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In this paper, we report the results of molybdenum K-edge X-ray absorption studies performed on the oxidized and
reduced active sites of the sulfite dehydrogenase from Starkeya novella. Our results provide the first direct structural
information on the active site of the oxidized form of this enzyme and confirm the conclusions derived from protein
crystallography that the molybdenum coordination is analogous to that of the sulfite oxidases. The molybdenum
atom of the oxidized enzyme is bound by two Mo=0 ligands at 1.73 A and three thiolate Mo—S ligands at 2.42
A, whereas the reduced enzyme has one oxo at 1.74 A, one long oxygen at 2.19 A (characteristic of Mo—OHy),
and three Mo-S ligands at 2.40 A.

Introduction reported enzymes of this type contain molybdenum at their
active site. Molybdenum is found at the active site of a family
of enzymes, with the notable exception of nitrogenaise,
association with a novel pyranopterindithiolene cofactor,
SO +H,0— S0 +2H' + 26 known as molybdopterin or the molybdenum cofaétbfhe
molybdenum is ligated by the dithiolene moiety of the
They have been identified in mammals, insects, plants, andcofactori® with either one or two cofactors being bound at
a variety of prokaryotic microorganisms? In animals, the  the active site, depending on the enzyth€he coordination
enzyme is Iocalized in the mitochond.rial intermemprane (7) Rees, D. C.. Tezcan, A.: Haynes, C. A.; Walton, M. Y. Andrade, S.:
space and functions as the final step in the catabolism of Einsle, O.; Howard, J. BPhilos. Trans. R. Soc. 2005 363 971—

Sulfite oxidases catalyze the two-electron oxidation of
sulfite to sulfate

_ . . . . . . . 984.
sulfu_r con_talmng amino acids. In p'a”t.s' su_lﬂte_ OX|dase_ IS (8) Rajagopalan, K. VAdv. Enzymol. Relat. Areas Mol. Bial991, 64,
localized in the peroxisome and functions in either sulfite 215-290. (b) Rajagopalan, K. V.: Johnson, JJLBiol. Chem1992
detoxification or regulation of the sulfate pdolSulfite 267, 10199-10202.

~

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 is true for the majority of molybdenum

* To whom correspondence should be addressed. Phone: 306-966-5722. enzymes (and for their close relatives the tungsten enzymes), there

oxidases are thus widespread in nature, and to date, all ©

Fax: 306-966-8593. E-mail: g.george@usask.ca. are some exceptions. The tungsten enzyme acetylene hydratase
T University of Saskatchewan. (Rosner, B. M.; Schink, BJ. Bacteriol. 1995 177, 57675772)
* University of Queensland. catalyzes a net hydration reaction rather than a redox one, and formate
(1) Rajagopalan, K. V. InMolybdenum and Molybdenum-Containing oxidation to CQ by Eschericia coliformate dehydrogenase H does
EnzymesCoughlan, M. P., Ed.; Pergamon Press: Oxford, U. K., 1980; not involve oxygen atom transfer (Khangulov, S. V.; Gladyshev, V.
pp 243-272. N.; Dismukes, G. C.; Stadtman, T. Biochemistry1998 37, 3518~
(2) Braaten, A. C.; Bentley, M. MBiochem. Genetic4993 31, 375~ 3528). Furthermore, the presence of the potentially redox-active seleno-
91. sulfide at the active site (George, G. N.; Colangelo, C. M.; Dong, J.;
(3) Eilers, T.; Schwarz, G.; Brinkmann, H.; Witt, C.; Richter, T.; Nieder, Scott, R. A.; Khangulov, S. V.; Gladyshev, V. N.; Stadtman, TJC.
J.; Koch, B.; Hille, R.; Hasch, R.; Mendel, R. Rl. Biol. Chem2001, Am. Chem. Sod998 120, 1267-1273), suggests that the molybde-
276, 46989-46994. (b) Hille, R Structure2003 11, 1189-1197. (c) num in formate dehydrogenases might not be redox active during the
Schrader, N.; Fischer, K.; Theis, K.; Mendel, R. R.; Schwartz, G.; catalysis (George, G. N.; Costa, C.; Moura, J. J. G.; Mour&, Am.
Kisker, K. Structure2003 11, 1251-1263. Chem. Soc1999 121, 2625-2626).
(4) Kappler, U.; Bennett, B.; Rethmeier, J.; Schwarz, G.; Deutzmann, R.; (10) Kisker, C.; Schindelin, H.; Pacheco, A.; Wehbi, W. A.; Garrett, R.
McEwan, A. G.; Dahl, CJ. Biol. Chem.200Q 275, 13202-13212. M.; Rajagopalan, K. V.; Enemark, J. E.; Rees, D.C&ll 1997 91,
(5) D’Errico, G.; Di Salle, A.; La Cara, F.; Rossi, M.; Cannio, R. 1-20. (b) Karakas, E.; Wilson, H. L.; Graf, T. N.; Xiang, S.; Jaramillo-
Bacteriol. 2006 188 694—701. Busquets, S.; Rajagopalan K. V.; Kisker,XZBiol. Chem2005 280,
(6) Hansch, R.; Mendel, RPhotosynthesis Re2005 86, 337—343. 33506-33515.
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of the molybdenum in sulfite oxidasé€4? and the closely — 1 T 1 T T
related assimilatory nitrate reductaSé4contains the dithi-
olene of a single cofactor, two terminal oxo groups, and one
cysteine ligand from the polypeptide backbone.

