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Abstract: Plant sulfite oxidase from Arabidopsis thaliana has been characterized both spectroscopically
and kinetically. The enzyme is unusual in lacking the heme domain that is present in the otherwise highly
homologous enzyme from vertebrate sources. In steady-state assays, the enzyme exhibits a pH maximum
of 8.5 and is also found to function as a selenite oxidase. Sulfite at the lowest experimentally feasible
concentrations reduces the enzyme within the dead-time of a stopped-flow instrument at 5 °C, indicating
that the A. thaliana enzyme has a limiting rate constant for reduction, kg, at least 10 times greater than
that of the chicken enzyme (190 s*). The EPR parameters for the high- and low-pH forms of the A. thaliana
enzyme have been determined, and the g-values are found to resemble those previously reported for the
vertebrate enzymes. Finally, the A. thaliana enzyme has been probed by resonance Raman spectroscopy.
A detailed analysis of the vibrational spectrum in the region where Mo=0 stretching modes are anticipated
to occur has been performed with the help of density functional theory calculations, evaluated in the context
of the Raman data. Calculated frequencies obtained for two model systems have been compared to
experimental resonance Raman spectra of oxidized A. thaliana sulfite oxidase catalytically cycled in both
H,%0 and H,*0. The vibrational frequency shifts observed upon *20-labeling of the enzyme are consistent
with theoretical models in which either the equatorial oxygen or both equatorial and axial atoms of the
dioxomolybdenum center are labeled. Importantly, the vibrational mode description is consistent with the
active site possessing geometrically inequivalent oxo ligands and a Mo d,, redox-active molecular orbital
oriented in the equatorial plane forming a w-bonding interaction solely with the equatorial oxo, Oeq. Electron
occupancy of this Mo=0¢q r* redox orbital upon interaction with substrates would effectively labilize the
Mo=0¢q bond, providing the dominant contribution to lowering the activation energy for oxygen atom transfer.

Introduction to a family of mononuclear molybdenum enzymes that includes
the plant assimilatory nitrate reductases. These are enzymes
whose oxidized active sites can be formulated as ¥'\0g(S-
Cys)2 with L representing a bidentate enedithiolate lighnd
contributed by a pterin cofactor common to all mononuclear
molybdenum and tungsten enzymes. There is general consensus
that the coordination geometry of the metal center is distorted
square-pyramidal, with one of the two terminal oxo ligands
occupying the axial position, and the remaining one in the
equatorial plandéransto a dithiolate sulfur donor (Scheme 1).
Sulfite oxidases from mammalian and avian sources have

Sulfite oxidase (SO) catalyzes the oxidation of sulfite to
sulfate, the final step in the oxidative degradation of the sulfur
containing amino acids and lipids (the latter being prevalent in
the cell membranes of the myelin sheath). Deficiencies in this
enzyme lead to severe neurological abnormalities and ultimately
early deatH. In vertebrates, the severe neurological disorders
manifested by individuals with mutations in the structural gene
for SO suggest that clinical symptoms arise principally from a
dysfunction in lipid rather than protein metabolidi80 belongs

*The Ohio State University. been studied by a variety of spectroscopic methods, including
¥ The University of New Mexico. _ magnetic circular dichroism (MC},continuous-wave electron
? Technical University of Braunschweig. paramagnetic resonance (CW-EPRpulsed EPR techniques,

Present address: Laboratory of Proteomics and Analytical Technologies,
Research Technology Group, SAIC-Frederick, Inc., National Cancer Institute (2) Johnson, J. L.; Wadman, S. K. Metabolic Basis of Inherited Disease

at Frederick, 1050 Boyle St., Ft. Detrick, Frederlck Maryland 21702. 6th ed.; Scr|ver C.R., Bandet A. L., Sly,W.S., Valle, D., Eds.; McGraw-
(1) (a) Johnson, J. L.; Waud, W. R.; Rajagopalan, K. V.; Duran, M.; Beemer, Hill: New York, 1989; Vol. 1, pp 146371475,
F.A.; Wadman, S. KProc. Natl. Acad. Sci. U.S.AQSQ 77, 3715—3719. (3) Hille, R. Chem. Re. 1996 96, 2757-2816.
(b) Rajagopalan, K. V.; Johnson, J. L.Biol. Chem 1992 267, 10199~ (4) Kirk, M. L.; McNaughton, R. L.; Helton, M. EProg. Inorg. Chem2004
10202. 52, 111-212.

10.1021/ja0530873 CCC: $30.25 © 2005 American Chemical Society J. AM. CHEM. SOC. 2005, 127, 16567—16577 m 16567



ARTICLES

Hemann et al.
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electron spir-echo-envelope modulation (ESEEM), hyperfine
sublevel correlation spectroscopy (HYSCOREaNd electron
nuclear double resonance (ENDOR}! extended X-ray ab-
sorption fine spectra (EXAFS%!® and resonance Raman
spectroscopy?1°In addition, the X-ray crystal structure of the
reduced form of the enzyme from chicken liver has been
reported at a resolution of 1.9 8 The enzyme is a homodimer
(typically 110 kDa) containing an N-terminal cytochrorbg
type domain, a central molybdenum-binding domain, and a
C-terminal dimerization domain. The active site is positioned
at the bottom of a positively charged binding pocket, with a
molybdenum coordinated hydroxyl ligand, presumably derived
from Ogqin the oxidized enzyme, facing into the solvent access
channel.

Atypical sulfite oxidases have been found which do not have

the same redox-active centers as the mammalian and avia

enzymes. For example, sulfite:cytochrorneoxidoreductase
from Starkya neella is a heterodimeric enzyme, possessing a

40.6 kDa molybdenum-containing protein and an associated 8.8(25

kDa cytochromecss, protein rather than &b-type cyto-
chrome?”#546Reduction of sulfite results in transfer of electrons
from the molybdenum to the cytochromg;, and further on to
another cytochrome Recently, a SO fromrabidopsis thaliana

has been cloned, expressed, and initially characterized, including

determination of its crystal structut&36 This plant enzyme is
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a 43.3 kDa monomeric protein containing only the molybdenum
center and is devoid of other redox-active cofactors and
chromophores. While the enzyme does not contain a heme
domain, it has been suggested th&ktgpe cytochrome would

be its physiological electron acceptor. The lack of an associated
heme domain makes it unique to eukaryotic sulfite oxidases
and provides an ideal situation for using resonance Raman
spectroscopy to probe the vibrational and electronic structure
of the molybdenum center without complications from other
chromophores or the need for additional steps in enzyme
preparation, such as tryptic cleavage, to remove a heme domain.
Here we report a resonance Raman spectroscopic investigation
of oxidized plant SO with a specific emphasis on understanding
the high-frequency MeO stretching region for enzyme cycled

in both H%0 and H!80. The vibrational frequency differences
among the various isotopomers have been interpreted using the
results of density functional calculations performed on two
different models of the molybdenum center of SO. Our analysis
of the Raman spectra of oxidized thalianaSO provides the
basis for understanding electronic and geometric structure/
activity relationships related to catalysis in this and related
mononuclear molybdenum enzymes.

