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ABSTRACT. Conditions for heterologous expressiorRifodobacter sphaeroidésotin sulfoxide reductase

in Escherichia coliwere modified, resulting in a significant improvement in the yield of recombinant
enzyme and enabling structural studies of the molybdenum center. Quantitation of the guanine and the
molybdenum as compared to that foundRnsphaeroide®MSO reductase demonstrated the presence of

the bis(MGD)molybdenum cofactor. UWisible absorption spectra were obtained for the oxidized,
NADPH-reduced, and dithionite-reduced enzyme. EPR spectra were obtained for the Mo(V) state of the
enzyme. X-ray absorption spectroscopy at the molybdenum K-edge has been used to probe the molybdenum
coordination of the enzyme. The molybdenum site of the oxidized protein possesses a Mo(VIl) mono-oxo
site (Mo=0 at 1.70 A) with additional coordination by approximately four thiolate ligands at 2.41 A and
probably one oxygen or nitrogen at 1.95 A. The NADPH- and dithionite-reduced Mo(lV) forms of the
enzyme are des-oxo molybdenum sites with approximately four thiolates at 2.33 A and two different
Mo—O/N ligands at 2.19 and 1.94 A,

Molybdenum enzymes catalyze a variety of two-electron folds for the polypeptide chain, plus a protein serine ligand
redox reactions, many involving oxo group transfr They on the metal. Despite these similarities, there are marked
can be divided into several groups based upon amino aciddifferences among the three structures in the details of
sequence similarities and the coordination environment of molybdenum ligation, including disparities in the apparent
molybdenum {). The dimethyl sulfoxide (DMSQYyeductase ~ number of Mea=O groups and the nature of the dithiolene
group contains the molybdopterin guanine dinucleotide linkage. All but one of the structures suggested from
(MGD) variant of the molybdenum cofactdRhodobacter  crystallographic data show chemically unusual features, with
DMSO reductase contains, as its sole prosthetic group, bis-atoms in unusual positions and overly crowded active sites
(MGD)molybdenum in which the molybdenum atom is (7). The recent 2.5 A crystal structure &hewanella
coordinated to four sulfur atoms from the dithiolenes of the massiliatrimethylamineN-oxide (TMAO) reductase shows
two pterins as well as to serine 147, B). There are several  essentially the same overall protein fold seen in DMSO
reported crystal structure studies of DMSO reductase from reductase8) and an active site that is clearly related to that
Rhodobacter sphaeroidg8) and Rhodobacter capsulatus  of DMSO reductase. The molybdenum active site structure
(4—6), and all confirm the presence of the bis(MGD)- suggested by this study is also unusually crowded, and we
molybdenum form of the cofactor and show nearly identical note that the authors are careful to state that their data lack
the resolution to definitively determine the metal coordina-
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an oxygen atom presumably from serine; however, in
disagreement with th&. sphaeroidesesults, the EXAFS
analysis of Baugh et al.lQ) suggested the presence of a
second Me-O bond in addition to the one terminal oxo
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Protein Expression and Purificationwild type and
recombinanR. sphaeroide®MSO reductase were purified
as previously described 4). Recombinant BSO reductase
was purified fromE. coli IM109 cells transformed with the
pGEX-5X-2 vector containing the BSO reductase sequence
(13). Cells were grown aerobically at 3€ overnight in an
80-mL culture containing LB supplemented with 100/

mL ampicillin. The mature overnight culture was divided
equally between two 1-L cultures containing LB supple-
mented with ampicillin and 0.5 mM N&oO, and subse-
guently grown aerobically at 3T until the OQyo= 1. Both
1-L cultures were used to inoculate a 40-L culture of M9ZB
media supplemented as described previousty with 100
ug/mL ampicillin replacing all other antibiotics. WNedoO,
was present at 1.0 mM, and IPTG was added taM0 The
cells were then grown anaerobically for 24 h at room
temperature and harvested by centrifugation at §000