Recently a sulfite dehydrogenase (SDH) from the facul-
tatively chemolithotrophic, sulfur-oxidizing soil bacterium
Starkeya noella has been characterized by protein crystal-
lography*® Unlike the plant sulfite oxidase, sulfite dehydro-
genases do not transfer electrons to molecular oxygen at an
appreciable rate. The crystallographic study of the bacterial
SDH indicates a similar molybdenum coordination to that

Normalized Absorbance

. . . . A R T R
established for assimilatory nitrate reductdsend chicken 19980 20000 20020 20040 20060 20080

liver sulfite oxidasé? with one long ¢2.3 A) and one short Energy (¢V)
(~1.7 A) molybdenum-oxygen bond, and thiolate ligation  Figure 1. Comparison of Mo K near-edge spectra%fnaella sulfite
from the dithiolene moiety of the monbdenum cofactor and dehydrogenase (solid lines) and human sulfite oxidase (broken lines) in

. : . idi forms.
from one cysteine (C104). In the case of sulfite oxidase there oxidized (a) and reduced (b) forms

was a discrepancy between active site structures elucidatedtorage ring containing between 90 and 100 mA at 3.0 GeV.
by X-ray crystallography and X-ray absorption spectroscopy. Molybdenum K-edge data were collected on the structural molecular
This difference was attributed to X-ray photoreduction of biology XAS beamline 9-3 with a wiggler field of 2 T, employing
the enzyme during crystallographic data acquisitfiddamples a.Si(220) dquble-crystal mqnochromatqr. Begmline 9-3is equipped
of SDH, initially in oxidized and reduced forms were with a rhodium-coated vertical collimating mirror upstrea_m of Fhe
examined crystallographically, but only a reduced active site Mnochromator and a downstream bent-cylindrical focusing mirror
was observed for both, presumably for the same reason (i.e.(als_o rhodium-coated). Harmonlc_rejectlon was accom_pllshed by
s . . . setting the cutoff angle of the mirrors to 23 keV. Incident and
X-ray photoredu_ctlo_n). Thus, to dgt_e, no direct information transmitted X-ray intensities were monitored using argon-filled
about the coordination of the oxidized molybdenum center jgnization chambers, and X-ray absorption was measured as the
in SDH is available. We report herein a structural study of Mo Ka fluorescence excitation spectrum using an array of 30
the molybdenum active sites of both oxidized and reduced germanium detectof8.During data collection, the samples were
S. naella SDH using Mo K-edge X-ray absorption spec- maintained at a temperature of approximately 10 K using an Oxford

troscopy. instruments liquid helium flow cryostat. For each sample, eight to
) twelve scans were accumulated, and the energy was calibrated by
Materials and Methods reference to the absorption of a molybdenum metal foil measured

Samples.S. naella SDH (1 mM) was prepared as previously —Simultaneously with each scan, assuming a lowest-energy inflection
described’ transferred to (2x 10 x 10 mm) Lucite sample point of 20 003.9 eV. The energy threshold of the extended X-ray
cuvettes, frozen, and stored in liquid nitrogen until data acquisition. absorption fine structure (EXAFS) oscillations was assumed to be
In all cases, 20 mM Tris buffer was used at pH 7.8. The as-isolated 20 025.0 eV.

