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Density functional calculations have been used to investigate oxygen atom transfer reactions from the biological
oxygen atom donors trimethylamine N-oxide (MesNO) and dimethyl sulfoxide (DMSO) to the molybdenum(IV)
complexes [MoO(mnt),)?~ and [Mo(OCHg)(mnt),]~ (mnt = maleonitrile-1,2-dithiolate), which may serve as models
for mononuclear molybdenum enzymes of the DMSO reductase family. The reaction between [MoO(mnt),]>~ and
trimethylamine N-oxide was found to have an activation energy of 72 kJ/mol and proceed via a transition state (TS)
with distorted octahedral geometry, where the MesNO is bound through the oxygen to the molybdenum atom and
the N—O bond is considerably weakened. The computational modeling of the reactions between dimethyl sulfoxide
(DMSO) and [MoO(mnt),]>~ or [Mo(OCHz)(mnt),]~ indicated that the former is energetically unfavorable while the
latter was found to be favorable. The addition of a methyl group to [MoO(mnt),]>~ to form the corresponding
des-oxo complex not only lowers the relative energy of the products but also lowers the activation energy. In
addition, the reaction with [Mo(OCHj)(mnt),]~ proceeds via a TS with trigonal prismatic geometry instead of the
distorted octahedral TS geometry modeled for the reaction between [MoO(mnt),]>~ and Me3NO.

Introduction H 0 0
- HoN._N.__N__O P
The mononuclear molybdenum-containing enzymes con- i | o0
stitute a diverse class of enzymes involved in the sulfur, HNgN%
carbon, and nitrogen metabolic cyclesThey all share a o " sn

common cofactor, an organic pterin containing a dithiolene Figure 1. Schematic structure of molybdopterin. In several prokaryotic

moiety (molybdopterin, Figure f)ln general, these enzymes  enzymes, nucleotides (AMP, GMP, IMP) are coordinated to the phosphate
: : i : ide chain of th ing.

are involved in transferring an oxygen atom to or from a side chain of the pyran (pyrene) ring

biological oxygen acceptor/donor. capsulatu¥® and Rhodobacter sphaeroidég.In addition,
The dimethyl sulfoxide (DMSO) reductase family is a the crystal structures of oxidized M¢O reductase from

subgroup of the mononuclear molybdenum enzymes which, Shewanella massilja dissimilatory nitrate reductase from

apart from DMSO reductase, also contains enzymes such as

trimethylamineN-oxide (MeNO) reductase and dissimilatory ~ (3) Schneider, F.; lwe, J.; Huber, R.; Schindelin, H.; Kisker, C;

. . Knablein, J.J. Mol. Biol. 1996 263 53.
nitrate reductase. There are a number of published crystal (4) McAlpine, A. S.: McEwan, A. G.: Shaw, A. L.: Bailey, S. Biol.

structures of enzymes from this family, most of them being Inorg. Chem.1997, 2, 690. . _
of DMSO reductase from two different bactemhodobacter () McAlpine, A.S.; McEwan, A. G.; Bailey, Sl. Mol. Biol. 1998 273
(6) Bray, R. C.; Adams, B.; Smith, A. T.; Bennett, B.; Bailey, S.
* To whom correspondence should be addressed. Fa6 46 222 4439 Biochemistry200Q 39, 11258.
(E.N.). E-mail: Ebbe.Nordlander@inorg.lu.se (E.N.). (7) Schindelin, H.; Kisker, C.; Hilton, J.; Rajagopalan, K. V.; Rees, D.
T Lund University. C. Sciencel996 272, 1615.
* University of Warwick. (8) Li, H.-K.; Temple, C.; Rajagopalan, K. V.; Schindelin, HAm. Chem.
(1) Hille, R. Chem. Re. 1996 96, 2757. S0c.200Q 122 7673.
(2) Collison, D.; Garner, C. D.; Joule, J. &hem. Soc. Re 1996 25, (9) Czjzek, M.; Dos Santos, J.-P.; Pommier, J.; Giordane, Gjeafe
25. V.; Haser, R.J. Mol. Biol. 1998 284, 435.
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Desulfaibrio desulfuricang'® and formate dehydrogenase Mo'V(OR) couple (R= SiBuPh!>or PH719), which may

