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Abstract: Recently, water oxidation in photosystem Il was proposed to involve direct abstraction of hydrogen atoms
from water molecules terminally ligated to manganese ions in the oxygen-evolving complex by the oxidized tyrosine
radical, Tyg*. This model is tested here by performing quantum chemical calculations. An empirically parametrized
hybrid density functional method is used, and both monomeric and dimeric manganese model systems are studied.
It is found that, by coordination to a manganese center, the firdl ®@ond strength of water is lowered from 113.4

to 84.3 kcal/mol. This ©H bond strength is only 2.8 kcal/mol stronger than that in tyrosine. Using an extended
basis set, we find that this difference decreases still further. The second hydrogen abstraction energy is quite similar.
Since thermoneutrality in the reaction (or a weak exothermicity) is a requirement for the hydrogen abstraction model,
the present calculations support this model. Possible functions of a coordinated chloride and a nearby calcium
complex are suggested. Five- or six-coordination and ferro- or antiferromagnetic spin couplings of the manganese
centers are discussed.

Introduction recently proposed mainly on the basis of EXAFS and EPR
data®8 The inset in Figure 1 shows a slightly modified version
Photosystem Il (PSII) is a large enzyme complex located in of the structure proposed by Dau et®ahat incorporates a
the thylakoid membranes in green plants, algae, and cyano-second histidine ligand to one of the Mn ions in the clu8ter.
bacteriat™* PSIl is a key enzyme in the biosphere in that it The valence states of the Mn ions are known to be Mn(lll) or

catalyzes the light-driven electron transfer from water to the higher in the dark-stable (5state;°** and it is generally
membrane bound electron carrier plastoquinone. In the processthought that the oxidation of water involves successive oxida-
two molecules of water are oxidized to molecular oxygen in a tions of the Mn cluste?.®'* However, at present, alternative
complex cyclic reaction known as the Kok or S-state cycle. mecha_nlsms in which one or several steps involve radical
Thus, the water-oxidizing complex in PSIl provides the formation cannot be excluded.
photosynthetic organisms with an unlimited source of electrons.  After the absorption of a light quantum, an electron is rapidly
PSIl (Figure 1) is composed of more than 20 protein ejected from the primary electron donogsf (a dimer or
subunitst4® Two of these, the D1 and D2 proteins, form a multimer of chlorophylls) to the electron acceptor system, Figure
heterodimer that constitutes the PSII reaction center. The 1. As shown in Figure 2, the oxidized donog§” is rapidly
heterodimer carries most of the redox components involved in reduced (in nanoseconds) by a nearby<16 A)!16 tyrosyl
the light-driven electron transfer reactions while many of the residue denoted tyrosip€Tyr161 in the D1 proteif-19, which
other subunits are involved in the absorption of light through - -
- . (6) Dau, H.; Andrews, J. C.; Roelofs, T. A.; Latimer, M.; Liang, W.;
bound chlorophyll molecules or have regul_atory functlo_ns. Itis Yachandra, V. K.; Sauer, K. Klein, M. FBiochemistryL995 34, 5274.
generally thought that the D1/D2 heterodimer also binds the (7) Yachandra, V. K.; DeRose, V. J.; Latimer, M. J.; Mukerii, I.; Sauer,
Mn cluster that catalyzes the oxidation of water. This is K-:(g)leci;n, M. PG SC’\ileng%w% éﬁ((l: 625- S SRiencel98q 243 789
: H : eorge, G. N.; Prince, R. C.; Cramer, 1enc .
cqmpnsed of four Mn |ons'that are held togethgr byeixo (9) Magnuson. A Andrasson, L .-EBiochemisiry in press.
bridges and carboxylato bridges, and a tetrameric structure was (10) (a) Ono,T.; Noguchi, T.; Inoue, Y.; Kusunoki, M.; Matsuchita, T.;
Oyanagi, H.Sciencel992 258 1335. (b) Nuguchi, T., Ono, T.; Inoue, Y.
Biochim. Biophys. Actd995 1228 189.
(11) Riggs, P. J.; Yocum, C. F.; Penner-Hahn, J. E.; Med.Rm. Chem.
S0c.1992 114, 10650.
(12) Roelofs, T. A.; Liang, W.; Lattimer, M. J.; Cino, R. M.; Rompel,
A.; Andrews, J. C.; Sauer, K.; Yanchandra, V. K.; Klein, M.H?oc. Natl.
Acad. Sci. U.S.A1996 93, 3335.
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about the requirements of the system necessary for optimal
performancé? Factors affecting the efficiency are, for example,
the hydrophobic character of the specific site as well as the
rigidity of the redox systems involved. Recent results obtained
from EPR studies of the Tyradical in PSII are reported to be
inconsistent with a pure electron transfer function of this
radicall®20 |n parallel with a few other redox enzymes, where
tyrosyl radicals also appear to have important functions, it was
suggested that Tyracts as hydrogen abstractor, mediating
electron transfer between the manganese cluster and the photo-
oxidized chlorophyll in photosystem Il. The mode of action
was suggested to be oxidation of the manganese cluster by
abstraction of hydrogen atoms from coordinated water or
hydroxidel®20 A similar atom abstraction function for Tyr
was postulated independently from other electron magnetic
resonance results that showed that ;Tsgnd the manganese
cluster were in close physical proximity. The structure of the
Tyrz /(Mn),4 site, the binding location for substrate water, and
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) P o the reaction chemistry between the tyrosine and the ligated water
‘i'-“j @:{*;;' '1‘-"_* wr"] envisioned in the atom abstraction model are summarized in
Y o U Figure 2. Intuitively, this type of abstraction by tyrosine may
©-(Histidine) appear unfavorable since the phenolie-l® bond in tyrosine

is weaker than the corresponding bond in water by about 30
Figure 1. Schematic model of the photosystem Il reaction center. The kcal/mol. We therefore decided to investigate the influence on
figure shows the D1/D2 heterodimeric reaction center surrounded by the O—H bond strength in water of coordination to manganese
some other PSII protein subunits including cytochrobag, three by quantum chemical methods.