Experimental Section

Protein Expression and Purification. SO from A. thalianawas
expressed and purified according to Eilers etalith the following
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modifications. TP1000AmoaAB) cells carrying the plasmid pQE-80-  detector. Band positions were calibrated using an external indene
soxwere grown aerobically at 30C for 24 h after induction with 0.1 standard and are accurate4@ cn®. Data were collected from the
mM isopropyl$-thiogalactoside at low cell densitpdpo = 0.05). Crude surface of a 3QuL sample maintained at 30 K using a custom-built

lysate from cell lysis/sonication was loaded onto aNIiTA column coldfinger and an APD Cryogenics closed-cycle helium refrigerator.
pre-equilibrated with lysis buffer (50 mM NaRQ,, pH 8.0, 300 mM Each sample was illuminated for several hours prior to data collection
NacCl, 10 mM imidazole). The column was washed with2times to reduce background fluorescence. Samples for resonance Raman

the bed volume of lysis buffer followed by wash buffer consisting of studies were prepared in 50 mM Tricine buffer, pH 8.0, and were
50 mM NaHPO,, pH 8.0, 300 mM NaCl, 20 mM imidazole, until the  concentrated to 23 mM by Centricon ultrafiltration. Redox-cycled
eluate had an Ofg, less than 0.05. SO was eluted with 100 mM enzyme was prepared by reduction/reoxidation of the enzyme with an
imidazole lysis buffer. Fractions containing SO as judged by SDS excess of sodium sulfite and ferricyanide, followed by gel-filtration.
PAGE analysis were pooled, concentrated by ultrafiltration, and loaded Exchange into K0 (95-97% isotopically enriched $fO from Isotec,

onto a Mono-Q column pre-equilibrated with 50 mM Ny, pH Inc.) was accomplished by two 10-fold dilution/reconcentration cycles,
8.0. SO was eluted with the same buffer, and fractions were concen-reduction using sodium sulfite, and air reoxidation, followed by three
trated based on purity (UVvisible spectrum, SDSPAGE). Concen- additional 10-fold dilution/reconcentration cycles.

trated SO was exchanged into 20 mM Tris-acetate, pH 8.0, 300 mM  Computational Procedures.Vibrational modes fo0- and®O-

NaCl by gel filtration on a Sephadex G-25 column and stored°a@ 5 substituted enzyme models were calculated using either the Gaussian
for immediate use or in liquid nitrogen for long-term storage. Enzyme 98W or Gaussian 03W software packa@all small model calculations
concentration was determined spectrophotometrically using an extinc- employed the B3LYP hybrid functional using a spin-restricted formal-

tion coefficient of 69 820 M* cm* at 280 nmt® ism for the oxidized [MoQ(C;S;Me;)(SMe)l:~ (Me = methyl) active

SO AssaysAssays for SO were carried out in 20 mM Tris-acetate, site?°22 A 6-31G basis set was used for all nonmetal atoms, and a
pH 8.0 following reduction of potassium ferricyanide= 1020 M polarization function was added to the oxygen and sulfur atoms (6-
cm™Y) at 420 nm’ or reduction of cytochrome (e = 19 630 Mt cmid) 31G*).2 The LANL2DZ basis set and LANL? effective core potentials

at 550 nmt® Steady-state kinetic measurements were performed were used for molybdenuf.Computational models substitutingsH
aerobically at 25C using a 1.0 cm light path cuvette and a final sample CS for the cysteine thiolate and (GC;S;? for the ene-1,2-dithiolate
buffer volume of 1.0 mL, monitoring reduction of ferricyanide. All  ligands were used. Bond lengths, bond angles, and dihedral angles for
buffers (in their conjugate base forms) were used at a concentration of the computational model were obtained from full geometry optimization
20 mM and adjusted to a pH of 8.0 with acetic acid to avoid the calculations. Additional calculations were performed with thg-O
inclusion of inhibitory anions. The buffers used for the pH dependence Mo—S—C(Hs) dihedral angle constrained to 90n accordance with
profile were bis-Tris (pH 6.66.5), bis-Tris-propane (pH 7-07.5), Tris the ~90° Oax—MO—Syysieins—C dihedral observed in the X-ray structure
(pH 7.5-8.5), and glycine (pH 9:810.0). Sulfite concentration was  of the chicken enzyme. A large model was also investigated which
varied from 5 to 20QuM, while ferricyanide was kept at a saturating  included the full pyranopteriadithiolene (dt) truncated at the phosphate
concentration of 40@M. Horse heart cytochrome and superoxide side chain by a vinyl group. The 6-31G basis set was used for carbon
dismutase solutions were purchased from Sigma and prepared in theand hydrogen atoms, the 6-31G** basis set was used for sulfur, nitrogen,
appropriate buffer prior to use in the steady-state assays. and oxygen atoms, and the LANL2DZ basis set and LANL2 effective
Rapid reaction kinetics were performed on an Applied Photophysics core potentials were used for molybdenum. As with the small model
Inc. SX.18MV stopped-flow apparatus. Single-wavelength kinetic calculations, geometry optimizations were calculated for both an
transients were measured at 360 nm using a photomultiplier tube andunconstrained model and for a model in which thg-o—S—C(Hs)
full spectrum analysis (256750 nm) using a diode array detector. dihedral angle was fixed at 90
Reductive half-reactions were carried out anaerobically 4 bising
varying concentrations of SO (#25uM) and sulfite (186-800uM).
Samples were made anaerobic by alternately flushing with argon and  Kinetics of Plant SO. To explore the effect of pH on the
evacuating with vacuum every 10 min over the course of 1.5 h in a kinetics of SO, a steady-state analysis was carried out by varying
glass tonometer. the sulfite concentration from 5 to 200M while keeping
Spectroscopic MethodsUV —visible spectra and kinetic assays were ferricyanide constant at 400M over the pH range of 6:0

