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The molybdenum(V) coordination environment of sulfite oxidase has been investigated by multifrequency ESEEM
spectroscopy in∼70 mM phosphate buffer at pH*) 6.5 in both H2O and D2O. The FT-ESEEM spectra in H2O
typically consist of three lines. One of these lines is always close to twice the Larmor frequency of the P atom
(2νP) and is assigned to one or more coordinated phosphates, providing the first direct unambiguous detection of
such coordination. Extensive simulations of this phosphate signal at the various operational frequencies indicated
that the coordinated phosphate group(s) probably does (do) not adopt a fixed orientation, and as a result, a description
of the Mo‚‚‚P hyperfine interaction required the introduction of a distribution of such orientations, with Mo‚‚‚P
distance(s) of 3.2-3.3 Å. The other two lines in the FT-ESEEM spectra in H2O, located atνH and 2νH, were
assigned to matrix protons. In D2O buffer two additional lines, assigned to matrix deuterons, were also seen.

Introduction

Sulfite oxidase (SO) is an essential enzyme for sulfur
metabolism in animals,1 catalyzing the oxidation of sulfite to
sulfate, with the concomitant reduction of 2 equiv of ferricy-
tochromec:

More generally, SO is one member of a diverse group of
enzymes, all of which contain a mononuclear Mo center and
catalyze 2-electron oxidations or reductions by what is ef-
fectively an oxo-transfer process:2-5

A key distinguishing structural characteristic of these enzymes
is that the Mo atoms are coordinated by the dithiolene side chain
of one or two novel 6-substituted pterin ligands (structure1).5,6

In his recent review, Hille5 divides this group of molybdenum-
containing enzymes into three subclasses, based on their
reactivity and spectroscopic characteristics. The enzymes in
the first and largest subclass catalyze the oxidative hydroxylation

of a diverse series of aldehydes and heterocycles. Enzymes in
the second and third subclasses catalyze oxygen atom transfers
between the Mo and an available electron lone pair on the
substrate. These latter two subclasses are distinguished from
each other by whether or not their electronic spectra exhibit a
long-wavelength charge-transfer band. Certain bacterial en-
zymes, exemplified by DMSO reductase, exhibit such a band,
while others such as SO do not.
Recently the crystal structure determinations of aldehyde

oxidoreductase (AOR) fromDesulfoVibrio gigas (a representa-
tive of the first subclass, which exhibits one pterin per Mo
atom),7 and DMSO reductase fromRhodobacter sphaeroides
(second subclass, with two pterins per Mo atom)8 have been
reported. The structure of AOR from the hyperthermophilic
bacteriumPyrococcus furiosus, which has two pterins coordi-
nated to a tungsten atom, has also been reported.9 To date
however, there has been no crystal structure characterization
for an enzyme of the subclass to which SO belongs. Conse-
quently, current characterization of these enzymes relies on
chemical and spectroscopic investigations.
CW-EPR spectroscopy has proven to be a useful tool for

characterizing the Mo(V) state of SO.2 Three spectroscopically
distinct forms of SO have been identified by CW-EPR; one form
is obtained pure only in high-pH buffers (9-9.5) containing
low concentrations of chloride or phosphate, while the other
two are observed at low pH (6.5-7).10-13 Which of the low-
pH forms of the enzyme is observed depends on whether
phosphate is present in the buffer.10 There is also evidence for
a species containing a coordinated sulfite, which has an EPR
spectrum similar to that of the enzyme in phosphate buffer.14

In the absence of phosphate, CW-EPR spectra of SO at low10,12
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and high15 pH clearly show hyperfine interaction of the electron
with a single strongly coupled exchangeable proton, which has
been assigned to a Mo-OH group. This interaction is not
observed in phosphate buffer, which implies that under these
conditions a phosphate group coordinates to the Mo center,
displacing the OH group.11 Combining the CW-EPR data with
EXAFS studies at the Mo K edge on oxidized and reduced SO
has led to the structural proposals of Scheme 1 for the Mo(V)
states of SO.16

In principle, any atoms near the Mo with nonzero nuclear
spin (I > 0) can give rise to hyperfine interactions, yielding
direct information about what ligands may be coordinated to
the metal center. However, such hyperfine splittings are often
quite small for oxo-Mo(V) centers, which typically adopt
approximate tetragonal geometry; the 4d1 electron configuration
of these centers places the unpaired electron in an essentially
nonbonding orbital, which points between the donor atoms of
the ligands. Attempts to detect small splittings in SO spectra
by standard CW-EPR have necessitated pushing the technique
to its limits. Nevertheless, Brayet al. obtained evidence for
direct coordination of phosphate to the Mo center of SO in
phosphate buffer from careful difference measurements between
17O-labeled and ordinary phosphate.11 In a later paper George
et al. proposed, on the basis of an analysis of the third-derivative
spectrum of the phosphate form of SO, that this form of the
enzyme actually has two inequivalently coupled phosphates
coordinated to the Mo center.17

