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Abstract

Intramolecular electron transfer (IET) between the molybdenum and heme centers of vertebrate
sulfite oxidase (SO) is proposed to be a key step in the catalytic cycle of the enzyme. However, the
X-ray crystallographic distance between these centers, Ryore = 32.3 A, appears to be too long for
the rapid IET rates observed in liquid solution. The Mo and heme domains are linked by a flexible
tether, and it has been proposed that dynamic interdomain motion brings the two metal centers
closer together and thereby facilitates rapid IET. To date there have been no direct distance
measurements for SO in solution that would support or contradict this model. In this work, pulsed
electron-electron double resonance (ELDOR) and relaxation induced dipolar modulation
enhancement (RIDME) techniques were used to obtain information about Ryore in the
Mo(V)Fe(l1l) state of wild type recombinant human SO in frozen glassy solution. Surprisingly, the
data obtained suggest a fixed structure with Ryjore = 32 A, similar to that determined by X-ray
crystallography for chicken SO, although the orientation of the Ryore radius-vector with respect
to the heme center was found to be somewhat different. The implications of these findings for the
flexible tether model are discussed.
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Introduction

Sulfite oxidase (SO) catalyzes the conversion of harmful sulfite to benign sulfate and is an
essential enzyme for normal neonatal neurological development.1:2 The oxidation of sulfite
takes place at the molybdenum active center, but the proposed overall catalytic cycle
critically depends on the intramolecular electron transfer (IET) steps between the Mo center
and the heme electron acceptor (steps 2—3 and 4—5 in the simplified catalytic cycle in
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Figure 1).3 Generally, the distance between ET cofactors is a key parameter determining ET
rates and affecting the overall efficiency of catalysis.*~’ Therefore, knowledge of the
distance between the Mo and heme centers, Ryore, IS Necessary for better understanding of
the SO mechanism. Structurally, the SO enzyme is a homodimer, with each monomer
consisting of Mo and heme domains connected by a flexible interdomain tether.® The
specific conformation of the chicken SO (cSO) enzyme obtained by X-ray crystallography®
(see Figure 2) gives a distance between the Mo and heme centers of Ryore = 32.3 A. This
distance, however, appears to be in contradiction with the rapid IET rates of up to 1400 s~1
observed in liquid solution.®10 From the analyses of biological ET based on simple Marcus
theory,11:12 it has been predicted that ke for ¢SO should be less than 100 s~1,13 given the
observed large interdomain distance and small driving force (10 mV at pH 6).14

The IET Kinetics for SO were rationalized by suggesting that dynamic relative motion of the
Mo and heme domains, which are joined by a flexible polypeptide tether, can bring the
domains closer together and allow for faster IET.10 This hypothesis was supported by the
observation of viscosity dependence of the IET rates® and by recent molecular dynamics
calculations.16:17 Based on this hypothesis, the relative positions of the heme and Mo
centers in an ensemble of SO proteins are expected to be statistically distributed at any
moment in time, and a snapshot of this distribution should be realized in a frozen sample.
However, no direct experimental evidence for these expectations has ever been obtained.

One of possible approaches to obtain the information about the distance between the Mo and
heme centers in frozen solutions is based on measuring the magnetic dipole interaction
between the paramagnetic Fe(l11) heme and Mo(V) centers using the pulsed electron
paramagnetic resonance (EPR) techniques of electron-electron double resonance
(ELDOR)8 and relaxation-induced dipolar modulation enhancement (RIDME).1® These and
other20-23 pulsed EPR techniques based on the same principle have been successfully used
to measure distances between paramagnetic centers in biological systems.24-33 In our
previous work on this subject34 we have undertaken a pulsed ELDOR study of ¢SO, where
the Mo(V)Fe(l11) state was obtained from the resting Mo(V1)Fe(l1l) state by reduction of
Mo with Ti(ll) citrate (see Figure 1). Unfortunately, the formation of a crystalline powder
(rather than glassy) state of the frozen sample in that work resulted in aggregation of the SO
protein. This made the distance measurements for the Fe(l11)-Mo(V) pair impossible
because the intraprotein distances became comparable with the interprotein distances.

