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Sulfite oxidase (SO) is a vital molybdenum enzyme that is
essential for normal neonatal neurological developrhant several
point defects in human SO have been shown to result in SO
deficiency? Sulfite oxidation occurs at the dioxomolybdenum
center; the equatorial oxo ligand is exposed to solvent and positioned
to be transferred to the substrate, sulfitélhe axial oxo ligand is
less accessible to solvent and is proposed to act as a “spectator’
group to effectively labilize the equatorial oxo ligand that reacts
with substraté:” Our recent high-resolution variable frequency

pulsed electron paramagnetic resonance (EPR) studies show that

the transient Mo(V) species produced upon reduction by stiffite
contain a coordinated equatorial OH or @group (Figure 1}°
The low pH/high chloride IpH) form has a single exchangeable
proton with a large isotropic hyperfine interactidrfif constant of
~26 MHz! whereas the high pH/low chloridéngH) form has
two exchangeable protons with the anisotrapiicconstant being
distributed from~—4 to ~—7 MHz and no detectable isotropic
hfi.10 The additional proton ipH SO is assigned to an OH (or
H,0) that is hydrogen bonded to the coordinated equatorial OH
group?® For samples of SO prepared in¥D, thehfi of 17O of

the equatorial ligand results in EPR splittings~e20 MHz in the

IpH form and~30 MHz in thehpH form.22 Similar Mo(V) 7O hfi
constants were observed in various types of xanthine oxitidée
and in model systems with equatorial oxygen ligatdBespite
numerous attempts, however, exchangeable oxygen ligands in
molybdenum enzymestherthan the strongly coupled equatorial
OH or OH, group, have thus far escaped definitive detection by
CW EPR or high-resolution EPR techniques of electronclear
double resonance (ENDOR)and electron spirecho envelope
modulation (ESEEM) spectroscopy. In this work, as part of a
systematic study of oxygen trafficking in the catalytic cycles of
molybdenum enzymes, we have performedf@ ESEEM inves-
tigation of hpH SO using hyperfine sublevel correlation (HY-
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Figure 1. Stick diagram of the Mo(V) coordination in the active site of
chicken SO derived from X-ray crystallograghgnd pulsed EPR spectros-
copy20 Only part of the pterin ligand and proteirC chain are shown for
clarity; the color scheme is red O, yellow = S, white= C.
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Figure 2. (++) Quadrant of thé’0O HYSCORE spectrum dfipH SO in
H,170 obtained at th@y turning point of the EPR spectrum. Experimental
conditions: mw frequency, 29.252 GHB; = 1063.2 mT; mw pulses, 4

SCORE) spectroscopy at 29.252 GHz. The HYSCORE spectra havex 15 ns; time intervat between the first and second mw pulses, 200 ns;
revealed a new type of exchangeable oxygen ligand that is assignedneasurement temperature, 20 K; accumulation tira,h. The value of

to the axial “spectator” oxo group.

The 7O-enrichedhpH buffer (100 mM Bis-Tris propane) was
prepared by mixing 7 mg of Bis-Tris propane and 0.7 mg of Trizma-
HCI with 250 uL of H,*O (70 at. %O, Isotec), pH= 9.7. An
aliquot (~15 uL) of chicken SO (3 mgA414Azg0 = 0.95) in 160
hpH buffer was mixed with 11QiL of ’O-enrichedhpH buffer
and then incubated at 4C for about 20 h. The solution was
concentrated to-10 4L and then incubated with 66L of H,"O
buffer at 4°C for another 2 h. An aliquot (2.6L) of 0.6 M Na-
SG; in %0 hpH buffer was then added to the chicken SO in the
170-enrichedhpH buffer (~70 uL). The solution was transferred
to an EPR tube and frozen in liquid nitrogen within 60 s. The final
EPR sample had a total [SO] 6f1 mM with a 20-fold excess of
sulfite and pH 9.7. The final concentration of th®© label was
about 62%. The X-band CW EPR spectrum of tH®-enriched
sample ofhpH SO was similar to that described elsewhEre.
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the’O Zeeman frequencyy, is indicated by an arrow. The measurement
of the A(*’O) hfi constant is also shown. HYSCORE spectra atghand
gx turning points are given in the Supporting Information.

The HYSCORE experiments were performed at a microwave
(mw) frequency of 29.252 GHz using a home-b#ijtband pulsed
EPR spectrometer operating in the mw frequency range from 26.5
to 40 GHz. The measurement temperature was about 20 K.