proteins of molecular masses 16, 23, and 33 kDa that are known to be  In our work, several Mn structures of increasing complexity
involved in the formation of the Water—oxidizing Complex, and the were used to model the natural Mn Comp|ex_ In the Simp|est
chlorphyll-containing proteins LHC Il, CP43, and CP47. The figure gtryctures only one manganese atom was included, while the

also shows the redox components involved in the photochemistry in
PSII. Rsgois the primary donor, and Pheo, QA, and QB constitute the
electron acceptor complex, while yand the Mg cluster are involved

in the oxidation of water. Enlarged is the suggested structure of the
Mn cluster which is based primarily on EXAFS d&taTwo histidine
ligands to Mn are pointed out on the basis of recent chemical
modification studie$.A Ca ion is placed bridged via a carboxylate
ligand as suggested in ref 10b. The approximate location of the Mn
cluster close to Tyris also indicated.
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Figure 2. Proposed dual function of Tyrlt rapidly donates an electron
to the photooxidized primary donogdg". Simultaneously the proton

is released from the tyrosine, thereby forming a deprotonated oxidized
radical. This is suggested to abstract a hydrogen atom from a metal-

coordinated water molecule at the nearby Mn cluster.

functions as an interface to the Mn cluster where the water is

ultimately oxidizedt®2°

more realistic structures included two manganese atoms. For
each one of these structures, the twelDbond strengths were
evaluated for a water molecule coordinated to a manganese
atom. For these bond strengths, it is quite reasonable to assume
that it is the directly bonding manganese atom that will be by
far the more important. The second manganese atom, connected
to the first byu-oxo bridges, will at most be of second-order
importance. This assumption is confirmed by the present
calculations. The third and the fourth manganese atoms in
structurel can therefore safely be left out in calculating bond
dissociation energies for the reaction steps studied. The situation
is, of course, different for the reaction where molecular oxygen
is eventually formed, but this step will not be discussed in the
present paper. The geometries of the manganese complexes
were fully optimized by using a hybrid density functional theory
(DFT) method termed B3LYP which is described in the
Computational Details. Rather small basis sets were used for
the geometry optimization. At the optimized geometries, the
energy was evaluated, again at the B3LYP level, but now using
a much larger basis set.

Computational Details

The calculations were performed in two steps. First, an optimization
of the geometry was performed using B3LYP, a density functional

(19) (a) Hoganson, C. W.; Lydakis-Simantiris, N.; Tang, X.-S.; Tommos,
C.; Warncke, K.; Babcock, G. T.; Diner, B. A.; McCracken, J.; Styring, S.
Photosynth. Re4.99546, 177. (b) Babcock, G. T. IPhotosynthesis from
Light to BiosphergMathis, P., Ed.; Kluwer: Dordrecht, 1995; Vol. 2, p
209.

(20) Tommos, C.; Tang, X.-S.; Warncke, K.; Hoganson, C. W.; Styring,

The mechanism for oxidation of the manganese cluster (OEC) S.; McCracken, J.; Diner, B. A.; Babcock, G. I.Am. Chem. Sod995

in PSII has earlier been assumed to occur by simple electron-

transfer steps to the nearby oxidized Fyradical?142! For

117, 10325.
(21) Babcock, G. T.; Barry, B. A.; Debus, R. J.; Hoganson, C. W.;
Atamian, M.; Mclintosh, L.; Sithole, I.; Yocum, C. Biochemistry1989

such electron transfer processes in enzymes, much is knowr8, 9557.

(17) Debus, R. J.; Barry, B. A.; Sithole, I.; Babcock, G. T.; Mcintosh,
L. Biochemistryl1988 27, 9071.

(18) Metz, J. G.; Nixon, P. J.; Rogner, M.; Brudvig, G. W.; Diner, B.
A. Biochemistry1989 28, 6960.

(22) Gray, H. B.; Winkler, J. RAnnu. Re. Biochem.1996 65, 537.

(23) Gilchrist, M. L., Jr.; Ball, J. A.; Randall, D. W.; Britt, R. ORroc.
Natl. Acad. Sci. U.S.AL995 92, 9545.

(24) Becke, A. DPhys. Re. 1988 A38 3098. Becke, A. DJ. Chem.
Phys.1993 98, 1372. Becke, A. DJ. Chem. Phys1993 98, 5648.
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theory (DFT) type of calculation based on hybrid functionals, and

double€ basis sets. In the second step the energy was evaluated in

the optimized geometry using basis sets with polarization functions.
The final energy evaluation was also performed at the B3LYP level.
All calculations were performed using the GAUSSIAN-94 program.

The present DFT calculations were made using the empirically
parametrized B3LYP methdd. The B3LYP functional can be written
as

FBSLYP — (1 _ A)Filater_’_ AF;": + BFEecke_’_ CFCLYP +
1-cFy™

where FS® js the Slater exchanges;!"™ is the Hartree Fock ex-
change,F2°**® is the gradient part of the exchange functional of
Becke?* F."" is the correlation functional of Lee, Yang, and P4rr,
andF/"N is the correlation functional of Vosko, Wilk, and Nusir.