In this work we have revisited the problem of distance measurements between the Mo(V)
and Fe(111) heme centers of SO. Special care was taken to prepare glassy frozen samples of
wild type (wt) recombinant human SO (hSO), which prevented protein aggregation and
provided the optimal conditions for intraprotein distance measurements. Surprisingly, the
dipole interaction spectra obtained by pulsed ELDOR show a strong dependence on the
observation position within the Fe(l11) heme EPR spectrum. This result indicates that the
disorder in the relative arrangement of the Fe(l11) and Mo(V) centers is actually minimal, at
least in the Mo(V)Fe(l11) state of wt hSO, and may require the development of a new
structural model for describing the interaction between the heme and molybdenum domains
in SO.

Materials and Methods

The Mo(V)Fe(l11) state of wt hSO was prepared by reduction with Ti(lll) citrate, as
described in the previous work34 and schematically illustrated by Figure 1. Specifically,
recombinant wt hSO was expressed and purified according to previously described
methods.35 A stock solution of Ti(I11) citrate was prepared anaerobically based on a
literature method, 36 from 1 mL of Ti(111)Cl3 (30% w/v in 2 M HCI) and 9 mL of an aqueous
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trisodium citrate solution (0.5 M). The Ti(lll) citrate stock solution had a final concentration
of 55 MM (&340 = 730 M1 cm™1).36 A more dilute Ti(I11) citrate solution (5 mM, pH 6.0)
was prepared by 10-fold dilution of the stock solution in Bis-Tris buffer. The wt hSO was
exchanged into 20 mM Bis-Tris acetate buffer, pH 6.0 and made anaerobic. The final
enzyme solution (700 uM hSO, 100 pL) contained 50% glycerol. Ti(l1) citrate (70 pM) was
added to the enzyme sample and transferred to an EPR tube, which was immediately frozen
in liquid No.

The electron spin echo (ESE) experiments were performed on the homebuilt broadband
pulsed EPR spectrometer operating in the X and K, microwave (mw) frequency bands (8 —
18 GHz).3” The ELDOR and RIDME pulse sequences used in this work are shown in Figure
3. The detailed experimental parameters are given in the Figure captions.

Results and Discussion

1. Field-sweep ESE spectra

The pulsed ELDOR experiments were performed at X-band, using three resonance mw
frequencies, vy, available in our dielectric X-band resonator (ca. 8.7, 9.5, and 11.3 GHz).
The two-pulse field sweep spectra of wt hSO in the Mo(V)Fe(l11) state obtained at these mw
frequencies are shown in Figure 4. The broad low-amplitude spectrum with turning points at
(9x: 9y, 97) ~ (1.45, 2.25, 3.0) belongs to the low-spin Fe(l1l) heme center. The narrow
peak at g ~ 2 originates from the low-pH (IpH) Mo(V) species. The solid line in Figure 5
shows the expanded view of the field sweep spectrum of the Mo(V) species obtained at vy
= 9.45 GHz. At the other two resonance frequencies the spectra are very similar: slightly
narrower at v,y = 8.681 GHz (short-dashed line) and slightly wider at vy, = 11.291 GHz
(long-dashed line).

Although the g-tensor of the Mo(V) IpH species is slightly rhombic ((g1, g2, 93) ~ (1.966,
1,972, 2.004),38 this rhombicity is not resolved in the X-band field sweep spectra obtained
under low-resolution conditions (short mw pulses and short boxcar integration gate: see
Figure 5). The strong hyperfine interaction (hfi) of the hydroxy! ligand proton is also
responsible for the lack of resolution between the g; and g, turning points because the 1H hfi
splittings of about 1 mT38 are comparable with the difference in resonance magnetic field
between the g; and g, EPR turning points: from 1 mT at vy, = 8.7 GHz to 1.3 mT at vy =
11.3 GHz. Therefore, for the purposes of this work, it is an adequate approximation to
consider the EPR spectrum of Mo(V) as axial, with the principal g-values (g_, gy) ~ (1.969,
2.004).

2. Pulsed ELDOR experiments

In the pulsed ELDOR experiments, the pumping mw frequency, vpmp, Was in resonance with
g of the Mo(V) center (corresponds to the maximum of the Mo(V) signal). The observation
mw frequency, vqps, Was in resonance with the Fe(l11) heme center. The experiments were
performed with vpmp and vops corresponding to different modes of the resonator. The EPR
positions within the Fe(l11) heme spectrum corresponding to each of the possible
combinations of (vpmp, vobs) are easily understandable from Figure 4, and the corresponding
observation magnetic fields and g-values are listed in Table 1.