recorded using a Hewlett-Packard 8452A single beam diode-array 10.0. A plot of key versus pH yields a bell-shaped curve
spectrophotometer. Reduction of the enzyme was performed using eitherindicating a maximal activity at pH 8.5 and apparek palues '

sodium dithionite or sodium sulfite. Circular dichroism spectra were of 8.1 and 8.9 (Figure 1). A similar bH optimum was observed
recorded using an AVIV Associates Model 40DS UV/VIS/NIR circular ’ -9 (Figu _)' Imiiar pr optimum was S v
for kear versus pH for chicken SO, but that system had different

dichroism spectrometer. :
Electron paramagnetic resonance spectra were recorded using aOKa values (7.0 and 10.2, respectively) than those seedfor

Brilker ER 300 spectrometer equipped with an ER 035 M gaussmeter thaliana SO
and a Hewlett-Packard 5352 B microwave frequency counter. Tem-  A. thalianaSO lacks the cytochromiss domain typical of
perature was controlled at 150 K using a"Beu ER 4111 VT mammalian and avian sulfite oxidases, and at present, the
continuous flow liquid nitrogen cryostat. Samples were prepared by physiological electron acceptor is unknown. However, it has
exchange into the appropriate buffer through gel filtration. Sodium been suggested thabeype cytochrome from plant peroxisomes
sulfite was added in a stoichiometric excess to the sample in an EPRjs 3 likely candidate to fill this rolé8 We investigated the
tube, which had been flushed with argon for 15 min. A half-molar  yaactivity of SO with rat outer-mitochondrial membrane cyto-
equivalent of ferricyanide solution was added to partially reoxidize the chromebs, which has extensive sequence homology with the
sample, which was then immediately frozen in a dry ice/acetone bath heme donl1ain of vertebrate sulfite oxidadeand no reduction
and stored in liquid nitrogen. .

of the heme group was observed when SO was reacted with an

Resonance Raman spectra were recorded using 488 nm excitation f sulfite. Additi | . ied .
from a Coherent Innova 307 argon ion laser. Plasma emission lines excess or sullite. iional reactions were carried out using

were removed using Pellin-Broca prisms and Rayleigh-scattered photonsh0rse heart cytochromeas electron acceptor. Reaction of SO
rejected using a holographic notch filter. Raman-scattered light was With sulfite in the presence of cytochrome showed a
collected and dispersed using a single-stage spectrograph employing gignificantly slower activity than that observed with ferricyanide
Princeton Instruments 1024 KTB, back-thinned, charge-coupled device (~1%). Addition of superoxide dismutase to the reaction mixture

Results

J. AM. CHEM. SOC. = VOL. 127, NO. 47, 2005 16569
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Figure 1. The pH dependence oA. thaliana SO. Experiments were 16
performed as described in Materials and Methods. A pH optimum of 8.5 1
and apparentf, values of 8.1 and 8.9 are observed. 14 - B
reduced the observed activity by almost half, suggesting that 12 1
Oy~ is mostly responsible for the observed reduction of 10:
cytochromec and not due to electron transfer from 38 ~
Reaction of SO with selenite (Sg0) showed approximately é 8 1
5% of the observed sulfite activity using ferricyanide as electron . |
acceptor. ]
An extensive rapid kinetics study of the reaction of SO with 44
sulfite was prohibited by the extremely rapid rate of the reaction. , 1
Single-wavelength transients showed that the reduction of the ]
molybdenum center, even at the lowest concentrations of sulfite, 01
was essentially complete within 5 ms after mixing atGin 350 400 450 500 550 600

the stopped-flow apparatus. With a diode array detector, it was Wavelength (nm)

clear that reduction had alreac_'y been completed after the_ first Figure 2. UV —visible and CD spectra @&. thalianaSO. (A) UV—visible

spectrum when c_ompared with that of unrea(_:ted OXIdIZ_ed spectrum of oxidized (solid line) and sulfite-reduced (dashed line) enzyme.

enzyme shot against buffer rather than a solution of sulfite. The 360 and 480 nm absorption bands (oxidized enzyme) are attributed to

Longer reaction times did not show any appreciable reoxidation a combination of enedithiolate-to-molybdenum and cysteine-to-molybdenum

artifacts, ruling out the presence of oxygen in the tonometer charge-transfer bands. (B) Circular dichroism spectrum of oxidized enzyme.

(SO is observed to reoxidize relatively quickly with oxygen).
Spectroscopic Characterization ofA. thaliana SO. With

the addition of the Mono-Q chromatography step to the SO

urification, which removed the apo-enzyme lacking the _ ) o
P P Y d of SO have been obtained and, as seen in Figure 3, exhibit

molybdenum center, an improved WW¥isible absorption derably b lution th ous d (the IoH
spectrum has been obtained over that reported previously (FigureconSI erably better resolution than previously reported (the Ip

2A). The absorbance maxima at 360 and 480 nm correlate well [°'™. in particular, appeared to be a mixture of forrtfs}.can
with the maxima seen for the molybdenum domain cleavage be seen that the spectral features are indeed quite comparable

products from native r&tand recombinant hum&hSO as well to those seen for other sulfite oxidases. The hyperfine splitting
as a truncated expression construct of human3S®he due to a solvent-exchangeable proton seen in the IpH spectra
absorption maximum observed at 360 nm, which has been of bpvine and chicken enzyme is not readily observe(j\jn
attributed to a dithiolene-to-molybdenum charge transfer transi- thalianaSO, although the broad shoulder observed {2 in
tion(s), and the broad shoulder observed at 480 nm, proposedhe IpH form of SO was slightly sharpened upon exchange of
to arise from cysteine-to-molybdenum charge transfer, are the protein into deuterated buffer. Addition of sodium chloride
readily evident. Upon reduction of the enzyme with either sulfite t0 the IpH sample buffer resulted in a slightly more intense low-
or dithionite, there is a loss of these observed maxima with a field signal suggestive of unresolved proton hyperfine splitting.
slight increase in absorption intensity appearing at approximately The estimatedy-value for the midpoint of the IpH NaCl low-
400 nm, again consistent with previous results with enzyme from field feature ¢, = 2.0033) correlates well with that seen for
vertebrate sources. A circular dichroism spectrum of SO shows chicken SO ¢ = 2.0037,A(*H); = 0.85 mT). Interestingly,
strong positive features at approximately 370 and 485 nm theg-values seen for the IpH form of SO are comparable to the
(Figure 2B). No additional features were observed out to 1200 g-values observed for the chicken IpH®@ sample by Dhawan
nm for the oxidized enzyme. et. al’ As reported previously? we are unable to observe the