The recombinant protein was purified in the absence of
protease inhibitors following the general protocol previously

group. For the enzyme in the DMS-reduced state, they arguedescribed 13). A Microfluidics M110L microfluidizer

for the presence of an oxo group as well as second-®o
bond. A more recent EXAFS study)(has pointed out flaws
in the methods used by Baugh et dl0Y and suggested that

processor was used instead of sonication. Cell lysis was
achieved by three passages through a fdRinteraction
chamber at 16 00018 000 psi. A 50-mL glutathione-agarose

their data are actually more consistent with the interpretation affinity column, a 24-mL Q-sepharose HR16/10 FPLC

of the R. sphaeroide&XAFS (7, 9).

One approach toward resolving the controversy surround-

column, and a 100-mL Superose 12 HR16/50 FPLC column
were used for the chromatographic steps. Factor Xa pro-

ing the nature of the molybdenum coordination environment teolysis was carried out at 4.

of RhodobacteDMSO reductase is to study the active sites

Protein AnalysisThe molybdenum and guanine content

of closely related enzymes. Prokaryotic BSO reductase of the purified proteins were analyzed as described previously

catalyzes the reduction af-biotin p-sulfoxide (BSO) to
Dp-biotin (Figure 1). Possible roles for the enzyme include

(14). Pure samples dR. sphaeroideBMSO reductase were
guantitated spectrophotometrically at 280 nm using an

scavenging BSO from the environment to generate biotin extinction coefficient of 200 000 M cm™ or 2.3 (mg/mL)*

and protecting the cell from oxidative damadé)( Recently,
Pollock and Barber successfully expressedsphaeroides
BSO reductase ischerichia col{12, 13). The enzyme was

cm™1 (2). The concentration of both BSO reductase and total
protein was determined using the Pierce BCA assay on
trichloroacetic acid-precipitated samples as described in the

purified to homogeneity and used to demonstrate that BSO manufacturer’s protocol, with purifiell. sphaeroideBMSO
reductase possesses the molybdenum cofactor as the soleeductase as the standard.

prosthetic group. In addition, they performed kinetic analysis

UV—Visible Absorption Spectroscopfbsorption spec-

of the enzyme with a variety of related substrates and troscopy was carried out using a Shimadzu UV-2101 PC

demonstrated that the enzyme could directly utilize NADPH
as a reducing agent ).
Optimization of the expression conditions fr sphaeroi-

des BSO reductase now allows purification of sufficient
enzyme for structural studies of the molybdenum site.

spectrophotometer, and anaerobic samples were prepared in
a Coy chamber containing a nitrogen, carbon dioxide, and
hydrogen gas mix. All BSO reductase spectra were recorded
in 50 mM Tris-HCI, pH 8.0, at an enzyme concentration
greater than 5 mg/mL and subsequently normalized to 1 mg/

Chemical analysis demonstrates the presence of the bis/ML for comparison of spectra. To obtain the NADPH-

(MGD)molybdenum form of the cofactor in BSO reductase.
The enzyme has also been examined using—Wigible,

reduced BSO reductase spectrum, the enzyme was concen-
trated to approximately 10@L and then diluted under

X-ray absorption, and EPR spectroscopy. Since the enzymegnaerobic conditions with 80@L of anaerobic buffer. The

in this group cycle between the Mo(VI) and the Mo(IV)
oxidation states, with the Mo(VI) state donating the oxygen
atom to the physiological acceptal)( we have examined

cuvette was then sealed, removed from the anaerobic
environment, injected with 100L of 2.5 mM NADPH in
an anaerobic buffer solution, and mixed gently by inversion

the oxidized, NADPH-reduced, and dithionite-reduced forms Pefore the spectrum was recorded. The reference spectrum

of R. sphaeroide8SO reductase.