In our experiments, the three-pulse ELDOR technique (see Figure 3a)18 was used. This
choice was determined by the following factors. First, because of the strong electron spin
echo envelope modulation (ESEEM) caused by the hfi and nuclear quadrupole interaction
(ngi) of 1N nuclei in the heme pyrrole rings and axial histidine ligands, the ESE signal
amplitude in the four-pulse ELDOR technique was significantly smaller than in the three-
pulse one, which complicated the setup procedure and reduced the signal/noise ratio. In
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addition, the initial trial measurements have shown that the frequencies of the dipolar
oscillations were low (the oscillation period of several hundred ns was much longer than the
characteristic dead time of about 20 ns determined by the mw pulse durations), and therefore
the necessity to implement the four-pulse ELDOR technique did not even arise.

Regarding the strong 14N ESEEM in the context of the three-pulse ELDOR experiments, it
is of note that the presence of this ESEEM limits the choice of the time intervals r between
the observation pulses to just a few discrete values where the primary ESE signal of the
heme center is essentially non-zero (see examples of two-pulse ESEEM in Supporting
Information (SI), Figure S1). Therefore, the typical time interval z was about 1.2 — 1.5 ps,
and it varied depending on the pumping and observation frequencies used in a given
experiment.

When the pumping and observation frequencies correspond to different modes of the
resonator, there is always a question of spatial overlap of the mw field distributions
corresponding to these modes. In an extreme situation of the absence of any overlap, the
pumping pulse will flip spins in one part of the sample, while the observation pulses will
affect the spins in another part of the sample. Obviously, no ELDOR effect is possible in
such a case. A practical measure of the spatial overlap of these field distributions is the
ELDOR effect due to the uniformly distributed spins (matrix ELDOR effect), which has the
form of an exponential (or nearly exponential3¥) decay, i.e., V(') & exp(—Kmatz'), Where V is
the ESE amplitude and kpqt IS the characteristic decay constant. Figure S2 of the SI shows
that the decay constants kgt vary from about 0.04/us to 0.1/us, depending on the specific
choice of vops and vpmp. A similar situation was observed in our previous work on this
subject, where a C-band resonator was used.34

In addition to the mode overlap, ks, i proportional to the observation g-value, gops, and the
excitation range of the pumping pulse.3* The ELDOR effect from the pair also scales with
the pumping excitation range. Therefore, in order to enable a comparison of the intrapair
ELDOR amplitudes obtained for different combinations of vpmp and vops, the experimental
ELDOR traces were normalized by the initial ESE amplitudes (at " — 0) and by the (Kmat/
Jobs) Values, and then the non-oscillating matrix contributions were subtracted from them.
The resulting pulsed ELDOR traces are shown in Figure 6. The corresponding observation
g-values of the Fe(l11) heme center, gops, are indicated at each trace. Figure 7 shows the
cosine Fourier transform (FT) spectra of the traces shown in Figure 6. One can see a very
strong orientation dependence of the ELDOR effect, which indicates a significant degree of
conformational order in the system, specifically, in the orientation of the radius-vector
RmoFe joining the Mo(V) and Fe(l11) centers, and in the orientation of the Mo(V) g-frame
with respect to the Fe(l11) g-frame.

3. RIDME experiments

While the pulsed ELDOR data shown in Figures 6 and 7 already contain all the structural
information about the relative spatial arrangement of the heme and Mo centers, extracting
this information is not a simple task because the strong g-anisotropy of the heme center
leads to a noticeable rescaling of the dipole interaction (see below). As a result, the dipole
interaction depends not only on the distance Ryope, but also on the orientation of Ryjore
with respect to the heme g-frame.

In order to simplify the interpretation of the orientation-dependent pulsed ELDOR spectra,
additional information can be obtained from Mo(V) RIDME measurements. In RIDME, all
of the Fe(l11) spins contribute to the dipolar spectra, regardless of the orientation of Fe(l11)
g-frame with respect to the magnetic field, B,. The overall approach to the RIDME
experiment was described in detail in an earlier work, where the distance between Fe(lll)
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heme center and flavin mononucleotide semiquinone radical (FMNH®) in nitric oxide
synthase (NOS) was determined.3? In that study, the g-anisotropy of FMNH® was
completely negligible, even under the conditions of the K, band experiment, whereas the g-
anisotropy of the Mo(V) center of SO is well-resolved already at X-band. However, this
does not lead to complications due to the rescaling of the dipole interaction as a function of
the orientation of Ryore With respect to the Mo(V) g-frame because the g-factor remains
very close (with 1.5% accuracy) to 2. Nonetheless, the orientational selectivity resulting
from the Mo(V) g-anisotropy has to be taken into account.

