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Electron spin echo envelope modulation (ESEEM) investigations were carried out on samples of the low-pH (jpH) form
of vertebrate sulfite oxidase (SO) prepared with °Cl- and *’Cl-enriched buffers, as well as with buffer containing the
natural abundance of Cl isotopes. The isotope-related changes observed in the ESEEM spectra provide direct and
unequivocal evidence that Cl™ is located in close proximity to the Mo(V) center of JpH SO. The measured isotropic
hyperfine interaction constant of about 4 MHz (*°Cl) suggests that the CI~ ion is either weakly coordinated to Mo(V) at
its otherwise vacant axial position, frans to the oxo ligand, or is hydrogen-bonded to the equatorial exchangeable OH
ligand. Scalar relativistic all-electron density functional theory (DFT) calculations of the hyperfine and nuclear
quadrupole interaction parameters, along with steric and energetic arguments, strongly support the possibility that
CI™ is hydrogen-bonded to the equatorial OH ligand rather than being directly coordinated to the Mo(V).

Introduction

Sulfite oxidase (SO) is an essential molybdoenzyme that
catalyzes the two-electron oxidation of sulfite (SO5*") to
sulfate (SO,%7). The fully oxidized SO catalytic center fea-
tures a Mo(VI) ion that is coordinated by two oxo ligands
and three sulfur donor atoms in a roughly square pyramidal
geometry."? One of the oxo ligands occupies the axial apex,
pointing into the protein, while the other oxo ligand occupies
one of the four equatorial positions and is oriented directly
into a positively charged channel that leads away from the
catalytic site toward the protein surface. The three sulfur
donor atoms, one from Cys and the remaining two from the
dithiolene unit of molybdopterin (MPT), a cofactor that is
unique to Mo/W enzymes, occupy the remaining positions of
the equatorial plane.

During catalysis, SO;>~ enters the active site and reacts
with the equatorial oxo ligand, reducing the Mo(VI) to Mo-
(IV) and forming a SO,> -bound Mo(IV) species.” SO, is
then hydrolyzed from Mo, and the active center is oxidized
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stepwise back to its Mo(VI) resting state via a paramagnetic
Mo(V)-OH intermediate.

The Mo(V)-OH intermediate has been the focus of many
electron paramagnetic resonance (EPR) studies that have
yielded important details about the structure of the enzyme
active site as a function of solution pH, anions present in the
media, the method of generation of the Mo(V) state, and
specific enzyme point mutations. Early continuous wave
(CW) EPR investigations established that the Mo(V) center
of SO exhibits different signals depending on pH and pre-
sence of inhibiting anions (e.g., PO,°~ and AsO5°").* ¢ For
example, the Mo(V) centers from chicken SO (cSO) prepared
at pH < 7.5 and pH = 9 have differing sets of principal
g-values, and the low-pH EPR signal clearly displays hyper-
fine splittings from the nearby exchangeable proton of the
hydroxo ligand.® Structurally distinct forms of SO corre-
sponding to these signals are generally referred to as the low-
pH (lpH) or high-pH (hpH) forms. Similar [pH and hpH
forms have also been identified for wild-type (wf) and mutant
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SO from human (hSO),” plant (Arabidopsis thaliana, At-
SO).* and the bacterial sulfite-oxidizing enzyme (SOE),
sulfite dehydrogenase (SDH).” Recent pulsed EPR measure-
ments have also detected a blocked form of SOEs, which
retains sulfate as a ligand in the Mo(V) state.'’”'?

On the basis of the effects of buffer pH and CI™ concentra-
tion on the CW EPR spectra of ¢SO, Bray et al. proposed that
CI" should be an integral component of the Mo(V) center in
the [pH form of SO.* This possibility was later supported, al-
beit inconclusively, by extended X-ray absorption fine struc-
ture (EXAFS) experiments.'® Recently, this system was
revisited by Doonan et al., who also employed CW EPR,
but with the /pH SO samples prepared using isotopically pure
3CI™ or 7'CI™ (both I = 3/2)."* While some differences
between the CW EPR spectra of the pure isotopic Cl
preparations were arguably observable, the extremely subtle
scale of those differences makes their unequivocal interpreta-
tion impossible. Thus, unfortunately, neither CW EPR nor
EXAFS can be effectively used to definitively identify CI™ in
this system or properly characterize its interaction with the
enzyme. The spectral resolution of CW EPR in frozen
samples is very low, and EXAFS cannot distinguish between
Cl and S nuclei. However, CW EPR spectra of [pH SO
samples prepared with Br~ (natural abundance = 50.69%
"Br and 49.31% *'Br; both I = 3/2) and *'I" (I = 5)2)
showed resolvable Br and I Afi splittings that were ~4.5
times greater than the /ifi from Cl, supporting the possibility
of halide coordination to the Mo(V) center.'*

Beyond CW EPR and EXAFS, the possibility of CI™
coordination has been used to explain some of the recur-
rent features in the electron spin echo envelope modulation
(ESEEM) spectra of SO,'>!® and another molybdoenzyme,
dimethylsulfoxide reductase (DMSOR),'” but this possibility
was never resolved. In this work, we report the ESEEM
results for [pH SO samples prepared with natural abundance
Cl™ (CI-SO) and with isotopically pure **Cl~ (**CI-SO) and
3C1I™ (¥'C1-S0). These results unequivocally and directly
confirm the presence of Cl™ in close proximity to the
Mo(V) center of the [pH form of SO and provide the first
reliable hyperfine (/fi) and nuclear quadrupole (ngi) interac-
tion parameters for the chlorine nucleus. The structural
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implications of the parameters obtained are discussed using
density functional theoretical (DFT) calculations, spectro-
scopic data from model oxomolybdenum compounds,'® and
the available general structural information related to the
molybdenum center and its protein environment.