Unlike conventional CW-EPR, electron-nuclear double
resonance (ENDOR) spectroscopy, and electron spin-echo
envelope modulation (ESEEM) spectroscopy are powerful
techniques ideally suited for detecting weak hyperfine and
quadrupole interactions. To date there has been only one
ENDOR18 and no ESEEM studies of SO, despite the abundance
of data from conventional CW-EPR spectroscopy available for
this and related enzymes. Our interest in the coordination
environment of Mo in SO has prompted us to carry out such
studies in a variety of buffers to further structurally characterize
the various forms of the enzyme. Here we present multifre-
quency ESEEM results for SO in phosphate buffer at pH 6.5,
which have allowed us to directly detect the presence of
phosphate(s) coordinated to the Mo(V) center.

Materials and Methods
High-purity SO for the EPR and ESE experiments was obtained from

chicken livers using a procedure similar to that of Sullivanet al.19 and
showed aA414/A280 ratio of 0.84 in its UV/visible spectrum. Fully
oxidized SO stock was pre-equilibrated with a phosphate buffer of ionic
strengthµ ) 0.15 and pH*) 6.5, made up in either H2O or D2O,
using a Centricon concentrator (Amicon). To the equilibrated SO
solution (∼60 µL) was added 10µL of 0.11 M sulfite stock solution,
made up in the same phosphate buffer. The resulting reduced enzyme
was then immediately frozen in liquid nitrogen. The final SO
concentration for the experiments was∼0.6 mM.
Continuous-wave EPR spectra were obtained at 77 K on a Bruker

ESP-300E spectrometer operating at X-band. Microwave frequencies
were measured with a Systron Donner counter. Pulsed EPR studies
were performed on a home-built broad-band spectrometer operating at
8-18 GHz.20 Measurements were made at 7 microwave frequencies
(ν0) within the 8.9-15.3 GHz range in steps of∼1 GHz; the available
cryostat precluded investigation of frequencies above 15.4 GHz (Vide
infra).
The fast relaxation of the Mo center required that ESEEM measure-

ments be performed far below 77 K. This was achieved by building
a set of reflecting cavities that mate to an available Oxford ESR 900
continuous-flow cryostat. Modification of the insert tube of the cryostat
allowsν0 to be as high as 15.26-15.4 GHz. All measurements were
performed at 20 K. This temperature yielded the optimal acquistion
time at a given signal/noise ratio and allowed a repetition rate of 400
Hz without signal saturation. In primary echo experiments, two
microwave pulses of equal amplitude and duration were used to generate
an echo signal. The duration of the pulses was varied from 26 to 15
ns in order to maintain approximately similar orientational selection
and excitation conditions asν0 was varied. The nominal angle of the
resonant spin rotation was 2π/3. In three pulse experiments, threeπ/2
pulses of the same duration were used. The interval between pulses
varied from 300 (the dead time for these types of cavities) to 2300 ns.
For frequencies of<13 GHz the interval was incremented in 10 ns
steps; for frequencies of>13 GHz steps of 5 ns were used. The number
of accumulations at each step depended upon the signal amplitude,
which in turn depended on the field position of data collection, and
was about 1000-4000 for a boxcar gate width of 15 ns. Such
measurements were performed across the entire EPR spectrum in steps
of 5 G. ESEEM spectra were obtained by Fourier transformation of
the experimental time domain data. Before the FT procedure an
exponential fit was used to normalize the decaying time domain data
to unity, and a low low-order polynomial fit was used to subtract the
nonmodulated part of the spin-echo signal. For a given set of
experimental conditions, the nominal accuracy of the measurements
of the spectral peak position in an FT ESEEM spectrum was(0.03
MHz. However, in some measurements the spectral lines did not have
well-determined maxima, which increased the uncertainty in peak
position. The normalized noise level (for unity signal) in an FT
spectrum depends upon the operational frequency. At 8.9 MHz the
sensitivity was better than 2.5× 10-3 and improved to 1.0× 10-3 as
the operational frequency increased to 15.4 MHz.