In the RIDME experiments, the refocused stimulated ESE sequence of Figure 3b was
utilized, and the amplitude of the refocused stimulated ESE signal (“RSE” in Figure 3b) of
the Mo(V) center was measured as a function of the time interval z between the first and
second mw pulses, while the time intervals T (between the second and third mw pulses) and
t (between the stimulated ESE signal and the refocusing fourth pulse) were kept fixed. The
specific value for the time interval t is not very important, and it is usually selected to be as
small as possible in order to maximize the RSE signal. The choice of the time interval T,
however, is related to the measurement temperatures, as explained below.

The RIDME measurements were performed at two temperatures, Tiq, and Thigh (Thigh >
Tiow)- At the temperature Tq,, the Fe(l11) spins practically do not flip during the time
interval T, and the contribution of the dipole interaction between the Mo(V) and heme
centers to the Mo(V) ESEEM is small. At the temperature Thgp, the rapid longitudinal
relaxation of the Fe(111) spins causes a significant proportion of them to flip during the time
interval T. The reorientation of the Fe(I11) spin changes the local magnetic field for the
neighboring Mo(V) spin by Dy/gs (where Dy is the dipole interaction constant and j is the
Bohr magneton), and results in the dipolar ESEEM with the frequency D,. In order to
separate the dipolar ESEEM from the ESEEM caused by the hfi and ngi of magnetic nuclei,
the RIDME trace recorded at Thgh is divided by the trace recorded at Tjqy:

RSE(r)=RSE(t, Thigh)/RSE(T, Tiow) W

The two measurement temperatures, Tio,, and Thigh, were selected from the following
considerations. The temperature T)q,, Was selected to ensure that the longitudinal relaxation
time of the Fe(l11) heme center, T1ge, Was possibly long: T1ge > T, while the longitudinal
relaxation time of Mo(V), T1mq, Was still sufficiently short (although Tip0 > T1re) tO
enable the measurements of the Mo(V) ESE signal at reasonable repetition rates of at least
ten Hz. The temperature Thjgn Was chosen in such a way as to provide T > Tyre > 7. The
inversion recovery experiments with the heme center (see Figure S3 of the SI) have resulted
in Tiow = 10 K and Thjgh = 15 K as optimal temperatures for the RIDME measurements. At
Tiow the longitudinal relaxation time of the heme center was rather long, T1ge = 100 ps,
while at Thigh it was only about 8 ps. Accordingly, the time interval T = 50 ps was chosen to
ensure the complete relaxation of the Fe(l11) spins at the temperature Tpigh, which
corresponded to the spin flip probability of 50%.

Since the EPR spectrum of Mo(V) overlaps with the spectrum of the Fe(l11) heme center, the
ESE signal measured at the temperature Tq,, actually represents a sum of the Mo(V) and
Fe(I11) ESE signals. In order to separate the Mo(V) contribution, the RSE traces have been
recorded with the repetition rates of 10 Hz and 1000 Hz, and then the second trace was
subtracted from the first one. At T o, = 10 K and the repetition rate of 1000 Hz, the Fe(ll1)
ESE signal does not saturate, while the Mo(V) signal saturates very strongly and practically
disappears. Therefore, the difference RSE signal is contributed to by the Mo(V) center only,
and it this signal, which is denoted as RSE(z, Tjow) in eq 1.

J Phys Chem B. Author manuscript; available in PMC 2013 February 16.
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Traces 1 through 4 in Figure 8 show the RIDME spectra obtained at several Mo(V) EPR
positions approximately uniformly spaced between g, and g turning points. These spectra
were obtained as cosine FT of the quotient RIDME trace described by eq 1 and scaled
vertically in proportion with the relative amplitude of the Mo(V) ESE field sweep at the
measurement magnetic field. Trace 5 in Figure 8 is a field-integrated (FI) RIDME spectrum
obtained as a sum of traces 1 through 4. The FI RIDME spectrum thus approximates a
dipolar spectrum corresponding to the situation of complete orientational disorder.