Materials and Methods

Sample Preparation. Reagent grade natural abundance
NaCl (75.78% Na**Cl and 24.22% Na>’Cl) was obtained
from VWR Scientific Products, Na*>Cl (>99 atom %)
was obtained from Sigma-Aldrich Chemical Co, and
Na*’Cl (>94 atom %) was obtained from Cambridge
Isotope Laboratories, Inc. Separate highly purified
CI-SO, *°CI-SO, and °*’Cl-SO samples were, with the
exception of the CI isotope identity, each identically
prepared according to a published procedure.'® Frozen
samples for ESEEM were prepared using 2 mg of wt
¢SO in 60 uL of buffer (pH = 6) containing 50 mM bis-
tris-propane and 100 mM NaCl (natural abundance,
33Cl, or *’Cl).* Immediately prior to freezing in liquid
nitrogen, the enzyme was reduced using a 20-fold excess
of sodium sulfite. For the sample that was prepared
without added NaCl, wr hSO instead of wt ¢SO (because
of availability) was used, and the entire preparation was
otherwise identical.

ESEEM Measurements. ESEEM experiments were
performed on home-built K,-band (26—40 GHz)***!
and X/K -band (8—18 GHz)*' pulsed EPR spectrometers
at microwave (mw) frequencies, vy, of about 29 and
17 GHz, respectively. The measurement temperature in
each experiment was 21 K. Numerical simulations of the
ESEEM spectra were performed using the SimBud soft-
ware, available free-of-charge from the University of
Arizona website.*!

Theoretical Calculations. *°Cl and 'O Afi and ngi
parameters were calculated using the ORCA computa-
tional package.”> Geometry optimizations were per-
formed using the BP86 functional®® in conjunction with
the all-electron TZVP basis®* in its scalar relativistic
recontraction reported in ref 25 and modeling the protein
environment through dielectric continuum methods
(conductor like screening model, COSMO),*° using a
dielectric constant of four.?” Density fitting™ was used
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to accelerate these calculations. Relativistic effects were
treated at the level of the zeroth order regular approx-
imation (ZORA)® in one-component form using the
model potential of van Wiillen™ (as implemented in
ORCA). For geometry optimizations, the one-center
ZORA scalar relativistic correction was employed.?'

Starting coordinates for different structural models
describing the interaction of Cl~ with the active center
were based on the X-ray crystal structures of wr ¢SO.>*?
The ¢SO active site structures were modified to include
the equatorial hydroxo ligand (replacing the equatorial
oxo ligand from the crystal structure) and the C1™ (except
for model E2, where the Cl™ coordinates in the protein
were available). Following literature precedent,'*? in
the calculations for models Al and A2, with axially
coordinated Cl™ (Figures 7 and 9, respectively, see be-
low), the pterin portion of the molybdopterin cofactor
was omitted. This simplification was also used for model
E1 (Figure 10). In addition, the cysteinate residue was
replaced by ethanethiolate for the simplified axial model
Al (Figure 7), and the ethanethiolate dihedral angles were
constrained to their crystal structure values relative to the
axial Mo(V)=0 bond to prevent unrealistic rotation
of that group during geometry optimization. Principal
g-values and the **Cl and "0 Afi and ngi parameters were
calculated using the B3LYP functional,® the TZVP
basis set, the ZORA method, and COSMO (using a
dielectric constant of four). Since the scalar relativistic
TZVP basis set is less heavily contracted than its non-
relativistic counterpart, further decontraction is not ne-
cessary to obtain accurate Afi and ngi predictions close to
the basis set limit. Since we have previously found that
the inclusion of picture change effects in the ZORA-4 for-
malism* did not improve the quality of calculated quad-
rupole couplings,*® we did not apply such corrections
here. For the correct ZORA calculation of hyperfine
couplings,®” it is nevertheless necessary to apply the rel-
ativistic formalism.

Results and Discussion

1. Chloride in IpH wt SO. The EPR spectra of IpH
CI-SO, *°CI-SO, and *'CI-SO were identical to those
reported previously for ljpH SO.*'* Since no Cl-related
splittings are directly observable in any of these spectra,
we performed ESEEM experiments at several EPR posi-
tions, including the low-, intermediate-, and high-field
EPR turning points (g-, g,, and g, respectively). From
these measurements it became immediately clear that the
low-frequency ESEEM of [pH SO depends on the specific
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Figure 1. Panels a, b, and ¢, (+ +) quadrants of HYSCORE spectra of
IpH CI1-SO, **CI-S0, and *’CI-SO, respectively. Experimental conditions:
Vmw = 29.562 GHz; B, = 1075.6 mT (g,); time interval between the first
and second mw pulses, 7 = 200 ns; mw pulses, 15, 15, 27, 15 ns;
temperature, 21 K.

Clisotope composition of the buffers. As an example, the
hyperfine sublevel correlation (HYSCORE)* spectra of
IpH C1-SO, *CI-SO, and *'CI-SO obtained at g, are
shown in Figures la through Ic, respectively. Only the
(+ +) quadrant of each spectrum is shown because no
features exceeding the noise level were observed in the
(—+) quadrants. While the HYSCORE spectra differ
from each other, all of the cross-peaks that are observed
in Figure la (corresponding to CI-SO) are found in either
Figure 1b or in Figure lc (corresponding to *>CI-SO and
¥C1-S0, respectively). These results provide direct evi-
dence that the low-frequency ESEEM in I[pH SO origi-
nates from a Cl nucleus.

The observation of the Cl ESEEM requires that the Cl
nucleus be in close proximity to Mo(V). To obtain more
specific structural information, it is necessary to estimate
the Cl Afi and ngi parameters from the ESEEM spectra.
To this end, we will mostly consider the data for the
sample of **CI-SO.

The HYSCORE spectra of I[pH *CI-SO obtained at g..
gy, and g, are presented in Figure 2. Each individual
spectrum represents a sum of spectra obtained at several
different time intervals between the first two mw pulses, 7.
This is a common practice for reducing loss of informa-
tion because of 7-dependent spectral blind spots. In each
spectrum, the cross-peaks are centered about the Zeeman
frequency of *>Cl (v; ~ 4.5 MHz at the magnetic fields
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Figure 2. Panels a, b, and ¢, (+ +) quadrants of HYSCORE spectra
of [pH **CI-SO obtained at B, = 1059.7 mT (g.), 1075.6 mT (g,) and
1078 mT (g.), respectively. Each spectrum represents a sum of the spectra
obtained at v = 170, 200, and 240 ns. Other experimental conditions:
Vmw = 29.562 GHz; mw pulses, 15, 15, 27, 15 ns; temperature, 21 K.
Dashed lines show the Zeeman frequency of >>Cl.

