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Figure 1. Active site structures for oxomolybdenum enzymes. The
Department of Chemistry and Center for Metalloenzyme xanthine oxidase family structure is based on the X-ray crystal structure
Studies, Uniersity of Georgia, Athens, Georgia 30602 for D. gigasaldehyde oxidoreductagelThe DMSO reductase family
Department of Biochemistry, Duke Weisity structure is based on the X-ray crystal structureRofsphaeroides
Medical Center, Durham, North Carolina 27710 DMSO reductaséThe proposed structure for the sulfite oxidase family
is based on spectroscopic and mutagenesis data (see ref 4d).
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With the exception of nitrogenase, molybdenum is found in i 3
enzymes at the active site of a wide range of oxotransferases
and is coordinated by one or two terminal oxo groups and the
dithiolene unit of one or two molybdopterins (MPT).The
recent X-ray crystal structures of the aldehyde oxidoreductase
(AOR) from Desulfajibrio gigas® and the DMSO reductases
(DR) from Rhodobacter sphaeroid&s and Rhodobacter
capsulatu® have shown the diversity of the active site
molybdenum coordination environments (Figure 1). On the 2
basis of spectroscopic, primary sequence, and cyanide inhibition
data, these enzymes are considered to be archetypical members
of large families of enzymesb. gigasAOR representing the
xanthine oxidase family with a (MPT)M&OS active site and

no protein ligands to Mo, typified by xanthine oxidase and
xanthine dehydrogenasR; sphaeroide®R defining a family

of molybdoproteins with a (MPEMoY'O active site and one z
protein ligand to Mo (serine, cysteine or selenocysteine), that
includes dissimilatory nitrate reductases, formate dehydroge-
nases and biotin-S-oxide reductase. A third family, encompass-
ing sulfite oxidases and assimilatory nitrate reductases, involving
a (MPT)Mo”'O, active site with one cysteinyl S ligand to Mo
(C207 in rat and human sulfite oxidase), has been proposed on 200 400 600 800 1000 1200 1400 1600

the basis of X-ray absorptich[EPR? primary sequencg, Raman Shift (cm )

mutagenesié,and cyanide inhibition data, as shown in Figure Figure 2. Resonance Raman spectra of the Mo domain (Mo(VI)
1. Here we report a resonance Raman (RR) study of the oxidation state) of W|Id-ty_pe_recomb|nant human sulfite OX|d_as§: @)
molybdenum domain of the wild-type and C207S mutant forms 2 Prepared, 514 nm excitation; (b) as prepared, 488 nm excitation; (c)
of recombinant human sulfite oxidase (hSO). In accord with 2fter exchange into #¥O buffer followed by dithionite reduction and
the proposed structure, vibrations associated with a coordinated’ eox(|)dat|lc\>ﬂn,T4§3$ nmbe;(fcnatm'_r:. ; ge f_ﬁmple@(‘r’ mM in Mg) vyerg b
cysteine, twacis-0xo groups and the dithiolene of a single MPT Icnollsectirr?g sc:;;fé?eed Iil::]h(tarf’roen thé éurfaf:escz‘egtfrs)zvgﬁrgrgplg2:25 %
are identified. This is the first time that MeO stretching modes X

h b b d f biological vbd t d Each spectrum is the sum of 50 scans with each scan involving photon
ave been observed for a biological molybdenum center, an counting fa 1 s every 0.5 cm* with 6 cn? spectral resolution. Bands

in agreement with a direct oxo-transfer catalytic mechanism, n,aed with an asterisk are lattice modes of the frozen buffer solution.

only one is exchangeable with,8 during redox cycling. A linear ramp has been subtracted to correct for the sloping fluorescence
The Mo domains of the wild-type and C207S mutant forms packground.

of hSO were prepared by tryptic cleavage of the K108R and
K108R/C207S mutant forms of hSO as previously described. .
Resonance Raman spectra using both 514-nm and 488-nm laser