4. Numerical simulations of the RIDME spectra

In order to obtain information about Ryore and the orientation( s) of Ryjoee With respect to
the heme g-frame, numerical simulations of dipolar spectra obtained by pulsed ELDOR and
RIDME techniques were performed. The dipole interaction was described by the following
expression appropriate for the interaction between the centers with strong g-anisotropy
(heme center) and weak g-anisotropy (Mo(V), g ~ 2):3°

&
D~ —j D(-)b,bj (2)
Lj:;)’.z 8re Y

where X, Y, and Z are the principal axes and g; are the principal components of the heme
iron g-tensor, gee = [(gxbx)2+(gyby)?+(gzbz)4]2, by are the direction cosines describing

the orientation of B, in the heme g-frame. Df§’=D(,(5ij — 3rirj) are the components of a
reference dipole interaction tensor defined for two spins with isotropic g = 2, i.e., with the

dipole interaction constant D,=44%/hR’, ., where £ is the Bohr magneton, h is the Planck

constant, and ry are the direction cosines describing the orientation of Ryjoge in the heme g-
frame. From eq 2 it follows that the anisotropic g-factor of Fe(lll) results in effective

elongation or shortening of Df»jz-) with the factor of £7/(2g;.), which leads to the observable
ratio |D;/D | in the dipolar spectra being generally different from 2.

As mentioned above, the orientation-dependent ELDOR spectra of wt hSO suggest that the
degree of disorder in the orientation and length of Ryore is insignificant. Based on this
qualitative conclusion, the model used in our numerical simulations will assume both the
orientation and length of Rpsore to be fixed.

The RIDME spectra were calculated first. The orientation of Ryjoe in the heme g-frame
was defined by the polar and azimuthal angles, 6g and ¢g, respectively. These angles were
varied systematically within their standard definition limits, and for each set of the angles
the dipole interaction constant D, was selected in such a way that the maximum of the
calculated RIDME spectrum coincided with that in the experimental spectrum. The selection
criterion for the acceptable structural parameters was the absence in the simulated spectra of
the pronounced Dy, shoulder extending to the higher frequencies beyond the limits of the
experimental spectrum.

Examples of calculated spectra are shown in Figure 9. The solid trace in each panel is the
experimental FI RIDME spectrum. Dashed, short-dashed, dotted, and dash-dotted spectra
correspond to the azimuthal angles ¢r = 0°, 30°, 60°, and 90°, respectively. Depending on
the choice of O and ¢gr, the optimal D, varies from 1.55 to 2.2 MHz. The complete set of
simulation parameters is given in Table 2. The approximate fit of the total spectrum shape is
achieved at 6 = 50°- 90°, and ¢r = 0° — 30°. These angles correspond to D, = 1.55 - 1.6
MHz, and Ryore ~ 32.3-32.6 A.

J Phys Chem B. Author manuscript; available in PMC 2013 February 16.
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5. Numerical simulations of pulsed ELDOR spectra

The RIDME simulations described above have resulted in a well-defined Rygge 0f 32.3 -
32.6 A, while the limits of possible orientations of Ryjore Were still rather broad. In order to
further refine the structural information, numerical simulations of the pulsed ELDOR
spectra were performed. An important factor to take into account in these simulations is the
limited range of orientations of B, with respect to the Mo(V) g-frame corresponding to the
excitation range of the pumping pulse in resonance with g, . Approximating the mw
excitation profile by a rectangular function of the characteristic width 4vy,, ~ 1/tp, one can
estimate Avpyy ~ 110 MHz for the 180° pumping pulse with t, = 9 ns used in our
experiments (the actual excitation profile is shown in Figure S4 of the Sl). This frequency
range corresponds to the magnetic field range of 4 mT and to the range of angles between
the Mo(V) gy axis and B, contributing to the ELDOR effect, Oy 0m, from about 60° to 90°.
This estimate and the fact that the ELDOR effect amplitude dramatically decreases for the
high-field observation positions (see Figures 6 and 7) allow us to conclude that the Mo(V)
gy axis should point in a general direction of the heme gx.

The simulations of pulsed ELDOR spectra reasonably reproducing the overall range,
structure, and the amplitude dependence of the experimental spectra on the observation
position were obtained for the following structural parameters: Ryore = 32.3 A (D, = 1.6
MHz), 6r = 55°, ¢gr = 0°, Opmp = 55°, and ¢y = 150°, where Oy and @y are the polar and
azimuthal angles of the Mo(V) gy axis in the Fe(l11) g-frame. The error limits for the
orientation angles are +5°, and the error limits for Ryore are +0.15 A. The results of the
simulations are shown in Figure 10 by solid traces.

