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Variable-frequency pulsed electron paramagnetic resonance studies characteristic feature of the EPR spectra of these eukaryotic
of the molybdenum(V) center of sulfite dehydrogenase (SDH) SOs is the dependence of both thgivalues and shapes
clearly show couplings from nearby exchangeable protons that upon pH¢*2Distinctly differentg values are observed at pH
are assigned to a MoYOH, group. The hyperfine parameters for =7 (low pH, IpH) and at pH>9 (high pH, hpH). In addition,
these exchangeable protons of SDH are the same at both low the EPR spectra of the IpH form of wild-type vertebrate SOs

exhibit splittings from the OH ligand proton with a pre-
dominantly isotropic hyperfine interaction (hfi}! For At-
SO, the observation of proton splittings at low pH depends
on the method of reductiof.The EPR spectra of hpH SOs
from eukaryotes show no detectable splittings from ex-
changeable protorfhowever, pulsed EPR studies on human,
chicken, and At-SO all show highly anisotropic couplings

that are assigned to exchangeable protons of Ay,
8-10,12,13

and high pH and similar to those for the high-pH forms of sulfite
oxidases (SOs) from eukaryotes. The SDH proton parameters are
distinctly different from the low-pH forms of chicken and human
SO.

The sulfite-oxidizing molybdenum-containing enzymes can
be classified into two types, sulfite oxidases (SOs; found in
animals and plants, EC 1.8.3.1) and sulfite dehydrogenase$3"0UP
(SDHs; found in bacteria, EC 1.8.2.1), depending on their ~Recently, a bacterial sulfite-oxidizing molybdenum en-

ability to transfer electrons to molecular oxygehX-ray ~ zyme, an SDH fronS. naella, was reported to have EPR
crystal structures of enzymes from all three sources (chickenspectra that aredependentf the pH and the concentration
SO32 Arabidopsis thalians&80# andStarkeya noella SDH) of anions and that closely resemble the spectra of hpH

show nearly identical square-pyramidal coordination around eukaryotic SO3? No splittings from exchangeable protons
the Mo atom, even though the overall structures of the are detectable at any pH. To our knowledge, SDH is the
proteins and the presence of additional cofactors vary. first example of a sulfite-oxidizing molybdenum enzyme
Electron paramagnetic resonance (EPR) spectroscopy ha¥hose EPR spectrum is not sensitive to the pH or anions in
been extensively used to investigate the structures of the Mo-the medium. This EPR behavior of SDH is surprising,
(V) centers of SOs from vertebrates (human and chicken considering that the X-ray structures of chicken S@-
SOsf~12 and from plants A. thaliana SO, At-SO)'3 A SO# and SDH show very similar coordination around the
molybdenum atom. Here we report variable-frequency pulsed
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presence of exchangeable protons with couplings that are MHz
independent of the pH and that are assigned to XMk 101.52.0,,’, T
group. W Ve line:

SDH was expressed and purified as described previdusly. distant 'H

EPR samples were prepared using SDH in buffers containing
20 mM Hepes, 200 mM NacCl (pH 7.0, IpH), and 100 mM
Bis-Tris propane (pH 9.5, hpH), respectively. The protein
was reduced with a 20-fold excess of sodium sulfite and
immediately frozen in liquid nitrogen. Pulsed EPR measure-
ments were performed on a home-built X/Band pulsed
EPR spectrometer described elsewHérghe details of
individual experiments are given in the figure captions. The
continuous-wave EPR spectra were recorded on a Bruker e