Results
The CW-EPR spectrum of the phosphate form of sulfite

oxidase in frozen D2O is shown in Figure 1. The resolved
rhombic spectrum exhibits principalg values of 1.965, 1.973,
and 1.995. The individual line widths are estimated to be∼3
G. The same spectrum, but with slightly larger individual line
widths (∼5 G), was observed for a similar sample prepared in
H2O.
Two representative examples of ESEEM time domain data

at low and highν0’s are shown in Figure 2. As one can see
from Figure 2, the characteristic decay rate is∼0.6 µs-1 and
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does not vary substantially withν0. Judging from results
obtained for a series of mononuclear Mo(V) model complexes,
this relaxation rate is unusually high for a Mo(V) center.
Additional investigations showed that neither instantaneous
diffusion nor spectral diffusion due to electron-nuclear interac-
tion are the cause of this rapid relaxation; another possibility
would be spectral diffusion caused by interaction of the Mo
centers with residual paramagnetic iron centers, which are an
intrinsic component of the oxidized form of the enzyme.
Representative FT-ESEEM spectra (primary echo) are shown
in Figure 3. The spectra in H2O (Figure 3a,b) consist of three
lines. One of these lines is close to twice the Larmor frequency

of the P atom (2νP), and will henceforth be referred to asI(ν).
Two other lines due to protons are located atνH and 2νH. For
the sample prepared in D2O buffer two additional lines are seen,
at the deuteron Larmor frequency (νD), and at twice this
frequency (2νD) (Figure 3c). The normalized amplitude ofI(ν)
at a fixedν0 depends on field position (g value), and varies by
a factor of 2-4 as the field is swept. An example of such
dependence is shown in Figure 4. At each field positionI(ν)
reaches a maximum,I(νm), at a certain frequencyνm. From
the set ofI(νm) one can choose the maximal one,I*(νm) and
corresponding frequencyν*m. The frequencyν*m, and the
maximum amplitude value itself,I*(νm), depend onν0. Figure

Figure 1. First-derivative CW-EPR spectrum of the Mo(V) center of
SO in deuterated phosphate buffer: pH*) 6.5. T) 77 K; ν0 ) 9.4401
GHz; power, 0.2 mW; modulation amplitude, 2.85 G; modulation
frequency, 100 kHz.

Figure 2. Primary ESEEM of an SO sample, analogous to that
described in Figure 1 but made up in H2O, collected at two operational
(ν0) frequencies. Top curves, initial experimental data; bottom curves,
the same data after rejection filtration of H-related modulation.
Acquisition conditions:T ) 20 K; repetition rate, 400 Hz; dead time,
300 ns; nominal flib angle, 2π/3. (a) ν0 ) 15.281 GHz;Bm ) 5526
G; pulse duration, 15 ns; step, 5 ns. (b)ν0 ) 8.904 GHz;Bm ) 3238
G; pulse duration, 26 ns; step, 10 ns.

Figure 3. Normalized ESEEM spectra of SO in protonated and
deuterated phosphate buffers, at various operational frequencies.
Spectra a and b result from FT of the data presented in Figure 2 a and
b, respectively; spectrum c is of the sample prepared in deuterated
buffer, described in Figure 1: (a) magnitude FT; (b) magnitude FT
(top), cosine FT (bottom); (c) cosine FT of time domain data collected
at ν0 ) 11.001 GHz,Bm ) 4000 G; pulse duration, 22 ns; step, 10 ns.
The spectral lines related to Mo(V)‚‚‚P interaction are denoted asI(ν).
The frequency at which this line reaches a maximum amplitude is
indicated byνm at the bottom of the frame. Arrows at the top of the
frame mark the positions of the nuclear Larmor frequencies and double
nuclear Larmor frequencies of D, H, and P at the given fields.
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5 shows a parametric plot of the maximal modulation amplitude
of I*(νm) vs its frequency,ν*m, for seven experimental values
of ν0. TheseI*(νm)’s vary from 1.3( 0.13% atν0 ) 8.9 GHz
to 0.85( 0.06% atν0 ) 15.26 GHz and reach a weak maximum
of 1.70-1.9% at ν0 ) 10-12.7 GHz. At the highestν0
frequencies the condition of full excitation could not be fulfilled,
and consequently the modulation amplitude was underevaluated.
The loss of modulation amplitude ofI(ν) at high ν0 was
corrected for by using the dependence of the amplitude of the
proton line at 2νH on ν0 as an internal standard, in accord with
Astashkinet al.21 The corrected amplitudes ofI*(νm)s are also
shown in Figure 5.
As is well-known from the theory of ESEEM,22 each spectral

line is characterized not only by an amplitude and position but
also by a relative sign. In the cosine Fourier-transformed