A, B, andC are the coefficients determined by Be#kasing a fit to
experimental heats of formation. However, it should be noted that
Becke did not usé&,"™ andF5" in the expression above when the
coefficients were determined, but used the correlation functionals of
Perdew and Wang insted¥. The B3LYP method actually used was
suggested by Stevens et?al.

The B3LYP energy calculations were made by using the large
6-311+G(1d,1p) basis sets in the Gaussian-94 program. This basis
set has one set of polarization functions on all atoms, and also diffuse
functions, which are found to be important when interactions with
oxygen-containing systems like water are studied. All results below
will refer to the use of this basis set unless otherwise specified. For
some of the manganese monomer calculations the still larger
6-311+G(2d,2p) basis set with two polarization functions per atom

was used. This basis set will be referred to as the extended basis set. . . . .
7 complex abstraction abstraction complexabstraction abstraction

In the geometry optimizations a much smaller basis set, the LANL2D

set of the Gaussian-94 program, was used. For the manganese atom 2

this means that a nonrelativistic ECP according to Hay and #adt
was used. The valence basis set used in connection with this is
essentially of doublé- quality including a diffuse 3d function. The
rest of the atoms are described by standard doglilasis sets.
Zero-point vibrational effects on the-€H bond strengths were
calculated at the B3LYP level for water, phenol, and the monomeric
manganese complexes included in moBel The phenol value was
used for tyrosine, and the values for model com@exere used for

J. Am. Chem. Soc., Vol. 119, No. 3582897
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Figure 3. Proposed structure of the Maluster in PSII1, and models
of the Mny cluster used in the calculation®;-9.

Table 1. O—H Bond Strengths (kcal/mol)
firstH

second H first H second H

78.0 8 84.3 85.0
3 83.2 9 84.9 85.8
4 77.4 tyrosine 81.5
5 83.3 83.5 phenol 82.4
6 89.0 96.8 HO 113.4
7 80.9 87.2

consistent with experimental da&!® Other possibilities for
the manganese oxidation states are under investigation. It is,

all the other manganese models. These calculations were performedfor example, quite possible that the two manganese atoms that

with an all electron basis of doubfequality by using the Wachters
basi$! for manganese.

Results and Discussion

Structurel proposed for the Mncluster in PSH shown in
Figure 3 does not assign definite oxidation states for the

coordinate reacting water molecules might start with different
oxidation states. This question is not addressed in the present
model study, which is aimed primarily at providing an initial
assessment of the energetic feasibilifyadd atom abstraction
model for water splitting.

The calculations of the ©H bond strengths of a water
molecule coordinated to a Mn(lll) center were performed for

manganese atoms. In the present study, we have chosen to giveeveral different models for the proposed biological structure
the manganese that coordinates the reacting water molecule gFigure 3) with increasing complexity. The model structures

starting oxidation state of Ill, which is one of the possibilities

(25) GAUSSIAN 94 (Revision A.1): Frisch, M. J.; Trucks, G. W.;
Schlegel, H. B.; Gill, P. M. W; Johnson, B. G.; Robb, M. A.; Cheeseman,
J. R.; Keith, T. A.; Petersson, G. A.; Montgomery, J. A.; Raghavachari,
K.; Al-Laham, M. A.; Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.;
Cioslowski, J.; Stefanov, B. R.; Nanayakkara, A.; Challacombe, M.; Peng,
C.Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E.
S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.;
Baker, J.; Stewart, J. P.; Head-Gordon, M.; Gonzales C.; Pople, J. A,
Gaussian, Inc., Pittsburgh, PA, 1995.

(26) Lee, C.; Yang W.; Parr, R. ®hys. Re. 1988 B37, 785.

(27) Vosko, S. H.; Wilk L.; Nusair, MCan. J. Phys198Q 58, 1200.

(28) Perdew J. P.; Wang, Yhys. Re. B 1992 45, 13244. Perdew, J.

P. InElectronic Structure of Solig&iesche, P., Eischrig, H., Eds. Akademie
Verlag: Berlin, 1991. Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson,
K. A.; Pederson, M. R.; Singh, D. J.; Fiolhais, Bhys. Re. B 1992 46,
6671.

(29) Stevens, P. J.; Devlin, F. J.; Chablowski, C. F.; Frisch, Ml.J.
Phys. Chem1994 98, 11623.

(30) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299.

(31) Wachters, A. J. HJ. Chem. Phys197Q 52, 1033.

are shown schematically in Figure 3;-9, in the order they
were actually used in the computations. As can be seen only
2—4 have the initially expected six-coordinated manganese
atoms. It turned out, as will be described below, that the Mn(lll)
center tends to lose one water ligand to the second coordination
sphere. Even though it is possible to force the geometry
optimization to converge to a structure with six directly
coordinated ligands, our calculations show that this structure is
always substantially higher in energy than the five-coordinated
structures.

