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of the molybdenum center of xanthine oxidase

Gary A. Lorigan *, R. David Britt **, Jong Hwa Kim °, Russ Hille °

" vepartment of Chemistry, University of California Davis, Devis, CA 95616, USA;
? Department of Medical Biochemistry, The Ohio State University, Columbus, OH 43210, USA

(Received 25 August 1993)

Abstract

The pulsed EPR technique of electron spin echo envelope modulation (ESEEM) has been utilized to examine both the ‘very
rapid’ and ‘desulfo inhibited’ Mo(V) signals of xanthine oxidase in order to probe for magnetic interactions with nitrogen,
phosphorus, and hydrogen nuclei. No N modulation is observed in the ‘desuifo inhibited’ EPR signal, indicating that histidine
is unlikely to be a ligand to molybdenum. Strong '*N modulation is obse~ved in the ‘very rapid’ EPR signal formed with
2-hydroxy-6-methylpurine substrate bound to molybdenum. We interpret this modulation as arising from nitrogens of the bound
purine substrate. This interpretation is consistent with the present evidence indicating that the purine ring present in the species
giving rise to the ‘very rapid’ EPR signal is coordinated to the molybdenum center through the catalytically introduced hydroxyl
group. No modulation is observed fiu.. ronu-exchangeable deuterons in experiments performed with deuterated 2-hydroxy-6-
methylpurine. Given the signal-to-noise ¢ vel of the spectra, the lack of modulation indicates that each of the substrate methyl
group deuterons is greater than 4.9 A from the Mo(V). The deuteron removed from the Cy position in the binding of the
substrate is also exchanged to a site cr sites greater than 4.9 A from the Mo(V) in the time-course of sample preparation.
Moderately deep deuteron modulation arises from exchangeable sites. A large portion of this modulation can be accounted for
by the exchangeable N, deuteron of the 2-hydroxy-6-methylpurine substrate, which we estimate to be approximately 3.2 A from
the molybdenum. Additional exchangeable dcuterons on the protein or within the buffer must be present within 5 A of the
molybdenum to account for the remaining modulation. No modulation from weakly-coupled 3P nuclei is observed in either the
‘desulfo inhibited’ or ‘very rapid’ EPR signal.

Key words: ESEEM; Xanthine oxidase; ‘Very rapid” EPR signal; ‘Desulfo inhibited’ EPR signal; EPR

1. Introduction onance [3-9), X-ray absorption spectroscopy [10-15]},
and, more recently, resonance Raman spectroscopy

Xanthine oxidase catalyzes the hydroxylation of xan- [16-17], with the aim of elucidation of the chemical
thine to uric acid, a reaction that takes nlace at the mechanism for the hydroxylation reaction. X-ray ab-
molybdenum center of the enzyme (for recent reviews, sorption spectroscopy has demonstrated that the lig-
see |1,2]). The structure of the molybdenum center of and-coordination sphere of the molvbdenum center of
this enzyme and other molybdenum hydroxylases has xanthine oxidase is dominated by Mo= O and Mo =S
been exiensively studied by electron paramagnetic res- groups (at distances of 1.68 Aand2.15A, respectively),

with the remainder of the ligand-coordination sphere
consisting of thiolate sulfur (at a mean distance of 2.44
A). EPR [6] and resonance Raman [17] evidence sug-

* Corresponding author. Fax: + 1 (916) 7528995, gest that two of these thiolate ligands are contributed
Abbreviations: ESEEM, electron spin echo envelope modulation; by the dithiolene side chain of a pterin cofactor that is
ENDOR, electron nuclear.double resonance; CW EPR, ci,ntmous known to be present at the molybdenum center [18}, Of
wave electron paramagnetic resonance; ESE, electron spin echo; . "

NQR, nuclear quadrupole resonance; Mes, 2-( N-morpholino)ethane- the several EPR,Slg“al§ exhab.lted by the mOlybflenE"m
sulfonic acid: CAPS, 3-(cyclohexylamino)-1-propanesulfonic acid: center of xanthine oxidase in the Mo(V) oxidation
EPPS, N-(2-hydroxyethylpiperazine-N-3-propanesulfonic acid. state, one has been unequivocally shown to be an
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authentic catalytic intermediate. This signal, which is
termed ‘very rapid’ on the basis of the rate at which it
is generated in the course of the reaction of enzyme
with xanthine [19], is observed transiently in the course
of the reaction of enzyme not only with xanthine, but
also with a variety of other substrates [20]. One of
these, 2-hydroxy-6-methylpurine (also called 2-oxo-6-
methylpurine), reacts very slowly with xanthine oxidase
on a timescale of seconds (by contrast xanthine reacts
on a timescale of milliseconds). Furthermore, a maxi-
mum of approximately 80% of the active site molybde-
num is generated in the ‘very rapid’ form during the
course of the rcaction (at approximately 40 s after
mixing the enzyme with the substrate at pH 10, 4°C)
[8]. Since this reactior: is slow, the experiment can be
done under aerobic conditions with the significant ad-
vantage that reducing equivalents do not accumulate in
the other redox-active sites of the enzyme (xanthine
oxidase possesses two 2 Fe /28 ferredoxin-type clusters
and a flavin adenine dinucleotide moiety in addition to
the molybdenum center). It is thus possible to prepare
enzyme samples in which the molybdenum center, in
the form of the species giving rise to the ‘very rapid’
EPR signal, is the only paramagnetic center in the
enzyme. It is possible to generate another Mo(V) EPR
signal, termed ‘desulfo inhibited’, that is also the only
paramagnetic center in the enzyme. This species is
generated by first reacting the enzyme with cyanide,
which removes the catalytically essential Mo = S sulfur
as thiocyanate (it is replaced in the molybdenum coor-
dination sphere with a second oxo group), followed by
reduction in the presence of ethylene glycol and partial
reoxidation [4,21]. This ‘desulfo inhibited’ form is gen-
erated in the absence of any purine substrate.