The simulated spectra in Figure 10 are much sharper than the experimental ones because (a)
the simulation did not account for the finite length of the experimental ELDOR trace and (b)
all of the structural parameters were fixed (i.e., their distribution functions had zero width).
Introducing a uniform broadening in the spectra (by accounting for the finite data acquisition
interval) resulted in decrease of the relative amplitude of the sharp spectral features (in
particular, the peak at ~3 MHz) and worsening of the agreement in relative amplitudes of the
low-and high-frequency features of the spectra. The systematic variation of the structural
parameters within the allowed limits (estimated from RIDME) did not result in better
agreement between the broadened simulated and experimental spectra. A possible reason for
this is a somewhat oversimplified structural model. While it is obvious from the observed
orientational selectivity that the structural disorder is very limited, its complete neglect leads
to noticeable differences in appearance of the experimental and simulated spectra. The
changes of the structural variables (the angles and the distance) associated with this disorder
are, most likely, interrelated. Given the large number of structural variables, we currently
consider it unrealistic to investigate a large number of plausible correlations of structural
parameters in order to arrive at a better agreement between the simulated and experimental
ELDOR spectra. In addition, the possible improvement would largely be of cosmetic value
and would not change the main qualitative conclusion about the fairly well-defined
geometry of the relative spatial arrangement of the Mo and heme domains. Therefore, we
did not undertake here the simulations with a correlated disorder of the structural
parameters.

Given the limited accuracy of the pulsed ELDOR simulations, it appears that the formal
accuracy of determination of Ryoe (32.3 £ 0.15 A) is probably overestimated. A somewhat
more realistic error limits may be obtained from the RIDME simulations of Figure 9, where
only the shape of the prominent peak at 1.6 MHz is taken into consideration, while the
pronounced Dy, shoulder is assumed to be wiped out by the structural distribution. This leads
to an extended range of the dipole interaction constants of Dy = 1.5 — 1.8 MHz and Ryjgre ~
32 + 1 A The structural information obtained is summarized in Figure S5 of the SI.

J Phys Chem B. Author manuscript; available in PMC 2013 February 16.
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6. Relation of the solution structure to the kinetic and crystallographic data

It is tempting to compare the structural information obtained here from a frozen solution of
hSO with the X-ray crystallographic data for cSO (pdb 1SOX8), the only X-ray structure
presently available for an intact vertebrate SO. The amino acid sequences of the ¢SO and
hSO show a high identity (68%).8 However, in comparing the hSO structure in frozen
solution with the ¢SO crystal structure, it is also important to note that the two studies are
initiated from different oxidation states. The crystals for the X-ray structure of cSO were
obtained from the resting Mo(V1)Fe(l11) state (1 in Figure 1).8 Exposure to the intense X-ray
beam during data collection at cryogenic temperatures (95 K) resulted in photoreduction of
the Mo(VI1) center in the frozen crystals.*0 However, this photoreduction will not change the
Mo-Fe distance, which is fixed by the frozen crystal structure. The Mo-Fe distance
measurements described in the present work were initiated by first preparing the
Mo(V)Fe(lll) state (4 in Figure 1) by reduction of state 1 with Ti(lll) citrate and then
freezing the solution for pulsed EPR measurements.

Comparison of the pulsed EPR and X-ray data shows that the distances between the Mo and
Fe centers in both cases are similar, Ryore ~ 32 A. The angles (Ar, ¢r) ~ (55°, 0°) obtained
here, however, differ significantly from (0r, ¢r) ~ (74°, 70°) that can be estimated from the
X-ray structure, assigning gz of the heme center to the heme plane normal®! and estimating
the direction of the axis of gx from the average direction of the imidazole planes and using
the principle of counter-rotation.#2 One possible reason for this difference in the orientation
of Rmore is that the differences between the amino acid sequences of ¢SO and hSO might
result in a somewhat different position of Mo with respect to the heme molecular frame and
a somewhat different orientation of the His ligands of the heme center, which will result in a
change of orientation of the axis of gx. Consistent with this suggestion, changes in the tether
sequence of hSO can dramatically alter the IET rate between states 4 and 5 in Figure 1. For
example, changing the conserved proline that is adjacent to the heme domain to alanine
resulted in a three-fold decrease in the IET rate.3 This Pro to Ala mutation would be
expected to increase the flexibility of the tether and hence the orientations accessible to the
heme domain. Replacement of the tether sequence of hSO with that of cSO unexpectedly
gave slower IET,** even though wt ¢SO has faster IET than wt hSO.1°

