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Introduction

o)
The mononuclear molybdenum enzymes all possess one or ) H
two molybdopterin ditholene cofactdrsoordinated to the metal H
. . ; : . N
(Figure 1) yet exhibit remarkably diverse functionalitfes. l
Nevertheless, the majority that have been characterized to date N
N N
H,N N

catalyze two-electron redox reactions coupled to the transfer of

J. Am. Chem. S0d.999,121,1256-1266

Structure of the Molybdenum Site of Dimethyl Sulfoxide Reductase

Graham N. George,*' James Hilton} Carrie Temple,* Roger C. Prince$ and
K. V. Rajagopalan*

Contribution from the Stanford Synchrotron Radiation Laboratory, SLAC, Stanfordetsity,

P.O. Box 4349, MS 69, Stanford, California 94309, Department of Biochemistry, School of Medicine,
Duke Unbersity, Durham, North Carolina 27710, and Exxon Research and Engineering Company,
Route 22 East, Annandale, New Jersey 08801

Receied August 10, 1998

Abstract: Molybdenum K-edge X-ray absorption and Mo(V) electron paramagentic resonance (EPR)
spectroscopies have been used to probe the metal coordination in oxidized and reduced forms of both wild-
type and a site-directed mutant®hodobacter sphaeroidelimethyl sulfoxide (DMSO) reductase. We confirm

our earlier findings (George, G. N.; Hilton, J.; Rajagopalan, KJIVAm. Chem. S0d.996 118 1113-1117)

that the molybdenum site of the oxidized Mo(VI) enzyme possesses one terminal oxygen ligan@®) b

1.68 A, four thiolate ligands at 2.44 A, and one oxygen at 1.92 A and that the dithionite-reduced Mo(IV)
enzyme possesses a desoxo species with three or fotrSMa 2.33 A and two different MeO ligands at

2.16 and 1.92 A. Mo(V) EPR indicates the presence of one exchangeable oxygen ligand, most likely an Mo
OH, in the signal-giving species, probably originating from the=h@ of the oxidized enzymek,s {IV/V)

= +37 mV, Eng{V/VI) = +83 mV). The addition of dimethyl sulfide, in the reverse of the physiological
reaction, reduces the enzyme. In this form, the enzyme contains a desoxo active site with fobiraid.36

A and two different Me-O ligands at 1.94 and 2.14 A. Recombinant wild-tfhesphaeroideBMSO reductase
expressed ifEscherichia colinitially has a dioxo structure (two MeO at 1.72 A and four Me 'S at 2.48 A)

but assumes the wild-type Mo(VI) structure after a cycle of reduction and reoxidation. The site-directed
Ser147-Cys mutant possesses a monooxo active site in the oxidized state@Mb1.70 A) with five sulfur

ligands (at 2.40 A), consistent with cysteine 147 coordination to Mo. The dithionite reduced form of the
mutant possesses a desoxo site also with five-®digands (at 2.37 A) and one M® at 2.12 A. The
variant has substantially different Mo(V) EPR and electrochemi&ing {IV/V) = —43 mV, EngoV/IVI) =

4106 mV). The active-site structure and catalytic mechanism of DMSO reductase are discussed in the light
of these results.
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an oxygen atom to or from watéiDuring the catalytic cycle,

the molybdenum cycles between Mo(VI) and Mo(IV) oxidation Figure 1. Proposed minimal structure of the molybdenum cofactor.
states. For example, dimethyl sulfoxide (DMSO) reductase The reversible formation of tricycle via the formation of a pyran ring
catalyzes the reduction of dimethyl sulfoxide to dimethyl sulfide: through attack of the’3OH at C-7 of a dihydropterin has been proposed.
In enzymes from prokaryotic sources, the cofactor can have a

enzyme-Mo(IV) + (CH,),S=0 + oHt < dinucleotide moiety (cytosine, adenine, or guanine dinucleotides are
3)2

known) attached via the pyrophosphate linkage.
enzyme-Mo(VI) + (CH,),S + H,O

Until recently®~12 structural information on molybdenum

T Stanford Synchrotron Radiation Laboratory.

* Duke University. of the enzymes and of model compound systéniawo
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enzymes was derived almost entirely from spectroscopic studies

(3) Molybdenum enzymes have previously been described as all involving
two-electron redox chemistry at molybdenum, coupled with the transfer of
an oxygen atom. While this rule still appears to hold for most molybdenum
enzymes and for their close relatives the tungsten enzymes, it now seems
that there are exceptions. The recently discovered tungsten enzyme acetylene
hydratasé catalyzes a net hydration reaction rather than a redox one, and
formate oxidation to C@by Eschericia coliformate dehydrogenase H does
not involve oxygen atom transférFurthermore, the presence of the

molybdenum in formate dehydrogenases might not be redox active during
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spectroscopic methods have proved particularly valuable: Mo- four Mo—S ligands and a desoxo Mo(IV) site with three or
(V) electron paramagnetic resonance (EPR) spectroscopy andour Mo—S ligands. The crystal structure subsequently reported
Mo K-edge X-ray absorption spectroscopy (XAS). There are by Schindelin et af.is in qualitative (but not quantitative)
now three independent reports of crystal structures of DMSO agreement with this, as is a recent resonance Raman spectro-
reductase from two closely related prokaryotéhodobacter scopic study8 In contrast, Garner and co-workers have reported
sphaeroidesindRhodobacter capsulatds?? All three structures an X-ray absorption spectroscopic studyRofcapsulatu®MSO
confirm that the enzyme contains two pterin dithiolene cofactors reductase consistent with the crystallographic work of McAlpine
and show nearly identical folds for the polypeptide chits et al}* A third structure with only one of the two pterin
with a protein serine ligand (Serl147) on molybdenum. Despite dithiolenes coordinated to molybdenum had previously been
these similarities, the three crystal structures show strikingly reported forR. capsulatudDMSO reductase by Schneider et
different molybdenum ligations including disparities in the al.l® In an attempt to resolve the controversy concerning the
number of Me=O groups and the nature of the dithiolene structure of the active site, we present a detailed study of the
coordination. In addition to the crystallographic studies, both molybdenum site of recombinant wild-type and native wild-

the R. sphaeroidesaand R. capsulatusenzymes have been the
objects of previous studies by XAS4resonance Ramdf16
magnetic circular dichroisi, 8 UV —visible 15-1% and EPR?20

type R. sphaeroidedDMSO reductase and of a Sert4Cys
variant, using both Mo K-edge and sulfur K-edge XAS and Mo-
(V) EPR spectroscopy.

spectroscopies. In contrast to what might be expected from the )
crystal structures, many of the reported spectroscopic propertiesMaterials and Methods
of the R. sphaeroideandR. capsulatubMSO reductases are

very similar. as previously describédThe previously clone®. sphaeroideDMSO

As recently discussed by Rees and co-workéthere are reductase gefid was used for obtaining the recombinant enzyme.
problems with discerning the details of metalloprotein active Details of the heterologous expression of the enzyme and its S147C
sites by X-ray crystallography, especially when the metal is a mutant inEscherichia coliend characterization of the purified proteins
large one such as molybdenum. X-ray absorption spectroscopyWi" be_described elsewhere _(Hilton, J.; Ter_n_ple_, C,; Rajagopala_m, K.
provides a complementary tool that can accurately measureV. J. Biol. ChemIn press). Briefly, upon purification from the. coli

metalk-ligand bond lengths, which are difficult to determine cells, the recombinant wild-type (WT) enzyme is green and displays
exactly by crystallograph$ ’ an absorption spectrum different from that of the protein purified from

) ] ) R. sphaeroidesells. However, after a reduction and reoxidation cycle,
Our previous X-ray absorption spectroscopyRosphaeroides

ay ; . the enzyme is indistinguishable from the native protein either in color
DMSO reductasé? indicated a monooxo Mo(VI) site with about  or in its absorption spectrum. Replacement of serine 147, a ligand of

the Mo, with cysteine by site-directed mutagenesis followed by expres-
sion in E. coli produces a viable, salmon-colored protein containing
the bis(MGD)Mo cofactor. Analysis of the activity of the S147C variant
using several substrates (Hilton, J., Temple, C. and Rajagopalan, K.
V., J. Biol. Chemln press) has shown that although this substitution
leads to losses of 6199% of activity toward five substrates, the adenine
N-oxide reductase activity increases by a factor of 5.