The first value of importance for the present study is theHO
bond strength in tyrosine. The calculations give a value of 81.5
kcal/mol for this bond strength, which can be compared to the
calculated value of 113.4 kcal/mol for the-® bond strength
in water and of 82.4 kcal/mol in phenol, Table 1. The
corresponding values that were obtained by using the extended
basis set with two sets of polarization functions are 82.2, 114.4,



8288 J. Am. Chem. Soc., Vol. 119, No. 35, 1997 Blomberg et al.

and 83.1 kcal/mol, respectively. The experimental values are In order to see if the preference for five-coordination is the
118.0 kcal/mol for waté? and 86.5+ 2 kcal/mol for phenof? result of a limitation of the mononuclear Mn model chosen as
which shows that the calculations seem to systematically the initial target for computational analysis, a somewhat more
underestimate these bond strengths by about 4 kcal/mol. Forrealistic structure was used. In particular, it might be possible
the present reaction steps, a systematic underestimation is nothat the presence gf-oxo bridges in the Mn complex could
very serious since in the reactions one-® bond is broken change the situation. Therefore, these bridges were included
and one is formed, which means that the errors will cancel. by using structuret where the second manganese center is
The first set of calculations on metal-coordinated water were modeled by a zinc atom. The zinc atom is here used as the
performed for a complex with only one manganese atom. simplest possible way to introduce theoxo bridges. The
Starting out with a six-coordinated Mn(lll) compleg, the geometry optimization again led to the result with the five-
geometry optimization converged to a structure with only five coordinated structure more stable than the six-coordinated
ligands directly coordinated to manganese and with one water structure. For the zinc compl&xthe energy difference between
ligand in the second coordination shell, as mentioned above. Athe five- and the six-coordinated structures is 12.0 kcal/mol.
second attempt to actually keep six coordinated ligands was Since this difference is even larger for the small basis set used
successful but led to a higher energy. Comparing the stability in the geometry optimization, the geometry optimization was
of these two structures, we found that the six-coordinated repeated with a larger basis set with all-electron basis sets for
structure is 7.4 kcal/mol higher in energy than the five- manganese and zinc and polarization functions on hydrogen.
coordinated structure with one water molecule in the second The energies (using the 6-3tG(1d,1p) basis set) in the
coordination sphere. The energy difference is even larger for resulting geometries led to an energy difference between the
the small basis set used in the geometry optimizations. This isfive- and the six-coordinated structures of 13.1 kcal/mol, which
admittedly a somewhat surprising result, but the conclusion from is quite similar to the result of 12.0 kcal/mol for the less accurate
the calculations, that manganese(lll) is only five-coordinated geometries. It can be added that, for the five-coordinated
when water and hydroxide constitute the ligand set, is quite complexes, the bond strength of the water molecule in the
definite on this point. Several examples of five-coordinated second coordination sphere was also evaluated and a value of
Mn(Ill) complexes can be found in the literatufeand also in 15.5 kcal/mol was obtained. The corresponding result for the
PSII five-coordination for Mn(lll) ions has been indicated by monomeric complex is very similar, 15.7 kcal/mol. On the basis

EPR spectroscop??. of these results, we will focus on model complexes with only
The preference for five-coordination can be rationalized as five ligands in the following.
an extreme case of Jahiteller (JT) distortions. The bond It is interesting to note that five-coordination has recently

elongations along the JT axis are so large that a water ligand isbeen observed in the binuclear manganese cluster in ardgihase.
actually lost. Large JT distortions can be expected for this type In that protein the binuclear manganese site is bridged by
of Mn(lll) system with one gelectron. Similar distortions were  carboxylate groups and solvent water. One of the manganese
recently seen also for Fe(IV) systems in a theoretical study of atoms is six-coordinate (distorted octahedral), and the other is
methane monooxygenase (MM&).The final Mn(V) systems only five-coordinate (square pyramidal).

also strongly prefer to be five-coordinated, with a structure that ~ To investigate the reliability of the calculations further, two

is best described as a trigonal bipyramid. In this case the weaksets of calculations were performed. In one set, the coordination
bonding of water can be described as a trans effect. In the of Mn(ll) was investigated. In these calculations, six-coordina-
intermediate Mn(IV) systems on the other hand, five- and six- tion of Mn(H,O)s*" was compared to five-coordination, with
coordinations are about equally favorable; i.e., starting with the the sixth water molecule hydrogen bonded to one or two of the
five-coordinated complex, an extra water molecule binds with water molecules coordinating directly to manganese. In agree-
the same strength in the sixth position in the first coordination ment with the solution behavior of Mn(ll) the calculations
sphere as it does in the second coordination sphere, where itshowed that the six-coordinated structure was the most stable
hydrogen bonds to the other ligands. Furthermore, for the five- one, but only by about 3 kcal/mol. In another set of calculations,
coordinated Mn(IV) complex, a coordination geometry in which the O-H bond strength in MngfOH)~ was calculated, to be

a hydroxide ligates opposite the empty position is strongly compared to an experimental value of-B® kcal/mol obtained
preferred, which is also a trans effect. A consequence of this from a thermochemical cycle calculation based on the redox
is that it is energetically equivalent to abstracH atom from potential and [, values3® The calculated value for this-€H

a water molecule in either axial or equatorial positions in the bond strength is 76.1 kcal/mol. It is 77.2 kcal/mol with the
Mn(lll) complex, since the Mn(IV) complex rearranges to the extended basis, both values in good agreement with the
same structure in the two cases. In this situation, where five- experimental value.