Igni&/erjity of %eorgia- excitation, for the Mo(VI) forms of the wild-type and C207S

uke university. i i i

(1) For a recent review, see: Hille, Rhem. Re. 1996 96, 2757. _samp_les,_are shown in Figures 2 a.nd 3, respectively, and the
(2) (a) Romia, M. J.; Archer, M.; Moura, I.; Moura, J. J. G.; LeGall, J.;  inset in Figure 3 shows the absorption spectra for the samples

Engh, R.; Schneider, M.; Hof, P.; Huber, Bciencel995 270, 1170. (b) used in this work. Identical RR spectra were observed for three

Huber, R.; Hof, P.; Duarte, R. O.; Moura, J. J. G.; Moura, I.; Liu, M.-Y.; ot ; ; ; ; e
LeGall. 3. Hille, R.: Archer. M.: Rofm M. 3.Proc. Natl. Acad. Sci U.S.A. distinct preparations and parallel studies with partially purified

1996 93, 8846. samples of the hSO heme domain showed that none of the
(3) (a) Schindelin, H.; Kisker, C.; Hilton, J.; Rajagopalan, K. V.; Rees, observed bands arise from contaminating h&mEhe spectra
D. C. Sciencel996 272, 1615. (b) Schneider, F.;"ee, J.; Huber, R of the native protein were unchanged by redox cycling or by

Schindelin, H.; Kisker, C.; Kfialein, J.J. Mol. Biol. 1996 263 53. . . . ;
(4) (a) Cramer, S. P.; Gray, H. G.; Rajagopalan, K.V Am. Chem. exchange into the equivalent,¥80 buffer using centricon

So0c.1979 101, 2772. (b) Cramer, S. P.; Wahl, R.; Rajagopalan, KJV. ultrafiltration (except for the lattice modes of ice). However,
Am. Chem. Sod 981, 103 7721. (c) George, G. N.; Kipke, C. A.; Prince,

R. C.; Sunde, R. A.; Enemark, J. H.; Cramer, SBRchemistryl989 28, (8) Raman spectra were recorded with an Instruments SA U1000 scanning
5075. (d) George, G. N.; Garrett, R. M.; Prince, R. C.; Rajagopalan, K. V. spectrometer fitted with a cooled RCA 31034 photomultiplier tube, using
J. Am. Chem. S0d.996 118 8588. lines from a Coherent Innova 100 10-WAor 200-K2 Kr* laser. Scattering

(5) (@) Lamy, M. T.; Gutteridge, S.; Bray, R. Biochem. J198Q 185 was collected at F0from the surface of a frozen droplet of protein solution
397. (b) Bray, R. C.; Gutteridge, S.; Lamy, M. T.; Wilkinson,Biochem. on the cold finger of an Air Products Displex model CSA-202E closed
J. 1983 211, 227. (c) Dhawan, I. K.; Enemark, J. thorg. Chem.1996 cycle refrigerator £25 K). The fluorescence background was minimized
35, 4873. by laser exposure fdb h prior to data collection.

(6) Garrett, R. M.; Rajagopalan, K. \J. Biol. Chem.1994 269, 272. (9) A minor trace of the heme domain was apparent in resonance Raman

(7) Garrett, R. M.; Rajagopalan, K. \. Biol. Chem1996 271, 7387. data obtained with 406 nm excitation.

S0002-7863(96)03931-5 CCC: $14.00 © 1997 American Chemical Society



Communications to the Editor

700 7

Raman Intensity

400 nm 500

(b)

Raman Intensity

800 1000 1200 1400
Raman Shift (cm”)

Figure 3. Resonance Raman spectra of the molybdenum domain (Mo-
(VI) oxidation state) of the C207S mutant of recombinant human sulfite
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of model compound studiég’ this resonant enhancement
behavior suggests that the cysteinyl S is likely totkzns to
one of the oxo ligands, as depicted in Figure 1.