The HYSCORE spectra obtained at several EPR positions (see
a typical spectrum in Figure 2) shoWlO correlation lines in the
(++) quadrants that are absent in the sample with®®l The
transition frequencies ofO between the states with the nuclear
spin projectionsn = Y, andm, = —1, are those least affected by
the nuclear quadrupole interactiam(). Therefore, these transitions
are the most intense ones, and their frequencies are approximately
(to first order inhfi andnqi) given byv = vo + A/2, wherevg is
the 17O Zeeman frequency andlis the secular component of the

10.1021/ja0461466 CCC: $30.25 © 2005 American Chemical Society



COMMUNICATIONS

170 hfi. The values ofA estimated from the HYSCORE spectra
obtained at theyz, gy, andgx EPR turning points are 4.3, 5.3, and
4.8 MHz, respectively (cf. Figure 2 and Supporting Information).
These values indicate that the isotropfcconstant is on the order
of 5 MHz, while the anisotropidfi constant is on the order of 1
MHz. The latter value may be affected to some degree by the
second-order effects of thegi. However, these effects should not
be significant because in all of the HYSCORE spectra the half-
sum of the frequencies of the correlation lines nearly coincides with
Vo.

Thel70 hfi of ~5 MHz observed in HYSCORE spectra is much
weaker than that of the equatorial @Higand that gives-30 MHz
splittings in the CW EPR spectruta One possibility is that the 5
MHz hfi is due to a nearb{’OH, species that is hydrogen-bonded
to the equatorial O ligand in hpH SO1° However, 5 MHz is
about 1 order of magnitude greater than Itieexpected for such
a hydrogen-bondedOH,) species® A similar estimate can be
obtained from analysis of the nitrogdnfi in a NH group that is
hydrogen-bonded to a quinone radit&°We conclude, therefore,
that the HYSCORE spectra dipH SO reveal the presence of an
additional exchangeabléO ligand, distinct from that detected by
CW EPR.

Previous studies dfO hfi in model Mo(V) compounds showed
that the!’O hfi parameters are highly dependent on the coordination
position of the oxygen ligand. For an axial oxo group th@ hfi
constant is~4—7 MHz, whereas an equatori&OR ligand shows
a much strongehfi, with the isotropic part being up to 35 MHz
and the anisotropic tensor components being as largd@Hz *
Accordingly, forhpH SO, the strongly (in théfi sense) coupled
170 detected by CW EPRwas assigned to an exchangeable-Mo
OH group. The more weakly magnetically coupfe® observed
here is then assigned to the axial oxo ligand (Figure 1). f@e
HYSCORE spectra of thapH form of SO thus provide the first
direct evidence of an exchangeable oxo grougrigmolybdenum
enzyme.

One possible pathway for introduction of the axi@ ligand in
SO is via theoxidizedMo(VI) form during the~22 h incubation
with H,’O (to replace normal H0 water from the buffered
solution) prior to reduction to Mo(V). Precedence for such exchange
comes from 8’0 NMR study of asymmetric six-coordinate dioxo-
Mo(VI) compounds, which showed thabth of the oxo groups
exchanged rapidly witA’O (within about an hour) when only a
few drops of H’O were added to an acetonitrile solution of the
compound!

Another possible pathway for introducing the ax&D ligand
is via thereducedMo(V) form (Figure 1). Mo-OH and Mo-OH,
species exchange rapidly with water, and proton transfer between
these groups and an adjacent #10 group has been shown to
facilitate exchange of oxo ligands in coordination compou#id.
However, a resonance Raman study of the molybdenum domain
of recombinant human SO that had been redox cycled ,fCH
indicated that only one oxo group exchanged wWiB at pH 82°
On the other hand, the higher pH (9.7) and different reduction
process in our study might facilitate exchange of the axial oxygen
of hpH SO during the~1 min reaction with sulfite.

The possibility that the weakly magnetically couplé® is due
to an OH (or OH) ligand in the vacant sixth coordination position

(Figure 1) was also considered. However, analysis of the crystal
structure of chicken S®indicates that addition of a sixth ligand
would require extensive structural change of the protein around
the active site, and thus this possibility seems unlikely.

In summary, this initial study of oxygen trafficking in molyb-
denum enzymes b, band HYSCORE spectroscopy has provided
the first evidence that the axial “spectator” oxo ligand of SO
exchanges in |7O. This result raises the intriguing possibility that
the axial oxo group plays a more active role in the catalytic cycle
of these enzymes than previously thought. Ongoing studié&of
exchange in other molybdenum enzymes will be the subject of
future reports.
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