EPR Spectroscopy Electron paramagnetic resonance (EPR) spec-
troscopy and data reduction were performed as described by George
et al?* Redox titrations followed the method of DutfSmising 40uM
N-methylphenazonium methosulfaté;ethylphenazonium ethosulfate,
2-hydroxy-1,4-naphthoquinone, 2-hydroxy-1,4-anthraquinone, indigo
disulfonate, indigo trisulfonate, and benzyl viologen as redox mediators
between the protein and the platinum measuring electrode. Potentials
were measured with respect to a saturated calomel electrode but are
reported with respect to the hydrogen electrode by assuming that the
calomel electrode has a potential 6247 mV?26

XAS Data Collection. XAS measurements were carried out at the
Stanford Synchrotron Radiation Laboratory with the SPEAR storage
ring containing 55-100 mA at 3.0 GeV. Molybdenum K-edge data
were collected on beamline 7-3 using a Si(220) double-crystal mono-
chromator, with an upstream vertical aperture of 1 mm, and a wiggler
field of 1.8 T. Harmonic rejection was accomplished by detuning one
monochromator crystal to approximately 50% off peak, and no specular
optics were present in the beamline. The incident X-ray intensity was
monitored using an argon-filled ionization chamber, and X-ray absorp-
tion was measured as the X-ray MooKfluorescence excitation
spectrum using an array of 13 germanium intrinsic deteétdpsiring
data collection, samples were maintained at a temperature of ap-

Samples.The brownR. sphaeroide®MSO reductase was purified
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Figure 2. DMSO reductase Mo(V) EPR spectra. Traceshaare
experimental spectra while traces-&' are computer simulations (see

George et al.

reductases together with computer simulations. The spin Hamil-
tonian parameters extracted by simulation are summarized in
Table 1. Figure 2a shows the Mo(V) EPR spectrum of native
WT enzyme during reductive redox titrations of oxidized, as
isolated, enzyme. Identical line shapes were obtained by addition
of 1 mM (final) dithionite and freezing the sample prior to full
equilibration (i.e., within~10 s) as previously described by
Bennet et af? Subtly different spectra (Figure 2b) were observed
upon oxidative titration of reduced enzyme and upon subsequent
reductive titrations. This suggests that reduction and reoxidation
in the absence of substrate cause slight changes in the
molybdenum coordination environment, most likely a subtle
conformational change. Redox titration of the native WT enzyme
(Figure 3A) indicated midpoint potentials at pH 8.5687 and

+87 mV for the Mo(IV/V) and Mo(V/VI) couples, respectively.
These are in excellent agreement with the values determined
by Bastian et alt? allowing for the expected change in midpoint
potential of—59 mV per pH unit. We did not observe the pH-
dependent degradation and broadening of the Mo(V) EPR
signals reported by Bastian et!@No Mo(V) EPR signals were
observed when the enzyme was reduced with dimethylsulfide
(DMS), either at stoichiometric or at substoichometric concen-
trations. Mo(V) EPR signals identical in form to the spectrum
of Figure 2a were observed when DMS-reduced enzyme was
allowed to partially reoxidize in air at room temperature for
approximately 20 min.

Recombinant WR. sphaeroideBMSO reductase as isolated
from E. coli clearly differs from enzyme isolated fromR.
sphaeroidesn being a distinctive green instead of the charac-
teristic brown of the native WT enzyme. The recombinant
protein gave no Mo(V) EPR spectra with reductive redox
titrations (starting from the green, as isolated, enzyme) or by
timed additions of dithionité? However, after reduction of the
sample to—150 mV, subsequent reoxidation gave Mo(V) EPR

Table 1 for parameters). Trace a shows the EPR spectrum obtainedsignals that were indistinguishable from those of the native WT

from reductive titrations of native wild-type (WT) DMSO reductase,
and traces b and ¢ show the EPR spectra obtained from oxidative
titrations of native WT (b) or recombinant WT enzyme (c). Tracesd
show the Mo(V) EPR spectra from the DMSO reductase SeriZiyis
(S147C) variant in KD (d, e, g) and ifH.0 (f, h). Trace d shows the
minor S147C EPR signal, while traces-le show the major S147C
EPR signal at pH 8.5 (e, f) and at pH 6.5 (g, h).

proximately 10 K, using an Oxford Instruments liquid helium flow

enzyme isolated frorR. sphaeroide@~igure 2c) with essentially
identical midpoint potentials (not illustrated). This reductively
conditioned recombinant WT enzyme now had the characteristic
brown color of the native WT enzyme, and the optical spectra
were indistinguishable.

The Mo(V) EPR spectra of the native WT enzyme are similar
to those reported previously for this enzyme by Bastian &t al.
and the highg split species observed wik. capsulatu®MSO

cryostat. For each sample, eight to ten 35 min scans were accumulatedreductase by Bray and co-workéfsin agreement with both

and the absorption of a molybdenum metal foil was measured
simultaneously by transmittance. The energy was calibrated with
reference to the lowest energy inflection point of the molybdenum foil,
which was assumed to be 20003.9 eV.

XAS Data Analysis. The extended X-ray absorption fine structure
(EXAFS) oscillationg (k) were quantitatively analyzed by curve-fitting
the weightedk-space data using the EXAFSPAK suite of computer
program&®2° employing ab initio theoretical phase and amplitude
functions generated with the program FEFF version 7°0Rlo
smoothing, Fourier filtering, or related manipulations were performed
upon the data.

Results

Mo(V) EPR Spectra. Figure 2 shows the Mo(V) EPR spectra
of native WT, recombinant WT, and S147C variant DMSO

(28) The EXAFSPAK program suite was developed by G.N.G. and is
available from http://ssrl.slac.stanford.edu/exafspak.html.

(29) George, G. N.; Kipke, C. A,; Prince, R. C.; Sunde, R. A.; Enemark,
J. H.; Cramer, S. PBiochemistry1989 28, 5075-5080.

(30) (a) Rehr, J. J.; Mustre de Leon, J.; Zabinsky, S. I.; Albers, R. C.
Am. Chem. Sodl 991, 113 5135-5140. (b) Mustre de Leon, J.; Rehr, J.
J.; Zabinsky, S. |.; Albers, R. ®Rhys. Re. 1991, B44, 4146-4156.

these studies, preparation of the sampléHpO caused loss of
the resolved proton hyperfine structure (not illustrated). In
addition to the highg split signals, Bray and co-workers
observed some quite different Mo(V) EPR signals which they
called lowg types 1 and 2. The low-g type 1 is of particular
interest in that it resembled the slow signal of desulfo xanthine
oxidase. Despite extensive efforts, we were unable to produce
these signals in our preparations Rf sphaeroideDMSO
reductase, although small quantities5¢6) of a new Mo(V)
EPR signal were obtained when samples were left overnight at
room temperature. This new signal (not illustrated), which is
presumed to originate from degraded enzyme,dgc= 1.9520,
1.9806, 1.9922 and no resolved proton hyperfine structure.
As discussed previoush;1920 the exchangeable coupled
proton of the native WT DMSO reductase higlsplit Mo(V)
EPR signal (Figure 2a,b) is likely due to M®—H ligation.
Mo(V) spin Hamiltonian parameters are very sensitive to
structure3-32and thus the similarity in EPR parameters indicates

(31) E.g., see: George, G. N.; Bray, R.BiochemistryLl988 27, 3603
36009.