EXPERIMENTAL PROCEDURES

Materials. Ultrafiltration devices and membranes were

of NADPH was obtained by an identical procedure in the
absence of enzyme. For the dithionite-reduced spectrum, the
protein was transferred to the cuvette under anaerobic
conditions, and then the cuvette was sealed and removed
from the anaerobic environment. Solid sodium dithionite was

from Millipore. Q-Sepharose fast flow, Superose 12, and dissolved in an anaerobic buffer solution, and small amounts
glutathione-agarose affinity resins as well as Factor Xa of this mixture were injected into the enzyme solution and
protease were obtained from Amersham Pharmacia Biotech.mixed gently by inversion until the yellowish green color
IPTG was obtained from Research Products International.indicative of reduced enzyme was obtained. At this point,
All other reagents were obtained from Sigma. the reduced spectrum was recorded, and the injection of more
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Table 1: Stoichiometry of the Structural Components of the
Molybdenum Cofactor

protein Gua Mo Guaper Moper Gua

(M) (uM) (uM) protein protein per Mo
BSO reductase 31.3 618 276 1.97 0.882 2.23
DMSO reductase 285 56.8 259 1.99 0.909 2.19

temperature of approximately 10 K using an Oxford Instru-
ments liquid helium flow cryostat. For each sample, six 30-
min scans were accumulated, 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 foll,
which was assumed to be 20003.9 eV. The EXAFS
oscillationsy(k) were quantitatively analyzed by curve-fitting
using the EXAFSPAK suite of computer progr&mas
described by George et alZ,(9).

RESULTS

Optimization of Expression Conditionslthough Pollock
and Barber were able to express aciRiesphaeroideBSO
reductase heterologously kh coli, the expression level was

reductase. (A) 1 mg/mL oxidized recombinant BSO reductase as |ow, yielding 0.125 mg of purified protein/L of culturd ).

compared to 1 mg/mL wild typR. sphaeroide®MSO reductase.
(B) 1 mg/mL dithionite-reduced and NADPH-reduced BSO reduc-

tase with an equivalent spectrum of NADPH in the absence of

enzyme.

dithionite did not change the spectrum. TResphaeroides

Utilizing the same expression vector akd coli strain, a

significant improvement in yield was obtained in these
studies by modifying the expression conditions. By changing
to anaerobic expression conditions in conjunction with a
lower level of IPTG and a longer growth period, as much as

DMSO reductase spectra shown in Figure 2 have been46 mg of purified enzyme could be obtained from a single

published previously14).
EPR Spectroscop¥o(V) EPR spectra were recorded on

40-L anaerobic growth with 26% recovery and 120-fold
purification. This represents an overall yield of 1.15 mg of

a JEOL RE1X instrument at a sample temperature of 77 K, protein/L of culture, a 9-fold increase over that previously
with other operating conditions identical to those described described, and allows purification of sufficient enzyme for
by George et al.q). Unless otherwise stated, samples for structural studies of the molybdenum center. The improve-
Mo(V) EPR spectroscopy were prepared in quartz tubes (3 ment in yield has also not compromised cofactor incorpora-
mm i.d.) by addition of an anaerobic solution of sodium tion. The purified BSO reductase has a molybdenum content
dithionite under 1 atm of nitrogen to a final concentration of at least 88%, and enzymatic activity is comparable to that
of 1. mM and then quickly frozen by immersion of the tube observed following purification from the original expression
in cold isopentane at-140 °C. conditions.