coordination is preferred for two of the oxidation states involved,  Before the results on bond dissociation energies for the
and for the third oxidation state five- and six-coordinations are monomeric manganese complexes are discussed, we comment
equivalent, it seems most reasonable to use five-coordinatedon the electronic structure of these complexes. The starting

models in all cases. complex for the calculation of the energetics of hydrogen atom
(32) Chase, M. W., Jr.; Davies, C. A.; Downey, J. R., Jr.; Frurip, D. J.; abstractions is MH(H20)2(OH)3;, 5. Two of the OH groups
Mcgg)”‘;‘lg;ﬁ“,; 3%3%“35?5&2%352?@'prf’f'iggaffiﬁ :'Lél?eurgﬁ:lél modelu-oxo bridges, the third OH group models a carboxylate
Rubber Company: Cleveland, 1996: pgm_ ys ” anion (or a glutamate side chain), one of the water ligands
(34) (a) Gohdes, J. W.; Armstrong, W. Hhorg. Chem1988 27, 1841. models a lone-pair ligand such as imidazole (or a histidine
(b) MacDonnell, F. M.; Fackler, N. L. P.; Stern, C.; O'Halloran, T. ). ligand), and finally the fifth ligand is the actual water ligand of

Am. Chem. Socl994 116 7431. (c) Oki, A. R.; Hodgson, D. Jnorg. : ;
Chim. Acta199Q 170, 65. (d) Shoner, S. C.. Power, P. Iorg. Chem. interest from which the hydrogen atoms are abstracted. The

1992 31, 1001. () McAuliffe, C. A.; Pritchard, R. G.; Luaces, L.; Garcia- ground state of this Mn(lll) complex i%A, and the unpaired

Vazquez, J. A.; Romero, J.; Bermejo, M. R.; SousaAéta Crystallogr., electrons are almost completely located at the manganese atom.
C 1993 49, 587. (f) Hirotsu, M.; Nakajima, K.; Kojima, M.; Yoshikawa,
Y., Inorg. Chem.1995 34, 6173. (37) Kanyo, Z. F.; Scolnick, L. R.; Ash, D. E.; Christianson, D. Mature

(35) Rittinger, W.; Dismukes, G. GChem. Re. 1997, 97, 1. 1996 383 554.

(36) Siegbahn, P. E. M.; Crabtree, R. H.,Am. Chem. S0d997, 119, (38) Gardner, K. A.; Mayer, J. MSciencel995 269 1849. Mayer, J.

3103. M. Personal communication.
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The adiabatic excitation energy to th& state is 32 kcal/mol from the hydroxyl ligand to an oxo ligand, is 83.5 kcal/mol
when the small basis set without polarization functions is used. (see Table 1). With the extended basis set with two polarization
When a hydrogen atom is abstracted by the tyrosyl radical, the functions, these values decrease to 82.6 and 82.3 kcal/mol,
complex becomes MA(H,0)(OH),. The ground state of this  respectively. The first important conclusion from these values
Mn(IV) complex is*A, as expected from theA ground state is that the effect of metal coordination on the water bond
of 5 and the fact that a covalent bond is formed between strengths is quite large, with a reduction of about 30 kcal/mol.
manganese and the new OH group formed in the Mn(IV) This is precisely enough to make the abstraction reaction with
complex. Finally, when the second hydrogen atom is removed, the Tyr; radical possible. In fact, the abstraction reaction is
the complex becomes M(H,O)(OH)XO. This complex hasa almost perfectly thermoneutral, which at first seems like a
A ground state with a double bond between manganese andstrange coincidence. However, the overall catalytic process
the oxo oxygen. ThéA state is calculated to be 13.1 kcal/mol  performed by the manganese complex in PSII, which is
higher than théA ground state. The singlet state has a short
Mn—O distance, 1.55 A, indicating a triple MO bond, and 4Tyr, + 2H,0 — 4Tyr, + O,
is in agreement with experimental results for diamangnetic
Mn(V)—oxo complexes (1.551.56 A)34039 The triplet ground is only 14.0 kcal/mol exothermic according to the present
state obtained for the MifH,O)(OH)O complex might be calculations. The experimental value, which we obtained by
considered surprising since marako complexes are observed  using phenol instead of tyrosine, is 22710 kcal/mol, where
to be diamagnetic. However, the order of the singlet and triplet the large error bars mainly come from the 2 kcal/mol uncertainty
states of @oxo complexes depends on the other ligands, and it of the experimental ©H bond strength in phend?. It should
can be mentioned that calculations on a model of a porphyrin also be noted that the exothermicity is obtained under the
Mn(V)—oxo complex gave a singlet ground state, with a vertical assumption of lack of hydrogen bonding in the above equation.
excitation energy of 32 kcal/mol, in agreement with experimental Any energetic differences in hydrogen bonding before and after
results on Mn(V)-oxo porphyrin compounds. the reaction will change the exothermicity. Since the hydrogen
The excitation energy to the high-spia state from thé’A bonding energies of the waters and the tyrosyl radicals can be
ground state of MWH.0)(OH)O is 24.0 kcal/mol from expected to be larger than thos.e'for the tyrosmes and thg oxygen
calculations in which the large basis set was used. In the high- Molecule, the actual exothermicity of the catalytic cycle in PSII
spin state, the MmO double bond is partly broken and the Will be even smaller. In PSII, the above reaction occurs in five
oxygen atom carries one unpaired electron and can thus beSteéps in the S cycle, where the first four concern-tD
considered as a radical. The spin population on this oxygen is @bstractions and where,@ formed in the fifth steg:* If all
0.91. This finding, together with the rather low excitation theseé steps are to be exothermic, which is a reasonable
energy, is probably quite significant for the final step in the reduirement, then each step can be only weakly exothermic.
photosynthetic oxygen evolution cycle, since it shows that Furthermore, the most demanding step is most certainly the final

formation of G from complexes where oxygen radicals are fifth step in which Q is formed, and this step might therefore
present might be possible. require a larger exothermicity than the other steps. Therefore,

almost thermoneutral ©H abstractions are, in fact, required,
if the recently suggested mechanism involving tyrosyl abstrac-
tors is to be possible. The main conclusion from the monomer
results is, therefore, that they strongly support the tyrosyl
abstractor mechanism.
The next step in the modeling of the manganese cluster

to introduce theu-oxo bonds, which are generally thought to

e present in the natural Mn clusfet. This is initially done as

n the complexed and7 by using a zinc atom. The introduction
of theu-oxo bonds has only a small effect on the bond strengths
as seen in Table 1. The first-€4 bond is changed from 78.8