B, ~ 1060—1080 mT used in these experiments). Accord-
ing to theoretical analysis of the situations of strong and
weak ngi for nuclei with half-integer spin,'®*%" this
indicates that the ngi of the Cl nucleus observed in the
ESEEM spectra is rather weak: ¢’Qq/h < v; + A/2, where
¢*Qq/h is the quadrupole coupling constant and A is the
hfi constant (A ~ a5, + T, Where ajs, 1s the isotropic Afi
constant and 7, is the secular component of the aniso-
tropic Afi tensor). In this case, the splitting between the
cross-peaks gives a good estimate of the /fi. One can see
that the Afi is only weakly anisotropic, and the mean
splitting between the cross-peaks gives an estimate of the
average isotropic Afi constant, {a;s,y ~ 3—4 MHz. The
spectroscopic situation is, therefore, that of weak Afi
(v1 > [4)2]).

In the case of weak ngi, ESEEM spectra of a nucleus
with any spin are expected to be qualitatively similar to
those of a nucleus with spin 7 = 1/2.%%° Indeed, the
cosine Fourier transform (FT) spectrum of two-pulse
ESEEM (Figure 3) shows the fundamental lines at the
frequencies v, g & [v1 = A/2| and combination lines at the
frequencies v, = vy + vg& 2vrand vs = |vq — vg| & |A4].
The fundamental lines have a positive amplitude and are
contributed to by all of the Am; = 1 nuclear transitions,
but dominated by |—1/2) <> | + 1/2) transitions which are
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Figure 3. Solid trace, field-integrated two-pulse ESEEM  spectrum
(cosine FT) of jpH **CI-SO. Experimental conditions: vy, = 29.562 GHz;
mw pulses, 2 x 15 ns; temperature, 21 K. Dashed line, simulation for
a *°Cl nucleus with a;,, = 4 MHz, T, = —0.2 MHz, ¢’Qq/h = 3 MHz,
n = 0.5. The orientation of the /fi tensor axis with respect to the ngi frame
is given by 6 = 90°, ¢ = 0°, y = 0°.

broadened by the ngi to second order. The sum (v,;) and
difference (vs) combination lines have negative ampli-
tudes and are predominantly broadened by the ngi and
hfi, respectively.

The fact that the sum combination line is not broa-
dened by the 4fi (to first order), but rather, is broadened
or split into a multiplet by the ngi, makes this line useful
for estimating the quadrupole coupling constant.** How-
ever, two-pulse ESEEM is not the best technique for this
purpose because its relatively short ESE signal decay
(determined by the transverse relaxation time, 75) results
in significant additional broadening of the spectral lines.
In contrast, the stimulated ESE signal decay is deter-
mined by the longitudinal relaxation time, 7 > T5.
Consequently, the broadening caused by the relaxation
decay is usually negligible in spectra of stimulated
ESEEM and spectra of other techniques that are based
on monitoring the stimulated ESE signal. One such
technique, integrated (over the time interval between the
first and second mw pulses, 7) four-pulse ESEEM spec-
troscopy,*'*** has been previously used in our laboratory
to determine the weak ngi of the oxo-'"O ligand in the
Mo(V) center of SO and in a model oxo-molybdenum
complex.*

Trace 1 in Figure 4 shows the field-integrated'®'® (FI)
spectrum of the 7-integrated four-pulse ESEEM obtained
for the [pH *>C1-SO. This spectrum has the same structure
as the two-pulse ESEEM spectrum shown in Figure 3,
apart from the difference combination line (vs) which is
considerably suppressed in the integrated four-pulse
spectra under the weak /fi conditions.” The sum combi-
nation line in this spectrum is broadened by the ngi to a
width of about 2 MHz. For comparison, trace 2 shows the
four-pulse ESEEM spectrum for [pH *’Cl-SO. These
spectra are clearly similar, with the spectrum of *’CI-SO
being compressed along the frequency axis with respect
to that of *>CI-SO by about 20%, in agreement with the
ratio of magnetic (u(**Cl)/u(*’Cl) ~ 1.2) and quadru-
pole (0(**C1)/0(*’Cl) & 1.27) moments of the Cl isotopes.

To obtain quantitative information about the aniso-
tropic Afi and ngi parameters, numerical simulations of
the ESEEM spectra were performed. While it is possible,

(41) van Doorslaer, S.; Schweiger, A. Chem. Phys. Lett. 1997, 281, 297.
(42) Astashkin, A. V.; Raitsimring, A. M. J. Magn. Reson. 2000, 143, 280.
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Figure 4. Solid traces 1 and 2, field-integrated spectra (cosine FT)
of 7-integrated four-pulse ESEEM of *3CI-SO and 3’CI-SO, respectively.
Experimental conditions: v,,y, = 29.562 GHz; mw pulses, 15, 15,27, 15ns;
temperature, 21 K. Dashed trace 1, simulation for **Cl with parameters
given in Figure 1 caption. Dashed trace 2, simulation for *’Cl with
parameters obtained from those of *°Cl by scaling according to the
ratios of magnetic and quadrupole moments: ¢, = 3.3 MHz, 7|, =
—0.17 MHz, ¢*Qq/h = 2.4 MHz, 5 = 0.5.

in principle, to estimate the anisotropic Afi constant from
the width of the HYSCORE cross-peaks, this width can
be significantly influenced by the static distribution of the
aiso values and by the ngi. A more reliable measure of the
anisotropic Afi is the amplitude of the two-pulse ESEEM.
To simplify the simulations, an approach similar to that
of our previous work, where the FI ESEEM spectra are
simulated,'®'® was employed here.

