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Abstract: A refocused primary electron spin-echo envelope modulation (RP ESEEM) technique and an
adjustable frequency S/C-band pulsed EPR spectrometer have been used to produce ESEEM spectra with the
lines due to nearby protons being greatly enhanced relative to those due to distant matrix protons. Application
of this technique to the high pH (hpH) form of the Mo(V) center of sulfite oxidase has enabled nearby protons
to be directly detected for the first time. Simulation of the RP ESEEM spectrum of thehpH form suggests the
presence of two nearby protons that have distributed hyperfine interactions (hfi); these protons are ascribed to
a MoV-OH group with strong H-bonding interactions to other nearby proton donors or to the presence of a
coordinated H2O ligand. The RP ESEEM technique promises to be widely applicable to the investigation of
mutant forms of SO with altered Mo centers and paramagnetic centers in other metalloproteins where a nearby
proton of interest is often masked by much more numerous distant protons and where high spectral resolution
is not required. The distinctive differences in the CW and pulsed EPR spectra of thelpH andhpH forms are
proposed to result from differences of the MoV-OH torsional angle and variations in the H-bonding interactions,
which control the orientation of the MoV-OH proton(s) relative to the half-filled 4dxy orbital. The large isotropic
hfi for the lpH form is suggested to result from an intramolecular MoV-OH‚‚‚Scys hydrogen bonding interaction
that places the proton of the MoV-OH group in the equatorial plane of the square pyramidal oxo-Mo(V)
center of SO.

Introduction

Coupled electron-proton transfer1 has long been postulated
to be a key feature of the catalytic cycle of molybdoenzymes.2

Thus, the ability to monitor protonation processes at the Mo
centers of such enzymes is crucial for understanding their
reaction mechanisms.3,4 Recently we investigated the coordina-
tion environment of the Mo(V) center of the high pH (hpH)
form of sulfite oxidase (SO) in H2O and D2O solutions.5 In D2O
solution, the electron spin-echo envelope modulation (ESEEM)
data definitively indicated the presence of a deuteron close to
the Mo(V) center, which was ascribed to a Mo-OD group.
However, all attempts to directly observe the corresponding
nearby proton in H2O solution were unsuccessful. These
attempts included continuous wave X-band electron-nuclear
double resonance (ENDOR) and two- and four-pulse ESEEM
experiments at various operational frequencies (8-16 GHz). We
hypothesized that the nearby proton was not directly observable
because it does not occupy a unique position with respect to
the Mo(V) center, and thus it gives rise to a statistical

distribution of proton hyperfine interaction (hfi) parameters.
Such a distribution could well result in a substantial decrease
in intensity of the proton lines in the ESEEM spectra. This
situation is not unique; for example, the recent paper by Randall
et al.6 shows that a nearby proton in a dinuclear Mn(III)Mn-
(IV) complex gives a barely detectable ESEEM signal that
exhibits only about one tenth of the intensity expected from its
hyperfine parameters. We also note that both pulsed and CW
ENDOR techniques have provided examples of the detection
of nearby strongly coupled protons and deuterons in paramag-
netic transition metal centers.6-8 Possibly Davies ENDOR would
have enabled detection of nearby protons for thehpH form of
SO in H2O. However, it is difficult to accurately quantitate the
number of nuclei with ENDOR. Therefore we have focused our
efforts on the development of ESE-based techniques for the
detection and quantitation of nearby strongly coupled protons.

Here we describe advances in pulsed EPR methodology that
have enabled us to detect the nearby protons in thehpH form
of SO directly, and to determine the Mo‚‚‚H interactions more
accurately. This methodology also provides a means of mini-
mizing the effects of instrumental dead time and substantially
suppressing matrix proton lines. These two features should make
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this methodology widely applicable to pulsed EPR analysis of
biological samples in general.

Minimizing the intrinsic dead time in pulsed-EPR spectrom-
eters poses a well-known and complicated technical problem
for which no universal solution is available.9-13 The direct
suppression of proton matrix lines has never been considered
in ESEEM theory, although in some cases, an indirect approach
that utilizes blind spots in multi-pulse sequences has been used
for this purpose.14,15It was shown by Grupp et al.16 that a simple
three-pulse sequence implementing a refocusing of the primary
echo signal allows drastic reduction of the dead time in primary
ESEEM measurements. Recently we have shown that this pulse
sequence, in combination with judicious adjustment of the
operational frequency, leads to significant suppression of the
matrix proton line relative to the line of nearby protons.17

Conceptually similar techniques were previously used in pulsed
ENDOR measurements.18,19 The complete theory and experi-
mental realization of the refocused primary (RP) echo are
described elsewhere.17 Here we present only the theoretical
background necessary for understanding the RP ESEEM results
obtained for thehpH form of SO. The implications of these
new results for the structures of thehpH and lpH forms of SO
and the mechanism of SO are also discussed.

Experimental Section

Samples of highly purified SO were prepared in thehpH (in H2O
and D2O buffers) and phosphate inhibited (Pi) forms as previously
described.5,20 The experiments were performed on the S/C band pulsed
EPR spectrometer described elsewhere21 at a temperature of about 20
K. The duration of all microwave (m.w.) pulses was 20 ns, and the
two-dimensional (2D) data consisted of 80× 80 points collected with
20 ns steps along both time coordinates (τ and T, see below). To
suppress unwanted spin-echo signals, four step phase cycling (0°-
90°-180°-270°) for the second pulse was employed. The duration of
one 2D experiment was about 3 h.