The Mo Site of Dimethyl Sulfoxide Reductase J. Am. Chem. Soc., Vol. 121, No. 6,12399

Table 1. Mo(V) EPR Spin-Hamiltonian Parametérs

Oxy.z (AP) Axyd

X y z Qv X y z

wild-type 1 1.9645 (0.28) 1.9813 (0.30) 1.9924 (0.38) 1.9793 H 26.1 24.5 33.3
170 4.1 (44) 28.0 (0) 5.0 (25)

wild-type 2 1.9650 (0.25) 1.9815 (0.27) 1.9916 (0.34) 1.9794 H 30.7 27.8 38.0
S147C pH8.5 (minor) 1.9729 (0.58) 2.0004 (0.60) 1.9821
S147C pH8.5 (major) 1.9851 (0.25) 1.9903 (0.27) 1.9981 (0.38) 1.9912'H 4.9 16.8 ~0.7
S147C pH6.5 (major) 1.9861 (0.24) 1.9905 (0.32) 2.0005 (0.38) 1.9924'H ~1.5 14.0 ~0.9

a Spin-Hamiltonian parameters were refined by least-squares fitting to the experimental $péatvas for half line widths in mT are given in
parentheses.Values for hyperfine couplings are in MHz, and the values in parentheses are the angles of noncollugarigndy.

0.3 T T T T (V)/Mo(VI) midpoint potentials, respectively, but the structural
o2k A - nature of theE. coli DMSO reductase molybdenum site is
g ok 3TmV mv currently uncertain, and the Mo(V) EPR is quite distinct from
g > that of theR. capsulatusand R. sphaeroidegnzymes, so the
Y E. coliandRhodobacteenzymes may have somewhat different
0.1 - i | active sites.
IOOE(mV?VS SHEIOO 20 The EXAFS data, discussed below, indicate that redox-
conditioning of the active site also occurs for the S147C variant,
1 T T T and it is possible that the low-intensity S147C Mo(V) EPR
0.8 (Figure 2d) may be associated with pre-redox-conditioned

0.6 enzyme. While the exact origin of this signal is uncertain, the
g value trends of the major S147C signal (Figure 2e,f) seem to
indicate increased MeS ligation in the signal-giving species.

Increasedy values are expected with increased sulfur coordina-

E(mv())vssmg tion due to spir-orbit coupling with filled sulfur orbitals.
4
Figure 3. Potentiometric titrations of (A) native WT and (B) S147c ~ Cleland et aP* reported Mo(V) EPR spectra from a range of

DMSO reductases at pH 8.5. In both cases, the ordinate is the integrated"10(V) complexes with systematic variation of molybdenum
intensity of the Mo(V) EPR signal and corresponds to the (approximate) ligation and found an increase @, of approximately+0.015
fraction of total Mo present as Mo(V). for one O— S substitution. This is in accord with the difference

between the native WT and S147C Mo((), of +0.013 (signal

that the structural differences among all the differédt 2, +0.0128 at pH 8.5:+0.0131 at pH 6.5). Thus, the highgr
sphaeroidesand R. capsulatudDMSO reductase high-split values of the S147C mutant suggest that C147 is indeed a ligand
signal-giving species are very small. of Mo in the signal-giving species. The more prominent signal

Three different Mo(V) EPR signals were observed with (Figure 2e,f) is, however, rather unusual in possessing a very
S147C DMSO reductase. Brief exposure to excess dithionite atlow g anisotropy ¢« — g, = 0.0130 at pH 8.5 and 0.0144 at pH
pH 8.5 produced the low-intensity (approximately 5% Mo(V)) 6.5), in fact lower than any other reported molybdenum enzyme
axial signal shown in Figure 2d. Small contributions from this Mo(V) EPR signal aside from the desulfo inhibited xanthine
signal were also observed in redox titrations, and these oxidase Mo(V) EPR signdl.
diminished after the sample had been poised at low potential. Anisotropy ing has its origins in the spinorbit coupling of
The major signal observed in redox titrations is shown in Figure the ground-state molecular orbital to the other vacant metal 4d
2e—g. This signal is unique among DMSO reductase Mo(V) levels and to ligand-based filled orbitals. This can be described
EPR spectra in showing sensitivity to pH. Redox titration (Figure by eq 1, wherele is the free-electrog value (2.002 32)§wo is
3) indicated midpoint potentials at pH 8.5 643 and+106

Intensity
=)
=

¢
[

o
T

|
-100 100 200

mV for the Mo(IV/V) and Mo(V/VI) couples, respectively. g =g, — EmoF | SmoC 1)
Limited redox potentiometric measurements at pH 6.5 suggested ! ¢ AE, AFf

that the midpoint potentials at least approximately followed the

expected pH dependency. Preparation of the sampfeli® the one-electron spirorbit coupling constant for an electron

caused loss of the proton hyperfine structure (Figure 2f,h), andin a molybdenum 4d orbital\En, is the energy associated with
computer simulations indicate a rather lovgesinisotropy than a d—d transition, and\E is that associated with a one-electron
observed with other DMSO reductase Mo(V) EPR sighdls excitation from a filled ligand orbital to metal 4d orbital. The
(Table 1), with a more anisotropic hyperfine coupling to a single forms of the constants andG are discussed elsewhéfeThe
exchangeable proton (Table 1). second term in eq 1 gives rise to the positive contributiog to
A similar substitution of cysteine for the Mo-coordinated observed with sulfur ligation, discussed above. In the case of

serine inE. coli DMSO reductase also causes significant changes molybdenyl [Mo=O]*" complexes, which comprise the bulk
in the Mo(V) EPR33 Several new Mo(V) species with high of the model compound literature, the M@® bond causes large
values were observed, together with a shift of approximately ligand field splittings with the half-occupied ground state
+100 mV for both Mo(IV)/Mo(V) and Mo(V)/Mo(V1) midpoint oriented such that MsO is oriented along its double node. If
potentials3 This contrasts somewhat with our midpoint potential the metal contribution in eq 1 dominates, we expgct gy,

shifts of —80 mV and+23 mV for the Mo(1V)/Mo(V) and Mo- gy, but for thiolate-rich [Me=OJ** complexes, the ligand terms
reverse this, causing. > gx, gy. In the case of a desoxo Mo-

(32) E.g., see: Balagoparalkrishna, C.; Kimbrough, J. T.; Westmoreland,
D. T. Inorg. Chem.1996 35, 7758-7768. (34) Cleland, W. E.; Barnhardt, I. T. M.; Yamanouchi, K.; Collison, D.;
(33) Trieber, C. A.; Rothery, R. A.; Weiner, J. B. Biol. Chem1996 Mabbs, F. E.; Ortega, R.; Enemark, J. IHorg. Chem.1987, 26, 1017~

271, 27339-27345. 1025.
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Figure 4. Effects of enrichment in 7O upon the native WT DMSO g A/‘/\ h 0
reductase type 1 Mo(V) EPR spectrum. Traces a show the control in h \/"\/
H>*%0 (natural abundance) water (broken line) and the spectrum of L 4001
DMSO reductase in 47% enriched} O. Trace b shows a difference ' 2'0600' = 2'0650' T 20100 ‘20(!)00' — '20650
spectrum generated from the traces shown in (a), corresponding to one Energy (€V) Energy (V)

coupled exchangeable oxygen, and trace c shows a computer simulation__
of (b) using the parameters given in Table 1. Figure 5. Molybdenum K-edge near-edge spectra (A) and correspond-

ing second derivatives (B) of DMSO reductase. Traceg ahow

. . . spectra of native WT enzyme, while traceshf show spectra of the
(V) species, AEm .WIH b.e smaller _thap Wlth_ molybdenyl . S147C variant. Trace a shows the oxidized recombinant WT enzyme,
complexes (especially with a coordination environment domi- trace b the oxidized native WT enzyme, trace c oxidized redox-

nated by thiolate ligands), and the effects of the first term in €q conditioned (reduced then reoxidized) recombinent enzyme, trace d
1 will therefore be more significant than with molybdenyl dithionite reduced native WT enzyme, trace e dimethyl sulfide reduced
complexes. Thus, it is possible that, for S147C DMSO reductase, native WT enzyme, trace f as-isolated S147C enzyme, trace g redox-
the opposing ligand and metal contributions in eq 1 partially conditioned (reduced then reoxidized) S147C enzyme, and trace h
cancel each other and conspire to cause an effectively smallerdithionite-reduced S147C enzyme.
than normalg anisotropy.