It is well-established that vertebrate sulfite oxidases yield phosphate-inhibited signal that has been seen with the chicken
different Mo(V) EPR spectra depending on experimental protein (signal appeared as the IpH form in up to 0.1 M MaH
conditions (e.g., pH and anion concentrati®®PR spectra of POy). Table 1 lists theg-values obtained for the various forms

the low-pH, high-pH, and phosphate-complexed forms of SO
from either bovine or chicken enzymes have been repdted?33
The EPR spectra of the low- (IpH) and high-pH (hpH) forms
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IpH

NaCl

IpH-D20

2.08 2.06 2.04 2.02 2.00 1.98 1.96 1.94 1.92 1.90

g-values

Figure 3. EPR spectra oA. thalianaSO. EPR spectra were recorded on
SO (106-200u4M) reduced with excess sulfite (4 mM) and reoxidized with
one-half equivalent of potassium ferricyanide. Buffers were 50 mM bis-
Tris-propane, pH 6.0 (IpH), 50 mM bis-Tris-propane, pH 6.0, 100 mM NaCl
(IpH NaCl, full spectrum not shown), 50 mM bis-Tris-propane, pD 6.0 (IpH
D,0), and 50 mM glycine, pH 10.0 (hpH). Instrument settings were 9.46
GHz microwave frequency, 2 mW microwave power, 100 kHz modulation
frequency, 5.0 G modulation amplitude. Sample temperature was 150 K.
Inset shows the expanded= 2 region for the three IpH samples.

Table 1. EPR Data for A. thaliana SO and Avian SO

source signal 1 2 3 av. ref

A. thaliana IpH 2.0070 1.9760 1.9654 1.9828 presentwork
IpH DO 2.0072 1.9760 1.9652 1.9828 presentwork
IpH NaCl 2.0065 1.9757 1.9654 1.9825 presentwork
hpH 1.9909 1.9645 1.9574 1.9709 presentwork

chicken IpH 2.0037 1.9720 1.9658 1.9805 5
hpH 1.9872 1.9641 1.9531 1.9681 5
IpHD,O 2.007 1974 1968 1983 7
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Figure 4. Resonance Raman spectra of oxidiZedthaliana SO redox-
cycled in (A) H%0 and (B) H'80. Both spectra were collected at 30 K
using 488 nm excitation.

approximately twice as intense as the lower frequency 877 and
864 cnt! modes. These vibrational frequencies are similar to
those previously observed for wild-type recombinant human
SO: v¢(Mo—0cyxo) at 903 cnt! andv,dMo=0) at 881 cm?,14

and in dioxomolybdenum(VIl) model compound studiesg:
(Mo—0Oqyo) from 858 to 938 cm?, andvadMo—0Ogyo) from 835

to 898 cnTl.3* Enzyme samples were redox-cycled in'¥D,

and the resultant resonance Raman spectrum shows vibrations
in the M—0Oyy, stretching region at 883, 854, and 825 ¢m
Features at~910, ~960, and 1090 cmt, observed in the
spectrum of labeled enzyme, are also observed in the natural
abundance data set, with the 910¢rband being present as a
high frequency shoulder on the intense 896 ¢ivand. As such,

it is evident that the signal-to-noise ratio for tH® data set is
markedly poorer than the natural abundance data set, and this
effect was consistently observed over multiple runs with several
independently prepared samples. Nevertheless, the features
observed at 883, 854, and 825 thappear to be unique to
180-labeled enzyme. The enedithiolate-to-molybdenum and
cysteine-to-molybdenum charge-transfer bands at 360 and 480
nm, respectively, are very sensitive to changes in molybdenum
coordination as exemplified by the UV/vis spectra of the C207S
and R160Q mutants of recombinant human SO. The C207S

of SO and compares these with the corresponding parametergnutation resulted in a trioxomolybdenum species with complete

for the chicken enzyme.

Resonance Raman StudiesResonance Raman spectra have
been obtained for redox-cycléd thalianaSO prepared in both
H,1%0 and KO buffer (Figure 4), the data being collected
using 488 nm (20 490 cm) excitation in resonance with a
LMCT band at 480 nm (20 830 cm¥). The spectrum of the
sample prepared in O exhibits three intense features in the
840-940 cnt! region at 896, 877, and 864 cW) where
symmetric {s) and antisymmetric iz M0o—Oexo Stretching
modes are anticipated to occur. The 896 “¢nmode is

loss of absorbance at 480 i The R160Q mutant enzyme
displayed a blue shift of approximately 25 nm in the 480 nm
band and a significant decrease in the intensity of the 350 nm
band>® The UV/vis spectrum for th&®0-labeled enzyme in this

(48) The active sites of chicken SO and plant SO are nearly identical. Either
structure could have been used as a starting point for the theoretical work,
but the theoretical models were being examined prior to publication of the
plant enzyme crystal structure.

(49) George, G. N.; Garrett, R. M.; Prince, R. C.; Rajagopalan, KJ\Am.
Chem. Soc1996 118 8588-8592.

(50) Garrett, R. M.; Johnson, J. L.; Graf, T. N.; Feigenbaum, A.; Rajagopalan,
K. V. Proc. Natl. Acad. Sci. U.S.A998 95, 6394-6398.
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study is identical to that shown for unlabeled, oxidized enzyme
(data not shown), indicating that the molybdenum center is
intact. Samples were also prepared in which oxidized enzyme
was exchanged into #fO buffer and incubated for 36 h prior

to recording the rR spectrum. The same treatment was performec
on a sample reduced with sulfite after exchange int®®
buffer. For the oxidized sample, no incorporation of label was
evident in the rR spectrum, and for the reduced sample, the rR
spectrum obtained was identical to that of Figure 4B (data not
shown).

