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Figure 1. Bond distances (A) in the “consensus structures” for the
Mo site of (A) oxidized and (B) reduced Mo¢éd.

structure and energetics of the molybenum site, we have
performed gradient-corrected density functional (DF) calcula-
tions; this quantum chemical method is known to provide
accurate data for transition metal complekes.

In these DF calculations we have found that in addition to
the experimental structure, LMoOS(QH two alternative
structures, LMoS(OH) and LMoO(SH)(OH), exhibit very
similar energies and thus can also represent the oxidized state

Molybdenum oxotransferase enzymes catalyze two-electron 0f Moco. We also predict alternative structures for the reduced

redox reactions which involve the transfer of an oxygen atom
originating from a water molecufe® All enzymes of the

Mo site. The calculations show the five-membered ring LMo,
dithiolene-molybdenum, to be a very sensitive moiety in Moco.

xanthine oxidase type possess a structurally similar molybdenumlts geometrical parameters (M&, distances, SvloS. bond

cofactof® (Moco) in which a single molybdenum atom is ligated

by a dithiolene side chain to a pterin ring. Two oxidation states
of Moco are important as they are likely to be involved in the
redox reaction: an oxidized state corresponding to Mo(VI) and

angle, MoSCC dihedral anglé) may thus be helpful for
characterizing the state of the Mo site.

Complexes containing the [MoOS] core are rare as models
for xanthine oxidase because of their instabiliy Therefore,

a reduced state corresponding to Mo(1V) formed after a coupled theoretical studies seem highly desirable to elucidate basic

two-electront proton transfer from the substrate to the cofactor.
On the basis of EXAFS® and EPR 11 studies of molybdenum
enzymes and their models, “consensus structifé¥iave been

aspects of the Moco structure. Recently, DF calculations
performed at the local density (LDA) level have been reported
for some complexes modeling the active site of xanthine

proposed both for the oxidized and reduced states of Moco oxidasel” However, that study did not consider several essential

(Figure 1). The X-ray crystal structure of a xantine oxidase
(XO)-related aldehyde oxidase (AOR) at 1.8 A resolution shows
a five-coordinated Mo bound to the molybdopteriié® The
coordination sphere is distorted square pyramidal with the two
dithiolene sulfurs (§), an oxo and a hydroxo or water ligand
forming the equatorial plane and a sulfido or oxo group (in the
desulfo form) located at the apex. The detailed structure of
the coordination sphere in the molybdenum cofactor which the
crystallographic data at that resolution could not provide is of
crucial importance for understanding the catalytic mechanism
of xanthine oxidase. The MeO and Mo—S bond lengths
determined by EXAFS for XO apply most likely also to AOR

structures and did not address the energetics of the complexes.
We have performed all-electron nonrelativistic DF calcula-
tions at the GGA® level using the linear combination of
Gaussian-type orbitals methi§d° with the following orbital
basis sefd contracted in a generalized fashion employing atomic
LDA eigenvectors: Mo (19s,14p,9d)> [8s,6p,5dt? S
(12s,9p,1d)~ [6s,5p,1dE40O and C (9s,5p,1d) [5s,4p,1dficd
and H (6s,1p)— [4s,1p]#cd All calculations were performed
with full geometry optimization using analytical energy gradi-
ents?°
The geometries of the complexes modeling the Moco site
are displayed in Figure 2. The ligand+ -S—CR=CR-S-

as suggested by their close similarity in spectroscopic properties(R = H) represents the dithiolene group of the enzyme pterin

and in their protein ligand sphete. In order to clarify the

T Technische Universitaviiinchen.

* Max-Planck-Institut fu Biochemie.

§ Instituto de Technologia Quimica e Bigiza and Instituto Superior
Técnico.

(1) Enemark, J. H.; Young, Ch. G\dv. Inorg. Chem 1993 40, 1.

(2) Holm, R.Coord Chem Rev. 199Q 110, 183.

(3) Stiefel, E. I.Prog. Inorg. Chem 1977, 22, 1.

(4) Rajagopalan, K. VAdv. Enzymal 1991, 64, 215.

(5) Johnson, J. L. IMolybdenum and Molybdenum Containing Enzymes
Coughlan, M., Ed.; Pergamon Press: New York, 1980; p 347.

(6) Cramer, S. P.; Wahl, R.; Rajagopalan, K.VAm Chem Soc 1981,
103 7721.

(7) Cramer, S. P.; Hille, RJ. Am Chem Soc 1985 107, 8164.

(8) Hille, R.; George, G. N.; Eidsness, M. K.; Cramer, Slirérg. Chem
1989 28, 4018.

(9) Turner, N.; Barata, B.; Bray, R. C.; Deistung, J.; LeGall, J.; Moura,
J. Biochem J. 1987, 243 755.

(10) Barata, B.; Liang, J.; Moura, |.; LeGall, J.; Moura, J.; Hanh Huynh,
B. Eur. J. Biochem 1992 204, 773.