0 77.4 kcal/mol for the six-coordinated compléxand from

3.3 to 80.9 kcal/mol for the five-coordinated complexThe
second G-H bond strength was only studied for compléx
and it is changed from 83.5 to 87.2 kcal/mol. The sum of the
two O—H bond strengths is almost exactly the same in the zinc
complex7 as in the monomer complex

The Mulliken charges on manganese with the small basis set
are +0.97 for the Mn(lll) complex,+0.96 for the Mn(IV)
complex, and finally+0.87 for the Mn(V) complex. The
charges on the water ligands vary betwedh1 and+0.2, and
the charges on the hydroxyl ligands vary betweeb.2 and
—0.4. The oxo oxygen carries a charge of abet4. The
populations in the 3d shell in the three complexes are 5.25, 5.27,
and 5.38 electrons, respectively. These values are consequentl
very far away from the charges and 3d populations that are
expected from literal interpretations of oxidation states. It is
clear that some of this discrepancy between the conventional
picture and the present results arises from the arbitrariness (an
basis set dependence) of the Mulliken population analysis.
However, it is also evident that, for example, the remarkable
constancy of the 3d population is in part significant and implies
a quite different picture of the electronic structure in these
systems than the common ionic one. In practice, there is a . .
tendency for the manganese atom in the complexes to stay inle\;[a?eo?sr'relo?jfeﬁir':ﬂntﬂzngggj(zpﬁwliﬁ, r:ﬁ;izegltj gtg:ﬂ?;trggger
approximately the same electronic structure environment as that 9 9

in the free atom (which has a 3t ground state). To change computational problem of treating the compi@xs, besides
. S ; - . . . the size of the system, the treatment of spin. The spin is quite
the 3d population significantly is quite expensive, which is

evident from the large energies involved when the number of glr%htr?guthﬁtr?oag?aaggﬁfee 3?;?;’r?;?caeﬁpigrl?igtglZint(t‘gsj[;:%ns
3d electrons is changed for the free atom. 9 g y ped,

; and S states are EPR invisible. It is extremely difficult to
The energy differences between the monomer model com- ¢,niro| the convergence to this type of coupling between the
plexes5 discussed above lead to the following-@l bond metal spins. For example, antiferromagnetic coupling with two
energies for a water ligand bound to the metal. The first-D

) ) X equal spins on the manganese atoms will produce a singlet state,
bond strength, going from the water ligand to a hydroxyl ligand,

; : which is only one of many possible singlet states. Instead, if
is 83.3 kcal/mol, and the second-® bond strength, going  the spins are ferromagnetically coupled, a uniquely defined wave

(39) (@) Collins, T J- Scott, W. G.-WL. Am. Chem. S0d989 111 function of h_|gh spin res_ults, which is much easier to converge.
4511. (b) Collins,T. J.; Powell, R. D.; Slebodnik, C.; Uffelman, E.JS. In the following calculations, therefore, a significant advantage
Am. Chem. Sod99Q 112 899. would be gained if ferromagnetic coupling could be used in
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the dimer models. A requirement for doing this is, of course,
that this is a reasonable approximation to the real antiferro-
magnetic coupling situation. Fortunately, this turns out to be
the case. For some of the manganese dimer complexes it was
actually possible to converge both solutions, the ferromagnetic
and the antiferromagnetic cases, and the energy differences
between these solutions are small. For théi,O)(OH)—
0,—Mn'V(H,0)(OH), complex, the energy difference between
the high-spirfA state and the low-spikA state is only 2.2 kcal/

mol in calculations with the small basis set, with the singlet
state being the lower energy state. Also, for theVitO)-
(OH)O—0,—Mn'V(H,0)(OH), complex the energy difference
between the high-spi?A state and the low-spi?A state is 1.8
kcal/mol, in favor of the doublet state. The similarity in the
low-spin preference for these systems also means that the
relative effect on the ©H bond strengths is even smaller and
certainly without consequence for the present study. In this
context it is interesting to note that the present hybrid DFT
method (B3LYP) is able to reproduce the experimentally known
preference for antiferromagnetic coupling between the manga-
nese spins, even though the antiferromagnetic spin coupling is
not strictly correct in this method. Apart from the difference

in spin coupling the electronic structure differences between
the high-spin and low-spin states are very small. One conse-
quence of this small difference is that the optimized geometries
for the two spin states are virtually identical. The conclusion
from these comparisons is that, for the atom abstraction sequence
considered in the computations presented here, it is quite
satisfactory to use ferromagnetically coupled manganese dimers,
which simplifies these studies considerably. As a final comment
on the use of ferromagnetic coupling, it can be noted that a set
of complete active space SCF (CASS®Rjalculations were
also performed, since in this method the spin is correctly treated.
However, since there is very little dynamical correlation at this Figure 4. Mn(OH)(H20)—0,—Mn(OH)(H.0), model used for the
level, the spin is much too delocalized over the ligands and the hydr_ogen abstraction calculations. The hy_drogens are abstracted _from
results therefore became unreliable. A treatment that goesthe rightmost water molecule. (a, top) Starting water complex. The first

nifi ; O—H bond strength is 84.9 kcal/mol. (b, middle) Intermediate hydroxyl
SIinflcantIy beyond the present B.3LYP treatment in accuracy complex. The second-€H bond strength is 85.8 kcal/mol. (c, bottom)
will thus require an effort that is far beyond the present [
L Final oxo complex.
possibilities.