SDH enzyme contains a mixture of oxidized and reduced fd@hs. XAS Data Analysis. The EXAFS oscillations,y(K), were
The fully oxidized enzyme was prepared by incubation on ice with duantitatively analyzed by curve-fitting using the EXAFSPAK suite
a 2 mM ferricyanide solution (final concentration) for 5 min, ©of computer program®, as described by George et #using ab
followed by gel filtration (PD-10 column, GE Healthcare) to remove  initio theoretical phase and amplitude functions calculated using
the ferricyanide and prevent loss of activity by the inhibitory effects FEFF, version 7.22 No smoothing, filtering, or related operations
of ferricyanide. The reduced enzyme was generated by treatingWwere performed on the data.

oxidized SDH with an excess (10 mM) of sodium dithionite solution ~ EPR Spectroscopy.Electron paramagnetic resonance (EPR)
for 1 min with a trace (1«M) of methyl viologen. Mo(V) EPR spectra were collected at a sample temperature of 80 K using a
spectroscopy was used to monitor the extent of reduction of the Bruker EMX EPR spectrometer. Data reduction and spectral
molybdenum center (residual Mo(V)), double integration using a Simulations were performed as described by George %t al.

1mM Tp*MoOCI, standard? and the residual Mo(V) content was . .

found to be between 10 and 15%. Results and Discussion

XAS Data Collection. XAS measurements were conducted at Mo K Near-Edge Analysis.Figure 1 compares the X-ray
the Stanford Synchrotron Radiation Laboratory with the SPEAR 3 apsorption near-edge spectra®fnaella sulfite dehydro-

(11) Hille, R.Chem. Re. 1996 96, 2757-2816. genase (SDH) and wild-type human sulfite oxidase (SOX).
(12) Harris, H. H.; George, G. N.; Rajagopalan, K.IWorg. Chem2006
45, 493-495. (19) Cramer, S. P.; Tench, O.; Yocum, M.; George, GNNcl. Instrum.
(13) George, G. N.; Mertens, J. A.; Campbell, W. A.Am. Chem. Soc. Methods Phys. Re4988 A266 586-591.
1999 121, 9730-9731. (20) The EXAFSPAK program suite was developed by one of the authors
(14) Fischer, K.; Barbier, G.; Hecht, H.-J.; Mendel, R. R.; Campbell, W. (G.N.G.) and is available from http://ssrl.slac.stanford.edu/exafspa-
H.; Schwarz, GPlant Cell 2005 17, 1167-1179. k.html.
(15) Kappler, U.; Bailey, SJ. Biol. Chem2005 280, 24999-25007. (21) George, G. N.; Garrett, R. M.; Prince, R. C.; Rajagopalan, KJ.V.
(16) George, G. N.; Pickering, I. J.; Kisker, @org. Chem.2005 38, Am. Chem. Socl996 118 8588-8592.
2539-2540. (22) Rehr, J. J.; Mustre de Leon, J.; Zabinsky, S. I.; Albers, R1.@m.
(17) Kappler, U.; McEwan, A. GFEBS Lett.2002 529, 208-214. Chem. Soc1991, 113 5135-5140. (b) Mustre de Leon, J.; Rehr, J.
(18) Tp* = hydrotris(3,5-dimethylpyrazolyl)borate; Cleland, W. E., Jr.; J.; Zabinsky, S. I.; Albers, R. ®hys. Re. 1991, B44, 4146-4156.
Barnhart, K. M.; Yamanouchi, K.; Collison, D.; Mabbs, F. E.; Ortega, (23) George, G. N.; Prince, R. C.; Kipke, C. A.; Sunde., R. A.; Enemark,
R. B.; Enemark, J. Hlnorg. Chem.1987, 26, 1017-1025. J. E.Biochem. J1988 256, 307—309.
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Figure 2. EXAFS and Moc-S phase-corrected EXAFS Fourier transformsSohasella sulfite dehydrogenase in oxidized (a) and reduced (b) forms. The
solid lines show the experimental data, while the broken lines indicate the best fit using the parameters given in Table 1.