Recent X-ray absorption studies concluded that the C207S
mutant of hSO contains a novel trioxomolybdenum species with
two thiolate ligands from the dithiolene of MP¥. Resonance
Raman spectra of the molybdenum domain of the C207S mutant
have been obtained with 406-, 457-, 488-, and 514-nm excita-
tion, but the data are inconclusive concerning the presence of a
MoO; species. Weak, broad bands that are potential candidates
for Mo=O stretching are observed at 880 and 940 tiisee
Figure 3). However, the bands are too weak for meaningful
isotope substitution experiments, presumably due to the loss of
cysteinyl S-to-Mo(VI) charge transfer transition that appears
to provide the enhancement mechanism for thes@ostretch-
ing modes in the wild-type.

Both the wild-type and C207S mutant of the molybdenum
domain exhibit bands at 1006, 1161, and 1532 tthat are
not significantly enhanced with excitation wavelength§14
nm, but are dominant bands in the spectra obtained with 488-,
476-, and 457-nm excitation (Figures 2 and 3). By analogy
with vibrational spectra and normal mode calculations of metal

oxidase: (a) as prepared, 514 nm excitation, (b) as prepared, 488 nmdithiolene complexe¥ these bands are readily assigned to

excitation. All other conditions and data handling protocols are as

vibrations associated with the coordinated dithiolene of MPT.

described in the legend to Figure 2. The inset shows a comparison of 1he 1006 and 1161 cm bands are assigned to couplee €

the absorption spectra of the wild-type (solid line) and C207S mutant
(dashed line) samples used in this work.

the bands at 903 and 881 ciare replaced by bands at 890
and 848 cm' in samples that were exchanged intg3® buffer
and then redox cycled by dithionite reduction and air oxidation.
This observation identifies both as M® stretching modes,
and by analogy with the available vibrational data fos-
dioxomolybdenum(V1) thiolate complexegs{(MoO,) = 858—

938 cnTl, 20—40 cnt? higher in energy and stronger in the
Raman spectrum thamusyn(M0oO,) = 835-898 cn11),1 the
903- and 881-cmt! bands in Figure 2a are clearly assignable to
the symmetric and asymmetric stretches afi&MoO, unit.

and C-C stretching modes (€S and C-C stretching as the
dominant contributors at 1006 and 1161 ¢prespectively) and
the 1532-cm? band is assigned to=6C stretching® Using
excitation at wavelengths 600 nm into low-energy S~ MoV
charge transfer bands, both dithiolene ® and G=C stretch-
ing modes have been observed in the resonance Raman spectra
of R. sphaeroide®MSO reductasevfy{Mo—S) = 350 cnt?
and v(C=C) = 1526 cn1! and/or 1576 cm! in the Mo(VI)
oxidation staté and in dioxomolybdenum(VI) complexes with
two dithiolene ligandsisym(Mo—S) = 354 cntt andv(C=C)

= 1455-1503 cnr1).1% The weak band at 419 crhthat is
observed in both wild-type and C207S hSO is a potential
candidate for a dithiolene MeS stretching mode. However,

Solely on the basis of the increase in mass, these bands wouldt is clear that such vibrational modes are only weakly enhanced

be predicted to shift to 859 and 838 tinrespectively, if both
oxo groups were replaced byO. Since the total®0/%0

in hSO, and this may be a consequence of greatdithiolene-
to-Mo charge transfer character (as opposed to S-to-Mo

isotope shift observed for these bands is almost exactly half of character) in the higher energy electronic transitions that are

that predicted for exchange of both oxo groups, we conclude
that only one oxo group exchanges during redox cycling. This

associated with Mo centers coordinated by a single dithiolene
ligand. This observation has important consequences for the

result and the observed inequivalence in the isotope shifts for emerging understanding of both the electronic and vibrational
the symmetric and asymmetric stretching modes are predictedproperties of the Mo and W active sites of oxotransferases. For

by normal mode calculations for dioxomolybdenum(VI) com-
plexes!!

Resonant enhancement of the #0 stretching modes in
wild-type hSO molybdenum domain was observed with excita-

tion frequencies within the envelope of the absorption centered

example, it provides a rationalization for the dramatic differences
in the energy range and variable-temperature MCD intensity
of transitions involving biological W(V)/Mo(V) centers with
one or two dithiolene ligands.
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