As a result of the simulations, the anisotropic /fi con-
stant of *>Cl was estimated as |7, | = 0.2 &+ 0.05 MHz,
with s, being within the range of 4—5 MHz, slightly
greater than the qualitative estimate from the HYSCORE
spectra. The relative sign of 7', (with respect to a;s,) could
not be reliably determined, although the negative values
(assuming aj,, > 0) resulted in somewhat better fits.
As an example, the dashed line in Figure 3 shows the
simulated spectrum of a *>Cl nucleus with a;s, = 4 MHz,
T, = —0.2 MHz, ¢’Qg/h = 3 MHz, = 0.5, and the
angle between the main axes of Afi and ngi of 90°. These
ngi parameters gave a reasonable fit to the four-pulse
ESEEM spectra (Figure 4, dashed lines).

We have to note that, while the quality of the simula-
tions is acceptable for practical purposes, the simulated
spectra do not reproduce the experimental data perfectly.
For example, the vs line in the simulated two-pulse
spectrum of Figure 3 is shifted to lower frequencies by
about 0.7 MHz (from 4.5 to 3.8 MHz) and has a larger
amplitude, the fundamental lines in the simulated inte-
grated four-pulse spectra have noticeably smaller ampli-
tudes than the experimental lines in the regions close to vy,
and the broad line at 13 MHz is present in the simulated
four-pulse spectrum, but not in the experimental one. All
of these features can be attributed to the presence of a
static distribution of Afi and ngi parameters related to
small structural inhomogeneities that are always present
in frozen solutions.

The 13 MHz feature of Figure 3, for example, repre-
sents the Am; = 2 line located at the frequency vay,—»> &
2v; + A. For spin I = 3/2, this is actually a doublet
corresponding to the frequencies of |—3/2)<>|1/2) and
|—1/2)<>|3/2) nuclear transitions split by the weak ngi.
The statistical distribution of both A4 and the ngi will
broaden this line and reduce its amplitude. The difference
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combination frequency is approximately equal to the Afi
constant; vs ~ A. The distribution in 4 will reduce the
amplitude of this line in the simulated spectrum and
improve its agreement with the experiment. The down-
frequency shift can be corrected by introducing the asym-
metric distribution with a sharp cutoff at 4 ~ 4.5 MHz.
The amplitude of the fundamental lines at the frequencies
close to v; can be improved by introducing the distribu-
tion in A or ngi, correlated with the increase in the
anisotropic /fi for smaller splittings.

While the qualitative explanation above shows that the
discrepancies between the simulated and experimental
spectra could technically be eliminated by introducing
the distributed Afi and ngi parameters, such simula-
tions are not realistic at present primarily because of the
sheer number of unknown parameters involved. Even
for simulations of FI spectra with fixed parameters,
there are already eight unknown variables (three Afi
parameters, two ngi parameters, and three Euler angles
describing the relative orientation of the Afi and ngi
tensors). For simulations with distributed parameters,
more variables describing the distributions and their
correlations must be introduced. While obtaining a better
fit under such circumstances is theoretically possible, such
efforts would also be extremely time-consuming and
would not contribute to the significance of the results.
In spite of the imperfect agreement between the experi-
mental spectra and the spectra simulated with fixed
parameters, however, the fact that the Afi and ngi dis-
tributions for >*Clin SO are rather narrow (as can be seen
from the extent of correlation ridges in HYSCORE
spectra of Figure 2) ensures that the parameters obtained
represent a good approximation of the mean values of the
distributed parameters.

In the numerical simulations, we have assumed that
each Mo(V) center of [pH SO is interacting with a single
Cl™ in its vicinity. Assuming more than one nearby Cl™
would result in smaller estimates for 7', while assuming
less than one CI' (that is, that some of the Mo(V) centers
contributing to the /pH SO EPR signal do not have a
nearby Cl™) would result in larger 7', values. The spectro-
scopic complexity does not allow this problem to be
resolved using ESEEM simulations, and other factors
must be taken into account. The possibility of multiple
chlorides near the Mo(V) center will be addressed in the
context of the active site structure and the results of the
DFT calculations (below). The heterogeneous situation,
with less than one neighboring Cl™ ion per Mo(V) center,
is not likely for two reasons. First, the structural rearran-
gements around the Mo(V) center caused by presence or
absence of C1™ will probably result in measurable changes
of the principal g-values, which is not observed. Second,
for all studied samples of [pH SO (see the following
section) the C1 ESEEM amplitudes are similar, while for
a heterogeneous system at least some variation would be
expected.

As an example, for hSO at pH = 6.5, prepared without
adding CI™ to the buffer, the /pH EPR signal was observed, and
the CI ESEEM amplitude was similar to that of jpH SO
prepared with buffer containing 100 mM Cl—. Figure 5
shows the HYSCORE spectrum of the sample prepared with
“Cl " -free” buffer, where the only known source of Cl™ is from
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Figure 5. (+ +) quadrant of HYSCORE spectrum of /pH hSO pre-
pared with the buffer containing no chloride. Experimental conditions:
Vmw = 29.600 GHz; B, = 1077mT (g,); time interval between the first and
second mw pulses, 7 = 200 ns; mw pulses, 15, 15, 28, 15 ns; temperature,
21 K. Dashed lines show the Zeeman frequency of the main chlorine
isotope, >°CI (75.76% natural abundance).

trace contamination ([CI] ~ 1 mM).** Notably, the contami-
nant [Cl ] is comparable to the estimated enzyme concentration
itself (~300 uM), supporting the argument that CI™ binding to
the active center is homogeneous, with each of the Mo(V)
centers having a CI™ in its vicinity.

2. Chloride in Other Types of SO. While the analysis of
the K,-band CI ESEEM spectra proved to be relatively
simple, the ESEEM amplitudes were rather small. The Afi
parameters suggest that the ESEEM amplitude should
increase if the experiments are performed at the K, band
since, in that case, the cancelation condition for the
Zeeman and hyperfine interactions can be reached (for
3Cl with g5 ~ 4 MHz the optimal mw frequency would
be about 14.9 GHz). Therefore, as a qualitative test for
the presence of Cl™, we performed a series of K,-band
experiments on samples of SOEs from different wr and
mutant organisms (prepared at different pH values). In
these experiments, the CI ESEEM was only observed for
the I[pH form of the enzymes, regardless of the sample
type. Specifically, it was observed in [pH wt hSO, wt cSO,
Y343F hSO (the lpH-type signal observed at pH ~ 9.0'?),
and IpH Y236F SDH* (for wt SDH only the hpH-type sig-
nal is observed at all pH values”). Additionally, the CI
ESEEM amplitude was similar in all cases, supporting the
argument of the previous section that the Mo(V) center of
IpH SOEs has a single nearby Cl1™. The hpH-type signal
did not reveal any Cl ESEEM, and the same was true for
the blocked (SO4* -bound) form of SO observed for
At-SO,' Y343F hSO,'? R160Q hSO,'" and R55Q SDH*
at low pH. To illustrate these results, Figure 6 shows
representative K -band primary ESEEM spectra of several
samples of SOEs obtained at the g, EPR turning point.