H from Escherichia cofi* have been published. The active serve as better models for the active sites of members of the
sites of all members of the DMSO reductase family consist DMSO reductase family, in particular DMSO reductase from
of a molybdenum atom that is coordinated by two molyb- R. sphaeroidesThe molybdenum complex [Mofimnt),]?~
dopterins through their dithiolene moieties. The molybdenum (mnt = maleonitrile-1,2-dithiolate) has previously been
atom is also coordinated to an amino acid residine reported to oxidize HS© to HSQ,~, thereby acting as a
oxygen atom of a serine residue in the case of DMSO functional model for sulfite oxidas€,?* another mono-
reductase and MBIO reductase, and the sulfur atom of a nuclear molybdenum enzyme. It has been suggested that the
cysteine residue in the case of nitrate reductase. In theenzymatic mechanism for sulfite oxidation proceeds via
oxidized form of DMSO reductase froR. sphaeroideand initial coordination of sulfite to the molybdenum atom
nitrate reductase there is one oxo ligand coordinated tothrough one of the substrate oxyanion moietfdsiit kinetic
molybdenum. In the corresponding reduced forms of the evidenc&® indicates that the critical step in the sulfite
enzymes, the molybdenum has no oxo ligand. In contrast, oxidation mechanism is the coordination of the substrate to
in the structures of DMSO reductase frétncapsulatusind a Mo=O0 group. Similarly, oxyanion attack on the metal has
MesNO reductase there is one more oxo ligand, giving a peen suggested for the [Me@nt)]>~ + HSO;~ reaction
dioxomolybdenum(VI)/monooxomolybdenum(lV) couple. systemt®20 but a computational studyindicates that the
This would result in an unusual seven-coordinate molybde- reaction proceeds via an attack of the electron lone pair of
num(VI1) site if both pterins were fully coordinated. Two the sulfur atom on one of the oxo ligands on the molybde-
recent studies of DMSO reductase frénsphaeroidésand num. In this study, the oxo transfer reaction was found to
R. capsulatussuggest that this discrepancy in the crystal occur with concomitant hydrogen atom transfer from hy-
structures might originate from a minor disorder in the drogen sulfite to the other oxo ligand. Upon product release,
position of the molybdenum atom in some structures that 3 reverse hydrogen atom transfer from the resultant hydroxo
could have been interpreted as an extra oxo group. Themojety back to the sulfate ion occlisThe biological
disorder is proposed to originate from an oxidation of the sjgnificance of this coupled electreproton transfer mech-
active site by buffer solution(s), resulting in a five-coordinate anism is unclear as such a mechanism has, to our knowledge,

dioxomolybdenum with one coordinated pterin, one oxygen not been observed for sulfite oxidase even though hydrogen
from serine, and the other pterin at a nonbonding distance;syffite is a naturally occurring substréfe.

this coordination has been observed in three of the published

Other computational studies of phosphine oxidation b
structures:t:8 b Phosp y

. [MoO,(Etdtc)] (Et.dtc = N,N-diethyldithiocarbamatéj or

The reaction between a reduced molybdenum center and[MoOZ(NH3)2(SH)2]27 have obtained similar results favoring
an oxygen-donating substrate has been proposed to proceed gjrect attack on one of the oxo ligands on the molybdenum.
via a transition state where the substrate oxygen atom bindsgp, the other hand, it has been sugge®dt&that substrate
directly to the molybdenum atofit> This proposal is  oxjdation (hydroxylation) in xanthine oxidase proceeds via
supported by a study usingp-labeled DMSO and dithionite- 5 mechanism which differs from those discussed above; this
reduced DMSO reductase fraR sphaeroide¥ The labeled mechanism involves the formation of a transient Mo
oxygen atom could be quantitatively transferred to a water- C(substrate) bond as well as hydride transfer to form a Mo-
soluble phosphine, which implies a single labile 0xo group (\y_sH species. Several computational studies of models
in the active site. Similarly, alfO isotope tracer experiment for xanthine oxidase have been reported. These studies

has shown that the oxygen atom inserted in xanthine by jnestigate the structure of the active site in different steps
xanthine oxidase (a hydroxylase; vide infra) originates at the

molybdenum sité* The proposed mechanism is also in

agreement with the structure of dimethyl sulfide-reduced

DMSO reductase fronRR. capsulatu$ In this structure, a

(15) Donahue, J. P.; Lorber, C.; Nordlander, E.; Holm, RJIFAm. Chem.
S0c.1998 120, 3259.

