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Active Site Structure of DMSO Reductase
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Molybdenum-containing enzymes are ubiquitous in nature and
fulfill a variety of biological catalytic function$.Dimethylsul-
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In contrast, Bailey and co-workers proposed a seven-coordinate,
MoV' dioxo active site based on X-ray crystallography of DMSO
reductase fronRhodobacter capsulatits? Recently, Schindelin

and co-worker¥ reported a new crystal structure of DMSO
reductase isolated froRhodobacter sphaeroidegheir solution

of this structure was best resolved by a mixture of a monooxo,
bispterin, six-coordinate active site (40%) and a dioxo, five-
coordinate active site (60%) with one uncoordinated pterin. These
two enzymes isolated from two different species of bacteria have
80% sequence homology, almost superimposable tertiary protein
structure, similar UV/VIS absorption spectra for both the'Wo
and Md”"' oxidation states, as well as similarities in the variable-
temperature magnetic circular dichroism and EPR spectra of the

foxide (DMSO) reductase catalyzes the oxygen atom transfer from pov form.2 The orientation of the four sulfurs for these enzyme

the substrate DMS®Recently, Lim, Sung, and Holm (LSH) have
shown that a relatively simple inorganic complex [Mel3
(CH3),].0RJ* (R = CgHs) can perform similar chemistry, even

though its ligands are severely truncated compared to those of

the enzymé.Here, we report density functional calculations on
the structures and energies of a model system=RCHj).
Remarkably, the arrangement of the sulfur ligands calculated for
the freely optimized transition state of the model, which is quite
different from that calculated for the reactant and product, closely

resembles the arrangement reported for the crystal structures o
the enzyme. The geometric constraint provided by the enzyme

not only lowers the reaction barrier but also significantly reduces
the exothermicity of the S to Mo oxo transfer.
To describe unambiguously the sulfur ligand orientation in these

systems, one must consider two angles: (1) the largest angle with

the metal made by two sulfurs from different ligands (e.g= S

M—S; below) and (2) the torsional angle made by the four sulfurs

with the two sulfurs from (1) as the central atoms (e.g=S—

S;—S, below) 3 For example, @4, structure would have a;S

S,—$:—S, torsional angle of 1800 and anOy, structure would
<180.0° SZ/I‘II,..,\L.|\\\\S4

have one of 90.0
0.0° to 180.0° 8¢-S;-S;3-S4
torsional angle in a
S,-M-S,4 angle( - <
< Newman type projection S4~ '« 7 S
RN ype proj

X-ray diffraction? EXAFS? and other various spectroscopic
technique%have established the general nature of the active site
in DMSO reductase. The protein bound, universal molybdenum
cofactor (Mo-co) contains a single Mo atom coordinated by four
sulfur atoms from two pterins functionalized with a dithiolene-
substituted pyran ring (P- and Q-pterin, albeit only weakly
coordinated by Q in some structures) and an oxygen atom from
a coordinated serine occupying the fifth coordination site. The

structures is listed in Table 1.

LSH reported simple molybdenum and tungsten complexes that
perform oxygen atom transfer from DMSO, albeit at a slower
rate than the in vitro enzyn¥eThe complexes mimic the active
site coordination: the linkage to the pterin is simply replaced
with a methyl group (a methylated dithiolene) and the serine is
modeled with a phenoxy group. Because of the relative stability
of the reactants and products, LSH reported the isolation of only
he MoV reactant and the oxo W product?” The sulfur

rientation is tabulated in Table 1. Their kinetic studies offer
thermodynamic parameters consistent with an associative mech-
anism and an enthalpy of activation of 14.8(6) kcal mol

Here, density functional calculatichen a simplified LSH
model, where the phenoxy group has been replaced by a methoxy
group, show predicted structural parameters of thé’ Meactant
that agree with those of the crystal structure of the LSH complex
(see Figure 1a). The largest errors are for the-18adistances,
which on average are calculated to be 0.06 A too long.