Results and Discussion

RP ESEEM Spectra.The pulse sequence for refocusing of
the primary ESE signal consists of three m.w. pulses (Figure
1). The first two pulses are separated by the time intervalτ and
form a primary ESE (PE) signal at the time 2τ. The third pulse,
with a nominal flip angle of 180°, is applied at a timeT after

2τ to refocus the primary echo (RPE) signal at the time 2(τ +
T). Although this technique still suffers from the dead time
problem along theT coordinate, virtually zero dead time is
achieved along theτ coordinate. An experiment in which both
τ andT are varied results in a two-dimensional (2D) RP ESEEM,
V(τ,T). A Fourier transform (FT) ofV(τ,T) gives a 2D spectrum
V(V,V′), in which the time intervalsτ andT translate into the
frequenciesV andV′, respectively. The 2D spectrum shows some
useful correlations between various ESEEM harmonics, but a
discussion of these correlations is beyond the scope of this paper
and details have been reported elsewhere.17 Here we utilize only
one feature relevant to the problem. It was found that integration
of V(τ,T) over T gives

whereνR andνâ are the nuclear transition frequencies at theR
andâ electron spin manifolds,νσ ) νR + νâ andνδ ) νR - νâ
are the sum and difference combination frequencies, respec-
tively, and k is the usual factor describing the ESEEM
amplitude.22

As seen from eq 1, the amplitude of theνσ harmonic depends
nonlinearly on the factork. When 0< k , 1, theνσ amplitude
is proportional tok2, and whenk ∼ 1 it is proportional tok. In
turn, k ∝ T⊥

2. For distant protonsk , 1, and the amplitude of
their νσ harmonic in the integrated RP ESEEM (eq 1) will be
much less than in the ESEEMs obtained with two- or four-
pulse techniques. On the other hand, for a nearby proton,k ∼
1 can be achieved under conditions in which mutual cancellation
of the Zeeman and hyperfine interactions occurs at one of the
electron spin manifolds. In the case of anisotropic hfi, this
corresponds to the situation in which the nuclear Zeeman
frequency is somewhere betweenT⊥ and 2T⊥.

For the particular case of thehpH form of SO, based on the
data forT⊥ obtained from a deuterated sample,5 the cancellation
condition should be achieved at operational frequenciesVo

between∼3.2 and 6 GHz. At the same time, even at the lowest
Vo of 3.2 GHz,k for the distant matrix protons would not exceed
5 × 10-2, so that the modulation from distant protons should
be substantially suppressed.

In accord with these considerations, after several preliminary
experiments in the 3-6 GHz range of operational frequencies,
we found that optimal conditions correspond toVo of 5.3-5.5
GHz. The field-sweep ESE spectrum of thehpH form of SO in
H2O detected atVo ) 5.404 GHz is shown in Figure 2a, and
the cosine FT spectrum of the integrated RP ESEEM is shown
in Figure 2b (trace 3). This spectrum shows an intense narrow
peak at the frequency of 8.38 MHz coinciding with the Zeeman
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Figure 1. The pulse sequence for detecting the RP ESE. “1”, “2”,
and “3” denote the m.w. pulses. “PE” and “RPE” denote the
conventional primary and RP ESE signals, respectively.

V(τ) ) 1 - k
4[3 - cos(2πνR) - cos(2πνâ) +

1 + x1 - k
2

cos(2πνδ) + 1 - x1 - k
2

cos(2πνσ)] (1)

Detection of the Proton-Containing Group Coordinated to Mo(V) J. Am. Chem. Soc., Vol. 122, No. 22, 20005295



frequency of protons in the applied magnetic fieldBo ) 197
mT. This peak is characteristic of distant protons abundant in
the protein backbone. The broad shoulders around this peak are,
at least partly, contributed by the transition lines of nearby
protons that are the subject of primary interest of this work. In
addition, the spectrum distinctly shows a broad sum combination
line (easily recognizable by the negative sign of its amplitude,
see eq 1) in the frequency range from 17 to 20.5 MHz, with
slight intensity enhancements at 17.8 and 19.7 MHz (shaded
area of trace 3).

To verify the assignment of the broad features in the shaded
area of trace 3 (Figure 2b) to nearby protons, we performed
additional experiments on two other systems that donot have
a proton-containing group coordinated to Mo(V): thehpH form
of SO in buffered D2O solution and the phosphate inhibited
(Pi) form.5,20The cosine FT spectra of the RP ESEEM for these
two forms of SO are also presented in Figure 2b. Neither the
hpH form in D2O (trace 1) nor thePi form (trace 2) exhibit the
broad negativeνσ line at 17 to 20.5 MHz observed for thehpH
form in H2O (trace 3), further substantiating the assignment of
this line to nearby protons.

The spectra ofhpH/D2O andPi forms of SOdo show some
broad features around the matrix proton Zeeman peak. The
origin of these features, however, is different in all three spectra.
In the hpH/D2O form these broad features represent sum and
difference combinations of the proton Zeeman line with the

extremely intense lines of deuterons from the D2O buffer
situated in the low-frequency range (below 4.6 MHz, see trace
1 in Figure 2b). In thePi form the low-frequency shoulder of
the proton Zeeman line might be partly contributed by the31P
transition at the cancellation condition.20 In addition, the
methylene protons of the cysteine residue coordinated to the
Mo(V) center in all three samples of SO23 may also make some
contribution to the broad feature around the proton Zeeman line.

The effectiveness of RP ESEEM for suppressing the intense
νσ line due to distant protons is illustrated by comparison of
the RP ESEEM spectra in the main panel of Figure 2b with
their corresponding primary ESEEM spectra shown in the inset
of Figure 2b. For all three forms of SO the RP ESEEM method
completely suppresses the intenseνσ line due to distant protons.
The primary ESEEM spectrum of thehpH form (trace 3 in the
inset) shows some evidence for the broadνσ line near 20 MHz,
due to nearby protons, but it is much less pronounced because
of the dead time of about 200 ns and because the intenseνσ
line due to distant matrix protons obscures its observation.