X-ray Absorption Spectroscopyhe enzyme was concen-  Stoichiometry of Cofactor Componen@ualitative analy-
trated to approximately 2 mM molybdenum in 25 niNVris- sis ofR. sphaeroideBSO reductase has shown the presence
[hydroxymethyl]methyl-2-aminoethanesulfonate, pH 8.0, and of the MGD variant of the molybdenum cofactot3;
frozen in 10 x 10 x 3 mm Lucite sample cuvettes. however, a complete cofactor characterization requires
Dithionite-reduced samples were prepared by adding anguantitative analysis, in view of the presence of the bis-
excess of an anaerobic dithionite solution containing trace (MGD)molybdenum form of the cofactor in other closely
methyl viologen to air-oxidized enzyme. The anaerobiosis related enzymes includir®. sphaeroide®MSO reductase.
of the sample was indicated by the persistence of the blue The molybdenum and guanine contentRf sphaeroides
color of reduced methyl viologen. Reduction by NADPH BSO reductase were determined and compared to that found
was performed aerobically. XAS measurements were carriedin DMSO reductase (Table 1). The molar ratio of molyb-
out at the Stanford Synchrotron Radiation Laboratory with denum to protein for BSO reductase was 0.882, with a
the SPEAR storage ring containing-560 mA at 3.0 GeV. ~ guanine to protein ratio of 1.97 resulting in a guanine to
Molybdenum K-edge data were collected on beamline 7-3 molybdenum ratio of 2.33. This is comparable to a 2.19 ratio
using a Si(220) double crystal monochromator, with an for DMSO reductase, demonstrating the presence of bis-
upstream vertical aperture of 1 mm, and a wiggler field of (MGD)molybdenum in BSO reductase as well.

1.8 T. Harmonic rejection was accomplished by detuning UV—Visible Absorption SpectroscopyV—visible ab-

one monochromator crystal to approximately 50% off peak, sorption spectra were obtained of oxidized BSO reductase
and no specular optics were present in the beamline. Theas well as enzyme reduced by dithionite or NADPH (Figure
incident X-ray intensity was monitored using an argon-filled 2). The oxidized enzyme is dark brown, while the reduced
ionization chamber, and X-ray absorption was measured asenzyme is a light yellowish green. The broad spectral features
the X-ray molybdenum Kfluorescence excitation spectrum resemble the pattern observed with sphaeroide®MSO
using an array of 13 germanium intrinsic detectot$)(
During data collection, samples were maintained at a

2 http://ssrl.slac.stanford.edu/exafspak.html.
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Ficure 3: Mo(V) EPR spectra oR. sphaeroide8SO reductase
and DMSO reductase ifH,0. (a) and (b) show experimental
spectra of BSO reductase and DMSO reductase, respectivgly. (a
and (B) show computer simulations of (a) and (b), respectively. 5 1
These were calculated with the spin Hamiltonian parameggss T SR NP R Ll
= 1.9507, 1.9804, and 1.9962 aAfH),,, = ~2, ~11, and~10 20000 20100
MHz (for BSO reductase) angl,, = 1.9645, 1.9813, and 1.9924 Energy (¢V)

and A(*H),y, = 26.1, 24.5, and 33.3 MHz [for DMSO reductase Ficure4: Molybdenum K-edge X-ray absorption near-edge spectra
(7). In the case of BSO reductase, the anisotropic coupling was of BSO reductase (a) oxidized, as-isolated enzyme, (b) dithionite-

estimated from the slight line-broadening observetHsO, relative reduced, and (c) NADPH-reduced enzyme.
to that observed ifH,0, and the ratio of nuclearvalues, assuming ) ) o ] )
only a single coupled proton. presence of unresolved anisotropic hyperfine interaction with

at least one exchangeable proton.

o L ! Near-Edge X-Ray Absorption Spectiidhe molybdenum
regluctase, mdma@tmg a S|m|I_ar ligand field for molybdenum K-edge spectra of oxidized, dithionite-reduced, and NADPH-
(Figure .ZA’)' Unlike recombinant DMSO feduf’t?‘ge 14), reduced BSO reductase are broadly similar (Figure 4A), with
recombinant BSO reductase does not exhibit any large g6 gifferences that are highlighted by the derivative plot
spectral dnffgrences or §how any VI.SIb|e color change between(Figure 4B). The spectra of the reduced samples are shifted
the as-purified recombinant protem and the enzyme that hasby approximately 1.5 eV to lower energy with respect to
unde;rgo_ne;ﬁone cycle of reduction followed by substrate e gpectrum of the oxidized sample. This is consistent with
reoxidation? There are distinct differences in the long- o expected oxidation states for molybdenum: Mo(VI) for