3. Structural Implications of the EPR Results.
The Afi of the Cl nucleus in [pH SO obtained in this
work (¢so ~4 MHz and |T, | ~ 0.2 MHz) is significantly
weaker than that in the model Mo(V) complexes with
equatorially coordinated chloride (45, ~ 10 MHz and
T, ~ —10 MHz)."® Also, the ngi estimated in this work

(43) The buffer [CI] of ~ 1 mM was estimated from the manufacturer
specifications for the individual buffer contents.

(44) Kappler, U.; Bailey, S.; Feng, C. J.; Honeychurch, M. J.; Hanson, G.
R.; Bernhardt, P. V.; Tollin, G.; Enemark, J. H. Biochemistry 2006, 45, 9696.

(45) Manuscript in preparation.
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3537C)
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Figure 6. K,-band primary ESEEM spectra (amplitude FT) of different
samples of SO or SDH obtained at g,. Top solid trace, [pH cSO; top
dashed trace, [pH Y236F SDH; bottom solid trace, ipH ¢SO; bottom
dashed trace, blocked form of At-SO. Experimental conditions for the [pH
¢SO, IipH Y236F SDH, hpH ¢SO and blocked At-SO: vy,,, = 17.341 GHz,
17.274 GHz, 17.270 GHz, and 17.368 GHz, respectively; B, = 630.8 mT,
625.1 mT, 630.7 mT, and 631.5 mT, respectively; mw pulses, 2 x 15 ns;
temperature, 21 K.

(~3 MHz) is about 1 order of magnitude smaller than the
ngi constants previously obtained for covalently bound
Cl . In model complexes containing the cis-oxo-Mo(V)-
Cl fragment, CI~ has ngi constants of tens of MHz,'®
This comparison eliminates any possibility of inner-
sphere equatorial coordination of ClI™ to Mo(V) in IpH
SO, in agreement with the available structural knowledge
for the molybdenum center of SO discussed in the Intro-
duction. However, the fact that the isotropic /fi constant
of Clin SO is fairly large suggests that there should be a
through-bond pathway for the spin polarization of the CI
electronic orbitals. This spin polarization results in a spin
population of the Cl valence orbitals of up to 2% (if pure
p-type valence orbitals are assumed). Two distinct struc-
tural possibilities that may allow for such spin polariza-
tion on the CI” will be considered to explain the
spectroscopic findings of this work.

The first considers the Cl™ to be directly coordinated to
the Mo(V). The only available position for direct coordi-
nation is axial, trans to the oxo ligand. Although the
possibility of C1™ being weakly coordinated at this posi-
tion has been previously proposed,'*!*!® the absence of
solid spectroscopic data for CI ™ in either the enzyme or in
structurally defined mononuclear trans-oxo-Mo(V)-Cl
systems has prevented direct spectroscopic comparisons.

The other possibility is that the Cl™ is located in the
second coordination sphere, near the equatorial plane of
the Mo(V) center. The most likely structure that would
provide a through-bond spin polarization pathway is H-
bonding of the Cl™ to the equatorial OH ligand of the
Mo(V) center. Several specific structural models falling
into each of these two categories (direct axial coordina-
tion or second-sphere equatorial coordination) were in-
vestigated in detail by DFT calculations, as described in
the following section.

4. Density Functional Theory (DFT) Calculations. To
begin assessing the first possibility, direct axial CI™
coordination, we first performed a series of DFT calcula-
tions on highly simglified and constrained computational
models where the *>Cl and '"O Afi and ngi parameters,
as well as the principal g-values, were calculated as a

(46) Semin, G. K.; Babushkina, T. A.; Jakobson, G. G. Nuclear Quadru-
pole Resonance in Chemistry; John Wiley & Sons: New York, 1975.
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Figure 7. Representative structure (model A1, where Ryjoc; = 2.80 A)
of the minimum computational models for constramed axial CI” binding
to the Mo(V) center of [pH SO.

function of the Mo(V)-Cl distance, Ryjoc) (model Al,
Figure 7). Since some flexibility in Ryjoc; within the SO
active site could possibly exist, the initial calculations
were primarily designed to provide qualitative estimates
of the effect of Ryoc) on each of these spectroscopic
parameters. Secondarily, the results from these models
could be used to establish a preliminary range of Ryoci
where the calculated parameters may be in agreement
with the experimental values, thus providing a foundation
for more detailed computational work. While the 'O
nuclei of the axial oxo and equatorial OH ligands are not
specifically the subject of this study, we reasoned that
their spectroscopic parameters would be affected by the
proximity of CI™ to the Mo(V) center and could provide
additional restrictions to the location of the CI ™.

In these preliminary calculations, the orientation of the
equatorial hydroxo ligand was constrained to the equa-
torial plane with the OH bond turned in the direction of
the cysteinate sulfur in accordance with the accepted
structure of the Mo(V) intermediate in the [pH form.'®
Chloride was introduced at a range of distances from the
Mo(V) center with the angle O=Mo—Cl fixed at 180°. In
separate calculations, Ry, was fixed and the geometry
was optimized subject to the constraints described above
and in the experimental section. Properties were then
calculated from the optimized structures.