We have probed the ‘very rapid’ and ‘desulfo inhib-
ited’ EPR signals arising from the paramagnetic molyb-
denum center of xanthine oxidase with the pulsed EPR
technique of electron spin echo envelope modulation
(ESEEM). This technique allows us to detect nuclear
spin transitions of magnetic nuclei (specifically "N,
31p, 'H, and ®H) that are weakly-coupled to the elec-
tron spin of the Mo(V). No nitrogen interaction is
observed in the case of the ‘desulfo inhibited’ signal
where no substrate is present. However, '*N modula-
tion is observed in the ESEEM spectra of the ‘very
rapid’ EPR signal generated in the course of reaction
of enzyme with 2-hydicsy-6-mc hylpurine, presumably
arising from the nitrogens of the substrate purine ring.
The non-exchangeable deuterons of the 2-hydroxy-6-
methylpurine methyl group are too distant to be ob-
served in the ESEEM data obtained with deuterated
substrate. Given the signal-to-noise achieved in the
ESEEM data, we estimate thq,t deuterons of the methy!
group are greater than 49 A away from the Mo(V).
Under the present experimental conditions, the
deuteron removed from the C, position of the sub-

strate has exchanged with solvent and is not detected.
Deuteron modulation is demonstrated to arise from
exchangeable sites, and a large portion of this moduia-
tion can be accounted for by the N, deuteron of the
2-hydroxy-6-methylpurine substrate. Additional ex-
changeable deuterons on protein sites or within the
nearby aqueous phase must be present within 5 A of
the molybdenum to account for the remainir_ ~—~*«!-.
tion. No modulation from weakly-coupled *' nuclei is
observed in either the ‘desulfo inhibited’ or ‘very rapid’
EPR signal.

2. Materials and methods

Sample preparation

Xanthire oxidase was purified from unpasteurized
cow’s milk using the method of Massey et al. [22]. A
CM-52 column chromatography step (equilibrated with
0.01 M Mes at a pH of 6.0) was added as a final step to
ensure the removal of contaminating lactoperoxidase
[23]). The enzyme obtained by this procedure tvpically
had AFR values (ratio of catalytic activity to ab-
sorbance) [24] on the order of 170 (i.e., approx. 80%
functional). Routine enzyme assays and the determina-
tion of the specific activity of xaniline oxidase were
performed as describe i, “Jassey et al. [22].

The 2-hydroxy-6-methylpurine substrate was ob-
tained from the Alfred Bader Division of the Aldrich
Chemical Company. The reagent was recrystallized by
being dissolved in dilute base and decolorized over
activated charcoal, then acid precipitated, filtered and
dried prior to use. Deuteration of 2-hydroxy-6-methyl-
purine .. -~s carried out by dissolving the purine in
alkaline D,0 159.9% enriched) and refluxing for 24 h
at 1 atm in a scaled tube, followed by acid precipitation
and filtration [8). The extent of deuteration was deter-
mined by NMR (carried out at the Ohio State Chemi-
cal Instrumentation Center using a Bruker 500 MHz
spectrometer) to be greater than 95%., ard further
indiczted that all proton sites on the 2-hydroxy-6-meth-
ylpurine substrate had exchanged with the D,O solvent
buffer ¢ wring the 24 h exchange reaction.

For the reaction of the deuterated 2-hydroxy-6-
methylpurine with enzyme in water, the deuterated
purine substrate was diluted in H,O and used within 1
h of preparation. A separate NMR experiment in which
proteated substrate was dissolved in D,0O indicated
that the N,-H and N;-H protons exchanged with the
solvent within 3 min of preparing the sample, while the
C4-H and C,-methyl rrotons did not exchange over the
course of 37 min. Thus, in the experiments reported
Liere the N, and N, proton positions on the substrate
are expected to be of the isotope found in the solvent,
while the methyl protons will be of the isotope present
in substrate prior to preparation of the stock solution.
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The ‘very rapid’ EPR signal was prepared by react-
ing 1.7 equivalents of 2-hydroxy-6-methylpurine with
1.46 mM functional xanthine oxidase (for 40 s on ice in
aerobic 0.1 M CAPS buffer, 0.1 N KCl, 0.3 mM EDTA
(pH 10.0)). The EPR spectra at both 150 K and 20 K
demonstrated that in samples prepared in this manner,
the ‘very rapid’ signal was the only one observed.
When samples were prepared in D,0, the reaction
time was extended to 80 s at a temperature of 4°C. The
enzyme concentrations varied between 247 and 680
uM. The ‘desulfo inhibited’ EPR signal was formed by
reacting xanthine oxidase (in 0.1 M EPPS, 0.1 M KCl,
0.3 mM EDTA, pH 8.5) with 10 mM cyanide at 25°C
for 1.5 h. The enzyme was then reduced with sodium
dithionite in the presence of an excess of ethylene
glycol, incubated for 30 min, and finally reoxidized by
exposure to room temperature air for 1 h [4]. The final
enzyme concentration was 350 uM. As in the case of
the ‘very rapid’ EPR signal generated as described
above, the Mo(V) signal generated in this manner is
again the only paramagnetic center in the enzyme.