wavelength regions of the reduced spectra depending upory,yigized and Mo(IV) for reduced. In contrast to the findings
the reductant used (Figure 2B), suggesting that the NADPH-, it racombinant DMSO reductase?)( the near-edge

reduced sample is a mixture of Mo(IV) and Mo(V), whereas gnectrym of BSO reductase first reduced with excess
the former species is predominant in the dithionite-reduced dithionite/methyl viologen and then reoxidized by turnover
sample. . with a greater excess of biotin sulfoxide was found to be
Mo(V) EPR Spectrarigure 3 compares the Mo(V) EPR  igentical with that of the as-isolated oxidized enzyhione
spectra of BSO reductase with that Qf DMSO reduc_tase. Both of the spectra have the pronounced pre-edge feature at about
samples were reduced for approximately 20 s with 1 mM 20008 eV that has been observed in other molybdenum
(final) sodium dithionite solution and then rapidly frozen by enzymes 16, 17). This so-called oxo-edge feature is
immersion in a bath of cold isopentane-at40°C. Enzyme  characteristic of a species possessing=Mbgroups (or to
before addition of exogenous reductant gave no EPR signals 4 |esser extent MeS), and it arises from formally dipole
which is consistent with the presence of fully oxidized Mo-  forpidden 1s— 4d bound-state transitions to antibonding
(VI). Longer exposure times to or higher concentrations of 5pitals directed principally along MeO bonds 18). The
dithionite gave decreasing intensities of the Mo(V) EPR rather weak presence of this feature here argues for a low
signal, suggesting more complete reduction to the EPR-silent,mper (i.e., one or zero) of these ligands in the BSO
Mo(IV) oxidation state. No Mo(V) EPR signals were reqyctase samples. Inspection of the derivative plots (Figure
observed when trace quantities of the mediator dye methyl4g) indicates that the spectra of the dithionite and the
viologen (-4 uM) were included, suggesting complete NADPH-reduced samples are subtly but significantly dif-
reduction to the Mo(lV) oxidation state. Methyl viologen  ferent, with the features of the latter spectrum being rather
was added to the dithionite-reduced XAS samples (seeprgader.
below) to give fully reduced samples. The spectrum from  gxafs SpectraFigure 5 shows the EXAFS spectra, the
BSO reductase lacks the resolved proton hyperfine observedyest fits, and the corresponding Fourier transforms of BSO
for DMSO reductase and has rather broader line widths requctase in oxidized and reduced forms. The results of the
(Figure 3), greateg-anisotropy, and in particular, a signifi-  cyrve-fitting analyses (Table 2) are fully consistent with a
cantly lowerg,,. Samples exchanged irtd;0 showed some  mono-oxo molybdenum site in the oxidized Mo(VI) enzyme
sharpening of line widths (not illustrated), indicating the gjmilar to that observed for DMSO reductage 9) with a
Mo=0 bond length of 1.70 A. The oxidized molybdenum
3 Data not shown. site is also ligated by approximately four thiolate ligands,
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Table 2: EXAFS Curve-Fitting Resutts