The results summarized in Figure 2b indicate that the broad
sum combination line observed in the RP ESEEM spectra of
the hpH form of SO in H2O can only be attributed to
exchangeable protons close to Mo(V). To obtain quantitative
information about the number of nearby protons and their hfi
parameters, we have performed numerical simulations of the
integrated RP ESEEM spectra in the same manner as was
described previously.5,20 The only difference is that the basic
expressions that describe the primary and four-pulse ESEEM
have been substituted in a code for eq 1, describing the primary
refocused ESEEM. In the simulations we used the experimental
g-values of the EPR spectrum of Mo(V) inhpH (gx ) 1.953,gy

) 1.964, andgz ) 1.988).24 The geometrical parameters for the
Mo-OH fragment (Mo-O ) 2.1 Å, O-H ) 0.96 Å; Mo-
O-H ) 110°)25 give a Mo‚‚‚H distance of about 2.6 Å. This
distance, however, was not used in the calculations directly to
determine the dipolar interaction of the OH proton because this
interaction is considerably influenced by spin polarization of
the Mo-O and O-H bonds and the oxygen atomic orbitals.
The proton anisotropic hyperfine coupling constantT⊥, therefore,
was a variable parameter in the simulation. The geometry of
the Mo-O-H fragment was, however, used for calculation of
the secular and nonsecular parts of the anisotropic hfi for various
orientations of magnetic fieldsBo. The set of these orientations
was determined by our observation position in the EPR spectrum
(close togy) with the g-tensor given above.

The initial approximation for the simulations was based upon
the parameters estimated previously from the study ofhpH SO
in D2O buffer.5 That is, the orientation of the Mo‚‚‚H radius-
vector in theg-frame was determined by the direction cosines
(0.583, 0.694, 0.423). The anisotropic hfi was considered to be
uniformly distributed within the limits from-7.5 to-8.5 MHz,
as obtained from the corresponding limits for a deuteron (-1.15
to -1.3 MHz).5 The result of the RP ESEEM simulation with
these parameters is shown by trace 2 in Figure 3. One can see
that the sum combination line (shaded area) in trace 2 is situated
at noticeably higher frequencies than in the experimental
spectrum (trace 1). This implies that the anisotropic hfi was
somewhat overestimated in the previous work,5 which is not
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Figure 2. (a) Field-sweep ESE spectrum of thehpH form in H2O
detected atVo ) 5.404 GHz. (b, main panel) Cosine FT spectra of the
experimental integrated RP ESEEM of different forms of SO: trace 1,
hpH form in D2O; trace 2,Pi form in H2O; trace 3,hpH form in H2O.
The shaded area marks the region of the proton sum combination line.
Experimental conditions: trace 1,Vo ) 5.383 GHz,Bo ) 195 mT; trace
2, Vo ) 5.387 GHz,Bo ) 194.4 mT; trace 3,Vo ) 5.404 GHz;Bo )
197 mT. Measurement temperature, 18 K. Inset: Magnitude FT spectra
for the primary ESEEM forhpH form in D2O (trace 1),Pi form of SO
in H2O (trace 2), andhpH form in H2O (trace 3).
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surprising because of complications associated with the nuclear
quadrupole interaction of deuterons combined with their low
magnetic moment.

The sum combination line in the experimental spectrum (trace
1 in Figure 3) appears to be contributed by two poorly resolved
peaks with maxima at 17.9 and 19.7 MHz. Therefore, the next
attempt to simulate this spectrum assumed two types of
statistically distributed Mo(V) sites. Each site had one nearby
proton, but the relative positions of the protons in the two sites
were allowed to be slightly different, thereby giving rise to two
different anisotropic hfi constants of-4 MHz and-7.6 MHz.
Trace 3 of Figure 3 shows that the simulated spectrum, obtained
with the assumption that these twoT⊥ values have equal
probabilities, reproduces the correct positions for the sum
combination line. However, the resolution of these peaks in the
simulated spectrum is considerably higher than in the experi-
mental one.

To decrease the resolution between the peaks constituting the
sum combination line, some kind of a distribution of the
anisotropic hfi must be introduced within the above limits, and
with enhancement of the statistical weights at the ends of the
range. It is also clear that this distribution should be associated
with some local structural disorder in the system. Fortunately,
there is a simple physical model, which provides the required
local structural disorder and directly associates it with the
distribution of the anisotropic hfi. In this model, the position
of the Mo-O bond is fixed in the molecular andg-frames. The
positions of the-OH protons are uniformly distributed over
the circle obtained by rotation of the-OH fragment around
the Mo-O bond. The dihedral angle (γ) is defined as the angle
between the plane of the Mo(V) dxy orbital and the Mo-O-H
plane. The distribution of this dihedral angle represents the local
structural disorder mentioned above. To reproduce the specific

shape of theνσ line in the RP ESEEM spectrum ofhpH SO
(trace 3 in Figure 2), we have to introduce a dependence of the
anisotropic hfi constantT⊥ on γ:

This kind of dependence of anisotropic hfi onγ was previously
found for a hydroxyl proton in a C-OH radical fragment.26

Here we assume that a qualitatively similar dependence might
be expected for the Mo-OH fragment since the electron spin
distribution has approximateC2V symmetry with respect to the
C-O bond in the C-OH radical fragment and with respect to
the Mo-O bond in the Mo-OH fragment. The outlined model
will be briefly referred to as the uniform rotational distribution
model.

A typical simulation result is shown by trace 4 in Figure 3.
The simulated spectrum reproduces the broad fundamental line
with positive amplitude and the sum combination line with
negative amplitude, which has a characteristic two-peak shape.
The peak positions correspond toγ ) 0° (180°) and 90° (270°).
This particular simulation has been performed forθ ) 45° and
æ ) 0°. Similar spectra were also obtained for other values of
θ andæ (not shown). Therefore, our simulations atgy were not
sensitive to the Mo-O bond orientation in theg-frame.