The spectra of the oxidized enzymes (shown in Figure 1a) Table 1. EXAFS Curve-Fitting Results for the Oxidized Active Site of
are very similar, indicating that the oxidized active site S-naella Sulfite Dehydrogenase

geometries of the two enzymes are essentially identical. Both sample interaction N R(A) 02(R)  AEy(eV) F
spectra show a preedge feature at approximately 20 009.0oxidized ~Mo=O 2 1.728(2) 0.0029(1) —10(1) 0.239
eV resulting from a Mo 1s—~ (Mo=O)r* transition?* Mo—S 3 2421(2) 0.0044(1)

Previous work has established that the intensity of this feature reduced ~ Me=O 1 1.743(3)  0.0017(3) —11(1) 0.329
is correlated to the number of terminal oxygen ligands bound Momo 1 g'_:l%ggg)l) 8:8838%

to M0.2527 Thus, the present data indicates that the oxidized

active site ofS. nasella sulfite dehydrogenase contains a a Coordination numbersy; interatomic distance®, given in A; Debye-
Waller factors g2 (the mean-square deviations in interatomic distance), in

MoO, moiety analogous to wild-type human sulfite 0Xi- &2 and the threshold energy shiftaEo, given in eV. The values in
daset221.25The near-edge regions of the two enzymes are parentheses are the estimated standard deviations obtained from the diagonal

compared in Figure 1. The minor differences observed may elements of the covariance matrix. The fit-error functims defined as
. . . 6 _ 2/<1,5 2. . .

be attributed to subtle geometric and electronic structure *{) izn';s()?r(mkc)ﬁgé dXi(r']‘)teﬁpetDrgi'r‘]gr(]%ﬁ?n’ the summation is over all data

differences at the respective active sites. Nevertheless, the® '

similarity of the near-edge spectra shown in Figure 1 7 545 3 A attributable to MeO and primarily, Me-S
indicates considerable similarity between the fully oxidized bonds respe;:tively For the oxidized,enzyme ,the size of
active sites of SOX and SDH. The spectra of reduced the two Fourier transform peaks are analogous; however, for

enzymes show more significant, but still subtle, differences. the reduced form of the enzyme, the peak assigned to the
Both spectra show nearly identical preedge features al\0=0 moiety is significantly less intense. Quantitative

approximately 2(.) 009 eV; however, suI.fite oxidase eXhi.bitS curve-fitting analysis indicates that the oxidized active site
a small edge shift to lower energy. This may be explained of SDH possesses three M6 at 2.42 A and two Me-O

by(’jthleszss;dual Ig/llglg\/) in lS[?H,ﬁstima:gd tqtbe b]?tévgan l% units at 1.73 A, while the reduced enzyme shows three
an o from analysis. 1he aclive sites o and vo—s interactions at 2.40 A, one M@ at 2.19 A, and

SOX are already known to differ because only the putative
high-pH signal is detectible for SDH, whereas characteristic
low-pH and high-pH signals are known for SCX¢

one Mo=0 at 1.74 A. Overall, these results are very similar
to those of human sulfite oxida$&Oxidized sulfite oxidase
. shows essentially identical (within the accur&yylo—S

Mo K'Ed99 EXAFS. Figure 2 _shows the EXAFS and and Mo=0 distances of 2.42 and 1.73 A, respectively. Again,
EXAFS Fo_uner transforms of oxidized and .rgduced SD_H’ the parameters of the reduced enzyme are a little different
together with the best fits from the curve-fitting analysis. from those of sulfite oxidase which shows three M at
The EXAFS Fourier transforms for both the oxidized and 2.37 A one Mo-O at 2.30 A: and one MsO at 1.72 A.

reduced enzyme display two major features at approximatelyThe presence of residual Mo(V) in the reduced sulfite

(24) Kutzler, F. W.: Natoli, C. R.. Misemer, D. K.; Donaich, S.; Hodgson, Fiehydrogenase samplg wiII.obvioust.increase the uncertainty
K. 0. J. Chem. Phys198Q 73, 3274-3288. in these values, and this might explain why the-M®bond

(25 1%“2”;?'2 f_-;;-é;’vah'v R.; Rajagopolan, K.VAm. Chem. Sod 981, lengths are slightly longer than those for sulfite oxidase. This

(26) George, G. N.; Hilton, J.; Temple, C.; Prince, R. C.; Rajagopolan, K. correspondence of bond lengths further reinforces the