(16) Donahue, J. P.; Goldsmith, C. R.; Nadiminti, U.; Holm, RJHAm.
Chem. Soc1998 120, 12869.

DMSO molecule is coordinated to the molybdenum atom in (17) Lim, B. S.; Sung, K.-M.; Holm, R. HJ. Am. Chem. So200Q 122,

the active site.

7410.
(18) Lim, B. S.; Holm, R. HJ. Am. Chem. So@001, 123 1920.

Several model systems have been investigated as mimic§19) Das, S. K.; Chaudhury, P. K.; Biswas, D.; Sarkar, SAm. Chem.

of the mononuclear molybdenum enzymes. Many of them

possess a MbO./Mo'VO couple, but some recent model
systems contain two dithiolene ligands and a"ND{OR)/

(10) Dias, J. M.; Than, M. E.; Humm, A.; Huber, R.; Bourenkov, G. P.;
Bartunik, H. D.; Bursakov, S.; Calvete, J.; Caldeira, J.; Carneiro, C.;
Moura, J. J. G.; Moura, |.; Rofea M. J. Structure1999 7, 65.

(11) Boyington, J. C.; Gladyshev, V. N.; Khangulov, S. V.; Stadtman, T.
C.; Sun, P. DSciencel997 275, 1305.

(12) Garton, S. D.; Hilton, J.; Oku, H.; Crouse, B. R.; Rajagopalan, K. V.;
Johnson, M. K.J. Am. Chem. So0d.997, 119, 12906.

(13) Schultz, B. E.; Hille, R.; Holm, R. Hl. Am. Chem. S0d.995 117,

7, 827.
(14) Hille, R.; Spencer, H. Jl. Biol. Chem.1987 262, 11914.
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(20) Chaudhury, P. K.; Das, S. K.; Sarkar,B8ochem. J1996 319 953.

(21) Lorber, C.; Plutino, M. R.; Elding, L. I.; Nordlander, &.Chem. Soc.,
Dalton Trans.1997 3997.

(22) Bray, R. C.; Gutteridge, S.; Lamy, M. T.; Wilkinson, Biochem. J
1983 211, 241.

(23) Brody, M. S.; Hille, R.Biochim. Biophys. Actd995 1253 133.

(24) Thapper, A.; Deeth, R. J.; Nordlander llorg. Chem1999 38, 1015.

(25) Brody, M. S.; Hille, R.Biochemistry1999 38, 6668.

(26) Bray, M. R., Ph.D. Thesis, University of Warwick, Coventry, U.K.,
1997.

(27) Pietsch, M. A.; Hall, M. Blnorg. Chem.1996 35, 1273.

(28) Howes, B. D.; Bray, R. C.; Richards, R. L.; Turner, N. A.; Bennett,
B.; Lowe, D.Biochemistryl996 35, 1432.

(29) Lowe, D. J.; Richards, R. L.; Bray, R. Biochem. Soc. Tran4997,
25, 1995.
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of the catalytic cycl&32 and possible reaction mechanisms
for the oxidation of substrates (e.g. formaldehy&#,for-
mamidé?). Two studie&*3*favor the formation of a transient
Mo—C bond while a thiréf indicates that such bond
formation is not favored.

While there have been several computational studies of
reductive half-reactions of mononuclear molybdenum en-
zymes, theoretical studies of oxidative half-reactions involv-
ing oxygen atom transfer from a substrate to a Mo(IV)
complex remain rareexamples include a computational
study of the reoxidation pathway for the Mo(IV) center in
X.anthme oxidase and.the very recently pUb“Shed nvestiga- Figure 2. Modeled structure of [Mo(OCki(mnt),] ~ with selected distances
tion of a model reaction for DMSO reducta¥dn order to in A (e = 78.8). Numbers in parentheses are from crystal structésés.
study the intimate mechanism(s) of substrate reductions andsee text for details.
compare the intermediates and transition states for such
reactions to related reductive half-reactions, we have at-
tempted to model the oxidative half-reactions of trimethy-
lamineN-oxide reductase and DMSO reductase using density . : .