The amplitude of the lines from the nearby proton in the
calculated trace 4 in Figure 3 is somewhat smaller than the
experimental amplitude. This result stimulated us to investigate
the possibility oftwo nearby protons being associated with the
equatorial O atom (trace 5, Figure 3). The corresponding
simulation model for two protons is similar to that discussed
above. It assumed a planar Mo-OH2 unit with the second proton
being situated at the dihedral angleγ + 180°. The general
appearance of the RP ESEEM spectrum of trace 5 is similar to
those of traces 1 and 4, but the amplitudes of the simulated
spectrum features of trace 5 are closer to those found in the
experimental trace 1.

The indication from the simulations of the RP ESEEM that
the hpH Mo(V) center may be associated with two nearby
protons (trace 5, Figure 3) instead of one (as was assumed
previously5) made it essential to investigate how this two-proton
model would fit the experimental data obtained earlier for the
hpH form of SO in D2O buffer. Trace 1 in Figure 4 corresponds
to Figure S3(f) in ref 5 and shows the amplitude FT spectrum
of the primary ESEEM of thehpH form of SO in D2O buffer.
To obtain this spectrum, the primary ESEEM recorded in the
previous work5 at Vo )15.237 GHz,Bo ) 554.3 mT (i.e., atg
) gy, the same position as in the present RP ESSEM measure-
ments) was Fourier transformed after the elimination of the
contribution of distant matrix deuterons (for details, see ref 5).
The broad line centered at about 3.6 MHz in this spectrum is
contributed by the fundamental lines of nearby deuteron(s), and
the narrow line at about 7.4 MHz is the sum combination peak.
Trace 2 in the same figure represents the result of the simulation
for a single nearby deuteron with the hfi/nqi parameters
estimated in the previous work.5 The intensities of the prominent
features in both spectra show good overall agreement.

Trace 3 in Figure 4 shows the result of the simulation for
two nearby deuterons using the uniform rotational distribution
model with T⊥ recalculated for deuterons from eq 2 and the
same nuclear quadrupole coupling constant, as in ref 5 (the
electric field gradient was assumed to be parallel to the OD

(26) Schastnev, P. V.; Lihosherstov, V. M.; Musin, R. N.Zh. Strukt.
Khim. 1974, 15, 554-560.

Figure 3. Cosine FT spectra of the integrated RP ESEEM. Trace 1:
Experimental spectrum of thehpH form in H2O. Trace 2: Simulated
spectrum for a single close proton, with the Mo‚‚‚H orientation in the
g-frame determined by the direction cosines (0.583, 0.694, 0.423) and
the anisotropic hfi uniformly distributed within the limits from-7.5
to -8.5 MHz. Trace 3: Similar simulation for a single close proton
with two equiprobable values of the anisotropic hfi constants,-4 and
-7.6 MHz. Trace 4: Simulation for a single proton in the uniform
rotational distribution model (see text for details of the Mo-O-H
fragment geometry and eq 2 for relatedT⊥ distribution). Trace 5:
Similar simulation for two protons. The absence of the narrow intense
line at the proton Zeeman frequency (∼8.3 MHz) in the simulated traces
is due to the fact that distant protons were not included in the
simulations.

T⊥ ) -5.7- 1.6 cos(2γ) )

- 4.1- 3.2 cos2(γ) [MHz] (2)
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bond). This spectrum is also in good agreement with the
experimental one. However, the spectrum simulated for a single
close deuteron (OD) using the uniform rotational distribution
model (trace 4 in Figure 4) gives spectral line intensities that
are substantially lower than those in the experimental spectrum.
Thus, the structural model that includes two protons located in
close proximity to the Mo(V) center, with the distribution of
hfi parameters described above, fits well with the experimental
data obtained previously for thehpH form in D2O.5

Figure 4 also illustrates that both the intensity of the sum
combination line and the magnitude of the anisotropic hfi must
be considered in determinating the number of nearby nuclei from
ESEEM measurements. For deuterons the shifts of the sum
combination line are small and are mixed with the shifts/
splittings caused by the quadrupole interaction. For thehpH
form of SO the deuteron data by themselves cannot distinguish
between the single nearby deuteron model of trace 2 and the
rotationally distributed two deuteron model of trace 3. Protons
have no quadrupole interaction and have sum combination line
shifts that are 6.5 times larger than those for deuterons. This
paper clearly shows that low-frequency ESEEM investigation
of a protonated sample using the new pulse technique with
nonlinear response of the intensities to the anisotropic hfi is
more sensitive to the number of nearby nuclei than previous
techniques employing deuterated samples.

In this analysis of nearby protons in thehpH form of SO, it
is also important to recall the fact that no sum combination
features due to nearby protons were observed in the primary
ESEEM spectra detected at X-band.5 To check whether this new
two-proton model is in agreement with the X-band experimental
data, we also performed simulations of the X-band primary
ESEEM proton spectra. It was found that the intensity of the
sum combination line falls below the noise level (0.5-0.7% in
those experiments), if an additional narrow (0.5 MHz) Gaussian
distribution of T⊥ is added to that produced by the uniform

rotational model. This additional, purely statistical, distribution
smooths the spectrum singularities accentuated by the rather
large dead time used in the primary ESEEM experiment.
Introduction of such a narrow distribution does not affect the
RP ESEEM spectra discussed above. Therefore, this slightly
updated model satisfactorily describes all previous experimental
data.

The uniform rotational distribution of the proton position was
used in the above spectral simulations as a convenient model
to automatically provide the distribution ofT⊥ with the required
properties of (i) enhancements of the statistical weight forT⊥
≈ -4.1 and -7.3 MHz and (ii) nonzero, though smaller,
statistical weights forT⊥ between these two limiting values. We
may note, however, that any structural disorder of the MoV-
OHn (n ) 1,2) fragment producing the distribution ofT⊥ with
the described properties will result in similar ESEEM spectra
and similar conclusions as to the number of nearby protons.