spectrum, the signs of the basic harmonics are positive whereas
the signs of the combination harmonics are negative. Moreover,
for weakly coupled nuclei the basic harmonics appear at the
nuclear Larmor frequency (νI) and the combination frequencies
appear near twice the Larmor frequencies (2νI). Thus, the
relative sign of H- and D-related lines must be positive atνH
(νd) and negative at 2νH (2νd) (see Theory and Discussion). Of
particular interest in this study was the sign of the P-related
line I(ν), and shift (∆) of νm from twice the nuclear Larmor
frequency, 2νP. The relative signs of ESEEM lines can be
obtained from the cosine FT; however, in order to obtain the
correct sign, a dead-time phase correction (PC) is required.
Although the PC procedure is quite simple in principle, the finite
pulse duration leads to uncertainty in the dead time of a pulse.
In addition, PC causes side lobes in the FT, which may obscure
a line.22 This problem was encountered for experiments carried
out atν0 < 11 GHz, where side lobes from a strong H-related
line obscured the weak P-related line. Consequently, reliable
PC spectra could only be obtained for data withν0 g 11 GHz,
where the H-related line was becoming weaker and much farther
shifted from the P line. To overcome the uncertainty caused
by finite pulse duration, the H- and D-related lines were used
as internal standards, and the dead time was adjusted from the
nominal value (within the limits of the pulse duration), until
the phases of these references lines were correct. Examples
are shown in Figure 3b,c. The signs of the P-related lines
appeared to be negative atν0 > 11 GHz, and their shifts (∆)
from 2νP were positive. Atν0 ) 10.07 GHz we were able to
determine∆ for the magnitude FT line only. Both positive and
negative shift values were observed, depending upon field
position (Figure 6). Lastly, atν0 ) 8.9 MHz the strong
dependence of the modulation amplitude on field position, and
the low sensitivity at this frequency, limited the observable∆
to the magnitude FT spectra in the restricted field range between
gx andgy. These shifts were positive and varied between 0 and
0.2 MHz.
A stimulated echo was also obtained at eachν0, for at least

two or three field positions and 5-10 time intervals between
the first and second pulses. For all experiments, FT ESEEM
spectra of the stimulated echo show only a line atνH for the
sample prepared in H2O buffer and an additional line atνD for
the sample prepared in D2O buffer. No lines related to
phosphorus modulation were observed. The lines atνH, 2νH,
νD, and 2νD, caused by Mo(V) interaction with nonexchangeable

(21) Astashkin, A. V.; Dikanov, S. A.; Kurshev, V. V.; Tsvetkov, Yu. D.
Chem. Phys. Lett. 1987, 136, 335.
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Modulation (ESEEM) Spectroscopy; CRC Press: Boca Raton, FL,
1992; Chapter 1.

Figure 4. Example of theI(ν) (magnitude FT) peak position and
intensity varying as the magnetic field is swept at a constant operational
frequency (ν0 ) 13.943 GHz). The sample used was that described in
Figure 2. Proton-related lines are zeroed to avoid overlapping. The
unit of modulation amplitude (Z axis) is 0.012. Inset: ESE-detected
spectrum at the given operational frequency; the arrow marks the
magnetic field whereI(ν) reaches the maximal amplitude,I*(νm). The
arrow in the main figure marksν*m.

Figure 5. Stars: experimentally observed dependence ofI*(νm) on
ν*m at various operational frequencies. Values forν0, Bm, and g,
respectively: (1) 8.904 GHz, 3238 G, 1.965; (2) 10.074 GHz, 3667 G,
1.963; (3) 11.001 GHz, 4000 G, 1.965; (4) 11.754 GHz, 4270 G, 1.967;
(5) 12.487 GHz, 4540 G, 1.965; (6) 13.943 GHz, 5056 G, 1.970; (7)
15.281 GHz, 5526 G, 1.975. Crosses:I*(νm) values expected at the
highest operational frequencies if full excitation could be achieved.
The solid bars at the upper right- and left-hand corners represent the
experimental accuracy in modulation amplitude measurements.

Figure 6. Shifts (∆) of νm from the double Larmor P frequency, atν0
) 10.074 GHz, as a function ofg value (field position).
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protons of the enzyme and matrix protons (or deuterons in D2O
buffer), are not the subject of this paper, which concentrates on
interpretation of the behavior of the line related to the Mo(V)‚‚‚P
interaction(s).
The line related to the Mo(V)‚‚‚P interaction(s) must arise

from P nuclei that are in the vicinity of the Mo(V) center. This
line cannot be due to the interaction of Mo(V) with matrix P
nuclei because the concentration of phosphate in the buffer was
too low (0.068 M). Moreover, there is no line centered atνP,
which is a characteristic of the interaction of an electron spin
with distant nuclei. On the basis of the recent crystal structure
determinations of other proteins with molybdopterin cofactors,7,8

the single phosphate group of the molybdenum cofactor is
expected to be at least 7 Å away from the Mo atom and would
not be detectable at these operational frequencies.18 We
therefore conclude that the observed lineI(ν) is due to Mo(V)
hyperfine interaction with directly coordinated phosphate(s), and
the following discussion will focus on these interactions and
the structural information concerning the Mo(V) center of the
phosphate form of SO that can be extracted from these results.