ESE spectroscopy
All electron spin echo (ESE) field swept spectra and
ESEEM spectra were obtained with a laboratory-built
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puised EPR spectrometer described in detail elsewhere
[25]. Samples were placed in 3.8 mm o.d. quartz EPR
tubes loaded into a probe assembly [26] immersed in
liquid helium at 4.2 K. The ESE experiments were
executed with a /2 microwave pulse length of 12 ns
and a microwave pulse power of approx. 20 W. The
ESE field swept (7 /2-r-w-1-ESE) spectra for both the
‘very rapid” and ‘desulfo inhibited’ EPR signals were
collected at a constant 7 of 210 ns. The two-pulse
ESEEM (7 /2-7-m-r-ESE) data were collected over a r
range (period between the first and second microwave
pulses) of 140 ns to 4140 ns in 10 ns 7 increments, The
three-pulse ESEEM (= /2-1-w/2-T-1r/2-r-ESE) data
were collected at two different magnetic field values of
3458 G and 3465 G, with a constant interpulse time 7
of 204 ns to supress proton modulation, covering a T
range (period between the second and third microwave
pulses) of 76 ns to 8076 ns in 40 ns increments. At 4.2
K, the ‘very rapid’ and ‘desulfo inhibited’ EPR signals
exhibit relatively long spin-lattice relaxation times (T,
=100 ms), as seen by utilizing a signal saturation
recovery pulse sequence described elsewhere [27]. The
repetition delay time between successive microwave
pulse sequences was therefore set at 150 ms for all
experiments in order to avoid signal saturation. The
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Fig. 1. CW EPR (A) and ESE (B) field ..»=pt spectra of the ‘very rapid’ EPR signal of xanthine oxidase produced by the reaction of enzyme with
2-hydroxy-6-methylpurine substrate in watz. The CW EPR (C) and ESE (D) field swept specira of the ‘desulfo inhibited’ enzyme of xanthine
oxidase in water. The CW EPR spectra were obtained at a temperature of 50 K, a microwave frequency of 9.58 GHz, a field modulation
frequency of 100 kHz, and a microwave power of 10 mW. The ESE spectra were obtained at 4.2 K, a microwave frequency of 9.4404 GHZ, with a

of 150 ms.

constant interpuise time 7 of 210 ns, and with a repetition time bety

nulse seq
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frequency domain of all ESEEM spectra are shown in
the form of a cosine Fourier transform. The experi-
mental dead time was reconstructed by utilizing a
cosine Fourier backfill method [28].

CW EPR spectroscopy

X-band CW EPR spectra were measured with a
Bruker ER 200 D spectrometer equipped with an
Oxford Instruments Model ITC4 temperature con-
troller and ESR 900 continuous flow cryostat. The
temperature was maintained at 50 K. A Macintosh Ilci
with a National Instruments NB-MIO-16-L. board in-
terfaced directly with the spectrometer was utilized to
record the spectra.

Modulation depth measurement

The deuteron modulation depth was calculated ac-
cording to a modified version of the method estab-
lished by Mims et al. [29]. A bandpass filter was ap-
plied to the three-puise ESEEM (D,0/H,0) ratioed
data and the resultant modulation depth d was calcu-
lated according to the following formula:

1[ y( peak A) + y( peak B)] — y(trough)
3 y( peak A) + y( peak B)]

In this expression, y represents the electron spin echo
(ESE) amplitude on the ordinate corresponding to a
time (T + 7) on the abscissa. The modulation depth d
represents the (average peak)-to-trough amplitude of
the envelope modulation pattern normalized by the
average peak amplitude of the echo envelope quotient
for a cycle centered upon a trough. The cycle is cen-
tered upon the first y(trough) minimum at 630 ns with
maximum values of y(peak A) at 414 ns and v( pe.-
B) at 870 ns on both sides of the trough. The high and
low pass filters were applied to remove any interferring
modulation components (i.e., "*N and 'H) that re-
mained after the ratioing procedure. Similarly, the
modulation depth for the subsequent half-cycle was
calculated with the following expression:

B y( peak) — 1| y(trough A) + y(trough B)]
- y( peak)

where the modulation depth d represents the peak-to-
(average trough) amplitude of the envelope modulation
pattern normalized by the peak amplitude of the echo
envelope quotient for a cycle centered upon a peak. '
The cycle is centered upon the second y(peak) in the
spectrum at 879 ns, with minimum vaiues of y(trough
A) at 630 ns and y(trough B) at 1080 ns surrounding
the maximum peak.

d=

1

d

(2)

! Equation (12) in the Mims et al. (1990) paper [29] is incarrect. The
1/2 should be replaced by 2.