V. J. Am. Chem. S0d.999 121, 1256-1266. ) conclusion the overall structures of the molybdenum active
(27) Kutzler, F. W.; Scott, R. A.; Berg, J. M.; Hodgson. K. O.; Donaich,

S.; Cramer, S. P.; Chang, C. Bl.Am. Chem. S0d.981, 103 6083~

6088. (29) The generally accepted accuracy for EXAFS bond-length determination
(28) Raitsimring, A. M.; Kappler, U.; Feng, C.; Astashkin, A. V.; Enemark, is +0.02 A. The relative accuracy between two similar samples (e.g.,
J. H.Inorg. Chem.2005 44, 7283-7285. oxidized and reduced enzyme) is likely to be rather better than this.
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Field (mT) Figure 4. Postulated molybdenum active site structures for fully oxidized

Mo(VI) (a), fully reduced Mo(1V) (b), and Mo(V) (c) sulfite dehydrogenases.

Figure 3. Mo(V) EPR spectrum ofS. naella sulfite dehydrogenase

compared with the high-pH signal of human sulfite oxidase (data from ref .

30). The spectra are aligned to a common microwave frequency of 9.3877 €xchangeable proton (also detected by multifrequency pulsed
GHz. Bold lines show experimental spectra, while the solid lines show EPRS) are clearly see#?-3?

computer simulations which were calculated usmgalues ofgxyz, = . . . . .
1.9508, 1.9626, and 1.9879 for sulfite dehydrogenasegagg = 1.9529, Mammalian sulfite oxidase and bacterial sulfite dehydro-

1.9636, and 1.9871 for sulfite oxidase. For sulfite dehydrogenase, the pH genase have different properties. The sulfite oxidase crystal

was g.-g (20 mM T”Sbb‘]ifﬁe)r)' and for sulfite oxidase the pH was 9.0 (50 gyr;cture shows that the heme is located in a separate domain

mM bis-tris-propane buffer). . .
from the molybdenur®? and the enzyme requires a domain

sites of the two enzymes are very similar, despite the known movement to function, but with sulfite dehydrogenase, on
differences in Mo(V) EPR and reactivity. Two of the three the other hand, the redox centers are locked in pfaBelfite
Mo—S interactions observed are expected to come from the0xidase has an active site pocket abBlA from Mo with
sulfurs of the dithiolene moiety of the molybdopterin three arginine residues that can hold an anion such as sulfite
cofactor, and the third sulfur contribution to the EXAFS adjacent to Md?but sulfite dehydrogenase lacks one of these
results from bound cysteine (C104), as observed in the crystalthree arginine residues, and this may be important in
structure. These EXAFS results demonstrate that the oxidizedeXplaining the different EPR properties of the two enzymes.
form of the active site of sulfite dehydrogenase is essentially Despite this difference, sulfite dehydrogenase has higher
identical to wild-type human and chicken sulfite oxidase. turnover. The work we have presented here shows that there
The bond lengths for the reduced SDH are in reasonableare considerable similarities between the molybdenum
agreement with those obtained from protein crystallography. coordination environments of SO and SDH, and Figure 4
However, a small discrepancy is observed for between theshows proposed structures for the active sites of all three
distances of the long MeQ interaction found in the EXAFS  oxidation states (we note that essentially identical structures
analysis (2.19 A) and the crystallographic studies (2.3 A). have been proposed for sulfite oxidase). In particular, the
This nonconformity is consistent with the larger uncertainties structures of the molybdenum sites of oxidized sulfite oxidase
expected from crystallography. The EXAFS-derived bond and sulfite dehydrogenase are identical within the accuracy
length definitively identifies this oxygen as a water ligand limits of our analyses. We conclude that the basis for the
(Mo—OHy), rather than a hydroxide (MeOH). A similar differences in enzyme activities does not have its roots in
conclusion has been reported for sulfite oxid&se. substantial differences in the first coordination sphere of the
Our Mo(V) EPR spectra (Figure 3) confirmed earlier molybdenum active sites.
resultg® which indicated that SDH gave only the so-called ) )
high-pH EPR signal. This form of the enzyme is thought to Acknowledgment. Parts of thls_ vyork were carried out
correspond to a molybdenum coordination site free of direct &t the Stanford Synchrotron Radiation Laboratory (SSRL),
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