Implications for the Mechanism of Sulfite Oxidase.The
RP ESEEM results discussed above for thehpH form of SO
provide the first direct detection and quantitation of nearby
protons for this form of the enzyme. The implications of these
new RP ESEEM results for the reaction mechanism of SO will
next be considered. The crystal structure of sulfite oxidase23

shows that the molybdenum center has approximate square-
pyramidal geometry (1 of Figure 5) and is buried at the bottom
of a positively charged pocket that provides an “electrostatic
bulls-eye”27 relative to the surrounding protein surface, which
is predominantly neutral or negatively charged. This positively
charged bulls-eye favors binding of the anionic substrate, sulfite.
The equatorial oxygen atom of the Mo center is exposed to the
solvent near the center of the bulls-eye and is proposed to be
transferred to sulfite to form sulfate during turnover.28-30 The
Mo center is reoxidized by sequential intramolecular electron
transfer (IET) to theb-type heme center of SO; in the crystal
structure of SO the Mo‚‚‚Fe distance is∼32 Å.

Figure 5 shows a detailed mechanism for the chemical
changes that are thought to occur at the Mo center of SO during
turnover. Figure 5 incorporates specific features of several
previously proposed mechanisms,28-30 information from the
X-ray crystal structure,23 Mo K-edge EXAFS,31-34 CW-
EPR,24,34-40 resonance Raman,41 ESEEM studies of other forms
of SO,5,20 steady-state and stopped-flow kinetics,29 flash pho-
tolysis studies of the rates of intramolecular electron trans-

(27) Hazzard, J. T. Private communication.
(28) Rajagopalan, K. V.Molybdenum and Molybdenum Containing

Enzymes; Coughlan, M., Ed.; Pergamon: Oxford, 1980; pp 241-272.
(29) Brody, M. S.; Hille, R.Biochemistry1999, 38, 6668-6677.
(30) Pacheco, A.; Hazzard, J. T.; Tollin, G.; Enemark, J. H.JBIC, J.

Biol. Inorg. Chem.1999, 4, 390-401.
(31) George, G. N.; Pickering, I. J.; Kisker, C.Inorg. Chem.1999, 38,

2539-2540.
(32) George, G. N.; Kipke, C. A.; Prince, R. C.; Sunde, R. A.; Enemark,

J. H.; Cramer, S. P.Biochemistry1989, 28, 5075-5080.
(33) George, G. N.; Garrett, R. M.; Prince, R. C.; Rajagopalan, K. V.J.

Am. Chem. Soc.1996, 118, 8588-8592.
(34) George, G. N.; Garrett, R. M.; Graf, T.; Prince, R. C.; Rajagopalan,

K. V. J. Am. Chem. Soc.1998, 120, 4522-4523.
(35) Kessler, D. L.; Rajagopalan, K. V.J. Biol. Chem.1972, 247, 6566.
(36) Kessler, D. L.; Rajagopalan, K. V.Biochim. Biophys. Acta1974,

370, 389.
(37) Bray, R. C.; Lamy, T.; Gutteridge, S.; Wilkinson, T.Biochem. J.

1982, 201, 241-243.
(38) George, G. N.J. Magn. Reson.1985, 64, 384-394.
(39) Cleland, W. E., Jr.; Barnhart, K. M.; Yamanouchi, K.; Collison,

D.; Mabbs, F. E.; Ortega, R. B.; Enemark, J. H.Inorg. Chem.1987, 26,
1017-1025.

(40) George, G. N.; Prince, R. C.; Kipke, C. A.; Sunde, R. A.; Enemark,
J. H. Biochem. J.1988, 256, 307.

(41) Garton, S. D.; Garrett, R. M.; Rajagopalan, K. V.; Johnson, M. K.
J. Am. Chem. Soc.1997, 119, 2590-2591.

Figure 4. Amplitude FT spectra of the primary ESEEM of thehpH
form of SO in D2O buffer. Trace 1: Experimental spectrum atVo

)15.237 GHz,Bo ) 554.3 mT. Trace 2: Simulated spectrum for a
single close deuteron with hfi/nqi parameters, taken from ref 5. Trace
3: Simulated spectrum for two deuterons in the uniform rotational
distribution model withT⊥ ) -0.876 - 0.246 cos(2γ) [MHz] as
recalculated from eq 2 for a deuteron (corresponds to the RP ESEEM
simulation for two protons shown by trace 5 in Figure 3). The
quadrupole coupling constants in this simulation were the same as in
ref 5 (with the electric field gradients aligned with the OD bonds).
Trace 4: Similar simulation for single deuteron (corresponds to trace
4 in Figure 3).
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fer,30,42,43and theoretical studies of oxo-transfer reactions.44,45

Structure1 of Figure 5 depicts the Mo coordination of the fully
oxidized resting enzyme as determined from the X-ray structure
of SO23 and XAS and EXAFS studies of polycrystalline oxidized
SO;31 FeIII represents the distantb-type cytochrome center of
SO. Nucleophilic attack on the equatorial MoVIdO group of
the MoVIO2 center of1 by the lone pair on the S atom of sulfite29

leads to an oxo-MoIV-OSO3 complex (2) that reacts rapidly
with water or hydroxide to give an oxo-MoIV-OHn (n ) 1, 2)
center (3). IET to theb5-type heme generates an oxo-MoV-
OHn center (4) that gives rise to the well-known Mo(V) EPR
signals that are dependent upon pH and anions (Table 1).24,46-47

Reaction with two molecules of oxidized cytochromec and loss
of the proton(s) from MoV-OHn complete the catalytic cycle
and regenerate the starting dioxo-Mo(VI) center (1). A recent
comprehensive study of the kinetic behavior of chicken liver
SO supports the mechanism of Figure 5;29 kred (nucleophilic
attack by the substrate on the MoVIO2 unit) is principally rate
limiting above pH 7 and is independent of pH, at least in the
absence of small anions. The mechanism of Figure 5 is also
supported by experimental50-59 and theoretical44,45 studies of

the reactions of phosphines with complexes possessingcis-
MoVIO2 centers.