For the natural Mpcomplex reasonably good understanding  kcal/mol for the second hydrogen, Table 1. The results are thus
of the Mn valence exists for the 8nd $ states. Currently the  yery close to the monomer results discussed above.
preferred redox state of the Mn cluster in the Sate is An interesting property of the manganese dimers is the radical
Mn'tMn™5, which is derived mainly from XANES investi-  character of the bridging oxygens. It is found that the spin

gationsi®*3 but it cannot be ruled out that the valence ge|ocalization on these oxygens is rather small, indicating low
configuration instead is Mty. On advancement to the State radical character. For the MM dimer the spin populations

the Mn cluster is oxidized, resulting in either a MKIn'V3 or are +0.03 and—0.04, for the MaVV dimer they are—0.01
a Mn"sMn' configuration, and presently there is little agree- 5,4+0.17. and for the MgV dimer they aret-0.02 andH-0.02.

ment in the literature on which configuration is most Thjs can be compared to recent calculations on a similar bis-
likely.20:3.10-14 However, for the calculations, the most sym- (u-0x0)—FeV:V dimer, for which the spin populations on the

metrical choice for the second manganese atom i¥ Mvhich bridging oxos are as high a80.56 and+0.5636 The low
means that the initial water complex (in the calculations) will - ragical character on these oxygens for the manganese dimers
be in the MAYMn'" state, more specifically MA(OH);(H20)— has certain chemical implications. It is, for example, not

Oz—~Mn'l(OH)(H,0), (Figure 4a). This state then would gxpected that these bridging oxygens will take part in any side
correspond to either the 8r the $ state, dependent on which  reaction such as abstracting a hydrogen from another ligand or
of the assignments for the natural Mn cluster described abovefgm g nearby amino acid. Furthermore, it does not seem likely
ultimately is found to be correct. that they will combine to form @at any stage. A preliminary
The ground state of the configuration in Figure 4a with calculation places the Mn(IH(«-O2)—Mn(lll) peroxo complex
ferromagnetic coupling #A. As a hydrogen atom is abstracted, 12.2 kcal/mol above the Mn(I\A(u-O),—Mn(1V) bis(x-0x0)
the complex shifts to MA'V, see Figure 4b, with ground state  complex. The mechanism for the €volution in PSII therefore
’A, and after the final hydrogen abstraction, the complex is probably does not involve bridging oxo collapse. (For a recent
Mn,V'V, see Figure 4c, with ground st&fid. The calculated  review where that mechanism is considered see ref 41.) The
bond strength is 84.3 kcal/mol for the first hydrogen and 85.0 results of the present calculations support the idea that dioxygen
bond formation occurs at terminal positions in the clusté®.

(40) MOLCAS is a program package written by Andersson, Klséher,
M. P.; Lindh, R.; Malmgyist, P-A; Olsen, J.; Roos, B. O.; Sadlej, A. J.; (41) Yachandra, V. K.; Sauer, K.; Klein, M. Ehem. Re. 1996 96,
Widmark, P.-O.; Blomberg, M. R. A.; Siegbahn, P. E. MI995 2927.
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In the calculations on the manganese dimer complexes, Exchanging a hydroxyl ligand with a chloride ligand was also
hydrogen bonds between the ligands sometimes occurred, andnvestigated for the dimer mod8) where the ligand exchange
it was quite important to keep the hydrogen bonding situation is done for the secondary manganese center in the dimer. As
as similar as possible before and after the hydrogen abstractionsseen in Table 1, and as expected, this ligand exchange has only
In several calculations, the geometry converged to a complexa very small effect on the hydrogen abstraction energy from a
with hydrogen bonds between a ligand on one manganese centewater on the other manganese center.
and a ligand on the other manganese center. If these hydrogen The water and hydroxyl ligands used in the compounds
bonds are the same before and after the abstraction, thediscussed above only mimic the actual ligands, which are
abstraction energy is hardly affected. However, if the hydrogen dominated by carboxylic side chains and histidine ligands.
bonding is present before and not after the abstraction, the Accordingly, we tested the effects of exchanging these ligands.
abstraction energy can easily change by7Skcal/mol. It is For the monomeric case, replacement of one water ligand by
difficult to control the geometry convergence completely, and an imidazole increased the hydrogen abstraction energies, but
several attempts therefore had to be made before consistenbnly by 1.5-2.0 kcal/mol.
results were obtained. It is probably true that the choice of | contrast, a much more significant effect was obtained when
hydroxyl and water ligands in the present models exaggeratesy hydroxyl ligand was replaced by a formate ligand to mimic a
the possibility for hydrogen bond formation. In the real carhoxylate side chain. In this case the first hydrogen abstrac-
complex, ligands such as glutamate lack OH groups, which tion is only affected to a minor extent, while the second
should reduce the possibilities to form hydrogen bonds. hydrogen abstraction energy is increased by a significant 11.6
However, some hydrogen bonding is possible also in the real kcal/mol for the dimer model to a value of 96.6 kcal/mol. This
complex, and it should therefore be added that the presentjs substantially higher than the-@4 bond strength in tyrosine.
hydrogen abstraction model does not exclude the presence ofqr the monomer, a similar effect of11.1 kcal/mol was
hydrogen bonding. The assumption made in the present modelyptained, leading to a bond strength of 94.6 kcal/mol for the
is instead that, if hydrogen bonds are present, they should notsecond hydrogen abstraction. The reason for this increase is
be significantly changed during the hydrogen abstractions. To that a lone pair on the noncoordinating oxygen atom of the
explicitly study the effects of hydrogen bonding in OEC, the formate ligand in the monodentate complex is attracted to the
ligands that actually occur in the real complex have to be used manganese center, even though it is in the second coordination
in the calculations. sphere. A value as high as 987 kcal/mol will violate the