the starting point. In this TS, one of the sulfur atoms

functional theory. For computational reasons, we have used . . .
mne- as a model for the molybdopterin. Here we wish to poordlnated to the molybdenum has moved out of its position

present a computational study of the reductions ofN{@ in [MoO(mnt)]*" to leave an open coordination space for

- - the entering oxygen atom; that M& bond is also slightly
by [MoO(mntp]?>~ and of DMSO by [MoO(mng]?>~ or
[Mo(OCHs)(mnt),]~. elongated compared to the structure of [MoO(i3jAt)(2.44

A, Figure 3). Upon further reduction of the M distance,
an intermediate structurd)(was found with an Me-ONMe;
distance of 2.17 A and an energy 65 kJ/mol above the energy
The starting geometries for [MoO(mgi®) (1), [Mo(OCH)- at the starting point (cf. Figure 3). One of the sulfur atoms
(mnt)]~ (2), and the substrates were optimized separately. of the mnt ligands in4 is trans to the oxo ligand with an
The optimized structure of the molybdenum(lV) monooxo S—Mo—0Oqy, angle of about 160 The trans influence of the
complex was found to have a structure that is in good oxo ligand makes this MeS bond about 0.2 A longer than
agreement with published crystal structute¥. In the the corresponding MeS bond trans to the entering oxygen
optimized structure of [M&(OCHs)(mnty]~ (2), which atom of MgNO, 2.61 A vs 2.39 A, respectively. The Me
compares well to the crystal structures of [Mo(OR)- NO molecule coordinates with an-ND—Mo angle of 128
(S.C:Mey);]~ (R = Ph, i-Pr)t"18 and [Mo(OSiPhk(t-Bu))- and an almost unperturbed bond length (1.41 A vs 1.38 A
(dithiolene}]~ (dithiolené~ = benzene-1,2-dithiolate, eth- in free MgNO).
ylene-1,2-dithiolate}® the Mo—O distance is 1.85 A and the On the basis of ab initio studies of hydrocarbon oxidation
methyl group lies over one of the mnt ligands (Figure 2). by [MoO,Cl,], the second “spectator” oxo ligand, which does
The same orientation was found for the recently published not participate in the reaction, has been suggested to be
computational model [Mo(OCK(S,C.Mey),] .35 important3” This ligand is suggested to stabilize intermediates
Reduction of MesNO by [MoO(mnt) 5]?~. The reduction by achieving a partial triple bond during the reaction. The
of MesNO by [MoO(mnt}]2~ was found to have a reaction spectator oxo ligand was found to play a similar role in
energy of—63 kJ/mol. As a starting point for this reaction, another computational study modeling the reaction of [MoO
the substrate was placed abduA from the molybdenum  (NH3)2(SH),] with phosphine$’ The substrate attack was
complex with the oxygen pointing toward the molybdenum directed so that it allowed for a partial triple bond between
atom. The Me-O(NMes) distance was then shortened in a the molybdenum and the spectator oxo ligand to be formed,
number of steps, at each of which the structure was thereby stabilizing the intermediate formed in the reaction.
minimized, letting all degrees of freedom [except the-Mo A partial triple bond may be stabilizing the intermediate in
O(NMe;) distance] vary. When the oxygen atom of }{© the reaction of [MoO(mng)?~ with MesNO as well, even if
enters the coordination sphere of the molybdenum, the squardhe effect on the reaction energy might be to stabilize the
pyramidal structure of the starting complex, with the oxo reactant compared to the product (vide supra).
Starting from the intermediate structutethe MoO-NMes

ligand in the apical position, shifts into a distorted octahedral
geometry. A transition state (TS3) was located for an
Mo—O distance of 2.96 A with an energy 72 kJ/mol above

Results and Discussion

(30) Bray, M. R.; Deeth, R. dnorg. Chem.1996 35, 5720. distance was increased in the same way as described above.
(31) Bray, M. R.; Deeth, R. J. Chem. Soc., Dalton Tran$997 4005. The energy of the system passed over a second maximum
(32) llich, P.; Hille, R.J. Phys. Chem. B999 103 5406. . .

(33) Bray, M. R.; Deeth, R. II. Chem. Soc., Dalton Trang997 1267.  Point. A second TSH) was located at an ©N bond distance

(34) (a) Voityuk A. A.; Albert, K., Kistimeier, S.; Nasluzov, V. A; of 1.66 A and a Me-ONMe; distance of 1.92 A (Figure 3).
Neyman, K. M.; Hof, P.; Huber, R.; RomaM. J.; Rsch, N.J. Am.