Recently we reported a detailed study of the kinetics of IET
between the Mo and heme centers of SO that showed the rates
of both the forward and reverse reactions of eq 3 to be strongly

dependent upon pH and the concentration of small anions.30

Structures5 and 6 of Figure 5 were the starting point for a
mechanistic analysis of these results that also considered how
the equatorial MoV-OH group of5 would be affected by the
immediate surroundings of the active site, especially the
positively charged anion binding pocket of SO (Schemes 2 and
3 of ref 30). It was proposed that equilibria involving the relative
concentrations of hydroxide and small anion (Xn-) in the
positively charged binding pocket could affect the observed rate
for IET. In particular, low pH buffers containing high concen-
trations of small anions should favor an enzyme form in which
an anion occupies the pocket (7), whereas high pH buffers with
low concentrations of small anions should favor a form in which
OH- occupies the pocket (8). Faster IET is observed in high
pH buffers containing low concentrations of small anions

(42) Kipke, C. A.; Cusanovich, M. A.; Tollin, G.; Sunde, R. A.; Enemark,
J. H. Biochemistry1988, 27, 2918-2926.

(43) Sullivan, E. P., Jr.; Hazzard, J. T.; Tolln, G.; Enemark, J. H.
Biochemistry1993, 32, 12465-12470.

(44) Pietsch, M. A.; Hall, M. B.Inorg. Chem.1996, 35, 1273-1278.
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1999, 121, 10035-10046.
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3650-3656.
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Figure 5. Composite mechanism proposed for sulfite oxidase. The coordination about the Mo center is based upon the X-ray structure and EXAFS
results for the fully oxidized enzyme (1); the oxidation state of the Fe atom of theb-type heme center for each step in the proposed sequence is
shown to the left of each structure. Nucleophilic attack on the equatorial MoVIdO group by sulfite is postulated to generate a MoIV-OSO3 species29

(2) that reacts with OH- or H2O to release sulfate (product) and generate3. Intramolecular electron transfer (IET) gives the FeII/MoV-OHn (n )
1 or 2) species (4) that have been investigated by EPR and which are the subject of this work. During turnover sequential one-electron oxidations
of 4 by oxidized cytochromec, passing through5 and6, regenerate the fully oxidized resting enzyme (1).

Table 1. EPR Data for Sulfite Oxidase

g values A(1H), 10-4 cm-1

1 2 3 av. 1 2 3 av. ref.

SO (low pH form) 2.007 1.974 1.968 1.983 8.0 7.4 11.9 9.1 24, 48, 49
SO (high pH form) 1.990 1.966 1.954 1.970 24, 48, 49
SO (phosphate inhibited form) 1.992 1.969 1.961 1.978 24

Fe(II)/Mo(VI) {\}
kf

kr
Fe(III)/Mo(V) (3)
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because8, with an OH- group in the pocket, is preformed for
coupled electron proton transfer (CEPT) according to eq 4.

The limiting species (7 and 8) were also proposed as the
origin of thehpH and lpH EPR signals produced when SO is
reduced chemically by sulfite (species4 of Figure 5) or
photochemically by deazaflavins (species5 in Figure 5) in the
absence of oxidants. Species7 was assigned to thelpH form
and8 to thehpH form. Redrawing thehpH form as9a makes
it apparent that hydrogen bonding interactions between the
MoV-OH group and the OH- in the pocket could result in two
protons in close proximity to the Mo atom, as indicated by the
RP ESEEM experiments described above. Moreover, these
protons could be rotationally distributed, depending upon the
orientation of the OH- group in the pocket. Protonation of9a
gives9b which has a water molecule in the pocket. Structures
9a and9b both contain two nearby protons and would not be
experimentally distinguishable from a rotationally distributed
coordinated water molecule (9c) by ESEEM. Structures9 also
explain the paradoxical observation that thehpH form of SO
apparently has more nearby protons than does thelpH form.60

The distribution among the proposedhpH structures (9a-
9c) will depend on the local pH at the Mo site, which could
differ from that of thehpH experiment (pH 9.55), and upon the
pKa values of the protons for the various species. For six-
coordinate [RuII/III (OH2)]n+ complexes, it has been shown that
the pKa of the coordinated water molecule is extremely sensitive
to oxidation state and to theπ-interactions with the ligands.61

The oxo-Mo(V) center of SO has an ene-1,2-dithiolate and a
Scys ligand. Recent gas-phase PES62 and S K-edge XAS45 studies
for Mo complexes show that these ligands have highly covalent
Mo-S bonds that can “electronically buffer”62 the Mo center
to large changes in charge upon changes in formal oxidation
state. It seems reasonable to suggest that another role of the
sulfur-rich ligand environment of the Mo center of SO (and
other enzymes) is to tune the pKa of the coordinated H2O/OH
ligand to facilitate CEPT in the oxidative half reaction.

Pilato and Stiefel63 have proposed an alternative mechanism
for SO in which a water molecule (or hydroxide ion) that is
hydrogen bonded to the equatorial oxo group of the fully
oxidized Mo center in a structure similar to9a or 9b becomes
activated for incorporation into sulfite to form sulfate. This
proposed “outer sphere CEPT-water activation process” cannot
be ruled out by the present ESEEM results for the Mo(V) species

formed after release of sulfate product (structure4 of Figure
5). However, the previous observation of significant17O
hyperfine splittings for thehpHandlpH forms when the reaction
is carried out in H217O enriched water favors the mechanism of
Figure 5.64 Additional ESEEM experiments that are in progress
in 17O-enriched H2O should provide further insight concerning
the mechanism of SO.

