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Structural studies of dimethyl sulfoxide (DMSO) reductases were
hampered by modification of the active site during purification. We
report an X-ray absorption spectroscopic analysis of the molyb-
denum active site of Escherichia coli DMSO reductase contained
within its native membranes. The enzyme in these preparations is
expected to be very close to the form found in vivo. The oxidized
active site was found to have four Mo-S ligands at 2.43 A, one
Mo=0 at 1.71 A, and a longer Mo—0O at 1.90 A. We conclude
that the oxidized enzyme is a monooxomolybdenum(VI) species
coordinated by two molybdopterin dithiolenes and a serine. The
bond lengths determined for E. coli DMSO reductase are very
similar to those determined for the well-characterized Rhodobacter
sphaeroides DMSO reductase, suggesting similar active site
structures for the two enzymes. Furthermore, our results suggest
that the form found in vivo is the monooxobis(molybdopterin)
species.

The dimethyl sulfoxide (DMSO) reductase®Bs$cherichia

Enz-Md" + (CH,),SO+ 2H" —
Enz-Mo” + (CH,),S + H,0

DmsA is related to the structurally well-characterized
monomeric soluble periplasmic DMSO reductases from
Rhodobacter sphaeroided and Rhodobacter capsulati¥s
but to date, there is no direct structural information on the
active site of. coliDMSO reductase. Early structural studies
of the RhodobacterDMSO reductasés® suffered from
problems due to modifications of the active site by different
sample treatments. In particular, three early crystal structures
from three different groufs® gave conclusions that were
in conflict both with results from spectroscdifyand with
each other. It is now generally agreed that the root of this
confusion was cocrystallization of multiple forms of the
active site, consisting of active and inactive species, arising
from different sample treatments® Two structures of the
oxidized M0"' active site are found, one a six-coordinate
monooxo species with serine oxygen and four sulfurs from
two coordinated molybdopterin dithiolene cofactdrand
the other a five-coordinate dioxo species with a serine ligand

coli is a membrane-bound multiprotein complex that provides and only one of the two active site dithiolene cofactors
the terminal step in the electron-transfer chain when the bound?’Because the former structure is that observed both
organism is growing on DMS®It is a complex molybde-  in solution and following catalytic turnovérit is generally
num and Fe-S cluster-containing enzyme that is bound to Supposed that this corresponds to a physiologically relevant
the plasma membrane. The enzyme consists of three subunitACtive site.

The largest, DmsA, contains the molybdenum active site of
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COMMUNICATION

One advantage of X-ray absorption spectroscopy (XAS) —r 1 1 171
is that it has no restrictions on the sample state. We present i -
herein an XAS study of the molybdenum site oE. coli
DMSO reductase contained within its native membréne,
which has had only minimal preparation and should therefore
be close to the form found in vivo. The concentration of
molybdenum in these samples is approximately (A0,
which is challenging for XAS. However, recent advances in
sensitivity*® allow us to collect adequate data even at such
low concentrations.

Figure 1 shows the Mo K X-ray absorption near-edge
spectrum of membranous DmsABC compared with the [ ]
spectra of prototypical members of the three families of L
molybdenum enzymes. As expected, the near-edge spectrum 19980° 20000 20020 20040 20060 20080
L . . . 7 nergy (eV)
is distinct from sulfite oxidase and xanthine oxidase but _. . = . . ed ra of DMSABC dwith

. gure 1. ray absorption near-eage spectra or bms compared wi
closely resembles that &. sphaeroide®MSO reductase  prototypical members of the three families of molybdenum enzymes: (a)
(Figure 1). The extended X-ray absorption fine structure sulfite oxidase; (b) xanthine oxidase; @) sphaeroide®MSO reductase;
(EXAFS) spectrum of DmsABC is shown in Figure 2, (d) DmsABC.
together with best fits and the corresponding Fourier 10 ————7— . . .
transforms, and the parameters obtained from curve fitting
are summarized in Table 1.
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(10) X-ray absorption spectroscopic (XAS) measurements were conducted )
at the Stanford Synchrotron Radiation Laboratory with the SPEAR 3 -10; 3 3 7
storage ring containing between 85 and 100 mA at 3.0 GeV. Data k(A'l)
were collected on the structural molecular biology XAS beamline 9-3
with a wiggler field d 2 T and employing a Si(220) double-crystal
monochromator. Beamline 9-3 is equipped with a rhodium-coated
vertical collimating mirror upstream of the monochromator and a
downstream bent-cylindrical focusing mirror (also rhodium-coated).
Harmonic rejection was accomplished by setting the cutoff angle of
the mirrors to 23 keV. Incident and transmitted X-ray intensities were
monitored using argon-filled ionization chambers, and X-ray absorption
was measured as the MaoKfluorescence excitation spectrum using
an array of 30 germanium detectétDuring data collection, samples
were maintained at a temperature of approximately 10 K using an
Oxford Instruments liquid-helium-flow cryostat. Ten 40-min scans
were averaged so as to obtain acceptable signal-to-noise ratios, and
the energy was calibrated by reference to the absorption of a
molybdenum metal foil measured simultaneously with each scan, Figure 2. (A) Mo K-edge EXAFS spectrum of membranous DmsABC
assuming a lowest energy inflection point of 20 003.9 eV. The energy (solid line) plus best fit (broken line). (B) Corresponding Fourier transforms
threshold of the EXAFS oscillations was assumed to be 20 025.0 eV. phase-corrected for MeS backscattering.
Other experimental details were as previously descrB&eEXAFS
oscillationsy(k) were quantitatively analyzed using the EXAFSPAK  15p1e 1. EXAFS Curve-Fitting Parameters f&. coli DmsABC?
program suite [http://ssrl.slac.stanford.edu/exafspak.html] employing
ab inito phase and amplitude functions computed using the program interaction N R 02 AEg F
FEFF, version 8.25314No smoothing, filtering, or related operations
were performed on the data. Background subtraction was accomplished Mo—O 1 1.711(3) 0.0017(1)  —14.3(5) 0.281
using a specially written prograBACKSUBsimilar to that described Mo—S 4 2.429(1) 0.0043(1)
by Weng and co-workers. Mo—-0O 1 1.902(9)  0.0042(4)