The fixed relative position of the heme and Mo centers in hSO observed in this work is an
unexpected result. From the dynamic motion model developed to explain the fast IET
kinetics between 4 and 5 (Figure 1), we anticipated that in a glassy sample of hSO the
relative positions of these centers should either be disordered or the Mo and Fe centers
should be closer together than in the X-ray crystal structure.19 Indeed, the molecular
dynamics (MD) simulations of cSO have shown a dynamic distribution of conformations
with Ryore ranging from about 27 to 57 A 16 while the catalytically active conformation
calculated using the steered MD simulations is predicted to have Ryore ~ 19 A.17 The
seeming contradiction between these predictions and our experimental results (large fixed
distance of 32 A in frozen solution) may possibly be rationalized as follows: (1) the unique
fixed conformation of SO observed by pulsed EPR may represent a preferential
conformation of SO that is achieved when the temperature is lowered and the glycerol-
containing solution is frozen; (2) the conformation of SO observed by pulsed EPR is the
preferential conformation in liquid solution, and the IET Kinetics reflect transient solution
conformations of SO which “gate” electron transfer; (3) the structural/dynamic properties of
the SO protein in the Mo(VI1)Fe(ll) state (5 in Figure 1), which is generated photochemically
from Mo(V1)Fe(ll1) (1 in Figure 1), may be different from the Mo(V)Fe(l1l) state (4)
generated by chemical reduction by Ti(ll1) and studied by pulsed EPR in frozen solution in
this work.
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Conclusion

In this work we have used the spectroscopic techniques of pulsed ELDOR and RIDME to
conduct the first experimental investigation of the structure of Mo(V)Fe(lll) state of wt hSO
in frozen glassy solution. Based on the dynamic structural model rationalizing the rapid IET
rates between the Mo and heme centers in vertebrate SO, the Mo — Fe distance in a frozen
glassy sample was expected to be distributed over wide limits. Unexpectedly, however, a
well-defined structural situation was observed, with the fixed distance Ryope ~ 32 A being
similar to that determined earlier for cSO by X-ray crystallography. The observed structural
situation probably requires specific interactions between some of the amino acid residues on
the surface of the Mo and heme domains. Such interactions can be disrupted by mutations of

the amino acid residues on the surface of the domains*® and in the interdomain tether (e.g.,
the mutations that shorten the tether length).4346 Investigations of the effects of such
mutations on the interdomain distances in frozen solution are currently in progress.
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Figure 1.
A simplified catalytic cycle of SO. The Mo(VI)Fe(ll1) state numbered as 1 is the resting

state of the enzyme. The Mo(V)Fe(l1l) state (number 4) is the only state with both of the
metal centers being paramagnetic. This state is used in this work for the EPR distance
measurements. The straight arrow connecting states 1 and 4 shows the preparation of the
Mo(V)Fe(lll) state from the resting state by Ti(lll) citrate reduction of the Mo center.
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Figure 2.

Schematic representation of the vertebrate SO enzyme. The protein is homodimeric, with
each monomer consisting of Mo and heme domains connected by a flexible interdomain
tether (these elements are indicated for one of the monomers). The specific conformation
shown in the Figure and the distance between the Mo and Fe atoms, Ryoge = 32.3 A,
correspond to the published X-ray structure of the chicken SO (pdb 1SOX).8
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Figure 3.

a) Three-pulse ELDOR sequence used in this work. The pumping pulse is in resonance with
Mo(V). The observation pulses are in resonance with Fe(l11). “PE” is the primary ESE
signal of Fe(ll1). b) Refocused stimulated ESE sequence used for RIDME measurements.
All pulses are in resonance with Mo(V). “SE” and “RSE” are, respectively, stimulated and
refocused stimulated ESE signals of Mo(V). The longitudinal relaxation of Fe(lll) serves as
a natural “pumping”, flipping the Fe(l1) spins.
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Figure 4.

Traces 1 — 3, two-pulse ESE field sweeps at the mw frequencies of 8.681, 9.450, and 11.291
GHz, respectively. The narrow signal belongs to Mo(V), while the broad low-amplitude
signal comes from the Fe(l11) heme center. Other experimental conditions: mw pulses, 10
and 15 ns; time intervals between the mw pulses, T = 240-260 ns; temperature, 10 K.
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Figure 5.

Two-pulse field sweep ESE spectra of the Mo(V) center obtained at the mw frequencies of
9.450 GHz (solid line), 11.291 GHz (long-dashed line), and 8.681 GHz (short-dashed line).
The By scale corresponds to the solid line spectrum (v = 9.450 GHz). The other two
spectra are only presented to show the linewidth variation with vy,. The true B, positions
for the long-dashed (vmw = 11.291 GHz) and short-dashed (v = 8.681 GHz) spectra are,
respectively, about 66.5 mT higher and 28 mT lower that those shown in the Figure. Other
experimental conditions: mw pulses, 10 and 15 ns; time interval between the mw pulses, 7 =
410 ns; temperature, 10 K.
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Figure 6.