3. Results

EPR spectroscopy

The CW EPR and ESE field swept spectra of the
‘very rapid’ EPR signal of xanthine oxidase arising
from the addition of 2-hydroxy-6-methylpurine to the
enzyme in water are shown in Figs. 1A and 1B. The
ESE ficld swept experiment ic the nuls~d analog of
CW EPR except that the ESC spectium is asg'ayed as
an absorption signal rather than as a derivative signal
scen in a field-modulated CW EPR spectrum. In
agreement with the literature, the ‘very rapid’ EPR
signal exhibits no resolved couplings to protons and is
notably axial with g-values of 2.0229, 1.9518, and 1.9446
[7]. The CW EPR and ESE field swept spectra of the
‘desulfo inhibited’ signal are shown in Figs. 1C and 1D.
The signal is devoid of resolved proton superhyperfine
couplings and exhibits g-values of 1.977, 1.973, and
1967 [4]. It is to be emphasized that there is no
evidence in either the ‘very rapid’ or ‘desulfo inhibited’
samples for the EPR signals of FADH - or either of
the two iron-sulfur centers of aanthine oxidase. The
excellent agreement between th: CW EPR and ESE
field-swept spectra confirms the integrity of the sam-
ples used in this ESEEM study.

ESFEM s

The two-pulse ESEEM of the ‘desulfo inhibited’
Mo(V) signal (lacking substrate) is displayed in Fig. 2.
In the frequency domain, the spectrum exhibits a single
peak at 14.6 MHz resulting from weakly coupled pro-
tons resonating at or near the 'H Larmor frequency.
There are no major features that car be attributed to
coupled "N nuclei. This result is consistent with un-
published work cited by both Cammack et al. [30] and
Edmondson and D’Ardenne [31] (in collaboration with
J. Peisach and J. McCracken), in which "*N modulation
is not observed in the ESEEM spectra of the ‘desulfo
inhibited’ EPR signal. Furthermore, Edmondson and
D’Ardenne [31] did not see any evidence of "*N cou-
pling to the Mo center via ENDOR (electron nuclear
double resonance).

Fig. 3 shows the two-pulsc £SEEM and the corre-
sponding Fourier transform of the ‘very rapid’ EPR
signal of xanthine oxidase generated in the course of
the reaction with 2-hydroxy-6-methylpuiine in H.O.
The spectrum obtained with the bound purine sub-
strate now shows "*N modulation in the low frequency
region in addition to the proton peak at 14.7 MHz. The
N modulation is better resolved with the three-pulse
ESEEM results displayed in Fig. 4. Three narrow pcaks
at 0.63, 0.78, and 1.40 MHz and two broad peaks at
406 and 4.52 MHz are observed in the spectrum.
Additional peaks are also observed at 1.05, 2.25. 2.58,
and 2.94 MHz.

Figs. 5. 6, and 7 display the three-pulse ESEEM
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results of experiments designed to examine distances
from the Mo(V) to exchangeable and non-exchangea-
ble hydrogen nuclei of the bound 2-hydroxy-6-methyi-
purine substrate, the surrounding protein, and the
aqueous medium. The experiments were performed at
a slightly higher g-value than that employed in Fig. 4
because the "N peak at 2.25 MHz in Fig. 4 interfered
with the observation of a deuteron peak at the 2.2
MHz %H Larmor frequency. This spectral region was
found to be free of '"*N modulation at the field and
frequency conditions used in Figs. 5, 6, and 7.

Fig. 5 displays the three-pulse ESEEM and the
corresponding Fourier transform of the ‘very rapid’
EPR signal of xanthine oxidase generated in the course
of the reaction with deuterated 2-hydroxy-6-methyl-
purine in normal H,O buffer. Control NMR experi-
ments demonstrate that the methyl hydrogens remain
deuterated under these conditions (data not shown).
However there is no observable “H peak at 2.2 MHz,
the ’H Larmor frequency, indicating that the methyl
group deuterons on the 2-hydroxy-6-methylpurine sub-
strate are too far away from the molybdenum center to
be detected. In addition, the deuteron removed from
the non-exchangeable C,; position of the substrate is
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Fig. 2. Two-pulse ESEEM (A) and Fourier transform (B; ‘or the
‘desulfo inhibited’ enzyme in H,0. The spectra were obtained at a
temperature of 4.2 K, a microwave frequency of 9.4404 GHz, a
magnetic field of 3425 G, and with a repetition time between puise
sequences of 150 ms.
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Fig. 3. Two-pulse ESEEM (A) and Fourier transform (B) for the
‘very rapid’ EPR signal of xanthine oxidase with 2-hydroxy-6-methyl-
purine in H,O. The spectra were obtained at a temperature of 4.2 K,
a microwave frequency of 9.4404 GHz. a magnetic ficld of 3458 G,
and with a repetition time between pulse sequences of 150 ms.

also exchanged to distant sites, including possibly bulk
solveni, in the iime-course of sample preparation.

Fig. 6 shows the three pulse ESEEM results when
the *very rapid’ EPR signal is generated using proteated
2-hydroxy-6-methylpurine, but in D,O enriched buffer.
A weakly-coupled “H peak at 2.2 MHz is evident,
indicating that solvent exchangeable protons are close
to the molybdenum center. These could include the
exchangeable N; and N, protons of the 2-hydroxy-6-
methylpurine substrate as well as exchangeable sites on
the protein and in the deuterated buffer. The results
are very similar when deuterated 2-hydroxy-6-methyl-
purine is used to produce the ‘very rapid’ signal in a
D,0O enriched buffer (Fig. 7), emphasizing that no
detectable ESEEM contribution arises from the non-
exchangeable methyl deuterons.

