlorophylls ingkis 10.1 A, which is larger
ations. The homology-based modeling approach allowed thethan the corresponding distance of 7.3 A in Res.viridis

coarse structure of the PSII model to be buile., the
backbone orientation and the position of identical side-chain

structure. The two chlorophylls are parallel and the distance
between their ring planes is 3.4 A. The larger separation

atoms. The method we have applied for the energy-basedbetween the chlorophylls in the dimer produces a more

side-chain positioning has been tested earlier on known
protein structures: it successfully positioned 92% ofthe
and 81% of they, side-chain dihedral angles of the
C-terminal lobe of rhizopuspepsin using as the template the

evenly distributed exciton interaction betwealh the pig-
ments in PSII, which corroborates a proposal that a multimer
of pigments constitutessg (Durrant et al., 1995). Further-
more, in our preferred conformation for the chlorophyll pair

homologous lobe of penicillopepsin. In this case the two in Psgowe have observed two, possibly three, hydrogen bonds
proteins had 39% sequence identity (Summers & Karplus, between the chlorophylls and residues on the D1 and D2
1989). Most errors were in solvent-exposed side chains proteins.
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