Chem. So0c1997 119, 3159. (b) Voityuk, A. A.. Albert, K.; Rorfia, This TS has an energy &f71 kJ/mol relative to the starting
M. J.; Huber, R.; Rech, N.Inorg. Chem.1998 37, 176.
(35) Webster, C. E.; Hall, M. BJ. Am. Chem. So@001, 123 5820. (37) Rappe A. K.; Goddard, W. A., 1ll.J. Am. Chem. Socd982 104
(36) Gdz, B.; Knoch, F.; Kisch, HChem. Ber1996 129, 33. 3287.
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Figure 3. Calculated structure of the two transition states and the intermediate for the reaction betwbEd ael [MoO(mnt)]?~ (¢ = 78.8). The
hydrogens and cyanides are left out for clarity. Distances shown are in A.

. —|2-_¢ . t
~N" _ 1%
1 |
o
s s s s CN
ne Mo en Ne 40T
N\ ¢ s S g oN
NC CN NC
+72 kJ/mol +71 kJ/mol

0 kd/mol

[MoO(mnt),]% + ONMes
1

-63 kJ/mol

[MoO5(mnt)]2 + NMe;
Figure 4. Energy profile for the reaction between MO and [MoO(mnt)]2~.

point and lies only 6 kJ/mol above the energy of the betweenl and DMSO was found to have a reaction energy
intermediate. The MeO and the G-N distances are both  that is positive 28 kJ/mol), but this value became slightly
typical of single bonds. The MeS bonds are elongated negative 7 kJ/mol) when the reaction was modeled using
compared to the intermediate; the M8 bond trans to the  [Mo(OCHz)(mnt);]~ (2), in which the methoxy group mimics
entering substrate is 2.47 A, and the relatively weak bond the serine residue in DMSO reductase. To evaluate whether
trans to the oxo ligand is 2.68 A. The,@Mo—S angle is  there are any differences in the reactions, the reduction of
almost linear, which gives a maximal trans influence of the ppmso by 1 or 2 was studied in the same manner as

oxo ligand on the sulfur atom. An energy profile for the yescrined above for the reaction of [MoO(mitt) and Me-
whole reaction is shown in Figure 4.

Reduction of DMSO. The complex [M& O(mnt)]?~ (1)
may be reoxidized to [M6O,(mnt)]>~ by MesNO but not
by DMSO38 Our computational modeling is in agreement
with this experimental observation. Thus, the reaction

(a) Reaction with [MoO(mnt);]?>~ (1). When the Me-
OS(CH), bond in the reaction between DMSO afds
decreased from a starting distance of approximately 4 A,
the reaction does not proceed via a first transition state and
(38) Lorber, C. Unpublished results. an intermediate as in the reaction with & (vide supra).
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Figure 5. Calculated transition state structure for the reaction between
[MoO(mnt)]2~ and DMSO € = 78.8). The hydrogen atoms and cyanides
are left out for clarity. Distances shown are in A.

Instead, only one transition staté) with a short Mo-OS-

(CHs), distance, 1.87 A, could be located. The energy of

is +150 kJ/mol relative to the starting point (Figure 5),

reflecting the greater bond dissociation energy for the oxygen

atom of DMSO compared to MRO=3° The bond length

between the oxygen and the sulfur atom in DMSO is

increased from about 1.53 A in (DFT modeled) free DMSO

to 1.98 A in the transition state, suggesting that (partial) Figure 6. (a) Calculated intermediate structure for the reaction between

electron transfer has taken place at the transition state. ThdMo(OCHs)(mnt)]~ and DMSO ¢ = 4, left; cyanides and hydrogen atoms
. eft out for clarity) and the coordination geometry of the molybdenum in

partial charg_es of the mo'ybdenum atom _and the_ SU”U_r atpm the X-ray structure of DMS-reduced DMSO reductase fiRntapsulatus

at the transition state are in agreement with partial oxidation (right)> Distances are given in A. The MtSyiniolene distances are 2.33

of the molybdenum atom and partial reduction of the DMSO 2.38 A in the calculated structure and 225 A in the enzyme. (b) Overlay
plot of the coordination geometry of Mo in the crystal structure of A

sulfur atom. (DMSO0)(3,6-dbcat) (broken line) and in the modeled “unrotated” inter-
(b) Reaction with [Mo(OCH 3)(mnt),]~ (2). This model mediate in the reaction of [Mo(OGH{mnt)]~ with DMSO (solid line).