(11) Greenwood, R. J.; Wilson, G. L.; Pibrow, J. R.; Wedd, A.JG.
Am Chem Soc 1993 115, 5385.

(12) Hille, R. InMolybdenum Enzymes, Cofactors and Model Systems
Stiefel, E. I., Coucouvanis, D., Newton, W. E., Eds.; ACS Symposium Series
535; American Chemical Society: Washington, DC, 1993; p 22.

(13) Hille, R. Biochim Biophys Acta 1994 1184 143.

(14) Rom@, M. J.; Archer, M.; Moura, |.; Moura, J.; LeGall, J.; Engh,
R.; Schneider, M.; Hof, P.; Huber, Bciencel995 270, 1170.

(15) Huber, R.; Hof, P.; Duarte, R.; Moura, J.; Moura, |.; LeGall, J.;
Hille, R.; Archer, M.; Ronia, M. J.Proc. Natl. Acad Sci U.SA. 1996
93, 8846.

S0002-7863(96)03901-7 CCC: $14.00

moiety. Because LDA geometriésf dithiolene-molybdenum
systems with R= H and R= CHjs are very similar, only the
simpler ligand was considered in our calculations. The structure
of LMoOS (1) has Cs symmetry (Figure 2). A significant
deviation from planarity is found for the chelated subunit LMo
manifested by the dihedral angle = 37°. This important
structural feature has not been noticed previotislyThe
nonplanarity of this five-membered ring allows two con-
formers: the E=C fragment and the oxo group can be either
on the same side or on opposite sides of the plandoS; .

The calculated geometrical parameters are very close for both

(16) Ziegler, T.Chem Rev. 1991 91, 651.

(17) Bray, M. R.; Deeth, R. dnorg. Chem 1996 35, 5720.

(18) (a) Perdew, J. FlPhys Rev. B 1986 33, 8822;1986 34, 7406. (b)
Becke, A. D.Phys Rev. A 1988 38, 3098.

(19) Dunlap, B. I.; Rsech, N.Adv. Quantum Chem199Q 21, 317.

(20) Rtsch, N.; Kriger, S.; Mayer, M.; Nasluzov, V. A. IrRecent
Developments and Applications of Modern Density Functional Theory
Seminario, J. M., Ed.; Elsevier: Amsterdam, 1996; p 497.

(21) (a) Poirier, R.; Kari, R.; Czismadia, |. Glandbook of Gaussian
Basis SetsElsevier: Amsterdam, 1985; Mo(17s11p8d) from Table 42.2.1,
extended B 2 s exponents (0.012 336 130, 0.183 1B5p exponents
(0.019 579 6, 0.050 805 8, 0.131 832 5)dand exponent (0.051 012 16).
(b) Veillard, A. Theor Chim Acta1968 12, 168. (c) van Duijeneveldt, F.

B. IBM Res Rep 1971, no. 945. (d) For the p polarization exponent for H
(2.0) and the d polarization exponents for C, O, and S (0.6, 1.15, and 0.421,
respectively), see: Huzinaga, &aussian Basis Sets for Molecular
Calculations Elsevier: Amsterdam, 1984.

© 1997 American Chemical Society



3160 J. Am. Chem. Soc., Vol. 119, No. 13, 1997 Communications to the Editor

neutral and may thus easily cause a transformation among these

3=23.5° 8=1.3" : 5=2.6' 172 ; : ¢
g2.0 2411172 705 244 1.92 78_1~2_39L 036 three structures. Most likely, a proton tranfer will be mediated
et 2.18 ) 215 O & by the environment (e.g., glgtgmgte) since suqh a process is
g S L - v i) known to have small or no acitivation energreshile a direct
“lo45 233 F " 245193 ‘ 12.531.93 hydrogen rearrange is expected to have a rather high barrier.
2 3 4 A cen.tral issue of the reactivity of the Mo site is the source
4 21 -26T » 11 of a labile oxygen. The oxo_groﬂband the water ligand _
) - : have been discussed as possible donors. However, on the basis
1450 of the calculated energies @fand3, we predict the following
.y 971 ’s 28,3 2.50 1,520 exchange to be feasible:
H lc‘Q‘;'s L1098 Lt SR [LMOO'S(O'H,)] — [LMo(O'H)S(O"H)] —
8=37.2 L-";‘MO +OH" 5=10.8‘= ;2‘52 i [LMO(O ] HZ)S(O')]
237 S .
s ] : 5 X-ray structure determinations have located a carboxylic
L +H group of a glutamate residue in the vicinity of the Mo gité°
This group can accept a proton from the water ligand2in
107.24 -108.7 | -108.7 | inducing the formation of [LMoOS(OH)] (5, Figure 2). The
I 4 73 T r calculated structurgis in good agreement with the “consensus
81.4°243] o0 g6.1° #-173 ge.5 || 195 structure” of the Mo(VI) center (Figure 1 A). From the
52420 il 577 etk 2 sy S 21° calculated data fo2—5, one can expect a substantial alteration
F ko Voo - (Y 036 Y ' a5 in the molydenurrrligand bond lengths depending on thé H
- f position.