Density Functional Calculations. Electronic structure and
vibrational frequency calculations were performed on geometry
optimized computational models of the dioxomolybdenum
center of oxidized SO. For both of these models, frequency
calculations were performed at two geometries. The first was
an unconstrained geometry (referred to as “unconstrained” in
the text) and on a geometry in which the,®©Mo—S—C
dihedral angle was constrained af 9@&ferred to as “98fixed”
throughout). The starting geometry for the large and small
models was taken directly from the crystal structure of chicken
liver SO reported by Kisker et al. (PDB accession code of
1SOX)1648 The 2-carbophosphate group of the dihydropyran
ring was replaced with a vinyl group, and the pyrazine portion
of the pterin ring was protonated in the large model. The small
model utilized 1,2-dimethyl dithiolene and methyl thiolate to o
model the pyranopteriqdithiolene and cysteine sulfur ligands,
respectively.

Electron density isosurfaces for the unoccupied redox-active
molecular orbital in dioxo, [Mo@S;C,Me,)(SCHs)] ~, and the
large model, [LMoQ(SCH)]~, are depicted in Figure 5 for the
90°-fixed geometries. These isosurfaces show that the two
terminal oxo ligands are highipequivalentelectronically. The
nature of this redox-active molecular orbital is of key mecha-
nistic importance, as it is the putative electron acceptor orbital

in the oxygen atom transfer reaction with sulfite. This orbital Oa}(-M O-S-C
is principally comprised of a very strong—g s antibonding o
interaction between the Mogorbital and an @, p orbital. For 90

nconstrained [M M -, the redox-active mo-
unconstrained [MogtS,CoMe;)(SCHy)] -, the redox-active mo Figure 5. Molecular orbital isosurfaces of the LUMOs of the°Yixed

lecular orbital is_comprised of 52% Moy 17.3% Qqp, and optimized geometries of theop) large model andbotton) small model
3.2% Qx p atomic orbital character. For the 9fixed calcula- of the dioxo-Mo(VI) centers used in this study.

tions, the relevant atomic orbital contributions are 52% Mg d
25.2% Qqp, and a mere 0.6% for the,@y p orbital. It appears isotopomer, the large model calculation shows thgtmixes
from the calculations on [Mo&S,C.Mey)(SCHs)]~ and with a pyranopteria-dithiolene mode that possesses@ pyran
[LMoOy(SCH)]~ that the nature of the redox-active molecular and C-S dithiolene stretching character. A similar modal
orbital is not a function of the @—Mo—Scys—C dihedral angle,  structure is observed for the small model, except that th&C
in agreement with earlier studies, and possesses litfe O stretch of the dithiolene possesses substantiat-®lg character.
charactep® The pyranopterirrdithiolene-based vibration does not ap-
Calculated frequencies and mode assignments for the unconsreciably mix with eithews or vasin the 20e{180,y isotopomer
strained and 95fixed model geometries are provided in Tables as a result of the greater frequency difference between the Mo
2 and 3 for the large and small models, respectively. Calculations Ooxo Stretches andc-oc-s. Furthermoreys andvasare shifted
were performed on a natural abundai®®4*%0.« model in 48 and~43 cnt? lower in frequency, respectively, compared
addition to the'®0e*%0ay, 18061804y, 1804*®0ax isOtopomers. to that calculated for the natural abundance models. This is in
A pictorial description of the three key normal modes that good agreement with the-48 cn1? shift predicted for the
possess appreciable Moy, Stretching character is shown in  reduced mass of a diatomic 970 thMo—0Oqy, oscillator.

Figures 6 and 7 for the large and small models in thef®&d Vibrational calculations performed on both model systems
geometry, respectively. Results for tHfe{160a« and 180y indicate that'®0-labeling of a single oxo ligand significantly
180, isotopomers indicate that both possess vibrational modesdecouples and localizes the two M@ stretching modes (i.e.,
described as symmetried and antisymmetriciad Mo—0Ogyxo vs and vas Now becomeva, and veg). Most notably, the Me-
stretches, albeit with noticeable mode localization resulting from Oqyx, Unit labeled with 80 is shifted to lower vibrational
the low symmetry molecular environment. For #6*%0ax frequency. The large model calculation for tA#eq*0ax
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Table 2. Calculated Vibrational Frequencies and Assignments for Each Isotopomer of the Large Model in Both the 90°-Fixed and

Unconstrained Geometries?

Natural Abundance

90°-fixed unconstrained assignment
978 975 v(M0=0)
966 962 vadM0=0) — v[(C—S)pterin/(C-O)pyran]
952 959 vadM0o=0) + v[(C—S)pterin/(C-O)pyran]
16Oa\xial/laoequatorial
90°-fixed unconstrained assignment
975 968 v(Mo=0), axial
965 961 v [(C—S)pterin/(C-O)pyran]
910 920 v(Mo=0), equatorial
laoaxiallleoequatorial
90°-fixed unconstrained assignment
967 969 v(M0=0), mostly Mc=0O(eq)— v[(C—S)pterin/(C-O)pyran]
958 960 v(M0=0), mostly Mc=0O(eq)+ v[(C—S)pterin/(C-O)pyran]
925 920 vadM0=0), mostly Ma=0O(axial)
18Oa\xial/laoequatorial
90°-fixed unconstrained assignment
965 961 v[(C—S)pterin/(C-O)pyran]
930 926 v¢(Mo=0)
908 916 vadM0=0)

a All frequencies are in cm* with no scaling.

Table 3. Calculated Vibrational Frequencies and Assignments for
Each Isotopomer of the Small Model in Both the 90°-Fixed and
Unconstrained Geometries?