170 Enrichment Studies. Figure 4 shows the Mo(V) EPR correspondingly small participation in the half-occupied ground-
spectrum of native WT DMSO reductase exchanged into 47% State molecular orbital.
(final) Hx"O by diluting highly concentrated enzyme with Mo K-Edge Near-Edge X-ray Absorption Spectra.Figure
enriched water, equilibrating f@ h at 4°C, and then adjusting 5 shows the Mo K-edge near-edge spectra of the different forms
En to ~60 mV. The Mo(V) EPR spectrum shows clear of DMSO reductase investigated. The spectra are broadly
broadening of all features, with some partially resolved structure similar, with subtle differences that are highlighted by the
(Figure 4). Bray and Gutteridgehave reported a simple method second-derivative plot of Figure 5B. The preedge feature at
for estimating the numbers of coupl&® nuclei with resolved about 20008 eV has been observed for other molybdenum
or partly resolved hyperfine structure. In this method, EPR enzyme<. This so-called oxo-edge feature is characteristic of a
double integration and difference spectra are employed to species possessing M® groups (or to a lesser extent ko
estimate the fraction of Mo(V) which is unenriched; this is equal S); it arises from formally dipole-forbidden *s 4d bound-
to (1 — a)" wherea is the isotopic enrichment amtthe number state transitions to antibonding orbitals directed principally along
of coupled oxygens. Using this method, we find that a single Mo=0 bonds*® While firm structural conclusions are not
170 is coupled to molybdenum in DMSO reductase. The most possible from analysis of these data, we note that the oxo-edge
likely identity for this oxygen is a MeOH ligand, where the  feature is most intense in the as-isolated recombinant WT
H is the exchangeable proton which is observed coupled to Mo- DMSO reductase (Figure 5a), which argues for a higher number
(V) and the oxygen atom derives from protonation of the single of these ligands in this sample.
Mo=0 ligand of oxidized enzyme (see below). The computer Mo K-Edge EXAFS Spectra.Figure 6 shows the Mo K-edge
simulation shown in Figure 4c, while not a perfect fit to the EXAFS spectra, the best fits, and the corresponding Fourier
experimental data, clearly indicates anisotropic hyperfine cou- transforms of recombinant WT, native WT, and the S147C
pling to a single'’O (Table 1). There is only one report of a variant DMSO reductases in oxidized and reduced reduced
Mo(V) model complex with’O coupling from Mo-OH forms. The results of the curve-fitting analyses are summarized
ligation3® This complex, in contrast to DMSO reductase, is a in Table 2. None of the very long~3 A) Mo—S EXAFS
[Mo=OJ3* species, and again caution should be used in predicted from crystallographic studfesere observed in any
comparing spin Hamiltonian parameters. Nevertheless, the Mo- of the samples examined, although we note that these might be
(V) EPR of the model compou#fishows proton hyperfine and  undetectable. We have previously repotatiat the oxidized
anisotropic'’O hyperfine couplings of similar sizes, although native WT enzyme possesses a monooxo molybdenum site with
slightly larger than those observed for DMSO reductase. approximately four Me-S ligands®®
Estimation of the anisotropic component of the DMSO reductase  |n contrast to the case of the native WT enzytheurve-
10 hyperfine coupling matrX indicates an approximate fitting analysis of the EXAFS from the as-isolated recombinant
oxygen p-orbital spin density of 0.05 electron, arguing for a WT enzyme indicates a novel dioxo species with two=®

(35) Bray, R. C.; Gutteridge, Biochemistry1982 21, 5992-5999. E_It 172 A ahd four Me-S a_t_2'48 ’_B“!O No improvement in the

(36) Greenwood, R. J.; Wilson, G. L.; Pilbrow, J. R.; Wedd, A.JG. fit was obtained when additional light scatterers such as-Mo

Am. Chem. Sod993 115 5385-5392.
(37) Goodman, B. A.; Raynor, J. Bdv. Inorg. Chem. Radiocherti97Q (38) Kutzler, F. W.; Natoli, C. R.; Misemer, D. K.; Doniach, S.; Hodgson,
13, 135-362. K. O.J. Chem. Physl98Q 73, 3274-3288.
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between the recombinant WT dioxo protein and the native WT
is likely due to the fact the former enzyme has never undergone
redox-cycling (as part of catalytic turnover), whereas the latter
enzyme certainly has, as the organism was grown on DMSO.
The lack of any observed trans-effects in the v® bond
lengths of the dioxo form of DMSO reductase clearly implies
a nonoctahedral geometry. This is illustrated by Figure 7, which
compares the Mo K-edge EXAFS Fourier transforms of the
(approximately) octahedral complex Me@iethyldithio-
carbamatef® and that of dioxo recombinant WT DMSO
reductase. The Fourier transform of the model compound
spectrum clearly shows two distinct M& peaks, corresponding
to molybdenum thiolates that are cis and trans to the=i@o
groups with Me-S bond lengths of 2.45 and 2.64 A, respec-
tively. As we have previously pointed ottsimilar arguments
apply to the monooxo oxidized native WT protein, and a trigonal
prismatic geomety 12 of the type illustrated in Figure 8 seems
most likely for both dioxo and monooxo forms of the enzyme.
Both the dithionite and DMS-reduced native WT DMSO
reductase samples lack thel.7 A Fourier transform peak

Fourier transforms of DMSO reductase samples. In all cases, the solidindicative of Me=0 ligation, and curve-fitting indicates that
lines show experimental data, while the broken lines show the best fits both are desoxo species (Table 2A), with very similar molyb-
(Table 2). The EXAFS Fourier transforms have been phase-correcteddenum coordination environments. The DMS-reduced enzyme

for Mo—S backscattering. Traces-a show spectra of native WT

has approximately four MeS ligands at 2.36 A and two MeO

enzyme, while traces-th show spectra of the S147C variant. Trace a ligands at 1.94 and 2.14 A. In both cases attempts to include

shows the oxidized recombinant WT enzyme, trace b the oxidized native

WT enzyme, trace c oxidized redox-conditioned (reduced then reoxi-
dized) recombinent enzyme, trace d dithionite reduced native WT

enzyme, trace e dimethyl sulfide reduced native WT enzyme, trace f

a molybdenum-oxygen ligand with a bond length appropriate
for Mo=O0 refined to very high DebyeWaller factors, ef-
fectively removing this component from the fit.

as-isolated S147C enzyme, trace g redox-conditioned (reduced then The MO Kjedge EXAFS .Of the Serl47Cys DMSO re.d%lc'
reoxidized) S147C enzyme, and trace h dithionite reduced S147C tase variant is also shown in Figure-8f, and the curve-fitting

enzyme.

results are summarized in Table 2B. The enzyme as isolated is
a monooxo species with four MeS ligands (Table 2B). The

were added to the refinements (Table 2). When the recombinantfit was improved slightly by addition of a long MeO

enzyme was reduced and then reoxidized (as with the Mo(V)
EPR), the Mo K-edge EXAFS of the resulting protein was found
to be indistinguishable from that of native WT enzyme (Figure
6, Table 2A). The original dioxo species could not be regener-

interaction at 2.2 A. The M&O bond length of 1.71 A is
significantly longer than that of the native WT enzyme at 1.68
A, and the Me-S bond length is slightly shorter (2.42 A vs
2.44 A). This gives a bond valence sui344450f 5.9, which

ated by air oxidation even after several hours. EXAFS studies is consistent with the supposed oxidation state of Mo(VI). The

of the tungsten-containing aldehyde oxidoreductase fiRym
rococcus furiosud show that this enzyme can also exist as a
dioxo or monooxo active site. Oxygen-inactivated enzyme
possesses two WO ligands?42 whereas the anaerobically
purified and sulfide-activated forms of the enzyme contain one
W=0* For the oxygen-stable DMSO reductase, the difference