Figure 8 shows the general dependence of the calcu-
lated Afi and ngi parameters of >°Cl and the 'O ligands as
a function of Ryocy for the simplified models, represented
by model Al of Figure 7. For comparison, the shaded
areas in Figure 8 represent the values of the correspond-
ing experimental parameters. The optimal Ryoc) (Where
the Ryioc) Was fully relaxed) in terms of the total energy
was calculated to be 2.80 A, but the energy well was very
shallow with a depth of only ~1 kcal/mol. The very low
Mo—Cl bond dissociation energy reflects the strong trans
effect from the oxo ligand. It has been proposed that
within the constrained environment of the enzyme, how-
ever, the active site Arg that is located very near to the
proposed axial binding site (R138 in ¢SO, R160 in hSO,
R55 in bacterial SDH) may pla.y 2 signiﬁcant role in
stabilizing the C1~ in that position.'*'® This possibility is
addressed in greater detail (below) through DFT calcula-
tions that include the Arg residue.

Disregarding such protein interactions for the moment,
however, for Ry, over the range of 2.5—4.0 A, both the
hfi and ngi of *>Cl differ significantly from the experi-
mentally obtained values for /[pH SO, while the calculated
g-values agree reasonably well (Table 1). The difference
between the calculated and experimental s, minimizes for
Ryocifrom2.5t03.5 A although it still remains fairly large
(about 1.5 MHz calculated vs ~4 MHz experimental).
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Figure 8. hf(/ b, ¢) and ngi (d, e, f) parameters of **Cl (a, d), oxo-'"O
(b,e), and the 'O from the equatorial OH ligand (c, f) calculated by DFT
as a function of Ryjoc) for model Al (Figure 7). The ranges of experi-
mental parameters are shown for reference as horizontal strips.

1.5 2.0 25 3.0 3.5 4.0
Mo-Cl distance (A)

The calculated ngi reaches values up to 20 MHZ much
larger than the experlmental value of e’Qq/h ~
3 MHz. Compared to Cl~, the '’O parameters calculated
for larger Ryjocy values are in better agreement with the
experimental values.?***47* At Ryocr < 2.8 A the
effect of the CI” on these parameters becomes more
significant, and Ry ~ 2.7 A can be loosely identified
as a lower possible limit of the axial Mo—Cl distance. It is
not possible to establish an upper limit for Ry, from the
70 parameters alone, but based on the 31 hfi, it is
unlikely to exceed 3.5 A since for greater distances the
isotropic Afi constant of the Cl nucleus rapidly ap-
proaches zero.*

It should be mentioned that this approach to the DFT
calculations differs (beyond fundamental computatlonal
methods) from that of Doonan et al.'* in that they
incorporated a nearby Tyr residue into their calculations.
Specifically, one of their conclusions was that the active
site Tyr (Y343 in hSO) plays an important role in stabiliz-
ing the CI™ coordination to Mo(V) and that without the
Tyr H-bond interaction with Mo(V)-OH, ClI™ would
dissociate from the complex. Our calculations on model
A1 (Figure 7), however, indicate that the inclusion of Tyr
(or any other residue) is not necessary to prevent Cl™
dissociation. Moreover, we have demonstrated experi-
mentally from pulsed EPR studies that the IpH-type
signal shows Cl™ in close proximity to Mo(V), even in
the samples where the active site Tyr has been mutated to

(47) Astashkin, A. V.; Feng, C.; Raitsimring, A. M.; Enemark, J. H. J.

Am. Chem. Soc. 2005, 127, 502.

(48) Enemark, J. H.; Astashkin, A. V.; Raitsimring, A. M. Dalton Trans.
2006, 3501.

(49) Calibration calculations for the CI Afi and ngi were carried out on
small molecules for which these parameters had been experimentally
determined. In each case, the computational results were consistently
accurate when compared with the experimentally determined values. Con-
sequently, the discrepancies between the calculated and experimental values
here are most likely due to the inherent imperfections of the computational
models rather than the methodology itself.
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Table 1. Theoretical and Experimental Parameters for the Computational Models and /ph SO

3¢l oxo 'O hydroxo 7O hydroxo'H

Aiso ()2 Ql]/h iso 62 Ql]/h iso 62 Ql]/h diso

system gy gy g (MHz) (MHz) (MHz) (MHz) (MHz) (MHz) (MHz)

Model A1, Figure 7 (Ryoct = 2.80 /:X) 1.947  1.969  2.000 1.52 18.70 3.84 2.39 26.27 8.48 47.86
Model A2, Figure 9 (Ryoct = 2.50 A) 2.002 2.018 2.019 10.19 26.90 6.52 2.55 0.72 8.02 0.50
Model El, Figure 10 1.964 1973  2.004 1.49 1.89 3.10 0.97 16.39 6.64 38.81
Model E2, Figure 11 (from PDB 2A99)  1.971 1.977  2.017 1.86 2.10 3.44 1.00 8.67 6.50 24.53
IpH SO (experimental values) 1.967 1972  2.004 4.5(5) 3(1) 6(1) 1.5(5) 26(1) 8(2)¢ 26(1)

“The quadupole coupling constant, e?Qq/h, for the hydroxo-'"O has not yet been evaluated specifically for Mo(V) complexes. This value is the
expected value based on the known '’O quadrupole coupling of '"O-labeled water and hydroxide.

L)

Figure 9. Stereo view (cross-eye) of the geometry-optimized computa-
tional model A2, where Ryjocy is constrained to 2.50 A and the proposed
Arg interaction with the axially bound CI™ is included.

Phe (Y343F hSO,'” Y236F bacterial SDH*). Despite
this, the results from both computational approaches
on simplified structural models clearly support the possi-
bility of axial Cl™ coordination and the weakness of the
ensuing Mo(V)-Cl interaction.

To investigate the proposed role of Arg in stabilizing
the hypothesized axial ClI ™ coordination, the above cal-
culations were extended to include additional atoms of
the SO active site, as shown in model A2 (Figure 9).
Starting coordinates were prepared by placing CI™ into
each of the available wz SO crystal structures at the axial
position, with the absolute minimum Rysoc; of 2.5 A, and
then determining the range of flexibility of the Arg residue
within the modified protein environment. Because of the
constraints imposed by the protein backbone itself, the
Arg a and j carbon positions were constrained and only
movements beyond the 5 carbon were allowed. Further-
more, to minimize the number of artificial constraints
required for geometry optimization, H-bonding interac-
tions from the active site Tyr residue to the OH ligand and
from the amide backbone to the oxo ligand were included,
allowing the Cys and OH constraints to be removed.