Natural Abundance

90°-fixed assignment unconstrained assignment
962 v¢(Mo=0) 957 v(M0o=0)
947 YM0=0g¢q — ¥(C—S) 947 vadM0o=0) — »(C—S)
936 YM0=0¢q + v(C—S) 941 vadM0=0) + v(C-S)
16Oaxial/lé'}’oequatoriaI
90°-fixed assignment unconstrained assignment
958 YM0=0,« + v(C—S) 955 YM0=0,« + v(C—S)
945 YM0=0,x — ¥(C—S) 945 »(C-S)
896 YM0=0¢q+ v(C—S) 906 YM0=0¢q+ v(C—S)
18Oaxial/lsoequaﬂorial
90°-fixed assignment unconstrained assignment
947 YM0=0¢q— ¥(C—S) 952 YM0=0¢q— v(C—S)
943 vM0=0¢q+ v(C—S) 946 v(C—S)
911 YM0=0,« — ¥(C—S) 907 YM0o=044 — ¥(C—S)
18Oa\xial/lgoequatoriaI
90°-fixed unconstrained assignment
947 946 v(C-S)
914 910 v(M0=0)
895 903 vadM0=0)

a All frequencies are in cmt with no scaling.

isotopomer yields distinctax and veq modes, while Me-Oxx
vibrational character is mixed into the dithiolene-8 stretch,
vc-s, in the small molecule calculation. The large model
calculation for theé"*0.{*80,x isotopomer also yields relatively
distinctvay andveqg modes, with the Me-Ogq Vibration mixing
with the C-O pyran/C-S dithiolene stretch. In the small
molecule calculation, thé®0O{'%0a« isotopomer possesses
distinctvax andvegmodes, with noticeable.{vc-s mode mixing
and some Me-Ogq character mixed in all three modes. In
summary, the low symmetry of the oxidized [(dt)Mg(SR)}~
dioxo site results in some MeOy, mode localization which

becomes more pronounced in tH®e¢®0ax and 60¢y*€0xx
isotopomers. Therefore, for this system, vibrational frequency
shifts upon'®0 substitution are generally consistent with those
expected from the reduced mass of a diatomic—\Dgy,
oscillator.

Analysis

Bonding Calculations and Nature of the Excited-State
Distortion. The two oxo ligands in small molecule dioxo
[MoO,]?* sites are often related by eitheCa or Cs symmetry
operation. This results in well-defined andva,snormal modes.

As the lowest unoccupied molecular orbital (LUMO), or redox-
active orbital, is delocalized over both oxo ligands in @#Cs
case, excited-state distortions occur along both oxo ligands,
resulting in Albrecht A-term enhancement of only the symmetric
vs vibration3° Experimentallyys is observed to be considerably
more intense than,s in the resonance Raman spectra of
symmetric [MoQ]?" sites?® The electron density isosurfaces
for the redox-active molecular orbital in both the large and small
models of SQ clearly show that the two terminal oxo ligands
are highly inequivalent electronically, and the redox orbital
possesses strongly antibonding interactions between thg/Mo d
orbital and the @, p orbital. Thus, ligand-to-metal charge
transfer (LMCT) transitions, described as one-electron promo-
tions from filled molecular orbitals with appreciablgioiene
and/or &ys character to the empty redox orbital, should result
in a marked excited-state distortion along the M. bond,
with no distortion along Me-O,x Therefore, any vibrational
mode possessing appreciable M0eq stretching character
should be resonantly enhanced in the Raman spectrum of SO.
Thus, for the60e*0ax and 180.{*804x isotopomers, bothrs
andvaswill be resonantly enhanced, as a MOy displacement

is observed in both of these normal modes. As such, the excited-
state distortion can be thought of as a linear combination of the
vs andvas normal modes (Figure 8). Furthermore, to the extent
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908 18/18 930 _18/18 965 18/18

Figure 6. Pictorial description of the three key normal modes that possess apprecial@de/btretching character for each isotopomer of the large model
in the 90-fixed geometry. All vibrational frequencies are in thand the oxygen isotope ordering isua/Oequatoriararranged in rows. Images of the
extrema of each normal mode were created using either Molek# @.@hemCraft V1.4

that the G-O pyran/C-S dithiolene stretch is coupled to either  Mo—O, triatomic, thev:¥12 ratio is a function of the Qo—
Vs OF V5 this mode is anticipated to be resonantly enhanced asMo—0QO,y4, bond angle according to
well.

Given the crystal structures of both (reduced) chicken and (VIS)Z  mg(my, + Zmés sin 6)

(oxidized) A. thaliana SO6:36 the most likely location for =
isotopic labeling of the terminal oxo ligands is agCas this

ligand points directly toward the substrate/solvent access

channel. For th&0.1%0, isotopomer, the Me-oxo vibrational ~ whered is half the Q,,—Mo—0ox, bond angle, and they are
modes are highly localized, and oniy, is anticipated to be  the masses of either molybdenum or oxygewhen the Q-
resonantly enhanced when pumping into low-energy LMCT Mo—0qxo bond angle is~112, the vigve ratio is calculated

transitions. Although Me Ogq stretching character is observed  to be 0.91. Similar relationships can be derived for uffév:°

16
as

B me(my, + 2my, sin? 6)

14

in all three calculated modes for tH€0.4{*®0.x isotopomer, ratio, and both expressions are consistent with experimental data
and some resonance enhancement may be expected for all threehich show that ther.y/v.e andv:/ve° ratios are 0.9%° Thus,

of these vibrational modes, incorporation ofiagle 180 label previous vibrational studies on small molecule [M$® sites,

at O is highly unlikely (vide supra). As such, tH€0eq*®0ax coupled with the vibrational modes determined for computa-
isotopomer will not be considered further. tional models of theA. thaliana SO active site, can now be

Vibrational Assignments. The results of small molecule  used to make vibrational assignments for the natural abundance
studies on dioxomolybdenum compounds are consistent in theand*#0-substituted dioxo active site.
fact thatvs occurs at higher frequency thag, and thevs — vas The highest frequency mode observed in #38e4*%0ax
frequency difference is-30 cnm1.49 Assuming a simple Qo— natural abundance spectrum is found at 896 tnAlthough
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Figure 7. Pictorial description of the three key normal modes that possess apprecial@edbtretching character for each isotopomer of the small model
in the 90-fixed geometry. All vibrational frequencies are in thand the oxygen isotope ordering isua/Oequatoriar@rranged in rows. Images of the
extrema of each normal mode were created using either Molek#l @.@hemCraft V1.4"
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Figure 8. Symmetry coordinates for theis-dioxo vibrations. Linear
combinations of the symmetried) and antisymmetricig cis-MoO, modes
yield the localized modegax andveq The localized modes describe ko
O vibrations along the MeOax (vax) and Mo—Oeq (veq bonds. Excited-
state distortions which only occur along the M0Oeq result in resonance
Raman enhancement of bathandvasin the normal mode approximation
(see text).