(39) The DebyeWaller factor of 0.0033 A determined from curve-
fitting is large for a M&=0O ligand, which (see discussion below) is expected
to be about 0.0015 A We note that this is the least well determimed
parameter in the EXAFS curve-fitting analysis, as indicated by the 95%
confidence limit 0f+0.0018 & (Table 2), which causes an overlap with
the ideal value. In support of this, we find that curve-fitting analysis of
five equivalent EXAFS data sets of the monooxo Mo thiolate complex{PPh
[MoO(SPh)] (Bradbury, J. R.; Mackay, M. F.; Wedd, A. Gust. J. Chem.
1978 31, 2423-2426) gave values for the MeO Debye-Waller factor
ranging from 0.0017 to 0.00262Awith the lower values resulting from
the data sets of highest quality.

(40) Confidence in the conclusion of a dioxo active site for the

recombinant wild-type enzyme is reinforced by the fact that the decrease

in fit error between one M&O and two Me&=O ligands is significantly
improved wherk? weighting is used to increase sensitivity to these ligands.

Mo=0 Debye-Waller factor of 0.0041 Ais large, suggesting
some active site heterogeneity. The #® Debye-Waller factor

of 0.0062 & is also consistent with some disorder in M8
bond lengths. Inclusion of an additional oxygen at 2.23 A
required a very large DebyéNaller factor (0.031 A), ef-
fectively removing this contribution from the fit. After the
S147C protein had been reduced with 5 mM dithionite plus 0.1
mM methyl viologen and subsequently reoxidized, thesv@®
bond length was decreased to 1.70 A, with a slightly shorter
Mo—S bond length of 2.40 A. The MeS coordination was
apparently increased from 4 to 5, and an additional oxygen (at
2.00 A) improved the fit slightly¢ The active site of the S147C
variant thus exhibits redox-conditioning similar to that observed
with the recombinant WT protein. EXAFS curve-fitting analysis
of the dithionite-reduced enzyme indicated a desoxo active site
with approximately five Me-S ligands and one MeO (Table
2B). Added DMS did not reduce the S147C enzyme, as judged
by the electronic spectrum. Enzyme reduced by dithionite and

This is because the EXAFS amplitude for an oxygen backscatterer is more methyl viologen in the presence of DMS gave EXAFS data that

pronounced at lovk, while that for the Me-S is more pronounced at high
k. Thus, comparing refinements with one and two=x@®, with k® weighting
the fitimproves by about 19% when two M® ligands are assumed (from
0.309 to 0.259; Table 2) and by 44% whkhweighting is used (from
0.231 to 0.160). In either case, the intensity of the=h® peak in the
EXAFS Fourier transform is only reproduced with two #0 ligands.

(41) George, G. N.; Prince, R. C.; Mukund, S.; Adams, M. W. V.
Am. Chem. Sod992 114 4, 3521-3523.

(42) George, G. N.; Prince, R. C.; Mukund, S.; Adams, M. W. W.
Unpublished results.

(43) (a) Kopwillem, A.Acta Chem. Scand.972 26, 2941. (b) Berg, J.
M.; Hodgson, K. O.lnorg. Chem.198Q 19, 2180-2181.

(44) (a) Brown, I. D.; Altermat, DActa Crystallogr.1985 B41, 244—
247. (b) Brese, N. E.; O’Keeffe, MActa Crystallogr.1991, B47, 192—
197.

(45) Thorp, H. H.Inorg. Chem.1992 31, 1583-1588.

(46) We note that discrimination of four MeS ligands from five Me-S
ligands is bordering on the limts of accuracy of the technique, and our
coordination numbers discussed above are thus somewhat tentative.
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Table 2. EXAFS Curve-Fitting Resulés
Mo=0 Mo—S Mo—QP
sample N R o? N R o? N R o? error
(A) Native and Recombinant Wild-Type DMSO Reductase
wild-type Mo(VI) 1 1.683(6) 0.0033(6) 4  2.435(1) 0.0041(1) 1  1.920(15) 0.0067(17) 9.323
recombinant Mo(VI) as isolated 1 1.724(3) 0.0016(3) 4 2.475(2) 0.0055(2) 0.309
2 1.722(3) 0.0044(3) 3  2.475(2) 0.0040(2) 0.292
2 1.722(3) 0.0045(3) 4  2.475(2) 0.0055(2) 0.259
2 1.722(3) 0.004433) 5 2.475(2) 0.0070(2) 0.263
2 1.722(3) 0.0045(3) 4  2.476(2) 0.0055(2) 1 2.156(66) 0.0276(149) 0.259
wild-type Mo(1V) 3 2333(2) 0.0022(2) 1 2.160(17) 0.0037(15) 0221
1 1.921(8) 0.0040(9)
wild-type DMS-reduced Mo(IV) 4 2.361(1) 0.0030(1) 0.290
4  2361(1) 0.0031(1) 1  1.943(5) 0.0020(5) 0.245
4  2.361(1) 0.0029(1) 2  1.964(9) 0.0091(12) 0.271
3 2361(1) 0.0018(1) 1  1.938(6) 0.0024(6) 0.300
4  2.362(1) 0.0032(1) 1 1.944(5) 0.0020(5) 0.230
1  2.144(16) 0.0063(2)
(B) S147C DMSO Reductase
S147C Mo(VI) as isolated 1 1.713(5) 0.0043(5) 5 2.419(1) 0.0062(1) 0.238
1 1.712(5) 0.0042(5) 4  2.418(1) 0.0049(1) 0.255
1 1.712(5) 0.0042(5) 4 2.421(2) 0.0050(2) 1 2.194(22) 0.0096(28)  0.232
1 1.714(5) 0.0043(5) 5 2.419(1) 0.0063(1) 1 2.227(88) 0.0306(175) 0.237
S147C Mo(VI) redox-cycled 1 1.698(4) 0.0027(4) 4 2.400(1) 0.0038(1) 0.266
1 1.698(4) 0.0028(4) 5 2.400(1) 0.0051(1) 0.261
1 1.699(4) 0.0028(4) 4 2.401(1) 0.0039(1) 1 2.100(38) 0.0108(68) 0.259
1 1.703(4) 0.0029(4) 5 2.401(1) 0.0050(1) 1 2.000(12) 0.0070(15) 0.251
S147C Mo(IV) 4 2.368(2) 0.0024(2) 0.344
5 2.368(2) 0.0035(2) 0.321
6  2.368(2) 0.0045(2) 0.325
5 2371(2) 0.0035(2) 1 2.119(20) 0.0059(3) 0.314

a Coordination numbeN, interatomic distanc® (A), and (thermal and static) mean-square deviatioR ifthe Debye-Waller factor)o? (A2).
The values in parentheses are the estimated standard deviations (precisions) obtained from the diagonal elements of the covariance matrix. We note
that the accuracies will always be somewhat larger than the precisions, typidalp A for R and+£20% for N and o Fits shown in boldface
type represent the best fits obtained for the sampibmte that EXAFS cannot readily distinguish between scatterers of similar atomic numbers,
such as chlorine and sulfur or nitrogen and oxydeFhe fit error is defined a§ k8(yexpt — Xcaicd? 3 Koxexpi- ¢ Data taken from ref 13.
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Figure 7. Comparison of the Mo K-edge EXAFS Fourier transforms
of MoOy(diethyldithiocarbamate)solid line) and dioxo recombinant
WT DMSO reductase (broken line). In both, the metal is coordinated
by two Mo=O and four Mc-S ligands. In the (approximately)
octahedral model compound, trans effects from thes@ogroups cause
elongation of some MeS bonds, and the lack of this in the enzyme
data indicates a nonoctahedral coordination geometry.

were not significantly different from those of enzyme reduced
with dithionite and methyl viologen alone.