In crder to isolate the ESEEM contribution from
exchangeable hydrogen sites, we have ratioed the time
domain of Fig. 7 (deuterated substrate in D,O buffer)
by the time domain of Fig. 5 (deuterated substrate in
H,0 buffer). This ratio procedure acts to eliminate
contributions from '*N nuclei (as well as the negligible
contribution from the non-exchangeable deuterons)
[29]. Fig. 8 (solid line) shows the resulting ratioed
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Fig. 4. Three-pulse ESEEM (A) and Fourier transform (B) for the
‘very rapid’ EPR signal of xanthine oxidase with 2-hydroxy-6-methyl-
purine in H,0. The spectra were obtained at a temperature of 4.2 K,
a microwave frequency of 9.4751 GHz, a magnetic field of 3458 G,
and with a repetition time between pulse sequences of 150 ms. The
interpulse time 7 between the first and second microwave pulse was
set at 204 ns to suppress proton modulation.

time-domain data after filtering through high and low
pass filters with cutoff frequencies of 1.5 and 4.0 MHz
to remove any residual “N and 'H components that
remained after the ratioing process. The 454 ns
deuteron period is evident in the data thus generated.
The modulation depth for the cycle centered upon the
first trough in the spectrum was measured to be 0.170
using equation (1). Similaily, half a cycle later, that is
for the cycle centered upon the second peak in the
spectrum, th¢ modulation depth as determined with
equation (2) is reduced by 11% to 0.152.

4. Discussion

BN modulation

Electron spin echo envelope modulation is a very
sensitive technique for the detection of nitrogen nuclei
that are weakly-coupled to a paramagnetic metal cen-
ter. The ESEEM pattern of the ‘desulfo inhibited’
Mo(V) EPR signal exhibits no '*N modulation (Fig. 2).
It is therefore unlikely that histidine is a ligand to
molybdenum, as one of the two imidazole ring nitro-

gens of the bound histidine would be expected to give
rise to detectable modulation. Similarly. it is unlikely
that the pterin cofactor of the cnzyme is coordinated to
the molybdenum via nitrogen.

In contrast, the ESEEM spectra of the ‘very rapid’
EFPR signal of xanthine oxidase with bound 2-hydroxy-
6-methylpurine substrate does exhibit '*N modulation
(Figs. 3 and 4). The very sharp lines ai lov . quz v
are characteristic of **N nuclei when the hyperfine and
applied magnetic fields are similar in magnitude. In
this case, for one electron orientation the two magnetic
field components tend to cancel one another, and the
frequencies approach the zero-field frequencies result-
ing from the quadrupole moment of the N nucleus
interacting with the electric field gradient at the site
[32] Such an interaction provides three sharp lines,
typically in the 0 to 3 MHz range as is observed in the
three-pulse Fourier transform (Fig. 4B). We observe
more than three lines, however, indicating that multi-
ple nitrogen nuclei give rise to the modulation. The
additional lines may arise not only from transitions due
to inequivalent nuclei, but also as combination lines
that are due to the the multiplicative nature of the
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Fig. 5. Three-pulse ESEEM (A) and Fourier transform (B) for the
‘very rapid’ EPR signal of xanthine oxidase with deuterated 2-hy-
droxy-6-methylpurine in H,O. The spectra were obtained at a tem-
perature of 4.2 K, a microwave frequency of 9.7684 GHz, a magnetic
field of 3465 G. and with a repetition time between pulse sequences
of 150 ms. The interpulse time 7 between the first and second
microwave pulse was set at 204 ns io suppress proton modulation.
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with a repetition time between pulse sen .«nees of 150 ms.

envelope modulation from multiple nuclei (shown later
in equation (3)). When the hyperfine and applied mag-
netic fields are of similar magnitude, one typically
observes in addition to the zero-field lines a broad line
at higher frequency due to the outermost transition for
the electron spin orientation where the two field com-
ponents add. This ‘double-quantum’ transition is typi-
cally in the 4 to 6 MHz range and in Fig. 4 we observe
a pair of partially overlapping transitions in this region.
Overall, the ESEEM data are qualitatively similar to
simulated ESEEM spectra for two nitrogens coupled to
an § = 1/2 metal center [33].

NMR [34], resonance Raman [16}, and EPR [9,35-
37} studies have indicated that the 2-hydroxy-6-methyl-
purine substrate is bound to mouiybdenum ir. the species
s.ving rise 10 the ‘very rapid’ EPR signal. Specifically,
the ZPR .nd resonance Raman evidence indicates that
the purine ring of the substrate is ligated to the molyb-
denum center via the catalytically introduced hydroxyl
group. Thus, the '*N ESEEM obsceved in our experi-
ments appears to arise from two or mere of the four
“N nuclei of the substrate, none of which are directly
ligated to molybdenum. This is the first measurement
of magnetic interactions between the Mo(V) and sub-
strate nitrogens for xanthine oxidase poised in the form
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Fig. 7. Three-pulse ESEEM (A) and Fourier transform (B) for the
‘very rapid’ EPR signal of xanthine oxidase with deuterated 2-hy-
droxy-6-methylpurine in D,0. The spectra were obtained at a tem-
perature of 4.2 K, a microwave frequency of 9.7684 GHz, a magnetic
field of 3465 G, and with a repetition time between pulse sequences
of 150 ms.