Mo=0 Mo—S Mo—O
sample N R 0? N R 0? N R 0? erroP
Mo(VI) 1 1.687(4) 0.0022(4) 3 2.405(1) 0.0024(1) 0.287
1 1.686(4) 0.0026(4) 4 2.406(1) 0.0038(1) 0.280
1 1.687(5) 0.0041(7) 5 2.407(1) 0.0051(2) 0.314
1 1.696(4) 0.0029(5) 4 2.406(1) 0.0038(1) 1 1.950(7) 0.0037(7) 0.234
1 1.696(3) 0.001% 4 2.406(1) 0.0038(1) 1 1.939(7) 0.0048(9) 0.239
2 1.691(3) 0.0017 4 2.407(2) 0.0037(2) 0.470
2 1.702(3) 0.0017 4 2.406(2) 0.0036(2) 1 1.895(8) 0.0022(8) 0.379
4 2.406(2) 0.0039(2) 0.360
4 2.406(2) 0.0040(2) 1 1.976(6) 0.0018(6) 0.348
Mo(IV) * 3 2.344(2) 0.0027(2) 1 2.161(9) 0.0010(9) 0.268
(NADPH) 4 2.335(2) 0.0047(3) 1 2.208(8) 0.0008(8) 0.263
5 2.332(2) 0.0063(2) 1 2.216(6) 0.0001(6) 0.277
4 2.337(2) 0.0039(2) 1 1.909(9) 0.0053(8) 0.247
1 2.193(22) 0.0057(19)
Mo(IV) 3 2.338(2) 0.0015(1) 1 2.133(11) 0.0034(2) 0.223
(dithionite) 4 2.327(2) 0.0033(1) 1 2.232(18) 0.0019(2) 0.212
5 2.342(1) 0.0039(2) 1 2.237(16) 0.0001(17) 0.227
4 2.333(2) 0.0030(1) 1 1.938(11) 0.0066(13) 04198

1 2.185(26) 0.0070(14)

a Coordination numbeN, interatomic distanc® (A), and the (thermal and static) mean-square deviatioR {the Debye-Waller factor)o?
(A?). 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, tygifadg A for R and £20% for N and o2 We also note that
EXAFS cannot readily distinguish between scatterers of similar atomic number, such as chlorine and sulfur or nitrogen an#l Tixgdi~rror
is defined asy K(xexptt — Xcalcd? Y Koxexpt?- € Fits shown in boldface represent the best fit obtained for the safplee value ofo? was restricted
to a chemically reasonable value (0.0017fdr a Mo=0). ¢ The improvement in the fit error upon introduction of a second-Mbinteraction is
rather subtle, and we note that detection of the presence of this scatterer is correspondingly teimaltiggon of Mc=0 interactions in the
Mo(IV) fits yielded unrealistically large values fer?, effectively removing this contribution from the fit.

10T with Mo—S bond lengths of 2.41 A and probably a single
Mo—O (or Mo—N) at 1.95 A (Table 2). Unlike recombinant
o /\ /\ /\ /\\ M A DMSO reductase, the EXAFS of redox-cycled BSO reduc-
p \/ \/ \¥% \/,/ W A tase was found to be identical with that of the as-isolated
7 oxidized enzyme, indicating that the redox-conditioning
) observed with DMSO reductas@, (L4) does not occur with
f\ /\ /\ /\ /\ my BSO reductase. The EXAFS of both dithionite-reduced and
f it NADPH-reduced BSO reductase indicates a des-oxo
\/ \/ v \j \7/ molybdenum site, with approximately four thiolate ligands
at 2.33 A (Table 2). The absence of M@ interactions is
evident from the lack of a peak at about 1.7 A in the EXAFS
a\ /\ /\ m A A’V\. ) Fourier transform (Figure 5B). A significant improvement
‘\/ \/ \\/ v »\(,) in the fit to the Mo(IV) BSO reductase EXAFS was achieved
by including two different Me-O/N interactions (Table 2),
-10 14 and it seems probable that one of these originates from a
k(A L Mo—OH or Mo—OH; ligation arising from protonation of
the Mo=0 ligand of the oxidized enzyme. As was found
with the near-edge spectra, the two reduced samples yielded
EXAFS spectra that were subtly different. This is most
noticeable as a relative lowering of intensity of the major
Fourier transform peak of the NADPH-reduced data set
(Figure 5B), and curve-fitting indicates that this originates
in subtly different Me-S and Mo-O distances and Debye
Waller factors, perhaps due to slightly different active site
geometries.