approximately 7% lower in frequency than the DFT calculated
v, this frequency is in good agreement with the frequency of
vs determined for small molecule [MaF" sites?® As such,

we assign thetb0.4*60. 896 cnT! mode asvs. Since the
experimentally observer, — vasfrequency difference in small
molecule [MoQ]?" sites is~30 cnT! and the DFT calculated

vs — vas frequency difference is 26 cm, we assign the 864
cm1 vibration in%0e¢*%0ax SO (Vs — vas= 32 cM') asvas

The 877 cm?! vibration is therefore assigned as-ojc-s, a
vibrational mode of the pyranopteridithiolene that possesses
both C-0 pyran and &S dithiolene stretching character. The
relative resonance Raman enhancement tatitv,s observed

in Figure 4, is approximately 2:1, a marked reduction from the
ratio observed in small molecules where both oxo ligands are
related by a symmetry elemefft.This is important, as the
markedly different intensity enhancement ratio provides direct
experimental evidence for a redox orbital oriented in the
equatorial plane that arises from an antibonding interaction
between the Mo g orbital and only the @ p orbital. This is

in marked contrast to the symmetric [Mgl®" case where the
redox-active molecular orbital is delocalized ovesth oxo
ligands.

The analysis of the'®O-labeled spectrum presents some
difficulties, as there may be slow exchange (i.e., slower than
the catalytic turnover rate) of the initially label@80¢*®Oax
enzyme to yield afi®O.¢/*0q site. Support for this assertion
is derived from recent ESEEM results, which show incorporation
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of 17O label at both the axial and equatorial positions in the indicating thatk.eq for the plant enzyme is at least 10 times
high-pH form of chicken SO’ A previous rR study on the Mo  greater than that for the enzyme from chicken liver. Neither rat
domain of recombinant human SO, redox-cycled ig®a, outer-mitochondrial membrane cytochrofmenor horse heart
reported that only one of the terminal oxo ligands incorporated cytochromec are effective oxidizing substrates for SO, leaving
label* For the'80,{1%0,, isotopomer, the nature of the excited- open the question as to the physiological electron acceptor for
state distortion is along MeOeq and only veq should be the enzyme.

resonantly enhanced within the localized mode approximation.  The EPR of SO at low and high pH exhibits Mo(V) signals
The DFT results show thatsin the 1%0e{*%04x isotopomer is  yjith g-values very similar to those observed for vertebrate sulfite
shifted ~41 cnT! to yield veq in the *80e{'®Oax Spectrum, in - oxidases (see Table 1). Still, significant differences are apparent,
reasonable agreement with that predicted for an 896'cm \hich indicate unique aspects of the SO active site. We have
diatomic Mo-Ocy oscillator 44 cnt?). As such, the 825  peen unable to detect a phosphate-complexed EPR signal under
cm™! mode in'®0-labeled enzyme may be assigned:agvas a variety of experimental conditions. In addition, the IpH signal,
— veq = 39 cnm?), provided only Qqis isotopically labeled.  particularly the low-field region, does not exhibit the obvious
Under the assumption ofia andvasnormal mode approxima-  proton hyperfine splitting seen in the IpH signal for chicken
tion, which is not supported by the results of our DFT g2 (although our IpH samples did exhibit some narrowing of
calculations, the predicted vibrational frequency shifts for the spectral features on exchange intgd)which suggests a small
180/ *%0ax isotopomer are anticipated to be22 cnt? for vs unresolved proton splitting). ESEEM experiments on chicken
andvaswhen the functional form of these modes are given by 50O have suggested that the proton hyperfine splitting, seen in
. 1 the IpH form but not in the hpH form, is due to a rotation about
s = TZ(Vaxi Veg) the Mo—OI—_I b(_)nd, with stro_ng coupling observed only when
the proton lies in the equatorial plane of the molybdenum center,
maximizing interaction with the,gredox orbital that possesses
the unpaired electroH. In the hpH form, the M8—OH bond
is thought to have rotated out of plane due to an interaction
with a hydroxide or water molecule, which results in the loss
of the observed proton hyperfine splitting.

Our resonance Raman spectroscopic investigation on the

V.

In fact, the relationship between the frequency shift of the
two oxo modes associated with the [Mg®& unit and the
vibrational mode description is that the total sum frequency shift
of the two oxo stretches is44 cn!, with all of this attributed
to one vibration in the local mode approximation, an2P cnr?!
for each vibration in the normal mode picture. Provided the " ! i ! ) .
local, vax andveq mode approximation is not applicable for the oxidized active site ofA. thaliana SO provides expenm(_antal
180,160, isotopomer, an alternative assignment finglat 883 support for the recently proposed MgeQeq 7 antibonding
cm ! andvas at 854 cnt. Here the total sum frequency shift  interactionin the S@ LUI\_/IO,35 a_IIowed for the assignment of
of the two oxo stretches is36 cnT?, in reasonable agreement & Vibrational mode associated with the pyranoptedithiolene,
with the predictec~44 cnt? shift. and addressed issues regarding active-site oxygen trafficking

For the case where both terminal oxo ligands become |abe|edunder turnover conditions. Prominent Raman vibrations in the
. . . 1 i
due to slow exchange betweenq@nd Qy sites, a vibrational 800-1000 cnr region occur at 896, 864, and 877 C}Tand
mode description withvs and vas normal modes is applicable. Nave been assigned as, vas and vc-orc-s, respectively.
Since both the}lglvle and v1&/16 frequency ratios are experi- Furthermore, the relative intensities of and v,s have been
a S S

mentally detern?ninefi to be 0.95 in small molecule [MFO interpreted in terms of an excited-state distortion solely along

sites, similar to the results of our DFT calculations, the 854 the Mo—Oegbond, indicating Q.and Qqare quite inequivalent
cm~1 vibration is assigned as; (0.95 x 896 = 851) and the electronically. Isotopic labeling of enzyme samples turned over
825 cnr vibration is assigned ass (0.95 x 864= 821). The in H,'80 is inconclusive regarding whether one or both of the
ve—olc_s Vibrational mode is not anticipated to be resonantly terminal oxo ligands |ncorpor§te label. Rrowde@@ |n|t.|ally
enhanced, as the calculations show that it does not effectively!@o€led under turnover conditions, labeling of@ould likely
couple withvs andv,s due to the poor energy match. However, ©OCcUr on a much longer time scale relative to catalysis, and