Despite having the shortest possible Ryocy, it was
immediately clear in preparing model A2 that, as a
consequence of the very limited amount of space available
with CI™ present, a relatively high-energy conformation
for Arg would be required to accommodate the Cl™
without considerable movement of either the protein
backbone or the entire Mo cofactor. Nevertheless, with
Ryoct constrained, a plausible Arg position was identi-
fied where the Arg is folded under the Cl, toward the
back of the positively charged channel, and forms a single
H-bond to the Cl". During the geometry optimization,

the presence of the C1™ in the axial position resulted in the
rotation of the OH ligand out of the equatorial plane to
form a weak H-bonding interaction with the ClI~ (Fig-
ure 9), despite the additional interaction from the in-
cluded Tyr residue with the OH ligand.

Property calculations on model A2 (Figure 9) revealed
significant effects on the C1~ and 'O ligand ngi and hfi
parameters. The calculated isotropic Cl™ Afi and ngi
values of 10.2 and 26.9 MHz, respectively, are both
significantly larger than the experimental values and also
than those of the analogous model at the same Ryioci
without Arg present (model Al, Figure 8§ and Table 1).
The calculated '’O oxo Afi and ngi are 6.51 and 2.55 MHz,
respectively, and are both similar to the experimental
results. In the case of the '"OH oxygen, however, which is
rotated out of the equatorial plane because of the axial
Cl17, the calculated 4fi (a;s, = 0.72 MHz) is not compar-
able to the experimental value since the '’O orbital over-
lap with the Mo-centered singly occupied molecular
orbital (SOMO) is disrupted, resulting in practically zero
spin density on the 'O atom. In addition to these effects,
the principal g-values calculated for this structure differ
signiﬁcantl?f from the experimental values (Table 1). The
equatorial ''OH ngi, however, is relatively unaffected by
the orientation of the ligand, and its calculated value
(€*0q/h 8.02 MHz) is practically identical to the
previous axial CI™ calculations for model Al.

When the geometry optimization is performed from the
starting coordinates of model A2 and with the Cl™
geometric constraints removed, the Mo—Cl bond imme-
diately breaks, and the Cl associates with the Arg,
moving away from the axial coordination site to ulti-
mately form a H-bond with the equatorial OH ligand.
Except for the Arg, which chelates the CI™ through two
H-bonding interactions and is not H-bonded to the OH
ligand, this geometry-optimized structure (model El,
Figure 10) is remarkably similar to that of the recombi-
nant ¢SO (Mo-domain) crystal structure that contains
CI™ near the active site (PDB 2A99).3

The Afi and ngi results for the ClI™ of model El
(Figure 10) are both in better agreement with the experi-
mental values than any of the computational models
having direct coordination of the C1™ to the Mo (Table 1).
Although the calculated CI™ isotropic Afi of 1.49 MHz is
still substantially lower than the experimental value, the
calculated CI™ ngi value of 1.89 MHz is only slightly less
than the experimental value of ~3 MHz. This trend is
similar for the 7O hfi parameters. The calculated oxo 'O
hfi (aiso = 3.10 MHz) and '"OH oxygen hfi (a;so = 16.39
MHz) in this case are both about half the experimental
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values, while the calculated ngi of the 'O oxo, e*Qq/h =
0.97 MHz, and the OH 'O, ¢*Qq/h = 6.64 MHz, agree
very well with their respective experimental values.

Another, more comprehensive alternative structural
model for CI™ binding was derived from the recent
recombinant ¢SO (Mo-domain) crystal structure (PDB
2A99).%% In that work, the enzyme was prepared with
SO,*-free buffer and in the presence of Cl . A single C1™
was located at ~5 A from the Mo center where it was
directly H-bonded to the equatorial OH ligand (Roci =
2.31 A) and was also coordinated by two water molecules,
as well as residues R190 and W204.

Using the crystallographic coordinates from this struc-
ture, we prepared a computational model of the entire
active site that, in addition to the amino acid residues and
waters that directly interact with C1I™ and the OH ligand,
includes amide H-bonding interactions from the protein
backbone to each of these and to the Mo cofactor (model
E2, Figure 11). This was done so that the geometry
optimization could be performed with as few geometric
constraints as possible, thus improving the general qual-
ity and significance of the final property calculations. The
geometry optimization was carried out with only water
oxygen and protein backbone carbon atoms (or residue
side chain carbon closest to the o position where the
backbone was not required) constrained to their relative
Cartesian coordinate positions, leaving all other atoms

Figure 10. Stereo view (cross-eye) of the computational model E1 that is
obtained from model A2 (Figure 9) when geometry optimization is
performed without Cl geometric constraints.
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fully relaxed. The geometry-optimized structure is shown
in Figure 11.

Property calculations for model E2 (Figure 11) revealed
generally better agreement with the experimental results
(Table 1). Compared to all of the other computa-
tional models, the calculated C1™ Afi (a;s, = 1.86 MHz)
most closely agrees with the experimentally obtained
value, although it remains low. The calculated Cl™ ngi
(e*Qg/h = 2.10 MHz), however, falls within the range of
the exPerimentally obtained values. Similarly, the com-
puted 'O oxo and '"OH ligand Afi results (a5, = 3.44 and
8.67 MHz, respectively) were both underestimated com-
pared with the experimentally obtained values, while
excellent ngi agreement was obtained in both cases
(€*Qq/h = 1.00 and 6.50 MHz, respectively).