2530 35 50 55 60
ESR-300E spectrometer at 77 K. Mz

Because no proton hfi is observed in the EPR spectrum Figure 1. Solid and dashed traces 1: primary ESEEM spectra (cosine
of SDH under any conditions, it is reasonable to assume tha’[EOlJrie_r translformz)_ of IpH SDH in i@fand DO b;ffflrgére63£ectively- )
f . xperlmenta conditions: microwave requency, 9. Z, magnetlc
any EXChangeable prOt_OnS from a Coorqma{@H” I_|gand field, B, = 3423 G (at g); microwave pulses, % 10 ns; temperature, 20
should have a predominantly anisotropic hfi, similar to the K. Solid and dashed traces 2: primary ESEEM spectra (cosine Fourier
hpH forms of eukaryotic SO%%13The method of choice for  transforms) of IpH and hpH SDH in 4@, respectively. Experimental
- : . conditions: microwave frequency, 17.334 GHz; magnetic fiBjds 6297
detectlng such protons is electron spatho enveI(_)pe G (at g); microwave pulses, % 13 ns; temperature, 20 K.
modulation (ESEEM) spectroscopy. For example, in the
spectra of two-pulse (primary) ESEEM, the protons with previously for the protons of the OH, group in the hpH
strong anisotropic hfi often give rise to an easily observable tgrm of chickerd® and humatf SOs.
sum combination liney,, which is well resolved from the
sum combination line due to the distant protéhé/hile the
latter line is located practically exactly at the double Zeeman
frequency, 2y, the v, line of the nearby protons in an
orientationally disordered system is shifted to the higher
frequencies by

i Vs line:
i nearby n

ESEEM Amplitude

The X-band ESEEM measurements performed at other
field positions show similar spectra, with/, always being
about 2.5 MHz. When the experiment was performed in the
Ky band,dv, decreased in proportion withi4/ down to the
value of ~1.4 MHz, as expected from eq 1 and shown by
the solid trace 2 in Figure 1. Finally, the ESEEM spectra of
) hpH SDH were identical with those of the IpH sample, as

v, ~ 9T 16w, 1) exemplified by dashed trace 2 in Figure 1.
) ) o ) i These ESEEM experiments clearly demonstrate that SDH
whereTD is the anisotropic hfi constant (assuming an axial contains a directly coordinatedOHg group at both low
hfi tensor). and high pH, which appears similar to th@H,» group of

Solid trace 1 in Figure 1 shows the primary ESEEM hpH chicken and human SOs. The identical ESEEM spectra
spectrum of IpH SDH in a bO buffer obtained at,gwhile observed for SDH at high and low pH are unprecedented
dashed trace 1 is the similar spectrum for IpH SDH 0D for sulfite-oxidizing molybdenum enzymes. The nearby
The solid spectrum clearly reveals two well-separated  proton, line that is often observed in the ESEEM spettra
lines. One of these lines is located at 29.27 MHz, very close gng is easily detected for SDH in this work is also
to the double Zeeman frequency of 29.15 MHz, and is ynprecedented for these enzymes. For human and chicken
obviously related to distant protons. The secopdine is  gQs;, the broad static distribution of anisotropic hfi parameters
shifted from 2y by v, ~ 2.5 MHz and is attributed o nhas precluded observation of the protenline in primary
protons having strong anisotropic hfi. In the spectrum of the ESEEM spectra obtained under the same conditions as those
sample in RO, this line is missing (see dashed trace 1 in in this work?12 and it could only be detected in refocused
Figure 1), which shows that these nearby protons are primary ESEEM experimenfsThe ESEEM results for SDH
exchangeable. suggest that it may have a somewhat more rigid protein

For the ESEEM experiment performed gtipe situation  structure or array of hydrogen-bonding interactions around
is close to that of complete orientational disorder, and the the active site that restrict the possible orientations of the
characteristic anisotropic hfi constant can therefore be coordinated-OH, group and thus limit the distribution of
estimated using eq 1 8 ~ 1.33(¢nov,)Y? ~ —8 MHz. the hfi parameters.