Theory and Discussion

We start the discussion with the well-known expression for
two fundamental frequencies,νR and νâ, of a system that
contains an electron spinS) 1/2 and a nuclear spinI ) 1/2, and
include the Mo(V)‚‚‚P system as a particular case:23,24

wherems ) (1/2 for the R or â state of the electron spin,
respectively,D ) aE + D′ is the tensor of the hyperfine
interaction (HFI), represented as a sum of isotropic and
anisotropic terms,E is the unit matrix,g is theg tensor,νI is
the nuclear Larmor frequency at a given magnetic field (Bm),
and l is a unit vector which coincides with the direction of the
external magnetic fieldBm:

The particular form ofAi depends on the reference coordinate
frame (RCF) used for the calculations. For systems where
g-tensor anisotropy exceeds the anisotropy of the HFI, a
convenient RCF is that in which the axes coincide with the
principal axes of theg tensor. In this RCF, and accounting for
dipolar (in the point-dipole approximation, PDA) and isotropic
contributions to the HFI, the other terms of eq 1 are defined as

where ni are the direction cosines of the radius vectorr
connecting the electron and nuclear spins in the RCF,a is the
isotropic hyperfine coupling constant,gi are the principal values

of the electronicg tensor withge being the effective electronic
g value for a given experiment, andT) -âeângn/pr3, whereâe
is the Bohr magneton,ân is the nuclear magneton, andr is the
electron-nuclear distance. The modulation of the primary spin-
echo signalV(τ) for this spin system and a particular orientation
of electron and nuclear spins is described by expression22

whereν+ andν- are combinational frequencies,ν( ) νR ( νâ,
andk is defined in eqs 6 and 7. This expression immediately
shows that the signs of lines at the fundamental and combina-
tional frequencies are positive and negative, respectively. If
the system containsi nuclei,

For k , 1 this expression may be rewritten as

As follows from eq 5, the modulation amplitude (or intensity
of the FT-ESEEM spectrum) is proportional to the parameter
k. This parameter is the product of allowed and forbidden
transition probabilities, and in the same approximation as was
applied for deriving fundamental frequencies,k) sin2 η, where
cosη is determined by expression25

The explicit expression fork as derived from eq 6 is26

Therefore, the FT-ESEEM spectrum of the primary spin echo
for an S ) 1/2, I ) 1/2 system is represented by four lines,
I(νR,â,(). For a cosine FT the lines are positive at fundamental
frequencies and negative at the combinational frequencies. In a
disordered system a given fieldBm does not represent a unique
orientation but rather a set of orientations and, consequently, a
set of frequencies. Because the amplitude of modulation also
depends on orienatation, eq 5 for such a system must be
rewritten as

whereνw is νR, νâ, ν+ or ν- and 〈〈...〉〉 means averaging over
(23) Hurst, J. C.; Henderson, T. A.; Kreilick, R. W.J. Am. Chem. Soc.

1985, 107, 7294-7299.
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ms (1)

νms
) [(msA1 - νIl1)
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2 + (msA3 - νIl3)

2]1/2

l1 ) sinθ cosφ; l2 ) sinθ sinφ; l3 ) cosθ (2)
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(i)τ - cos 2πνâ
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cos(2πν+
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cosη ) hB+hB-

|hB+||hB-|
(6)

hB( ) [(A12 ( νIl1),(A22 ( νIl2),(A32 ( νIl3)]

k) (νI
2/νR

2νâ
2){[A1l2 - A2l1]

2 + [A2l3 - A3l2]
2 +
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〈〈V(τ)〉〉 ∝ 1- (I0 - ∑
w

I(νw) cos 2πνwτ)) (8)
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orientation and resonant fields which are also distributed in
accord with individual line shape. Equation 8 was straightfor-
wardly used for the simulations that follow.
The simulations were accomplished in the following man-

ner: the averaging of eq 8 was performed numerically. For
averaging over space we used a uniform grid for cosθ andφ
of 1000× 500 points. The orientation was accepted if|(hν0 -
ge*â*Bm)| e (ge*â*B1)/2, whereB1 is the pulse amplitude and
ge is defined by eq 3. The individual line shape was evaluated
from simulation of the EPR spectrum as a Gaussian, exp{-((B
- Bm)/δ)2}. The averaging overB was performed within the
limits of (2δ with step of 0.1δ. The time step and time interval
in the simulations were chosen to be the same as in the
corresponding experiments. The time domain pattern calculated
in this way was then subjected to the same FT procedure that
was used in the experiment with the experimental value for the
dead time.
As one can see from eqs 5-8, the amplitude and position of