Structures for the lpH and hpH Forms. The electronic
structures of oxo-Mo(V) centers are dominated by the strong
ModO bond and the unpaired electron is primarily localized
in the dxy orbital in the equatorial plane, even in low symmetry
complexes.65,66Large isotropic proton hyperfine splittings (∼8.3
× 10-4 cm-1, 25 MHz) are observed for complexes such as
(Tp*)MoO(o-SC6H4NH), Tp* ) hydrotris(3,5-dimethyl-1-pyra-
zolyl)borate (10),39 where the steric constraints of the bidentate
o-SC6H4NH ligand place the exchangeable NH proton in the

equatorial plane in a position to directly overlap with the dxy

orbital. For thelpH form of SO, the large isotropic proton
hyperfine splitting (Table 1) strongly suggests that the MoV-
OH group is oriented so that the proton lies in the equatorial
plane where it can have good overlap with the dxy orbital. The
fits of the ESEEM spectra of thelpH form in D2O were obtained
for a single strongly coupled deuteron with a unique set of
parameters that place it close to theXYplane.5,60 We postulate
that the unique proton orientation of thelpH form is due to an
intramolecular MoV-OH‚‚‚Scys hydrogen bond (Figure 6,lpH).
For SO the short equatorial O‚‚‚Scys distance of 2.8 Å23 should
be favorable for a bent O-H‚‚‚S hydrogen bond. Hydrogen
bonds to coordinated cysteines are a feature of iron sulfur
proteins,67-70 copper proteins,71 and heme proteins.72 Intramo-
lecular N-H‚‚‚S hydrogen bonding in [MoVO(SR)4]- com-

(60) Extensive two-pulse and four-pulse ESEEM experiments on thelpH
form in both D2O and H2O buffers showed only a single strongly coupled
deuteron (proton) with a unique orientation. Although the presence of a
second deuteron (proton) could not be completely ruled out, the possible
parameters for a second nucleon are severely restricted (ref 5).
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(62) Westcott, B. L.; Gruhn, N. E.; Enemark, J. H.J. Am. Chem. Soc.
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(63) Pilato, R. S.; Stiefel, E. I. InBioinorganic Catalysis,2nd ed.;

Reedijk, J., Bouwman, E., Eds.; Marcel Dekker: New York; 1999; p 139.
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38, 1401-1410.
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Figure 6. Proposed coordination environments of the Mo(V) centers
for the low pH (lpH) and high pH (hpH) forms of sulfite oxidase. The
lpH form has a single strongly coupled ordered proton that is ascribed
to a Mo-OH‚‚‚Scys hydrogen bonding interaction in theXYplane. The
hpH form appears to have two nearby protons in distributed orientations
arising from hydrogen bonding between the MoV-OH group and a
hydroxide ion (or water molecule) in the anion binding pocket (see
text).
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plexes (where SR is ano-aminothiolate ligand) is well-
documented,73 and the Mo(V/IV) reduction potentials for such
complexes are significantly more positive than those for
[MoVO(SR)4]- complexes of simple thiolates. No proton
hyperfine splittings are observed for the N-H‚‚‚S protons in
the CW-EPR spectra of these compounds because the steric
interactions among the four bulky SR ligands keep the NH
protons out of the equatorial plane. Walters and co-workers have
investigated several (Tp*)Mo(NO)(SR)2 compounds in which
the R group is an alkane skeleton possessing an amide
function.74,75 For R ) SCH2CONHCH3 the crystal structure
shows an intramolecular N-H‚‚‚S bond with N‚‚‚S ) 2.97 Å;
cyclic voltammetry shows that the reduction potential for this
compound is about 300 mV more positive than the potentials
for corresponding compounds where R is a simple alkane group.
These data from well-characterized Mo-thiolate compounds
support the proposed structure for thelpH form of SO shown
in Figure 6. An alternative orientation for the MoV-OH group
that would also place the proton in the equatorial plane can be
achieved by rotating∼180° about the Mo-O bond so that the
H atom would be in a position to hydrogen bond to the adjacent
S atom of the ene-1,2-dithiolate of the pyranopterin. This
explanation seems less reasonable for thelpH form because this
O‚‚‚S distance is 3.2 Å and, to our knowledge, there are no
well-documented cases of H-bonding interactions with coordi-
nated ene-1,2-dithiolate ligands.

We have previously suggested5 that the absence of a large
isotropic proton hfi for thehpH form reflects torsional angle
changes about the MoV-OH bond that move the proton out of
the dxy orbital (Figure 6). Here we propose that a strong
hydrogen bonding interaction between the equatorial MoV-OH
group and a hydroxide (9a) or water molecule (9b) in the
electrostatic pocket will reorient the MoV-OH group so that
there is no longer a proton in the equatorial plane, thereby
eliminating the large isotropic proton hfi. This proposed origin
of the differences in thelpH andhpH EPR spectra is consistent