Our results for the model reaction show an associative
mechanism for the oxygen atom transfer by the formation of a
molybdenum bound oxygen of DMSO. Previous theoretical
calculations on a very different model complex with a phosphine
substrate also found an associative mechanism and predicted the
formation of an intermediat® which was subsequently found
and characterizet.Here, the reaction is assisted by an interaction
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and co-workers first reported the crystal structure of DMSO
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Table 1. Angle Measurements of the Orientation of the Four Sulfurs
the PDBS)
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about the M Atom (alpha numeric codes of the enzyme are those from

Mo wV! Mo Mo-DMSO MoV enzyme TS
2DMR*  4DMR* 1EU1(BYe reactart product (Figure 1a) (Figure 1b) (Figure 1d) av (Figure 1c)
S—M-S0O 147.1 151.7 142.5 140.2 153.5 143.7 137.8 158.7 147.1 (B221446.7 (120.8
torsionall] 143.7 146.7 150.7 179.4 110.0 180.0 179.2 102.5 147.0 667.6)50.7 (59.6)

a2 The measurements in parentheses aredtheand Owis: values of the alternative description of the ligand orientation. See ref 3 for details.

Mo-OCH;: 1.890 (1.898)

2.374
© (2.309)

Figure 1. (a) The distances (in A) for the optimized geometry of the
Mo model complex (the experimental valéese in parentheses); (b)
the MdY complex with bound DMSO; (c) the transition state for oxygen
atom transfer; and (d) the oxo Moproduct complex.

of the DMSO sulfur with the oxygen of the methoxy group. This
type of structure has been observed in an experimental protein
crystal structure, 4DMR, formed with a reduced form of the
enzyme and excess dimethyl sulfide (DMS)lhe calculated
distance between the sulfur of DMSO and the oxygen of the
methoxy group (2.447 A for the bound DMSO complex and 2.444
A for the transition state) compares favorably with the distance
observed in the crystal structure of 4DMR (2.65 A). This bound
complex then proceeds through a transition sta& g kcal mot?)

that transfers the DMSO oxygen to the molybdenum while
breaking the G-S bond of DMSO. The products, an oxo-methoxy
MoV complex and DMS, are produced with an overall exoergicity
of 19.9 kcal mot! (when comparing separated reactants and
separated products).

Besides the DMSOOR interaction, the most intriguing
structural result from these calculations is the arrangement of the
dithiolene ligands in the transition state. The calculated transition
state angles of 146°7and 150.7 compare favorably with the

average of the enzyme values, which are conspicuously conservecﬁ*

for the MdV and Md”" structures. When the M6 and Md”"
complexes are recalculated with the sulfur orientation fixed like
that calculated for the TS, the binding energy of DMSO with the
MoV complex decreases by only1l kcal mol?, but the
exoergicity of the M¥' product decreases by8 kcal mol™ (see
Figure 2).

These calculations demonstrate the entatic prinéirehich
has not been found in previous calculations on-Ré hydroge-
naset*@ blue Cu proteing?® and xanthine oxidasé¢ By using
the rigidity of the pterin ligands (which are embedded in the
matrix of the enzyme) and positioning the serine, the enzyme is
able to maintain an active site structure that closely resembles
the freely optimized transition state for oxygen atom transfer to

Mo'Y complex with
ligand twist of TS
and bound DMSO W

|

Mo'Y complex
with bound DMSO

Mov! complex
with
ligand twist of TS

+DMS
MoV complex

+DMS TTr—

Figure 2. The M@V with bound DMSO and the product Mocomplexes
are recalculated with a sulfur ligand twist like that of the transition state.
This constraint led to a small decrease of the binding enerdyKcal
mol~1) of DMSO with the Md¥ complex, but reduces the exoergicity of
the Mo product by~8 kcal molL. The transition state structure has no
constraints and is 8.9 kcal mélabove the DMSO-bound Mbcomplex.

.

exothermicity of the reaction, decreases the likelihood of produc-
ing a thermodynamic sink in the Mooxo product, and diminishes
excess energy that would be incompatible with a biological
system.
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