Discussion

The EXAFS curve-fitting results presented herein and previ-
ously*3 show the presence of approximately four M® ligands
for native WT DMSO reductase. This is consistent with the
presence of two pterin dithiolene ligantfsThe data also
unambiguously indicate that the Mo(VI) enzyme contains a
monooxo molybdenum site and that this oxo group is converted
to a Mo—0 ligand upon reduction with either dithionite or DMS,

as shown diagrammatically in Figure 8. In agreement with this,
EPR suggests the presence of a single"1@#1 ligand in the
Mo(V) oxidation state. The resonance Raman studies recently
reported by Garton et af. support these conclusiofh3.

There are important differences between the DMS- and
dithionite-reduced active sites. When DMS is used as a
reductant, DMSO becomes coordinated to molybdenum, and
there are clearly four MeS ligands. When dithionite is used
as the reductant, the EXAFS suggests three rather than four
thiolate ligands, which is in excellent agreement with the
structure for dithionite-reduced enzyme proposed by McAlpine
et all® We note, however, that since EXAFS-derived coordina-
tion numbers typically have an uncertainty &20%, it is
difficult to distinguish between three and four M& ligands.
Nevertheless, the bond length trends (Table 2) support three
Mo—S ligands for dithionite-reduced enzyrieOn the other
hand, the resonance Raman data of Garton &t algue for
four Mo—S from two slightly different dithiolene ligands for
all forms of the enzyme studied. This area clearly needs further
study.

Perhaps unexpectedly, the recombinant WT enzyme as
isolated exhibits a novel dioxo coordination (Figure 8), with
apparently no coordinating amino acid side chain residue. Redox
cycling converts the enzyme to a monooxo structure indistin-
guishable from the enzyme isolated frd®n sphaeroidesThe
difference is probably due to the fact that the recombinant
enzyme has never undergone catalytic turnover, a finding that
has important implications for understanding the insertion of
the cofactor and assembly of a functional active site.

The EPR and EXAFS data of the Seri4Cys variant
enzyme are consistent with Cys147 as a ligand on molybdenum
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Figure 8. Proposed structures of, and relationships among, the Mo-
(VI), Mo(V), and Mo(lV) species of native WT DMSO reductase.
Midpoint potentials (pH 8.5) as determined by redox titrations (Figure
3) are given where appropriateshows the postulated structure of the
recombinant WT as-isolated Mo(VI) enzyniethat of the fully reduced
Mo(1V) enzyme,c the Mo(V) EPR signal-giving speciegthe oxidized
Mo(VI) form for both redox-conditioned recombinant WT and native
WT enzymes, and the postulated structure of DMS-reduced enzyme.

For structure® andc the shorter of the two MeO bond lengths (Table
2) is likely to be the Me-O—Serine. For structure, a search of the
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Figure 9. Proposed structures of, and relationships among, the Mo-
(VI), Mo(V), and Mo(lV) species of Serl4#Cys DMSO reductase.
Midpoint potentials are those determined by redox-titrations (Figure
3). a shows the postulated structure for the oxidized Mo(VI) variant as
isolated,b the fully reduced Mo(lV) enzyme; the major Mo(V) EPR
signal-giving species, andlthe oxidized Mo(VI) form of the variant

after redox cycling.

similar to that of theE. coli nitrate reductase anion-bound low-

Cambridge Structure Data Base suggests that the longer of the twopH species It is of course possible that the cysteine is not a

Mo—O is likely to be the Me-O—DMS ligand.

in all oxidation states other than that of the as-isolated enzyme

(Figure 9). This in turn supports the crystallographic identifica-
tion of serine as a ligand of molybdenum in native WT enzyme
(Figure 8). Similar to the recombinant WT enzyme, the S147C
variant shows structural changes on redox cycling, which
probably involves the formation of the M&(Cys147) bond.
Unlike the native WT enzyme, the as-isolated variant has a
monooxo Mo(VI) active site and probably a long MO ligand,
shown as a coordinated water in Figure 9.

Our results have some implications for related molybdenum

enzymes. As has been previously discussed (e.g., ref 2), Serl4
c

is part of a peptide sequence that is conserved among prokaryoti

ligand in E. coli nitrate reductase, but if it is, then the
coordinating amino acid cannot be the sole determinant of
active-site properties and structiife.

A recent EXAFS study oR. capsulatuDMSO reductase
by Baugh et al#is in substantial disagreement with our findings
(Table 2A). These workers studied the enzyme in oxidized,
dithionite-reduced, and DMS-reduced forfg heir interpreta-
tions are at odds both with our previous anali&stsand with
the analysis presented herein but are in substantial agreement
with the crystal structure studies of Bailey and co-workéfs,
Their EXAFS analysis includes eight, five, and nine compo-

flents, respectively, for the oxidized, dithionite-reduced, and

DMS-reduced forms, with contributions from directly coordi-

molybdenum enzymes. The Ser147 residue of DMSO reductase (48) George, G. N.: Turner, N. A.: Bray, R. C.; Morpeth, F. F.; Boxer,

is replaced by cysteine in formate dehydrogenases from
Wolinella succinogeneendMethanobacterium formicicumind

in nitrate reductases from a variety of sources (includingoli)

by selenocysteine i&. coliformate dehydrogenasand remains

a serine inR. sphaeroidesiotin sulfoxide reductase and &

coli DMSO reductas@.These amino acids are likely to be

D. H.; Cramer, S. PBiochem. J1989 259, 693-700.

(49) Cramer, S. P.; Solomonson, L. P.; Adams, M. W. W.; Mortenson,
L. E. J. Am. Chem. S0d.984 106, 1467-1471.

(50) We note that no resolveédO hyperfine coupling was detected in
the E. coli nitrate reductase Mo(V) nitrate complex EPR signal in
experiments using isotopically enriched nitréteyhich suggests that nitrate
is not a ligand of Mo. On the other hand, the fluoride complex shows well-
resolved'®F hyperfine structure, suggesting anion ligation. The similarity

ligands on molybdenum in their respective enzymes. Thus We of the DMSO reductase Mo(V) EPR, which lacks sensitivity to anions,

might have expected that the properties of S147C DMSO
reductase would resemble thoseEf coli nitrate reductase,

which is the best studied of the cysteine-containing enzymes.

suggests that anions are probably not ligated directly to Mg oli nitrate
reductase and that the obsert&e hyperfine structure could arise primarily
from dipole—dipole splittings from flouride bound in an anion binding
pocket.

Not surprisingly, S147C DMSO reductase does not possess any (51) The EXAFS analysis of Baugh et'dlused the statistical significance

nitrate reductase activity (although it has gained adeNiogide
reductase activity!), but the Mo(V) EPR properties are also
distinctly different?~4° Instead (as previously pointed out by
Bennet et af9), the EPR of native WT DMSO reductase is very

(47) George, G. N.; Bray, R. C.; Morpeth, F. F.; Boxer, D.Biochem.
J. 1985 227, 925-931.

test developed by Joyner et®8l(a modifiedF test3). Unfortunately them
test is inappropriate for comparison of two models which have been
independently refined, as is the case with EXAFS curve-fittA®j.

(52) Joyner, R. W.; Martin, K. J.; Meehan, P. Phys. C. Solid State
Phys.1987 20, 4005-4012.

(53) Sachs, LApplied Statistics2nd ed.; Springer-Verlag: New York,
Berlin, Heidelberg, Tokyo, 1984.