D ﬁ;at\rr::)%rsﬁangTZ%récg%o_sggcum M.; George, GNNcl. Instrum. a Coordination numberhl, interatomic distanceR (A), Debye-Waller

(12) Doonan, C. J.; Stockert, A.: Hille, R.; George, G..NAm. Chem. factorso? (A?), and threshold energy shiftsE, (eV). Values in parentheses

13
11

Transform Magnitude

S0c.2005 127, 4518-4522. are the estimated standard deviations (precisions) obtained from the diagonal
(13) Rehr, J. J.; Mustre de Leon, J.; Zabinsky, S. I.; Albers, R1.@m. elements of the covariance matrix. Accuracies are greater than these values
Chem. Soc1991, 113 5135-5140. and are generally accepted to £6.02 A for bond lengths ang-20% for
(14) Mustre de Leon, J.; Rehr, J. J.; Zabinsky, S. |.; Albers, RPIs. coordination numbers and Deby®&/aller factors. The fit-error functiof
Rev. B 1991, 44, 4146-4156. is as previously defined.
(15) %%gg'lz%%g\rv\éi'g?’ G.S.; Penner-Hahn, J&Synchrotron Radiat. - 1ya arributed to chelation by the dithiolene moieties of the

(16) Membrane samples containing DmsABC were prepared as previously two molybdenum cofactors and the longer oxygen to a

described’” Samples were prepared in a buffer containing 100 mM ; i i
3-(N-morpholino)propanesulfonic acid and 5 mM ethylenediamine- conserved serine previously suggested to be a ligand of

tetraacetic acid (pH 7). molybdenum (Sér9.1” Of the three interactions included
17) ;;ifge;égqéégigtherey, R. A, Weiner, J. A. Biol. Chem1996 in our analysis, Me-O is the least definitively determined
(18) For example, see: Harris, H. H.; Pickering, I. J.; George, Gdiénce because it does not give rise to a clearly resolved peak in

2003 381, 1203. the Fourier transform. Omitting the MeD interaction in the
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o O(Sery) reductase preferentially reduces tReenantiomefr? Our
\}w/ results indicate that this difference in enantioselectivity is
187 i\s not reflected by any EXAFS-detectable changes in the bond
S Sj lengths of ligands that are coordinated directly to molybde-

Figure 3. Postulated structure for the molybdenum active site of DmsABC. num. Howeyer' geometrical dilfferences_between the two
Only the dithiolene carbons of the two molybdopterin cofactors are shown. enzyme active sites are certainly possible, for example,
opposite geometrical arrangements of #f@0 and Mo-
EXAFS curve-fitting analysis results in an increase in the O(Ser) ligands for thé. coli and Rhodobacterenzymes.
fit-error function from 0.218 to 0.322, which corresponds Sych differences in coordination would not be reflected by

to a significantly worse fit because we estimate that close to any changes in the near-edge spectra (i.e., spectra of
0.2 of the error is contributed by high-frequency ndise. enantiomers would appear identical).

Thus, our analysis indicates a structure similar to that |, summary, we have used XAS to investigate the active
determined for activeR. sphaeroidesDMSO reductase,  sjte structure of. coli DMSO reductase contained within
which gave almost identical MeS and Mo-O bond lengths  jis pative membranes. We find that the oxidized active site
of 2.44 and 1.92 A, respectively, and a marginally shorter 5 3 monooxo species with four sulfurs coordinated, plus a
Mo=0 bond length of 1.68 &3 All three interactions are longer oxygen, and that it is strikingly similar to that
close to or within the generally accepted EXAFS accuracy postulated foR. sphaeroideBMSO reductase. Furthermore,

of + 0.02 A Background subtraction of EXAFS for low- gy results also suggest that the same form is likely to exist
concentration samples is significantly more challenging than j,, vivo.
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