A few model calculations on other important features in PSIl present hydrogen abstraction model to some extent. The
were also made. These calculations indicate that additional attraction between the second oxygen in the formate and the
investigations are required to obtain a complete understandingmanganese center therefore has to be blocked in some way. An
of these hydrogen abstraction reactions. Although these inves-interesting possibility is that a calcium ion, known to be present
tigations are in progress, some preliminary results will be in this region3%42could diminish or abolish the interaction. A
reported here. There is a wealth of information indicating the test calculation was performed for the monomer model with a
importance of Ct and C&" in the natural water oxidation = CaCb complex present as well. This leads to the expected
reaction (see refs 2b and 3 and references therein). Bothblocking, and the second hydrogen abstraction is reduced to a
cofactors are thought to bind close to or directly to the Mn more reasonable value of 88.4 kcal/mol. Clearly there are also
cluster, see Figure 1 for the suggested position of calcium, andother possibilities. Another hydrogen bonding second sphere
they are known to affect certain redox steps in the water ligand could be present, or there may be shifts between five-
oxidation reaction. A widely accepted opinion is that they and six-coordination during these abstractions. Model calcula-
somehow regulate the Mn cluster to avoid erroneous partial tions of these situations are in progress, but for a complex system
oxidation of water that may form dangerous oxygen radicals or like PSII, where there is only a fragmentary knowledge of the
hydrogen peroxidé#? In the first modification of the models  actual ligands, most problems cannot be expected to be entirely
considered above, a hydroxyl ligand was replaced by a chloride solved at this stage. Nonetheless, the calculations presented
ligand. For the monomeric case, modkeis obtained for the here have provided considerable insight into feasible reaction
six-coordinated case argifor the five-coordinated case. As mechanisms in the oxygen evolution process.
seen in Table 1, the presence of a chloride ligand increases the
hydrogen abstraction energy substantially, by6%cal/mol for Conclusions
the first abstraction and even more for the second abstraction. B )
The increase of the first hydrogen abstraction energy on There are several general and some more specific conclusions
exchange of a hydroxy! ligand for a chloride is due to, in equal that can be reached from the work presented here. It has been
amounts, an increase in the M®H, bond strength of the found that cpordlnatlon of a water molecule to a manganese
coordinated water molecule before the reaction and a decreasdon Substantially lowers the energy needed to abstract one or
in the Mn—OH bond strength of the OH group formed after two hydrogen atom(s)_from the_wate_r molecule. Specmcally
the reaction. The increase in the M®H, bond strength is  for PSII, the decrease in bond dissociation energy is enough to
due to a local charge rearrangement caused by the chlorideMake hydrogen abstraction from water possible for the nearby
ligand, and the decreased M®H bond strength is due to a  tyrosyl radical, Tys. Furthermore, such a hydrogen transfer
slight increase in spin density on the oxygen caused by the woulld proceed almost wlthout energy losses. Thus, these results
chloride ligand. The large increase in the second hydrogen Provide a sound theoretical basis for the recently prop8see®
abstraction energy on exchange of the hydroxyl ligand for a me_chanls_rr_] for the ox_|dat|on of water to molecular oxygen in
chloride is due to a very large decrease in the-NMhbond which oxidized Ty directly abstracts hydrogen atoms from
strength in the final oxo compound. This can be seen as a largeWater in a series of reactions, ultl_m_ately leading to the formation
involvement of an open-shell electronic structure corresponding ©f molecular oxygen from two oxidized water molecules. These

to a partial breaking of the MrO double bond, leading to a  conclusions from our computational approach are generally
high spin density on the oxygen for the chloride case. consistentwith recent thermodynamic cycle calculations on the

permanganate ion by Gardner and Ma$fer.Even more
(42) Rutherford, A. W.Trends Biochem. Scl989 14, 227. interesting is the agreement between the present results and the
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experimental results for various OEC model complexes per- metal and/or radical centers. It is not unlikely that hydrogen
formed by Pecoraro et al. during the same period as the presentransfer will prove to be a universal phenomenon and that what
calculations were in progreds. In addition, our results show is now thought to involve long-range movement of electrons
that it might become possible to predict, by these kinds of (electron transfer (ET)) sometimes may be better described as
calculations, the functional role of important cofactors like hydrogen atom transfer. We have recently studied different
chloride or calcium and to make contributions toward our hydrogen transfer mechanisms in the presence of amino acid
understanding of how the last step, the formation of molecular radicals in a general context by using selected model systems.
oxygen, takes place in PSII.
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