(54) George, G. NJ. Biol. Inorg. Chem1997, 2, 790-796.
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nated Mo-S and Mo-0 ligands, long-distance MoC interac-
tions from the Serl147 and the pterin ditholene ligands, and, in

George et al.

Garner and co-workers’ analysis of the dithionite-reduced
enzymé*is in partial agreement with out8with four Mo—S

the case of DMS-reduced enzyme, an additional remote sulfurand two different Me-O. However, one of their MeO is

from bound DMS!#55 These analyses have unusually large
numbers of variables for EXAFS, and inspection of their analysis

refined with a very long bond length of 2.5 A, contributing only
5% of the total amplitude, while the other has an unreasonably

reveals that most components have been refined with physicallylarge Debye-Waller factor and contributes less than 4% of the

unreasonable Deby@Naller factors. Thus, five of the eight
interactions included for the oxidized enzyme have Debye
Waller factors outside a physically reasonable rahgad two

are so large as to essentially eliminate their EXAFS. For the
parameters reportéd?® the EXAFS from one of the three
Mo—0O and from one Me-S are almost in phase throughout
the k range of the data, while that from the short MO is
essentially out of phase with that from the third MO. These
factors, combined with the use of physically unreasonable
Debye-Waller factors, suggest an incorrect assignment of
backscatterer¥!

total. Thus, their EXAFS analysis of the dithionite-reduced
sample is dominated by MeS at about 2.36 A, which is only
a little longer than our estimate of 2.33 A (Table 28).

In contrast with our findings (Table 2A), Baugh et!al.
conclude that DMS-reduced enzyme possesses orre=Mo
ligand with a bond length of 1.69 A. However, this is again
refined with the physically unreasonable DebyWaller factor
of 0.014 R, suggesting a root-mean-square displacement 2
orders of magnitude greater than that expeéfethis Mo=0
thus contributes a little less than 2% of the total EXAFS
amplitude in their analysis. In fact, of the nine components
refined in their analysis, only two individually contribute more

(55) We cannot reproduce the calculated EXAFS spectra reported by than 6% of the total amplitude, and all but these two can

Garner and co-worke¥s for oxidized and dithionite-reduced DMSO
reductase, and it is likely that there are typographical errors in the parameter

the form of their EXAFS simulations. We also note that a fully quantitative

approach is not possible as the data reported by these workers have n

ordinate scale.

(56) The Debye-Waller factoro? is defined as the mean-square deviation
of the average bond lengt Larger values for? cause the EXAFS to be
damped at highek, relative to EXAFS with smalb?. Thus, the effects of
the Debye-Waller factor are similar to those of the thermal parameter in
X-ray crystallography, and high values will obscure a particular atom.
Phenomenologicallyg? can be represented as a sum of vibrational and
static components? = o%ip + 0%t The contributiono?sa arises from
structural disorder in bond lengths differing by less than the EXAFS
resolution (which is given approximately hy/2k), and for a single
absorberbackscatterer paig2sat Will be zero. In the case of a diatomic
harmonic oscillatow?,, is simply given by

—(_h v
Pio= (i) (i)

wherev is the vibrational frequency of the bondtretch vibrationy

is the reduced mask,is Boltzmann’s constant, antlis temperature.
This approximation should work moderately well for molybdenum
EXAFS as the absorber atom is much more massive than th
backscatterer. Using for known compounds, this leads to estimated
lower limits for Debye-Waller factors of about 0.0015 and 0.0028 A
for Mo=0 and Mo-S, respectively. As has been previously pointed
out by Cramer et aP’ in the case offy (andOy) symmetry, it is trivial

to calculate 0%, exactly using vibrational spectra. Thus, for the
tetrahedral anion Mo~ 02, is 0.00150 & .58 Debye-Waller factors
are known to increase with increasing bond lerig#tiand the harmonic

oscillator approximation can be used to estimate this using Badger's

rule to estimate the bond length dependency.oThus, for Mo-O

with R=1.90 A we calculater?,;, of 0.0022 R and withR=2.0 A,

o4 of 0.0025 R We note that only slight changesdf, are expected

for Mo=0 and Mo-S between 10 and 77K. An upper limit fofsat

can be estimated from the coordination number and the EXAFS
resolution. FoN atoms at an average distariR@and individually atR

Ozstat% %Z(R - R)2

where|R — R is less than or equal to the EXAFS resolution of
approximatelyz/2k. For two dissimilar (unresolved) MeS bonds
and an EXAF range of 12 A1, a maximumoZg,is 0.0043 &,
combining witho?, to give an overall upper limit foo? of 0.0063
A2 It is important to note that, among the parameters available
from quantitative EXAFS analysis? is not well determined. Thus,
being somewhat generous with our limit, values of less than
0.0015 & for Mo=0O bonds are chemically unreasonable, as are
values greater than 0.005¢.Andeed, the damping of the EXAFS
with a Debye-Waller factor of 0.01 & (or larger) is generally
sufficient to effectively eliminate this EXAFS contribution from
the total.

(57) Cramer, S. P.; Wahl, R.; Rajagopalan, K.J.Am. Chem. Soc.
1981, 103 7721-7727.

(58) (a) Muller, A.; Nagarajan, GZ. Naturforsch., B.: Anorg. Chem.,
Org. Chem., Biochem., Biophys966 21B, 508-512. (b) Nagarajan, G.
Acta Phys. Pol1965 6, 875-882.

S
reported. Only for the DMS-reduced enzyme can we accurately reproduce

e

therefore be reasonably neglected. These interactions (one
Mo—0 at 1.91 A and two MeS at 2.37 A) have refined
Debye-Waller factors that are unreasonably small (both 0.001

%42, the latter undoubtedly as a consequence of the coordination

number being too low.

Thus, when allowance is made for the analysis methods used
by Garner and co-workefd,it is clear that our analysis (Table
2A) and theirs, in fact, point to the same conclusions. Neither
indicates the dioxo oxidized or monooxo DMS-reduced active
site suggested from crystallography by Bailey and co-workers.

Finally we will address the different proposed crystallographic
structures of the active site of DMSO reductadéin light of
the EXAFS spectroscopy, and bearing in mind chemically
reasonable geometry.

It is of course possible that the different DMSO reductase

crystal structurés?? reflect genuine structural differences
between the different preparations of the proteins. However, at
least for solution samples, the weight of spectroscopic evidence
argues against this, at least for the structures of Schindelin et
al? and Bailey and co-workefd:'2 The similarity of the Mo-
(V) EPR, the optical spectra, the MCD spectra, and now the
EXAFS data all seem to suggest similar active-site structures.
In our discussion, we will use the nomenclature of Schindelin
et al? for the sulfur and pterin atoms.

Although the structures of oxidized and reduced enzymes
described by Schindelin et &lare in partial qualitative agree-
ment with the EXAFS data, they are chemically unusual. The
oxidized enzyme is five-coordinate with three M8 ligands,
one Mc=0, and one oxygen donor from Ser147 (Figure 10a).
The two sulfur ligands from the P pterin have bond lengths of
2.51 and 2.49 A (S1 and S2, respectively), and the bond to S2
of the Q pterin has a bond length of 2.51 A. The single=v@®
is rather close to S2 of the P pterin at 2.25 A. As has been
previously pointed out molybdenum is ligated in less than
half of its coordination sphere with four of the five ligands
approximately on the plane normal to the M81(P pterin)
bond. The reduced site described by Schindelin &tislalso
rather unusual (Figure 10b). Here the Mo is effectively three-
coordinate with only the P pterin dithiolene and the Ser147 O
being less tha 3 A from Mo. There are no other reports of
three-coordinate high-valent molybdenum complexes with sulfur
donors in the literature.

The structure determined by Schneider éfaf R. capsulatus
DMSO reductase is shown in Figure 10c. These workers
conclude that the oxidized molybdenum site in their preparations
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Figure 10. Active-site structures proposed from X-ray crystallographic
studies of DMSO reductase froR. sphaeroidesnd R. capsulatus.