lines in an ESEEM spectrum depend on the nuclear Larmor
frequency and upon the isotropic and anisotropic hyperfine
interactions. For disordered systems withoutg anisotropy these
dependencies are well understood and have been described by
Reijerse and Dikanov27 and Dikanovet al.28 Their analysis is
qualitatively applicable for partially oriented systems; therefore,
before presenting the results of the numerical simulations, we
briefly review the behavior of a line in the vicinity of the double
nuclear frequency, 2νI, by assuming that the characteristic value
of the anisotropic interaction|g T| < |a| or νI.
For the case ofνI . a/2 the line at 2νI is the combinational

I(ν+). The position of this line is shifted from 2νI to higher
frequencies. The amplitude of this line (and all others as well)
is proportional to (gT/νI)2; i.e., it decreases with increasing
operational frequency as (ν0)-2. Under these conditions the
estimated absolute intensity of theI(ν+) line for a Mo(V)‚‚‚P
distance of 3.2 Å and a resonant field of 3500 G ise0.7%.
For the opposite situation,νI , a/2, the line at 2νI is the

combinationalI(ν-) line. The position of this line is shifted
from 2νI to lower frequency. The amplitude of this line is
proportional to (νI/a)2(T/a)2 and increases with increasing
operational frequency. The absolute intensity evaluated using
the same parameters given above anda ) 20 MHz should not
exceed 0.2%.
More complicated behavior is observed at the so-called

“cancellation” condition, i.e., in the case when the hyperfine
field on the nucleon matches the external field. In such a
situation all three linesI(νR,() are merged to form a composite
line in the vicinity of 2νI, and the intensities ofI(νR) andI(ν()
may be as high as 50 and 25%, irrespective of the magnitudes
of |a| and |gT|. Furthermore, a composite line may show any
relative sign and any sign of∆ in the vicinity of 0< (2νI -
|a|)/|gT| < 1.
As noted above and shown in Figure 5, the experimental

results show that the intensity of the line at 2νp passes through
a maximum asν0 is increased through 10-12.7 GHz. In accord
with qualitative analysis, this result could be interpreted to mean
that the system reaches the cancellation condition at 2νp of 13-
16 MHz. As just explained, the observation of a cancellation
condition requires that the line should consequently transit from
I(ν-) to I(ν+), passing through a composite line that is a mixture
of I(νR,(), asν0 increases. Several other experimental observa-
tions are consistent with the interpretation just discussed. For
example, starting fromν0 g 11 GHz, we may assume that the

observed line isI(ν+), because it has positive shift (∆) and
negative sign. The observed line atν0 ) 10 GHz would then
be I(νR,-) because the sign of∆ is negative (at least at some
field positions; see Figure 6). This assignment of line types is
implicitly confirmed by the absence of a stimulated echo for
the P-related line. As is well-known,22 in stimulated echo only
lines at the fundamental frequencies can be observed, with half
the amplitude of those in a primary echo. Therefore, atν0 g
11 GHz we would not expect to see lines in stimulated echo.
At ν0 < 11 GHz the fundamental part of the composite line, as
estimated from theI(ν+) obtained in the two-pulse experiments,
is not expected to exceed the noise level. Thus, based on the
discussion just given, it would be tempting to assume that we
have observed a cancellation condition and immediately evaluate
the magnitude of the isotropic and anisotropic interactions.
However, such a simple assumption does not work because

the maximum magnitude of the modulation amplitude that is
experimentally observed (2%) differs by more than 1 order of
magnitude from what one would expect from theory at the
cancellation condition (∼50%). By all accounts this difference
is too big to be explained by partial excitation (which we already
took into account), additional nuclear relaxation, and other such
factors that are usually invoked in ESEEM when experimental
and calculated modulation amplitudes do not match each other.
We next considered the fact that the Mo(V) center may be

ligated by more than one phosphate group, as proposed by
Georgeet al.17 Each of these might have different isotropic
(and anisotropic) constants and show different types of lines
(I(νR) or I(ν()) at 2νP, depending onν0, with appropriate sets
of parameters. However, allowing for multiple phosphates still
fails to explain the intensity behavior, because to explain all
the experimental observations the interaction with at least one
of the nucleons has to pass through a cancellation condition
with ν0 and has to show a singularity in the amplitude of
modulation.
An alternative explanation, which would reasonably account