From these results, and by analogy with other molybdenum
enzymes, we can postulate an active site structure for
oxidized and reduced BSO reductase. The presence of an
amino acid ligand to the metal has been demonstrated in a
variety of molybdoenzymes through X-ray crystallography
and site-directed mutagenesiy.(The coordinating amino

FIGURE5: EXAFS curve-fitting results. (A) EXAFS spectra (solid acid is serine iRRhodobacteDMSO reductases, 4, 6),
lines) and best-fits (broken lines) of BéO reductase in (a) oxidized, cysteine inE. colinitrate reductasel), and selenocysteine

(b) dithionite-reduced, and (c) NADPH-reduced forms. (B) EXAFS in E. coli formate dehydrogenase(, 21). Amino acid
Fourier transforms phase-corrected for ¥® backscattering. sequence alignment of BSO reductase?) (with other
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ligand

R. sphaeroides DMSOR 137GGFVNSVGDYSTAGAQIIMP
R. sphaeroides BSOR 11GGFTVHVDTYSIAAGPVILR
E. coli Nitrate reductase 211GTCLSFYDWYCDLPPASPQT

Ficure 6: Comparison of aligned amino acid sequences at the
molybdenum binding region of BSO reductase and related molyb-
denum enzymes.

Ficure 7: Proposed active site structures of the oxidized and

Biochemistry, Vol. 39, No. 14, 20001051

ligands at 1.94 and 2.19 A; the shorter bond likely arises
from a Mo—O ligand to serine, while the longer bond
probably results from protonation of the F® of the fully
oxidized enzyme to MeOH or Mo—OH,. This analysis is

in excellent agreement with the EXAFS of wild type and
recombinantR. sphaeroide®MSO reductase in both the
number and the types of molybdenum ligands observed, with
the exception of the dithionite-reduced form of the enzyme,
in which the best fit analysis indicated only three thiolate
ligands with DMSO reductase but four in BSO reductase.
The results presented herein, in conjunction with the recent
EXAFS studies onR. sphaeroide®MSO reductase 7,
indicate that the oxidized forms of at least two bis(MGD)-
molybdenum-containing members of the DMSO reductase
family of enzymes contain a mono-oxo Mo(VI) active site
that converts to a des-oxo Mo(IV) site upon reduction.

The recent resonance Raman studiesRorsphaeroides
DMSO reductase have corroborated the EXAFS data and
have shown that an oxotransferase mechanism is consistent
with a mono-oxo Mo(VI) and a des-oxo Mo(lV) state).

The EXAFS structural data for BSO reductase support a very
similar catalytic mechanism since both the oxidized and the

reduced forms of BSO reductase. We note that EXAFS provides reduced forms of BSO reductase show strong similarities to
no direct information about geometry, and the structures postulatedthose of DMSO reductase. Quite recently, proof of direct

are thus tentative in this regard.

members of the DMSO reductase family of enzym2a—
24) indicates serine as the amino acid ligand to the

molybdenum (Figure 6). We, therefore, postulate that one

of the Mo—0 ligands in the EXAFS curve-fitting is Me
O—Sef?, The remainder of the metal coordination is
completed by two cofactor dithiolene ligands and=%10 in
the fully oxidized enzyme, which should protonate to-Mo
OH; in the reduced Mo(IV) enzyme, although M®H is

oxygen atom transfer from the substrate to the enzyme has
been obtained from resonance Raman studies on BSO
reductase46).

Unlike recombinant DMSO reductase, recombinant BSO
reductase does not exhibit any large spectroscopic differences
between the as-purified protein and the enzyme that has
undergone one cycle of reduction followed by substrate
oxidation. EXAFS studies on as-purified recombinant DMSO
reductase q) revealed a novel di-oxo coordination of the
molybdenum center with apparently no coordinating amino

also possible (Figure 7). For the reduced enzyme, the shorter, .4 side chain residue. Upon redox cycling, this form of

of the two Mo-0 ligands is likely to be that from serine
(Figure 7).