giving rise to the ‘very rapid’ EPR signal. The only
nitrogen couplings previously observed for such a com-
plex were seen with the addition of alloxanthine to
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Fig. 8. The time domain ratio of Fig. 7 {D,0) divided by Fig. 5
(H,0) to suppress N modulation. The 2H modulation period of
454 ns is clearly evident. The spectrum was filtcred via a low (1.5
MHz) and high (4.0 MHz) pass filter to eliminate any residual 'H
and N modulation that remained aft~; ratioing. The dashed line
displays the result of a numerical simulation of the ESEEM spec-
trum, with the modulation arising from two dipolar coupled
deuterons, one at a distance of 3.2 A and another at a distance of
39A.
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enzyme, which appears to result in ligation of nitrogen
directly to the Mo(V) [38]. Work in progress to specifi-
cally label nitrogens of the 2-hydroxy-6-methylpurine
substrate with "N will enable us to make more de-
tailed assignments of the magnetic interactions with
each nitrogen.

We have also considered the alternate possibility
that a protein-derived ligand gives rise to the observed
YN ESEEM in the ‘very rapid’ signal. This seems very
unlikely, however, given the clear proximity of sub-
strate nitrogens to Mo(V) in this form of the complex
with the substrate bound to molybdenum and the ab-
sence of couplings to "N in the ‘desulfo inhibited’
species. The possibility that the chemical procedure
giving rise to the ‘desulfo inhibited’ signal displaces an
otherwise present nitrogen ligand such as histidine
from the moiybdenum coordination sphere cannot be
absolutely ruled out, but this is inconsistent with the
proposed structure of the signal-giving species in which
the hydroxyl groups of the ethylene glycol have re-
placed the two Mo = O groups, leaving the remainder
of the molydenum coordination sphere intact [39].
Moreover, since the *N modulation appears to arise
from more than one nitrogen, this would require the
displacement of multiple nitrogen ligands by the treat-
ment used to generate the ‘desulfo inhibited’ species.

’H modulation

Our ESEEM results on the ‘very rapid’ EPR signal
generated in the course of the reaction with deuterated
2-hydroxy-6-methylpurine in normal H,O buffer show
no modulation from non-exchangeable deuterons (Fig.
5), indicating that the C,-methyl group deuterons on
the 2-hydroxy-6-methylpurine substrate are too distant
from the molybdenum center to be detected. In addi-
tion, no modulation from the deuteron derived from
the C, position of the substrate is observed. It is
known that the Cg-H proton has been removed from
the 2-hydroxy-6-methylpurine substrate at the point in
the reaction mechanism that the ‘very rapid’ species is
formed, being replaced by the C4-O bond of product
[8]. This proton, which with xanthine as substrate per-
sists in the active site long enough to be observed as
the more strongly coupled of two protons detected in
the ‘rapid Type 1’ Mo(V) EPR signal, is known to
exchange relatively rapidly with solvent once abstracted
from the purine substrate (k,,., =25 s™' at pH 82,
12°C) [40}. Our ESEEM results provide further indica-
tion that the deuteron exchanges rapidly with bulk
solvent on the time scale of sample preparation (80 s)
once abstracted from the substrate.

The ratioed data of Fig. 8 provide a basis for esti-
mating the distance from the paramagnetic Mo center
to solvent-exchangeable protons on the 2-hydroxy-6-
methylpurine substrate, solvent-exchangeable sites of
the protein, and protons that exist within the aqueous

medium. The theory and method for the relationship
between the modulation depth parameter and the ra-
dial distance measurement in ESEEM spectra has been
rigorously investigated [29,41-43]. The modulation
depth produced by a weakly dipolar-coupled nucleus is
inversely proportional to the sixth power of the radial
distance {43]. Thus, a deep ’H modulation pattern
indicates that weakly coupled H ruc.i ‘. lnse -
the paramagnet, whereas a shallow modulation pattern
indicates that the nuclei are further away. In the two-
pulse ESEEM experiment, when multiple magnetic
nuclei are coupled to the same electron spin, the
modulation function can be represented by the product
of single-nucleus modulation functions as indicated by
the following {29):

Vaod i1z, Iy)

= Viod( 1)) X Vmog( 1) X ... X (1) 3

In the three-pulse ESEEM experiment, the same ex-
pression can be utilized when the magnetic nuclei
exhibit weak dipolar couplings (ie., w,=wg=w)
[29,42). A complicated ESEEM spectrum consisting of
“N modulation and >H modulation prevents the direct
observation of the deuteron period (454 ns) in the time
domai.) as seen in Fies. 6 und 7. Nitrogen modulation
can be suppressec. .uuwever, by dividing the time do-
main of the deuterated sample with the time domain of
the nondeuterated sample. The procedure is evident
from an examination of equation (3). division of the
modulation pattern of a D,0 sample by the modula-
tion pattern of a H,O sample permits “N modulation
to be factored out as seen in the following expression:

Vasoa 115+ 1) _ VoalIp)
Vamod(Iodys -0 In) - Vivoa(1y)

where ¥y, (1,) etc. represcnt '*N modulation compo-
nents that are suppressed in the ratio. It is to be
emphasized, however, that the (D,0/H,0) ratioing
procedure does not completely eliminate all *N modu-
lation, since the numerator and denominator represent
mo Julation function averages, and in a non-crystalline
sample (i.e., a powder pattern) the average of the
product is not rigorously the same as the product of
the averages {29,42]). Nevertheless, the ratioing tech-
nique reduces the “N modulation considerably, and
allows the deuteron modulation pattern to be observed
more clearly, as evident in Fig. 8 (454 ns deuteron
period).