i i ; ; ; ; (c) Overlay plot of the coordination around Mo in DMSO reductase from
reaction Is closely related to the CompUtatlonal Investigation R. capsulatugbroken line) and in the modeled “rotated” intermediate in

of the reduction of DMSO by [Mo(OCEX S;C>(CHz)a} 2] - the reaction of [Mo(OCk)(mnt)]~ with DMSO (solid line). See text for
that has recently been published by Webster and ¥ &lur details.

results are in qualitative agreement with those obtained by
Webster and Hall. The reaction between DMSO andas  [Mo"'(OCHg)(DMSO) S,C:Me.} 2]~ complex (Webster and
modeled using the same approach as for the reaction withHall*) is 2.27 A. The coordination geometry around the
1, i.e., starting at a long MeOS(CHy), distance that was ~ Molybdenum in7 is a twisted trigonal prism, with a twist
decreased in steps. Calculations were initially performed with angle of 13, which is markedly different from the distorted
a dielectric constant of 78.8, and it was found that the octahedral intermediate found in the reaction okNI® and
reaction proceeded via an initial transition staterd® kJ/ ~ [MoO(mnt)]*~ but similar to the active site structure of
mol, an intermediate at17 kJ/mol, and a second transition DMS-reduced DMSO reductase fraf capsulatugFigure
state at+92 kJ/mol, leading to an overall reaction energy 6a), apart from the additional oxo ligand found in the
of —7 kJ/mol for the formation of the free products. To be €nzyme; which probably is a result of a disorder in the
able to make a quantitative comparison to the results of crystal structure (vide supré)n the modeled intermediate
Webster and Hall, calculations were also performed in vacuo (7), the coordinated DMSO has ar-® distance of 1.56 A,
as well as with a dielectric constant of 4 for the surrounding comparable to free DMSO and virtually identical to the
medium; the discussion below is an account of the modeling distance obtained by Webster and HalAll Mo —S bonds
for € = 4. are in the range 2.332.40 A, and the Me-OCH; bond is
The angle of attack of the DMSO molecule was optimized 1.98 A.
by a random search, and the minimum was found for an As shown in Figure 6b, the orientation of the coordinated
orientation in which the dimethyl sulfide moiety of the DMSO molecule in the intermediate is similar to that found
substrate approaches a perpendicular orientation with respecin [Mo¥'O(DMSO)(3,6-dbcat] (3,6-dbcat=3,6-ditert-
to the planes of the two dithiolene ligands; i.e., the attack is butylcatecholate)?#! the crystal structure of which reveals
more “side on” than that found in the reaction with thatthe Mo-OS(CH). distance is 2.08 A and the-€5(CHy),
[Mo(OCHs){ S;Cx(CHs)2} 2] .28 The energy passed over a distance is 1.55 A. In the structure of DMS-reduced
maximum approximately 44 kJ/mol above the starting point capsulatusDMSO reductase, the €5pvso distance is 1.7
for an Mo—OS(CH), distance of 2.92 A. At an MeOS- A and the Mo-Oppuso distance 2.0 A but the orientation of
(CHs), distance of 2.15 A, an intermediate structum®, (  the DMSO molecule is different from the modeled reaction

which lies 16 kJ/mol above the energy at the starting point,

; e : : : (40) Thapper, A.; Lorber, C.; Fryxelius, J.; Behrens, A.; Nordlanded, E.
was identified. The corresponding distance in the modeled Inorg. Biochem 2000 76, 67.
(41) Liu, C.-M.; Restorp, P.; Nordlander, E.; Pierpont, C. Ghem.
(39) Donahue, J. P.; Holm, R. HPolyhedron1993 12, 571. Commun2001, 2686.
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Figure 7. Calculated transition state structure for the reaction between
[Mo(OCHg)(mnt)]~ and DMSO. The hydrogen atoms and cyanides are
left out for clarity. Distances shown are in A.

intermediate. By rotation of the DMSO molecule in the

Thapper et al.