ELDOR traces obtained at various EPR positions across the Fe(l11) EPR spectrum (as
indicated by the g-values). The ELDOR pulse sequence is shown in Figure 3a. The traces
have been normalized by the ESE amplitude at ' — 0 and by (Kmat/9obs), @S explained in the
text, and then the non-oscillating component was subtracted from them. The Mo(V) signal
was used for pumping, and Fe(l11) for observation. The mw frequencies and magnetic fields
are listed in Table 1. Other experimental conditions: observation mw pulses, 10 and 15 ns;
pumping mw pulse, 9 ns; = 1270, 1170, 1500, 1240, and 1400 ns for the traces obtained at
g =2.56, 2.35, 2.14, 1.81, and 1.65, respectively; temperature, 10 K.
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Figure 7.
Cosine FT spectra of the ELDOR traces shown in Figure 6.
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Figure 8.
RIDME spectra (cosine FT of RIDME ESEEM) of Mo(V) obtained using the refocused

stimulated ESE pulse sequence shown in Figure 3b. Traces 1 — 4 are obtained at various
EPR positions from gy, to g ; . The shown relative amplitudes of these traces reflect the
relative amplitudes of the Mo(V) field sweep spectrum at the measurement magnetic fields.
Trace 5, field-integrated (FI) RIDME spectrum obtained as a sum of traces 1-4. Trace 5 thus
approximately corresponds to a situation of complete orientational disorder. Experimental
conditions: vy = 9.431 GHz; B, = 338.4, 341.2, 342.2, and 343.9 mT for traces 1-4,
respectively; mw pulses, 7, 7, 7, and 12 ns; T = 50 ps; t = 250 ns; temperatures, Tjow = 10 K
and Thigh =15K.
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Figure 9.
Comparison of experimental FI RIDME spectrum of Mo(V) with the simulated dipole

interaction spectra. The solid trace in each panel is the experimental FI RIDME spectrum,
the same as trace 5 in Figure 8. Dashed, short-dashed, dotted, and dash-dotted traces in all
panels are simulated with parameters described in Table 2. To emulate the experimental line
width, the simulated “ideal” spectra were Fourier-transformed, truncated to a 1 us time
interval, apodized using a cosine window, and Fourier-transformed back to the frequency
domain.
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Figure 10.

Simulations of pulsed ELDOR spectra of wt hSO. The experimental spectra (dashed lines)
are reproduced from Figure 7. The simulated spectra (solid lines) are calculated for a fixed
orientation of Ryore and a fixed orientation of the Mo(V) g-frame with respect to the Fe(l11)
heme g-frame. The simulation parameters: Do = 1.6 MHz (Rpore = 32.3 A); polar and
azimuthal angles describing the orientation of Ryjgre, (Gr, ¢r) = (55°, 0°); polar and
azimuthal angles describing the orientation of the Mo(V) gy, axis, (Omo, $mo) = (80°, 150°).
The angles are with respect to the heme g-frame.
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Combinations of vpmp (in resonance with g of Mo(V)) and vops (in resonance with Fe(l11)) used in pulsed
ELDOR experiments, and the corresponding magnetic fields and observation g-values of the Fe(l11) signal.

Vomp (GHZ) | wops (GHZ) | B, (MT) g
8.681 11.291 315 2.56
9.450 11.291 342.9 2.35
8.681 9.450 315 2.14
9.450 8.681 342.9 1.81
11.291 9.450 409.7 1.65
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Reference dipole interaction tensors (D@ = (D, Do, —2D,)) and their orientations used for simulating the

dipole interaction spectra in Figure 9.

Dashed trace D, (MHz),

Shortdashed trace D,

Dotted trace D, (MHz),

Dashdotted trace D,

Panel in Fig. 9 Or, #r (MH2), Or, #r Or, #r (MHz), Or, ¢=
a 2.2,0°0° - - -
b 1.8, 30°, 0° 1.8, 30°, 30° 2.0, 30°, 60° 2.2,30°,90°
c 1.6, 60°, 0° 1.6, 60°, 30° 1.9, 60°, 60° 2.2,60° 90°
d 1.55, 90°, 0° 1.6, 90°, 30° 1.8, 90°, 60° 2.15, 90°, 90°
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