This value is of the same order of magnitude as that found  The fact that no hyperfine splittings are observed in the
EPR spectra of SDH implies that the isotropic hfi constant,
(13 gt eEan 5 S5C08 (ST o Of the ncarby exchangeable protons is small. To get &
University of ArizonaAbstracts of 36th Rocky Mountain Conference ~ quantitative estimate, however, one needs to perform experi-
on Analytical ChemistryDenver, CO, July 3+Aug 5, 1994; p 94. ments with higher spectral resolution that are capable of
(17) Dikanov, S. A; Tsvetkov, Yu. DElectron SpirrEcho Enelope — yotacting the fundamental lines of the nearby protons. A four-

Modulation (ESEEM) Spectroscap€RC Press: Boca Raton, FL, . > . .
1992. pulse ESEEM experiment with integration over the time
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quadrupole interaction (nqi) constagfQgh = 0.23 MHz,
typical for a hydroxyl?H, was estimated from a hyperfine
sublevel correlation (HYSCORE; see the Supporting Infor-
mation) experiment. The quality of the fit for the fundamental
lines, however, was not sensitive to an ngi of such magnitude
or to the relative orientation of the hfi and hqi tensor axes.

The value ofas, ~ 0.2 MHz estimated for a nearby
exchangeabléH translates to &H isotropic hfi constant of
about 1.3 MHz. This hfi constant is substantially smaller than
that found for the IpH form of chicken and human Ser6

Fundamental lines

of exchangeable
deuterons.

ESEEM Amplitude

MHz

Figure 2. Solid trace: sum of integrated (over the time inervaktween

MHz).9:11,20
the first and second microwave pulses) four-pulse ESEEM spectra of IpH | ) th Ised EPR . t f d
SDH in D0 obtained aB, = 4072 G (neag,), 4120 G (near g and 4140 n summary, the pulse experiments perrormed on

G (near g). Experimental conditions: microwave frequency, 11.320 GHz; SDH at low and high pH confirmed that under these
pulse sequence, 20 ns (967—20 ns (90)—T—15 ns (180)—T—20 ns conditions the enzyme contains an exchangeablH,
(90°)—t—echo; temperature, 20 K. Dashed trace: a simulation for a ith h distinctly diff f h
nonselective excitation of the entire EPR spectrum. Simulation param- group Wlt. parameters that are |st|nc_ty Ifferent from those
eters: nucleugH; aso = 0.2 MHz; Ty is uniformly distributed from-1.1 of IpH chicken and human SOs but simlar to the parameters
to —1.5 MHz; nuclear quadrupole coupling const&#iQqh = 0.23MHz;  found for the exchangeable protons of the hpH forms of
the angle between the axes of the hfi and ngi tensors ‘s 90 . . . .

eukaryotic SOs. It is tempting to use the hfi parameters

obtained in this work to extract structural information about
the Mo(V) site of SDH. However, accurate predictions of
this kind from the'H hfi data may only be possible if the
spin-density delocalization from Mo(V) to oxygen of the
SOH(n) ligand is taken into accouft. The pulsed EPR
experiments with SDH in a buffered solution enriched in
H,'70O aimed at evaluating this spin-density delocalization

intervalt between the first two microwave pul$&¥is one
of the possible approaches to this problem.

The solid trace in Figure 2 shows the sum of integrated
four-pulse ESEEM spectra obtained at several EPR position
of IpH SDH in D,O. The nucleus of interest in this
experiment is?H, and the change of théH Zeeman
frequencyyp, over the range of magnetic fields used in this .
experiment [fromB, = 4072 G (near g to B, = 4140 G are in progress.

(near g)] is only about 0.044 MHz. The direct summation  Acknowledgment. We gratefully acknowledge support
of the ESEEM spectra is, therefore, legitimate, and the solid by the National Institutes of Health (Grant GM-37773 to
trace in Figure 2 represents a good approximation to aJ.-H.E.) and grants from the National Science Foundation
spectrum in a situation of complete orientational disorder. (Grants DBI-0139459, DBI-9604939, and BIR-9224431) for
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(see the dashed trace in Figure 2). To reproduce the smooth Supporting Information Available: ESE field sweep, primary

shapes of theH fundamental lines, the anisotropic hfi
constantTy was uniformly distributed from-1.1 to —1.5
MHz. The mean value of-1.3 MHz for ?H (—8.4 MHz
recalculated fofH) is close to the corresponding estimate
of —8 MHz for 'H obtained above from eq 1. The nuclear
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