The Mims et al. [29] method for calculating a radial
distance between a weakly-coupled deuteron and a
paramagnetic metal center was used in the following
analysis to establish the range of deuteron distances
that could give rise to the observed modulation. For a
weakly-coupled spin /=1 deuteron, the modulation

(4)
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depih parameter (k) can be expressed by the following
equation:

k=6 L -sin:"()) {5)
= H, 3 A e
where g is the electron g factor, B is the Bohr
magneton for an electron, H, is the magnitude of the
applied magnetic field, 6 is the angle between the
magnetic field vector and the vector connecting the
electron and the deuteron, and r is the distance be-
tween the electron and the deuteron. The effect of the
electric quadrupole moment is neglected in this expres-
sion. This modulation depth parameter is 8/3 larger
for an I =1 nucleus than for an I = 1/2 nucleus. This
equation can be modified by aveiaging over a sphere to
account for all of the possible: orientations of the
electron-nucleus position vector with respect to the
magnetic field, resulting in the following expression:

- g8

k= 5 (Hor J (6)
where k represents the spherical average of the modu-
lation depth parameter. Errors in calculating the mod-
ulation depth parameter by the oversimplification of
the electron-nucleus orientation within the magnetic
field by averaging over a sphere is considered to be
minimal {29]. Also, the small o a.crium nuclear
quadrupole interaction does not signi©i.< .ty affect the
modulation depth over the first two cycles of the modu-
lation pattern. The experimental parameters used in
obtaining Fig. 8 can be introduced into equation (6)
which reduces to the following:

-~ 186.0
2k =— N

r

where g is equal to 2.014, the magnetic fie!d is at 3465
G, and for convenience r is expressed in A units. The
modulation depth parameter (k) has been multiplyed
by 2 in equation (7) so that it can be directly compared
with the experimental modulation depth (d) described
in equations (1) and (2) which will be applied to the
ratioed ESEEM data of Fig. 8. The factor of 2 is
evident by examining the numerical expression for the
three-pulse modulation function [29,43]. The deuteron
modulation depth for the first cycle centered upon the
troughs 1n Fig. 8 calculated according to equation (1) is
0.170. Thus vali:e for 2k gives a radial distance mea-
surement of 3.2 A using equation (7). However, we
need to compensate for modulation decay. Modulation
depth decays along the ESEEM :ime axis at a rate that
depends upon the magnitude of the hyverfine
anisotropy induced by the dipolar interaction (o i /r®)
betwecn the paramagnetic center and the nucleus.
Therefore, the medulation pattern produced from a
nucleus that is close to a paramagnetic center decays

quickly along the ESEEM time axis, whereas the mod-
ulation pattern produced from a nucleus that is more
distant exhibits slower decay.

We can explore the modulation decay directly with
the use of an analytical expression for the modulation
depth decay. The expression for a single I =1 nucleus
with dipolar coupling is given by the following [29}:

H

(&)

cos[O 378( ) i (8)

where the integer m depends upon the time (T + 7)
corresponding to the center of a deuteron modulation
cycle from which the modulation depth is measured.
Specifically, for the cycle centered upon a trough 1.5
deuteron periods from (T+7)=0, m is equal to 3.
Similarly, two deuteron periods from (T+7)=0, m is
equal to 4. Thus, m is odd for a cycle centered upon a
trough and even for a cycle centered upon a peak.
Introducing, the experimental values from Fig. 8 sim-
plifies Eq. (8) to the following expression:

cos[‘).,ﬂ},s(fr—;)] 9

Muitiplying the theoretical modulation depth parame-
ter (2k) by the dipolar depth decay factor in Eq. (9)
results in a corrected modulation depth parameter that
can be compared to the experimental modulation
depth. This can be used to establish a distance range
over which deuterons may contribute to the observed
ESEEM spectrum. For example, a single deuteron at
3.0 A will produce a corrected modulation depth of
0.193 (m = 3) which is greater than the experimental
modulation depth of 0.170. The outer limit for detec-
tion of deuterons is dependent on the signal-to-noise
level of the data, We estimate that the minimum modu-
lation depth that can be detected is approx. 0.014,
which corresponds to detecnon of a single deuteron
out to a distance of 49 A.