Table 1 summarizes all of the computed results for the
systems with directly coordinated axial CI~ (models Al
and A2) and for those with H-bonded CI™ in the equator-
ial plane of the Mo active site (models E1 and E2). The
calculations indicate clear differences in the spectroscopic
parameters of the magnetic nuclei for the two types of
structural possibilities, particularly for the **Cl para-
meters. While the calculated Afi values are generally
underestimated compared to the experimental values, it
is important to emphasize that the Afi are extremely
sensitive to the structure of the computational models
and of the enzyme itself under the specific experimental
conditions that the measurements were obtained. In this
context, the computed /fi values are most reliable as a
means of comparing one distinct system with another that
has a significantly different electronic structure, such as
between an inner-sphere equatorial versus an inner-
sphere axial Mo—Cl bonding interaction, where the Cl
hfi differ by an order of magnitude or more. This sensi-
tivity is also reflected in the differences in the principal
g-values and in the high variance of the 70 and 'H a4
values for the '"OH ligand of the models, where slight
differences in the O=Mo—O—H dihedral angle (the OH
rotation with respect to the metal x,y plane) within the
same system result in very large differences between the
ligand and metal orbital overlap, producing a large range
of possible Afi values. While the Afi values calculated
in this work for the **Cl, oxo and hydroxo 170, and
the hydroxo 'H are all completely reasonable, they
do not definitively distinguish between the structural

Figure 11. Stereo view (cross-eye) of the geometry-optimized computational model E2 that was obtained from the X-ray crystal coordinates from

recombinant ¢SO with CI™ near the Mo center (PDB 2A99).
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possibilities of axial Cl™ coordination and H-bonded C1™
in the equatorial plane of the Mo active site. The calculated
g-values for the systems with H-bonded CI™ in the equa-
torial plane (models E1 and E2), however, are in better
agreement with the experimental values compared to the
models with axially coordinated CI™ (models Al and A2).

In contrast to the high sensitivity of the Afi results to
very small changes in the electronic structure of a system,
the ngi results are sensitive to the electric field gradient
created by the local environment (bonds and charges)
near the quadrupolar nucleus. The axial inner-sphere
coordination of Cl™ to the highly positive Mo(V) results
in large *Cl ngi constants that are many times greater
than the experimental values. The inclusion of the posi-
tively charged Arg residue into the model with the axially
coordinated Cl™ increases the ngi even further (Table 1).
While the calculated ngi parameters for the **Cl and
the 'O oxo ligands of the axial models do not agree with
the experimental values, excellent agreement is obtained
for both of the systems with H-bonded CI™ in the
equatorial plane of the Mo active site, particularly for
model E2, which was derived from the X-ray structure
coordinates (PDB 2A99).

Finally, we return to the possibility of more than one
nearby Cl, which was raised during the discussion of the
simulation of the Cl ESEEM spectra. The above DFT
calculations of the structures of SO active site models
show that a neighboring CI~ with an observed ESEEM
and a measurable /fi can only be located in a general
equatorial position, H-bonded to the OH ligand. The
flexibility of the protein environment in the substrate
access channel is sufficient to accommodate a single nei-
ghboring CI, but there seems to be insufficient space for
two or more CI™ ions, all of which would have to be
H-bonded to the OH ligand. Therefore, the DFT struc-
tural analysis supports the assumption of a single neigh-
boring CI™ made in the simulations.

Conclusions

ESEEM experiments on samples of [pH SO that were
prepared with *°Cl- and *’Cl-enriched buffers, as well as with
buffer containing the natural abundance of Cl isotopes,
clearly demonstrate that Cl™ is located in close proximity
to the Mo(V) center of [pH SO. When a I[pH SO sample is
prepared using buffer that contains only trace amounts of
CI™ (comparable to the SO concentration itself), the CI™
signal remains unchanged with respect to the samples pre-
pared with a large excess of Cl™, indicating homogeneous
binding of CI™ to the Mo(V) active center. A survey of the
ESEEM spectra from various preparations of sulfite oxidiz-
ing enzymes (different organisms, mutations, pH) has shown
that the CI™ signal in SO can only be detected in the [pH form
and is not observed in the ipH or in the blocked forms of the
enzymes. Interestingly, and in contrast to the suggestion
elsewhere,'* the presence of the Cl1~ signal is not dependent
on the interaction of Tyr (Y343 in hSO,'? Y236 in bacterial
SDH*) in the [pH SO active site.

In the absence of relevant structurally defined Mo(V)
model systems, DFT calculations were used to evaluate two
distinct types of structural models that describe the interac-
tion of CI™ with the SO active site; one type of model assumed
the proposed direct axial coordination of the C1™ to Mo, trans
to the oxo ligand, and the other type assumed that the Cl™
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was H-bonded to the equatorial OH ligand. A comparison of
the calculated and experimental *Cl ngi results strongly
disfavors the proposed direct axial inner-sphere coordination
of CI™. The possibility of CI™ stabilization in that position
through the interaction of the nearby Arg residue results in
even poorer agreement. Moreover, the interaction of the Arg
significantly weakens the Mo—Cl bond because of the steric
and geometric constraints within the protein itself, and
geometry optimization without constraints on the CI™ posi-
tion results in a structure in which the C1™ is H-bonded to the
equatorial OH ligand (model E1, Figure 10).

Of the structural possibilities for [pH SO investigated
in this work, the best agreement between the experimental
and calculated results is obtained for the computational
model that is derived from the recent X-ray crystal structure
of recombinant ¢SO (PDB 2A99),* in which a CI~ is H-
bonded to the equatorial OH ligand in the equatorial plane of
the Mo center (Model E2, Fi%ure 11). In this case, the
calculated ngi values for the *Cl and '"O atoms each
correspond to the range of experimental values. The Afi
values are comparable to the results from the axial models
but remain lower than the experimental values. These dis-
crepancies may reflect slight differences between the electro-
nic structures and the resulting spin densities of the
computational models and the known distribution of struc-
tures for /[pH SO under the conditions required for the EPR
studies (low pH, 20 K).!"-1>4

Truncation of the active site models and imposed structur-
al constraints strongly affect the calculated spectroscopic
parameters. Additionally, any inherent limitations in the
current computational methods will also contribute to the
differences between the calculated and experimental values in
Table 1. Nonetheless, this study clearly demonstrates that
combining theoretical calculations with high resolution ex-
perimental measurements of the /fi and ngi parameters for
magnetic nuclei and the principal g-values can provide
significant insight concerning the structure of the Mo(V)
active site of SO. Finally, although the structural and/or
catalytic role of CI™ (if any) in the active site of SO remains
unclear, this work provides an immediate founda-
tion for reevaluating the spectroscopic properties of [pH
SO with other halides (F~, Br~, and I")*'* and for investi-
gating the active site Mo(V) structures of other molybdenum
enzymes and their catalytically compromised mutants.
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