DISCUSSION

Optimization of conditions for recombinant expression of
R. sphaeroide8SO reductase has resulted in the highest

DMSO reductase converts to a mono-oxo structure indis-
tinguishable from the enzyme isolated frétnsphaeroides
This difference was attributed to the absence of the endog-
enous reductant of the enzyme and the lack of any catalytic
turnover after formation of the holoenzymd4j. The
presence of the mono-oxo functional active site in as-purified

yield of a heterologously expressed molybdenum enzyme recombinant BSO reductase supports this hypothesis, since
published to date, while reproducing the high percentage of the recombinant expression conditions should expose BSO

cofactor incorporation previously observed with recombinant
R. sphaeroideBMSO reductaseld). These results indicate
that the traditional expression conditions may not result in

reductase to opportunities for redox cycling involving
NADPH.
The similarity of the Mo K-edge EXAFS of BSO reductase

the highest possible yield of molybdenum enzymes or other to that of DMSO reductase argues for very similar active

enzymes in which production of the cofactor is probably the
limiting step in the expression of active enzyme. This
increase in yield has made possible the purification of
sufficient enzyme for structural studies of the molybdenum
site.

According to the EXAFS curve-fitting analysis, oxidized

site structures, particularly for the oxidized enzymes. The
striking similarity of the UV~visible spectra of the oxidized
enzymes clearly reinforces this notion. In contrast, the
Mo(V) EPR spectra of the two enzymes are significantly
different. BSO reductase has much broader line widths, and
the g-anisotropy is also greater, although well within the

BSO reductase possesses a Mo(VI) mono-oxo site with expected range for molybdenum enzymes. Since the terminal

additional coordination by approximately four thiolate ligands

oxo group should convert to a hydroxyl group upon a one-

and probably one oxygen or nitrogen. This is in agreement electron reduction, the Mo(V) signal-giving species is likely

with quantitative analysis showing the presence of the bis-

(MGD)molybdenum form of the cofactor and with serine

to be a des-oxo structure. We have previously reviewed some
factors that are important in determinigganisotropy in des-

121 acting as the protein ligand to the molybdenum, as oxo Mo(V) species®), and in the absence of a ¥® group,
suggested from amino acid sequence alignment. The reducedhe EPR will be very sensitive to the geometry and the nature

Mo(IV) form of the enzyme is a des-oxo molybdenum site
with approximately four thiolate and two different M@®/N

of the ligands. Thus, the differences granisotropy could
be the result of quite subtle geometric variations between
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the active sites. The broader line widths of the BSO reductase 4. Schneider, F., lwe, J., Huber, R., Schindelin, H., Kisker, C.,

Mo(V) EPR signal suggest an increaggstrain, which might

arise with increased solvent exposure of molybdenum site

(although we note that this is far from definitive).

Both UV-—visible and X-ray absorption spectroscopy
indicate some differences between the dithionite- and the
NADPH-reduced forms of BSO reductase. EXAFS curve-

fitting analysis indicates subtle differences in M8 and

Mo—0O distances and Deby&Valler factors between the two
reduced forms. This may be due to a small amount of
Mo(V) in the sample (i.e., the NADPH-reduced sample was
actually a mixture of Mo(IV) and Mo(V) forms), which is
suggested by the observation of a small amount of Mo(V) 10-
in EPR controls. Although analysis of EXAFS of mixtures

can be problematic, our results do suggest that the Mo(V)

and Mo(1V) forms have similar structures.

Amino acid sequence comparisons of BSO and DMSO
reductase fromR. sphaeroidegreviously revealed 50%

sequence identity between the two enzynig. (The results

electron acceptor and, indeed, is the only known enzyme in
which NADPH serves as a direct reductant of the molyb-
denum center. Further research is required to determine the ™
site of NADPH reduction, and detailed analysis of the 20.
interaction of NADPH with the molybdenum center should
reveal whether the reduction involves direct transfer of a

hydride ion to the molybdenum coordination sphere.
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