for all of the experimental data, may be provided by the
assumption that a distribution of hyperfine parameters for the
Mo‚‚‚P interaction contributes to the observed traces. Indeed,
to satisfy the experimental data one has only to assume that
this distribution is wide enough to overlap the experimental
range of 2νP, 0 < a < 19.5 MHz. In such a situation, the
proportion of the molecules in which parameters of Mo‚‚‚P HFI
are close to the cancellation condition will give the major
contribution to the modulation intensity. As we already
mentioned, the maximal amplitude of modulation in the cancel-
lation condition is 50% for fundamental frequencies and 25%
for combinational ones, and the interval of frequencies where
cancellation occurs is on the order of magnitude of the
anisotropic interaction,gT. So, for instance, ifT is 0.5 MHz
and thea’s are uniformly distributed over the interval 0-20
MHz, then one would expect that the maximal intensityI*(νm)
would not exceed 1.25-2.5; also, the intensity should depend
only slightly onν0, and the line would be positioned near 2νP.
At this level of explanation, it is hard to predict which type of
lines will predominate in the spectra. For this reason we
performed the simulation of spectra for some model situations.
For simulation we used eq 8 with additional averaging over
thea distribution. For simplicity in particular simulations we
assumed that the axes of the tensor of the anisotropic interaction
D′ coincided with the axes of theg tensor,D′ ) (T,T,-2T),
and that thea distribution was uniform. As in our experiments,
the simulations were performed at a givenν0, stepping through
the EPR spectrum with a stepsize of 5-6 G. In this way a set
of linesI(ν) was obtained, each one corresponding to a particular

(27) Reijerse, E. J.; Dikanov, S. A.J. Chem. Phys. 1991, 95, 836-845.
(28) Dikanov, S. A.; Spoyalov, A. P.; Hu¨ttermann, J.J. Chem. Phys. 1994,

100, 7973-7983.
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field (cf. Figure 4). From the set of maximum amplitudes of
these lines,I(νm), the maximal one,I*(νm) was taken and plotted
vs ν*m. The simulations were repeated at a set ofν0 values,
thus generating a synthetic parametric curve comparable to that
seen in Figure 5. The range ofν0’s and step overν0 in the
simulation were approximately the same as in the experiment.
The simulated plot ofI*(νm) vs ν*m for T ) 0.5 MHz anda
uniformly distributed over the ranges 5-15 and 0-15 MHz is
shown in Figure 7, which also depicts entire line shapes,I(ν),
for given I*(νm)’s at low and highν0. Figure 7 shows thatI(ν)
is a composite line, a mixture ofI(νR) and I(ν+), for both
distributions at lowν0. As ν0 increases, theI(ν) becomes solely
an I(ν+) line. The transition from a composite line to anI(ν+)
line depends upon the width of thea distribution and occurs at
ν0 > 12.7 GHz for the first case and atν0 > 11 GHz for the
second one. The maximal intensitiesI*(νm) vary with ν0 in

both cases by a factor of 2.5-3. The absolute value of the
I*(νm) does not exceed 3.8% for the first case and 2.6% for the
second one. Therefore, as we evaluated above, the maximal
modulation amplitude is proportional to the ratio ofgTand the
width of thea distribution. Furthermore, the spectrum consists
of only one line near 2νp, which is either a composite one or a
combinational one, and the amplitude of this line does not vary
substantially withν0. All of the above show that the simulation
closely approximates the experimentally observed dependence
of the I*(νm) on ν*m throughout the range ofν0, although for
the first type ofa distribution the amplitudes are still higher
than in the experiment, and for both of them the transition from
a composite line toI(ν+) occurred at higherν0. Because too
many parameters are involved (the shape of the distribution,
mutual orientation of theg andD′ tensors, the parameters of
anisotropic interaction), their quantitative determination is far
beyond any reasonable speculation given the limitations on the
information provided by the experiments. However, we can
state that to more closely approximate the experimental depen-
dence ofI*(νm) onν*m, one has to either decrease the anisotropic
interaction or increase the width ofa in the simulation. The
latter option is unlikely because the line width in the CW-EPR
spectrum for samples prepared in D2O buffer was∼8.5 MHz.
This line width is caused by Mo(V) interaction with all magnetic
nuclei (D, H, P), and the interaction with P (on average) cannot
exceed this value. In terms of a uniforma distribution, this
imposes the restrictiona< 17 MHz. Also, increasing the width
of the distribution shifts the range ofν0 where the transition
from a composite to a combinational line occurs to higherν0
values. So, most probably thea distribution is shifted to low
frequencies. Following this reasoning we performed one more
simulation, slightly decreasingT to 0.4 MHz and using a more
complicated distribution function as shown in the inset of Figure
7c. This set of parameters resulted in a decrease ofI*(νm) to
the experimental range of magnitudes, Figure 7. The range of
ν0 where the change of line type occurs for this simulated set
also corresponds to the experimental one. All this discussion
allows us to conclude that most probably the magnitude ofT is
0.4-0.5 MHz and thea distribution function is close to that
shown in Figure 7b,c. In the PD approximation this value ofT
corresponds to a Mo‚‚‚P distance of 3.2-3.3 Å. For a
monodentate phosphate ligand this gives a Mo-O bond length
of∼2.25 Å; which although somewhat long, is within the known
range for Mo-phosphate complexes.29