In order to obtain a more precise estimate of dis-
tance we have simulated the powder pattern ESEEM
spectrum using the density matrix formalism of Mims
[44,45]. Details of the numerical calculations are de-
scribed by Britt et al. [46]. The simulation was opti-
mized to match the modulation depth and the modula-
tion decay over the first four cycles of the experimental
data. The dipolar hyperfine interaction utilized in the
simulation is identical to that employed in generating
the previous analytic expressions for the spherical aver-
age modulation depth [29]. However, in the numerical
simulations, we have added the effect of the deuteron
quadrupole interaction, using values of e’qQ = 0.22
MHz and 5 = 0.1 [47]. In order to mode! the damping
of the modulation, a deuteron at relatively short dis-
tance (=32 A) is required. One or more additional
deuterons at greater distance are required to achieve
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Fig. 9. Proposed model for the geometric arrangement between the
Mo center of xanthine oxidase and the 2-hydroxy-6-methylpurine
substrate, based upon the experimental deuteron modulation depth
obtained from Fig. 8. The model was constructed by utilizing a
molecular modeling program (sez footnote, this page) in which the
str of the ligand coordi sphere (cc g of the sulfur
and oxygen ligands along with the 2-hydroxy-6-methylpurine sub-
strate coordinated via wne hydroxyl group) surrounding the Mo
center was modeled. The distances between the hydrogens on the
2-hydroxy-6-methylpurine substrate and the molybdenum center are
shown next to each individua! hydrogen.

32 A sTA 1A

the overall modulation depth. For example, a good fit
to ihe data (Fig. 8, dashed line) can be obtained with
one deuteron at 3.2 A and a second deuteron at 3.9 A.

In the species giving rise to the ‘very rapid’ EPR
signal, several lines of evidence have led to the pro-
posal that the C, position of the purine substrate is
coordinated to the molybdenum center via the catalyti-
cally introduced hydroxyl group, as shown in Fig. 9
[7-9,14-16,36,37,39]. Specifically in Fig. 9, the orienta-
tion of the hydroxyl bound substrate has been varied
with a molecular modeling program 2 50 that the ex-
changeable N, deuteron is 3.2 A from the Mo(V), thus
giving the dominant contribution to the deuteron mod-
ulation of Fig. 8. This places the methyl deuterons at a
minimum distance of 5.7 A from the molybdenum,
which is consistant with lack of deuteron modulation
fiom non-exchangeable sites. The exchangeable Nj site
is alsc beyond the range of detection. The N, deuteron
is thus the only deuteron of the 2-hydroxy-6-methyl-
purine substrate that gives rise to observable modula-
tion. However, there must be additional exchangeable
sites on the protein or in the aqueous media that give
rise to the additional modulation. The simulation gives
a good fit with one such additional deuteron at 3.9 A.

3P modulation

3p NMR studies on xanthine oxidase [48] havc
found evidence for a phosphoserine residue in the
active site of the enzyme, and a specific catalytic role

2 The molecular modeling program PCModel (4th Edn., 1990) ob-
tained through Serena Software was used for the simulation.

for this residue has been proposed {49]. The presence
of a phosphoserine residue in the active site of the
enzyme has become controversial {50, 51]. We do not
observe any modulation in the ‘desulfo inhibited’ signal
(Fig. 2) corresponding to or centered about the *'P
Larmor frequency of 5.9 MHz. Likewise, the ESEEM
spectra of the ‘vory rapid’ EPR signais gencrated in
the course of reaction of enzyme with 2-h v 6.
methylpurine show no evidence of P moauiaiion. The
"N modulation in the *very rapid’ signal complicates
the spectra, but once agam no peaks are observed that
are centered upon the *'P Larmor frequency. Utilizing
the theoretical modulation depth parameter obtained
in equation (6), we can establish 2 maximum radial
distance between a *'P nucleus and the Mo center that
could be_detected with ESEEM. Given a modulation
depth (2k) that is 3/8 of the value shown in Eq. (6),
and a minimal experimental modulation depth of ap-
prox. 0.010 based upon the signal-to-noise ratio of the
‘desulfo inhibited’ signal i in Fig. 2, we estimate a maxi-
mum distance of 4.3 A for detection of a single
weakly-coupled phosphorous nucleus We can rule out
the presence of a weakly-couplcd 'P nucleus at a
distance closer than 4.3 A.

Summary

The ESEEM study -~ ~ied in this paper provide
useful information on the structure and the reaction
mechanism of xanthine oxidase. No '*N modulation is
observed in the ‘desulfo inhibited” EPR signal, indicat-
ing that histidine is not a ligand to molybdenum. Strong
“N modulation is observed in the ‘very rapid’ EPR
signal with 2-hydroxy-6-methylpurine substrate bound
to ruolyi.. *num, which we interpret as arising from
nitrogens of the bound purine substrate. This interpre-
tation is consistent with the purine ring being coordi-
nated to the molybdenum through the catalytically
introduced hydroxyl group in the species giving rise to
the ‘very rapid’ EPR signal. Modulation due to the
C,-methyl deuterons of 2-hydroxy-6-methylpurine are
not observed, indicating that they are each greater than
4.9 A from the Mo(V), and the deuteron removed from
the C, ¢ sition in the course of generating the signal-
giving species is also exchanged to a site or sites at
least this distance from the Mo(V) on the time scale of
sample preparation. We observe moderately deep
deuteron modulation from solvent-exchangeable sites
near the Mo(V). A large portion of this modulation can
be accounted for by the N, deuteron of the 2-hydroxy-
6—methylpunne substrate, which we estimate to be ap-
prox. 3.2 A from the molybdenum. Additional ex-
chdngeable deuterons from protein or solvent within 5
A o1 the molybdenum must be present to account for
the remaining modulanon We were unable to detect
any weakly-coupled - 3P modulation in any of the re-
sults examined in this paper, indicating that a phospho-
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serine residue, if present. is no closer than 4.3 A to the
enzyme molybdenum.
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