O—S bond length of 1.91 A and an M@ S(CH), distance

of 1.87 A are slightly longer and slightly shorter respectively
than those calculated by Webster and Hallhe energy of

8 is approximately 60 kJ/mol above the intermediaeand

76 kJ/mol above the initial reactants.

A similar reaction pathway as that described above was
derived for the in vacuo reaction; the energies of the
transition states and the intermediate detected in this reaction
are listed in Figure 8, in which the energy profiles for the
reactions with DMSO are shown. The final product of the
modeled reaction, [MoO(OCH{mnt),]~, has a distorted
octahedral coordination environment with a clear elongation
of the Mo—S bond trans to the oxo ligand. In contrast, the
1.3 A crystal structure of oxidize®. sphaeroide®MSO

model, a second structure of the complex between [Mo- reductase reveals that the active (six-coordinate) form has a

(OCHs)(mnt)]~ and DMSO was minimized and found to distorted trigonal prismatic structure with all M& distances
be about 35 kJ/mol higher in energy than the “unrotated” Peing approximately equél.
intermediate. A comparison of the enzyme structure and the Using the transition state structure from the reaction
“rotated” model structure7@) is shown in Figure 6c. Itis  between DMSO and [MoO(mnf}~ (¢ = 78.8) as a starting
possible that the surrounding protein in the enzyme stabilizespoint and adding a methyl group to the oxo ligand led to the
this alternative coordination of the DMSO molecule rather identification of another transition state. The structure of this
than the orientation that is energetically most favorable in a transition state is distorted octahedral and approximately 50
small inorganic molybdenum complex. kJ/mol higher in energy than the corresponding prismatic
Starting from the intermediat&’), the O-S(CHs), bond transition state. It appears that exchanging the oxo ligand
length was increased and a T8 (vas found, the structure  for a methoxy group on the molybdenum not only lowers
of which is still best described as a distorted trigonal prism the relative energy of the product compared to the reactant
(Figure 7). None of the sulfur atoms of the mnt ligands are but also permits the reaction to proceed via a pathway with

directly trans to any oxygen atom, and the four V®
distances remain approximately the same (22383 A). The
torsion angle for the four dithiolene sulfurs is 12%.and
the largest (dithiolene)SMo—S angle is 154.5 In 8, the

a different geometry at the transition state.

Furthermore, when a dielectric constant of 4 was main-
tained, but the “rotated” intermediat@d) was used as a
starting point, the reaction was found to proceed via a

0
+150 Q/
s—Mo-S
M) Ine<Cs” g LN
\ STen
c
6
\ .
HsC—0 0—3/—|
4;/ S/ O:S
+76 (74) <, NC—s” ~SCN
p Y NC CN
1 " +44 (40) _+¥52 ___S------- 8
2. 427
[MoO(mnt);] 27
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Figure 8. Energy profiles for the reactions between DMSO and [MoO(gjfit)leading to transition stat& DMSO and [Mo(OCH)(mnt)] - (solid line);
DMSO and [Mo(OCH)(mnt)]~ (“rotated” intermediate, broken line). Calculated energy valueg fer1l are within parentheses. See text for details.
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transition state§a) that lies 9 kJ/mol above the intermediate In the active site of members of the DMSO reductase
which is about 15 kJ/mol lower than the energy ®), (vhile family of mononuclear molybdenum enzymes there is often
the overall reaction energy remains the same. The relativean amino acid residue coordinated to the molybdenum, e.g.
activation barrier for the conversion of the intermediate to serine or cysteine. This study indicates that this amino acid
products is thus lowered significantly when a substrate residue may play a key role in stabilizing the oxidized form
orientation that is similar to that detected in DMSO reductase of the enzyme as compared to the reduced enzyme. Further-
is used in the computational model reaction. more, the coordinated amino acid residue might facilitate a
A preliminary study of the reaction between nitrate and reaction mechanism involving less rearrangement of the
[MoO(mnt)]?~ was undertaken using the same methods active site structure during catalysis. Two other computa-
described for the other reactions and a dielectric constant oftional studies have investigated the importance of the cysteine
78.8. This reaction was found to have a positive energy of residue coordinated to the molybdenum in the active site of
35 kJ/mol, but when [Mo(SCHi(mnt),]~ (a model for the sulfite oxidase. They suggest that the cysteine residue may
active site of nitrate reductase) was used, the total energymodulate the redox-active d-orbital on the molybdenum
for the reaction became27 kJ/mol. The reaction between atom; this would affect the redox potential and reactivity of
the latter complex and nitrate was not modeled in detail, but the active sit¢?*31t is possible that the different amino acid
it is plausible that it proceeds via a reaction pathway similar residues (serine, cysteine, and selenocysteine) found in the