with the single crystal ENDOR investigation76 of a d1 vanadyl
complex with an equatorial water ligand, which showed that a
small deviation of the metal-(equatorial proton) vector from
the node of a singly occupied ground-state orbital results in a
rather large variation of the isotropic constant. For thehpH form
of SO, structures9 show a possible explanation for the detection
of two nearby protons in this form. However, the total number
of nearby protons and their orientations is difficult to specify
precisely because the crystal structure of SO indicates that
several hydrogen bonding interactions are possible for the
equatorial MoV-OH unit (Figure 7). Theδ-NH group of Arg138
could serve as a proton donor to the MoV-OH group (N‚‚‚O
) 3.1 Å); the oxygen atom of Tyr322, an invariant amino acid
in all known SO enzymes, is also within hydrogen bonding
distance of the MoV-OH unit (O‚‚‚O ) 2.6 Å). Deprotonation
of Tyr322 is proposed to be an important aspect of the catalytic
cycle.29,30Tyr322 could function as a proton donor or a proton
acceptor to the MoV-OH unit, depending upon the local pH.
Thus, the protonation equilibria of Tyr322 could affect both
the distribution of MoV-OH torsional angles and the number
of protons detected in the RP ESEEM experiment on thehpH
form. The unusually small deuterium quadrupole coupling
constant found in thehpH/D2O experiment5 suggests at least
one uncharacteristically strong hydrogen bonding interaction in
the hpH form.77,78 The g-values for thelpH andhpH forms of
SO are surprisingly different (Table 1), considering that the
primary difference in the proposed structures (Figure 6) is the
torsional angle about the MoV-OH bond. Preliminary calcula-
tions on the electronic structure of the active site of SO indicate
that rotation of the equatorial OH group about the MoV-OH
bond can lead to changes ing-values as large as 0.01.79 The
postulated MoV-OH‚‚‚Scys hydrogen bonding interaction in the
lpH form may also influence theg-values by modulating the
donor properties of the coordinated Scys ligand. To our knowl-
edge, there are no data available from well-characterized oxo-
Mo(V) compounds to assess this latter possibility.

The so-calledPi EPR spectrum of SO is exhibited in the
presence of phosphate40 or arsenate34 at low pH. Multi-frequency
ESEEM experiments on thePi form20 in phosphate buffer and
CW-EPR and EXAFS investigations of SO in the presence of
arsenate34 indicate that in these forms a polyoxoanion occupies
the anion binding pocket while simultaneously functioning as
a monodentate ligand for the equatorial coordination site of SO.
Consistent with this structure, the ESEEM spectra of thePi
form20 show no detectable modulations from nearby protons
(trace 2, Figure 2b).

(70) Backes, G.; Mino, Y.; Loehr, T. M.; Meyer, T. E.; Cusanovich, M.
A.; Sweeney, W. V.; Adman, E. T.; Sanders-Loehr, J.J. Am. Chem. Soc.
1991, 113, 2055-2064.
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Figure 7. Stereoview of the Mo center of chicken liver SO. The colored lines show the possible hydrogen bonding interactions between the
equatorial MoV-OHn group and the conserved equatorial ligand (Cys185), the conserved nearby residues Arg138 and Tyr322, and an anion (brown
sphere) in the positively charged pocket. In thehpH form the anion position is proposed to be occupied by OH- or a water molecule. Atomic
coordinates were taken from the crystal structure of SO.23
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The structures proposed for thelpH andhpH forms of SO in
Figure 6 also agree with the CW-EPR experiments on these
forms involving17O-labeling. In H2

17O both thelpH andhpH
forms show 17O hfi that is indicative of exchange of the
coordinated OH group in these forms.64 However, the17O hfi
parameters are not the same for the two forms. Variation in the
MoV-OH torsional angle and in the number of nearby protons
for the two forms will affect the Mo-O π-bonding and
consequently the17O hfi parameters and nuclear quadrupole
parameters. Additional ESEEM experiments are in progress in
17O-enriched H2O buffer to distinguish between17OH and H2

17O
ligation using the techniques developed by Thomann et al. to
investigate the binding of water to the FeIII center of cytochrome
P450cam.80

Implications for Sulfite Oxidase Deficiency.Sulfite oxidase
deficiency81-83 is an inherited metabolic disease that produces
severe neonatal neurological disorders, and several fatal point
mutations in human SO have been clinically identified.23,84 Of
particular interest is the point mutation in human SO in which
arginine 160 has been replaced by glutamine (R160Q muta-
tion).84 This mutant enzyme has only about 2% of the activity
of wild type enzyme. This arginine residue is conserved in all
SO, and the structure of chicken liver SO shows that it is located
in the positively charged anion binding pocket (in chicken SO
this is Arg138). The obvious inference is that this mutation
interferes with normal sulfite binding and thus disrupts catalysis
by slowing down the reductive half reaction that converts1 to
2 in Figure 5. However, Brody and Hille85 have shown that
dimethylsulfite, an uncharged molecule, is also a substrate for
native SO. Moreover, even thoughKm and Kd are larger for
dimethylsulfite than for sulfite, the values ofkcat and kred for

the two substrates are not significantly different from one
another. Another possible reason for the low activity of the
human R160Q mutant is that the changes in the positively
charged binding pocket induced by this mutation disrupt the
oxidatiVe half reaction of the enzyme by altering the subtle
hydrogen bonding network that may be essential for reoxidation
of the Mo center by CEPT according to eq 4. Future kinetic
and ESEEM studies of SO mutants will address this question
and should provide further insight concerning the catalytic
mechanism of this vital enzyme.

Conclusion

The refocused primary ESEEM technique, together with the
multi-frequency capability of our pulsed EPR spectrometer,
substantially suppresses the signal from distant protons relative
to that from nearby protons and facilitates the direct detection
of nearby protons of thehpH form of SO that have been
previously unobservable by other EPR methods. The numerical
simulations of the RP ESEEM spectrum confirm that the nearby
protons have distributed hfi parameters, as previous studies in
D2O suggest,5 but indicate that those studies somewhat over-
estimated the anisotropic hfi parameters. This work suggests
that there aretwoprotons in the vicinity of the Mo(V) center in
the hpH form of SO; these are ascribed to strong H-bonding
interactions of the MoV-OH group with other nearby proton
donors or to coordinated H2O rather than OH. The distinctive
differences in the CW and pulsed EPR spectra of thelpH and
hpH forms are proposed to result from differences of the MoV-
OH torsional angle and variations in the H-bonding interactions
of these two forms. The RP ESEEM technique promises to be
widely applicable for the investigation of mutant forms of SO
with altered Mo centers and paramagnetic centers in other
metalloproteins, where a nearby proton of interest is often
masked by much more numerous distant protons and where high
spectral resolution is not required.
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