J. Am. Chem. Soc., Vol. 121, No. 6,178%9

The crystal structure analyses of Bailey and co-workers for
R. capsulatusDMSO reductasé-'? are illustrated in Figure
10d—f. The seven-coordinate geometry of the oxidized (Figure
10d) and DMS-reduced (Figure 10f) enzymes is unusual for
molybdenum, although not without precedent (e.g., see ref 60).
A closer examination of the crystal structure indicates more
unusual features, all centered around one of thesadigands.

In the structure of the oxidized enzyme (Figure 10d), the two
oxo groups are separated by only 1.94 A and one is only 1.90
A from one of the pterin dithiolene sulfurs (S2 of the P pterin)
with a S-Mo=0 angle of 49.11 Both of these distances are
much less than the sum of the van der Waals radii of the atoms
concerned. The 8Mo=0 angle of 70 is also very small; of

the large number of dioxomolybdenum species known, the
average &Mo=0 angle is 106,51 and there are no reported
complexes for which this angle is less thart.95%2The structure
proposed for the dithionite-reduced enzy#is, on the other
hand, chemically reasonable (Figure 10e). Unfortunately, this
is not the case with the DMS-reduced enzyme (Figure 10f).
Here the M&=O ligand is separated from the P pterin S1 sulfur
by 2.09 A, from Q of Ser147 by 1.99 A, and from the oxygen
of bound DMSO by 1.90 A. Again, these distances are less than
the sum of van der Waals radii. The F® is unreasonably
crowded and cannot be coordinated in the location proposed.

Recently, additional high-resolution (1.35 A) crystallographic
data onR. sphaeroide®MSO reductase have become avail-
able83:64 From this work come the interesting suggestions of a

Coordinates were taken from the Brookhaven Protein Data Bank using cofactor sulfenic acid (RS—OH) coordinated to molybdenum

entries 1CXS, 1CXT, 1DMS, 1DMR, 2DMR, and 4DMR for structures
a—f, respectively. Plots a and b show tResphaeroidestructures for
oxidized (a) and dithionite-reduced (b) enzyme of Schindelin &t al.
Plot ¢ shows the oxidizeR. capsulatustructure of Schneider et #l.
Plots d-f show the structures of Bailey and co-workérs for the R.
capsulatuenzyme in oxidized (d¥: dithionite-reduced (€}, and DMS-
reduced (f) formg?

of R. capsulatudDMSO reductase is very similar to that of
desulfo xanthine oxidases and aldehyde oxid&g@kthe two
cofactor dithiolenes, only the P pterin is coordinated to

molybdenum and the active-site coordination is completed by
an oxygen ligand from serine 147 and two terminal oxygens.

While being chemically the least unconventional of the crys-

tallographically proposed sites, its structure still contains unusual

features. In particular, the=€Mo=0 angle is rather small at

94° and the two Me-S bond lengths are quite different at 2.5
and 2.3 A, for Me-S1 and Me-S2, respectively. Such a

difference would be easily resolved in Mo K-edge EXAFS. As
previously discusse¥;>*the structural conclusions of Schneider
et all%are in par®® consistent with the Mo(V) EPR spectroscopy
of Bray and co-workerd} which indicated that DMSO reductase

can exist in a form similar to desulfo xanthine oxidase, although

this is probably not a native forf.We note in passing that
the Mo—S(Q pterin) distances of Schneider et@differ by
only tenths of an angstrom from those given for the reduiRed
sphaeroidegprotein by Schindelin et &(Mo—S1Q 3.5 A vs
3.0 A and Mo-S2Q 3.9 A vs 3.8 A), and yet the two groups
deduce quite different formal chemistries for this group in the
active site.

(59) As previously discuss&t!32054he similarity of theD. desulfuricans
low-g type 1 signal to the slow signal of desulfo xanthine oxidaaegues
for a (molybdopterin)@o=0O(OH), coordination for both signal-giving
species?1354Given the exquisite sensitivity of Mo(V) spin Hamiltonian
parameters to structure, it seems unlikely that a (molybdopteM9)S
O(OH)(O—Ser) coordination would give similar EPR parameters. Possibly,
the lowg type 2 signa corresponds to the reduced form of the structure
described by Schnieder et’dl.

and of one distant cysteine (Cys219) oxidized to the sulfinic
acid (R-SOOH). While sulfenic acid coordination is certainly
a chemically novel suggestiéh,implying some interesting
possibile catalytic mechanisms, there are reports of chemically
related model&® Future X-ray spectroscopy at the sulfur K
edgé” will address these interesting possibilities, and prelimi-
nary results support the suggestion of a cysteine sulfinic acid
residue in some forms of the enzyme.

Not surprisingly, the different proposed active-site structures
have led to quite different suggested mechanisms for the
enzyme. Isotopic labeliff§and resonance Raman spectrosébpy

(60) Dirand, J.; Ricard, L.; Weiss, Rransition Met. Chem1975 1,
2-5.

(61) Stiefel, E. I. INComprehensie Coordination Chemistrywilkinson,

G., Ed.; Pergamon Press: Oxford, U.K., 1987; pp 13¥7520.

(62) The G=Mo=0 angle in MoQ(tetrap-tolylporphrinate) is 95.1
(Menzen, B. F.; Bonnet, M. C.; Ledon, H.ldorg. Chem198Q 19, 2061
2066). In this case strong steric constraints force a smaller than normal
bond angle and the large deviations of the porphyrin ring from planarity
illustrate the contortions that can be tolerated to maintain the cis dioxo
geometry.

(63) Rees, D. C.; Hu, Y.; Kisker, C.; Schindelin, H.Chem. Soc., Dalton
Trans.1997 3909-3914.

(64) Schindelin H. Personal communication.

(65) Sulfenic acids (RS—OH) are chemically unstable and are not
known as free acids, but are known mostly from their derivatives, e.g.
sulfenyl halides (R-S—CI). Nevertheless, biological sulfenic acids are
known, and in particular a cysteine sulfenic acid is the redox center in
streptococcal NADH peroxidase (Stehle, T.; Ahmed, S. A.; Claiborne, A.;
Schultz, G. EJ. Mol. Biol. 1991, 221, 1325-1344). The possibility of
derivitization of a cofactor dithiolene might provide an expanation for the
observations of Bastian et al. (Bastian, N. R.; Foster, M. J. P.; Pope, J. C.
Biofactors1995 5, 5—10) of modified Mo(V) EPR and optical spectra in
the presence of NO and related compounds.

(66) Sulfines (RRC=S=0) are well-known as transition metal ion
ligands. A binuclear molybdenum complex witl-phenylsulfinyl ligands
has been reported (Vasyutinskaya, E. A.; Eremenko, I. L.; Pasynskii, A.
A.; Yanovskii, A. |.; Struchkov, Yu. TZh. Neorg. Khim1991, 36,1707—
1709).

(67) Pickering, I. J.; Prince, R. C.; Divers, T.; George, GFNBS Lett.
accepted for publication.

(68) Schultz, B. E.; Hille, R.; Holm, R. HJ. Am. Chem. Soc995
117, 827-828.
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have demonstrated that DMSO reductase uses an oxygen transfeworkers, it still possesses some chemically unusual featfres.
mechanism where the oxygen of DMSO is transferred to Thus, while protein crystallography is invaluable in revealing
molybdenum as a MsO group in the oxidized enzyme. the overall protein structure and the general environment of the
Schindelin et af. suggest that changes in M& ligation are metal site, a detailed understanding of the active site and its
important in driving the catalytic cycle. In contrast, Garton et catalysis will require an integration of information from a broad
al16 have proposed a mechanism in which the-Mocoordina- range of spectroscopies.
tion is invariant throughout the catalytic cycle. Finally, Garner,
Bailey, and co-workefd1214have proposed a mechanism in Acknowledgment. The Stanford Synchrotron Radiation
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