to that described above for the reaction of [Mo(Qtkint),] ~ active site of members of the DMSO reductase family of

and DMSO. molybdoenzymes play a similar role in affecting the specific-
) ity of the enzyme.

Conclusions Calculations on DMSO reduction by [M{OCH;)-

The reaction between [MoO(mgi~ and MeNO has been  (S:C:Mey);] ~,*® using geometries for the starting complex
demonstrated in the laborato®/We have undertaken a [Mo"(OCHs)(DMSO)(SC:Me;),]~ and the product, [M6-
density functional study of this reaction and presented a (OCHs)(DMSO)(SC:Mey).]~, which are similar to those
modeled reaction pathway. The reaction has an activationobserved for reduced and oxidized forms of DMSO reductase
energy of 72 kJ/mol and proceeds via two transition states as well as the calculated transition state (vide supra), show
of approximately equal energy with an intermediate at 7 kJ/ that the ground states of the starting complex and the product
mol lower energy. Along the reaction pathway, an-Md are raised with respect to the corresponding unrestrained
bond is gradually forming and the-ND bond in MgNO models. Webster and H&8lpoint out that this is in agreement
gradually weakening, in keeping with the expected bridged with the entatic principlé? Although we have not performed
electron-transfer mechanism. There is also a gradual changealculations that directly corroborate these conclusions, we
from the square pyramidal geometry of [MoO(mji?) to note that the orientation of bound DMSO in the enzyme (vide
the distorted octahedral geometry of [Mg@nt)]2~. At the supra) may be due to the influence of the protein and that
second transition state, the M& bond trans to the oxo our calculations on a model with a similar orientation of the
ligand is elongated by approximately 0.1 A compared to bound substrate give results that are in qualitative as well as
[MoOy(mnt))?. guantitative agreement with those of Webster and Hall. The

The similar reaction of [MoO(mnf)>~ with DMSO was transition state found by Webster and Hall has a structure
calculated to have a positive reaction energy and an activationwhich is closer to a regular trigonal prism than in our
energy of about 150 kJ/mol. However, when the reaction calculations. The relatively minor differences in structure and
was modeled with [Mo(OCKE(mnt),]~, where the methoxy  energies of these transition states may be due to the different
group mimics the serine residue found in the active site of dithiolene ligands used in the models and the different
DMSO reductase, the relative energy of the products droppedorientations of the substrate (DMSO).
and became slightly lower than the reactants. The modeled In this study, a relatively crude model for the molybdop-
reaction pathway, which is in qualitative agreement with that terin ligand, viz. mmt", has been used. Our results do not
modeled by Webster and Hall (vide infra), begins such as support any involvement of the dithiolenes in any redox
that for the reaction of [MoO(mnd?~ with MesNO, but the activity, as was suggested in the report of the first crystal
geometries of the intermediate and the second transition statestructure of DMSO reductageHowever, the relative sim-
are more trigonal prismatic than octahedral. The activation plicity of our model ligand does not permit an analysis of
energy of the reaction is significantly lowered as a conse- the possible involvement of the inherent potential redox
quence of this second pathway. It is possible that partial triple activity of the pterin ligand itself in the enzyme mecha-
bonds for thesingle oxo ligands in [M& O(mnt)]?>~ and nisms{®> a more advanced model ligand must be used for
[MoV'O(OCHs)(mnt)]~ can stabilize these structures with such a study.
respect to [M& (OCH)(mnt)]~ and [Mo”'Oy(mnt)]?~,
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Computational Details Hessian matrix. For some of the calculations a COSMO type solvent
correctio® %8 was applied by assuming a solvent dielectric constant
of 78.8 or 4 (see text for details). Default convergence criteria were
employed throughout.

The density functional calculations were performed with the
Amsterdam Density Functional (ADF) program, version 200¢¢0%,
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