a band is observed at 883 chin the 180-labeled sample and this is therefore not likely to be of mechanistic significance.
may be tentatively assigned as the o/,c-s mode. Interestingly, Previous Raman studies on recombinant human SO, prepared

the Ivdlv,s resonance enhancement ratio for tHi©eq/*80ax by tryptic cleavage of the K108R holoenzyme variant and
assignment is approximately 2:1, the same as irt4Bg,/60., overexpression of the His-tagged Mo domain, possessed vibra-
spectrum and consistent with a redox-active molecular orbital tional bands at 903 and 881 chn These were assigned as
that is Mo dy—Oeq p antibonding in nature. andv,s respectively, and due to their isotopic shifts in samples
_ _ redox-cycled in K20, it was suggested that only one of the
Discussion terminal oxo ligands was exchang¥dsiven the necessary loss
Here we discuss the further kinetic and spectroscopic Of Symmetry of the center associated with labeling at only one
characterization of the SO fromrabidopsis thalianaThe pH of the two Mo=0 groups, however, it is to be emphasized that

dependence of the steady-state kinetics of SO is similar to thatthe assignment of symmetric and asymmetric modes is not in
seen previously with the chicken enzyme, and the previously fact appropriate, and the system is best treated as having
reportedeSU”ite value is Comparab|@ However, rapid kinetic localized axial and equatoria| MeO modes rather than delo-
experiments following the reduction of SO by sulfite demon- calized symmetric and antisymmetric modes.

strated that the kinetic rate of substrate oxidation is much faster The X-ray structures of the (reduced) chicken enzfrad

in the plant enzyme. Even at &, substrate oxidation was the (oxidized) plant enzyni€reveal that Qis oriented directly
complete within the dead-time of the stopped-flow apparatus, into the solvent access channel and toward the substrate binding
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site and, undoubtedly, represents the catalytically labile oxo lv,g in Figure 1 which is markedly reduced from that observed
ligand that is transferred to sulfite in the course of substrate in many small molecules, where the two oxo ligands are
oxidation. In addition to these obvious structural considerations, symmetry-related. One-electron promotions from filled dithi-
which strongly indicate that the dpis specifically transferred  olene and/or cysteine sulfur based MOs to the-Nyq 7*

to sulfite in the course of oxygen atom transfer, various ideas LUMO result in an excited-state distortion only along the-Mo
have been suggested regarding how a specific oxo ligand isQ., bond. That resonance enhancement of the oxo modes
activated for Cata'ySiS in SO. The first may be considered to dominate the Raman Spectrum of p|ant SO is most ||ke|y due
arise from breaking of the dioxomolybdenum symmetry by the tg the fact that the acceptor orbital (LUMO or redox orbital) in

ligand field and is supported by spectroscopic and computationalsoox is strongly Mo-Oeq antibonding with little dithiolene or

studies on the small molecule analogue, NY)MoV'O,(SCHy-
Ph)]#2 In this case, the degeneracy of the two #0 x*
acceptor orbitals is lifted by torsional rotations about the
O—Mo—Shiolate—C dihedral angle. This results in one M@
mr* acceptor orbital being lowered in energy, with the corre-
sponding M&=0 bond being activated with respect to oxo atom

transfer to substrate. Small molecule reactivity studies indicate

that the activation of a specific oxo ligand for transfer to

substrate is driven by the initial interaction of substrate with an
active-site oxo ligand, providing a pretransition state contribution
to the activation energy. However, the active-site geometry of

the oxidized enzyme is of very low symmetry, and the two oxo

groups are thus quite inequivalent, electronically as well as
structurally. Since g does not possess a trans ligand whereas

Ogq is oriented trans to a dithiolene sulfur donor, the Moy
bond is likely the weaker of the two M&O,yx, bonds. Thus, a
key role for the dithiolene in the reductive half-reaction may

cysteinyl character. As such, there is little change in-\%o
bonding between the ground and LMCT state, and no ap-
preciable distortion occurs along these #® modes, resulting

in poor resonance enhancement. Since the displacement of the
Mo—0Qeqbond in the excited state is along a coordinate described
by a linear combination of the displacements encountered in
thevs andvysvibrations (Figure 8), boths andv,sare observed

to be appreciably resonantly enhanced. The resonance Raman
enhancement intensity ratios for §&re much lower than is
seen with the more symmetric models, reflecting the extent to
which the LUMO is localized on M&Ogq. Resonance Raman
enhancement intensity ratios thus provide a sensitive probe of
the character of the redox-active LUMO in §Oand are
consistent with the results of our bonding calculations, indicating
that the LUMO is Mo ¢y—Ogqantibonding in nature. The large
energetic stabilization of the SELUMO, coupled with good

be to promote oxygen atom transfer reactivity via a trans effect 0verlap between the substrate (sulfite) HOMO and thg O

within the molybdenum coordination sphere.

The nature of the calculated LUMO for both the large,
[(d)M0oOL(SCHs)]~, and small, [MoQ(S,C,Me,)(SCHs)],
models for S@ clearly shows the electronic asymmetry of the
two oxo ligands. The bonding calculations show that the LUMO
(Mo—0Qe¢q 7*) is highly stabilized ¢-1 eV) relative to the
LUMO++1, which has Me-Oux * character, indicating that the
Mo—Oeqr* LUMO represents the acceptor orbital for electron
density in the course of oxygen atom transfer reactivity with
substraté® The electron density isosurface plots in Figure 5
show that the LUMO is &p z* antibonding between the Mo
dxy orbital and one of the £ p orbitals, with Qq contributing
~20% total atomic orbital character to this MO. In contrast,
the p orbitals of the € oxygen do not contribute appreciably
to the LUMO. Thus, the intrinsic asymmetry of the §Qite

determines the precise nature of the LUMO and plays a defining

role in the selection and activation of the equatorial=v®
group in catalysis.

This bonding picture is supported by the experimentally
determined relative resonance Raman enhancement Irafio,

orbital of the LUMO, allows for facile substrate attack at the
equatorial oxo position. This translates to a reduction in the
activation energy for catalytic oxygen atom transfer with
concomitant increase in reaction rate, since occupation of the
Mo—0O¢q d—p 7* orbital by the sulfite lone pair weakens the
Mo—Og¢qbond, facilitates Me-Oeqbond cleavage, and promotes
product release.
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