Conclusions

These first multifrequency ESEEM studies of the Mo(V)
center of SO in phosphate buffer provide direct proof that the
Mo is ligated by at least one phosphate group and demonstrate
the power of this technique for detecting weakly coupled nuclei.
We believe that the coordinated phosphate group(s) does (do)
not adopt a fixed orientation, and as a result, a description of
the Mo‚‚‚P hyperfine interaction requires the introduction of a
distribution of such orientations (structure2). Recently, the idea

of a distribution for nonrigid organic molecules was indepen-
dently exploited by Wamcke and McCracken to explain

(29) See for example: Fischer, J.; Ricard, L.; Toledano, P.J. Chem. Soc.,
Dalton Trans. 1974, 941-946.

Figure 7. Crosses: Dependence ofI*(νm) on ν*m, obtained for
simulated spectra, for various distributionsf(a) of the isotropic constant
a. Curves: the simulatedI(ν) at the magnetic fields corresponding to
I*(νm) at ν0 ) 8.904 GHz (1) andν0 ) 15.281 GHz (2). Insets:
schematic representations of the appropriate isotropic constant distribu-
tion function f(a). The upper limit ofa for all cases is 15 MHz; the
lower limit of a for (a) and the position of the step for (c) is 5 MHz.
The axes of theD′ andg tensors in all the calculations are chosen to
be coincident. For (a) and (b)T ) 0.5 MHz; for (c)T ) 0.4 MHz
(see eq 3).
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observations in an unrelated investigation.30 In that case, the
distribution hypothesis provided the only explanation for their
observed results. We are currently pursuing further quantum
chemical calculations on model systems in order to better
understand how the position of ligation (axial or equatorial) and
a range of phosphate group orientations may cause such a
distribution of hyperfine coupling.
Combining our ESEEM results on SO in phosphate buffer

with other spectroscopic and chemical data on the enzyme
provides important insights concerning the structural proposals
for the various forms of SO shown in Scheme 1. Prior EXAFS
investigations of SO indicate one terminal oxo ligand when Mo
is in the+4 or+5 oxidation state.16,31 In addition, phosphate
analysis of SO (in non-phosphate buffer) by Johnsonet al.,32

and mass spectral data obtained in our laboratories,19 indicate
only one pterin ligand per Mo for this enzyme (cf. structure1).
The two sulfur atoms from this ligand account for two more
coordination sites. Thus, the nature of four of the Mo
coordination sites can be specified with confidence (one oxo,
two sulfurs, and one phosphate or OH). In addition, recent
genetic studies have shown that one of the cysteine residues in
rat liver SO is essential for catalytic activity, and it was also
concluded to be a ligand to molybdenum.33 This cysteine is
conserved in all SO’s and the related nitrate reductases33 and
probably plays the same catalytic role in each case.
The catalytic cycle of SO was previously investigated by both

steady-state34 and rapid-reaction19,35kinetic techniques, and these
investigations showed that anions such as phosphate and sulfate
are inhibitors of the enzyme. On the basis of their CW-EPR
studies, Bray and co-workers previously suggested that direct
coordination of anion to the Mo center could be responsible
for such inhibition.10-13 Our positive identification of a Mo-
phosphate adduct provides strong support for this hypothesis,
as shown in Scheme 2. Initially, the reduced form of SO is
generated by direct oxo atom transfer to sulfite, as proposed by
Brody and Hille.35 We suggest that, in the catalytic cycle, water

displaces sulfate as a necessary step in the regeneration of the
starting Mo(VI) species. In the presence of high phosphate
concentrations, the phosphate-inhibited form is then formed
either by direct displacement of the sulfate or by funneling off
the hydroxo species. Note that, in addition, phosphate at low
pH could also inhibit the enzyme by disruption of the essential
Mo-cysteine bond. We are presently completing ENDOR and
ESEEM investigations of SO in high- and low-pH buffers, in
which we are studying weak hyperfine interactions of the
unpaired electron of the Mo atom with nearby N and nonex-
changeable H atoms. These studies are providing additional
valuable information about the Mo(V) coordination environment
of reduced SO that will be the subject of future communications.
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