6 7 ] 8 Within the reductive half-cycle of the oxygen transfer
Figure 2. Calculated reaction energies (in kcal/mol, boldface) and reaction, the Mo(VI) center is reduced to Mo(lV) due to a
selected geometrical parameters (distances in A, angles in deg) forcoupled two-electron and proton transfer (formally transfer).
model complexes of Moco. Three possibilities for such a hydride transfer have been
discussed: (i) to the sulfido grotit°resulting in the compound
conformers, and their total energies differ by only 0.6 kcal/ [LMoO(SH)]~ (7), (ii) to the oxo group yielding [LMoS(OH})]
mol. Similar conformations were found for the corresponding (8), (iii) to the metal atom forming [LMoOS(H)] (6) with a
dioxo and disulfido derivatives. A coordination number of 4 pentacoordinated Mo (Figure 2). Quite unexpectedly, structures
is not typical for Mo(VI); thus, one expects the coordination 6—8 have very similar energies (within 2 kcal/mol) according
sphere of Mo in LMoOS to be easily extended with a species to our GGA-DF calculations. The geometry changes induced
from the environment of the active site (e.g., a carboxylic group by the hydride transfer to the oxo and sulfido ligandsugds,
of glutamate or a water molecul®. The binding energy of a ~ Figure 2) are similar to those found f@-5. The hydrido
water molecule to Mo in LMoOS is calculated to about 2 kcal/ complex [LMoOS(H)I (6) has a distorted square pyramidal
mol. Since Mo essentially lies in the plane defined by the atoms structure where the axial position is occupied by the oxo group;
=0, =S, and $, one may view the structure of the aqua the Mo—H distance is calculated to 1.69 A A comparison of
complex LMoOS(OH) (2) as a distorted trigonal bipyramid with  the calculated geometries bland6—8 shows that the Me S
water and the other, Soccupying opposing axial sites (Figure bond becomes slightly shorter by Hransfer to the sulfido or
2). The calculated MeOH, distance amounts to 2.33 A. In  oxo ligands, in accord with EXAFS dafawnhile direct H-
contrast to LMoOS where both Mao-$onds are equivalent, transfer to Mo leads to an increase in theM® distance. The
those bonds differ in LMoOS(OB, 2.41 A in the axial position LMo ring is found to be essentially planar 8.
and 2.45 A in the equatorial position of the biprymidal structure. ~ Note that the structural parameters of LMo (M8_ distances,
The five-membered ring LMo of the aqua compl2xs more S MoS, bond angle, MoSCC dihedral anglgvery sensitively
planar ¢ = 24°) than that inl (6 = 37°). reflect changes in the Mo site. The present DF quantifications
Interestingly,2 can undergo a rearrangement to LMoS(@H) should be useful for establishing interrelations between the
(3) or LMoO(SH)(OH) @) (Figure 2) either through an  Structure and state _of t.he Moco in oxotransferase enzymes. In
intramolecular proton transfer or, more likely, by a proton summary, for establishing the enzymic mechanism of xanthine
exchange process involving the environment. The total energiesoXidase it is necessary to consider more structures than those
of compounds2—4 are very similar, differing by less than 2 of complexe® and5, which have been calculated in agreement
kcal/mol. In3, both Mo—OH bond lengths are about 1.92 A with the “consensus structure”. Rather, the alternative structures
and the Mo-S. distances are also nearly equal, 2.44 A. 3 and4 which are predicted to exhibit almqs_t the same energy
According to EXAFS datd three thiolate ligands (MeSR, 2.45  as2may also be taken to represent the oxidized state of Moco.
A) can be present in the Mo site, and there is also evidence for For the reduced state, structurésand 8 are identified as
an oxygen atom at a distance of 2 A. These experimental ISOenergetic alternatives to the commonly discussed madel

structural features seem to be satisfied for moie(Figure 2). In closing, we recall that the calculations were performed
The oxo ligand exhibits a strortgans influence resulting in a ~ With isolated Mo complexes. The influence of the protein
considerable elongation of theans Mo—S, bond, 2.53 A, environment on geometry and energetics of the metal site may

compared to theis Mo—S; distance, 2.39 A (using bipyramidal ~ vary for the dn‘ferem systems and structures mvestlgated. In
structure descriptors). Removal of a proton from the coordinated Particular, the oxo ligand is tightly packed against the protein
water molecule leads to a considerable shortening of the®o  Making its protonation (structuresand 8) unlikely. Indeed,
bond (2.33 Air2 and 1.93 A i3 and4). However, protonation ~ the EXAFS data indicated the presence of a=:® group in
of the oxo or sulfido groups induces an elongation of the all oxidation states.
corresponding bonds by about 0.20 A. The LMo fragment is Acknowledgment. This work has been supported by the Deutsche
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