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Multifrequency ESEEM Spectroscopy of Sulfite Oxidase in Phosphate Buffer: Direct

Evidence for Coordinated Phosphate
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The molybdenum(V) coordination environment of sulfite oxidase has been investigated by multifrequency ESEEM
spectroscopy in~70 mM phosphate buffer at pH* 6.5 in both HO and BO. The FT-ESEEM spectra in

typically consist of three lines. One of these

lines is always close to twice the Larmor frequency of the P atom

(2vp) and is assigned to one or more coordinated phosphates, providing the first direct unambiguous detection of
such coordination. Extensive simulations of this phosphate signal at the various operational frequencies indicated
that the coordinated phosphate group(s) probably does (do) not adopt a fixed orientation, and as a result, a description
of the Mo--P hyperfine interaction required the introduction of a distribution of such orientations, witho

distance(s) of 3.23.3 A. The other two lines
assigned to matrix protons. In,D buffer two

Introduction

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

SO% + 2(cyc") + H,O— SO + 2(cy") + 2H"
More generally, SO is one member of a diverse group of
enzymes, all of which contain a mononuclear Mo center and
catalyze 2-electron oxidations or reductions by what is ef-
fectively an oxo-transfer proceds®

X +H,0=X0+2H" +2¢

A key distinguishing structural characteristic of these enzymes

is that the Mo atoms are coordinated by the dithiolene side chain

of one or two novel 6-substituted pterin ligands (struct)re®
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In his recent review, Hilledivides this group of molybdenum-

in the FT-ESEEM spectra igCH located aty and 2y, were
additional lines, assigned to matrix deuterons, were also seen.

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

Recently the crystal structure determinations of aldehyde
oxidoreductase (AOR) fror@esulfaibrio gigas (a representa-
tive of the first subclass, which exhibits one pterin per Mo
atom)/ and DMSO reductase frorRhodobacter sphaeroides
(second subclass, with two pterins per Mo atbimve been
reported. The structure of AOR from the hyperthermophilic
bacteriumPyrococcus furiosyswvhich has two pterins coordi-
nated to a tungsten atom, has also been repért&d. date
however, there has been no crystal structure characterization
for an enzyme of the subclass to which SO belongs. Conse-
qguently, current characterization of these enzymes relies on
chemical and spectroscopic investigations.

CW-EPR spectroscopy has proven to be a useful tool for
characterizing the Mo(V) state of SOThree spectroscopically
distinct forms of SO have been identified by CW-EPR; one form
is obtained pure only in high-pH buffers {9.5) containing
low concentrations of chloride or phosphate, while the other
two are observed at low pH (6-5).19-13 Which of the low-
pH forms of the enzyme is observed depends on whether
phosphate is present in the buff€rThere is also evidence for

containing enzymes into three subclasses, based on their@ SPecies containing a coordinated sulfite, which has an EPR
reactivity and spectroscopic characteristics. The enzymes inSPectrum similar to that of the enzyme in phosphate buffer.
the first and largest subclass catalyze the oxidative hydroxylation In the absence of phosphate, CW-EPR spectra of SO &t léw
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Scheme 1 Materials and Methods
0 0 High-purity SO for the EPR and ESE experiments was obtained from
I OH I OH chicken livers using a procedure similar to that of Sulliedral.*® and
(RS);3-Mo” (RS)ZS‘MO\ showed aAs14Azg0 ratio of 0.84 in its UV/visible spectrum. Fully
a oxidized SO stock was pre-equilibrated with a phosphate buffer of ionic
High pH Low pH, chloride strengthy = 0.15 and pH*= 6.5, made up in either # or D,O,

using a Centricon concentrator (Amicon). To the equilibrated SO
o o R solution (~60 uL) was added 1@L of 0.11 M sulfite stock solution,
Il HoPO4 made up in the same phosphate buffer. The resulting reduced enzyme
.OH Il OPO;H
(RS);3-Mo ) (RS)23-Mo - was then immediately frozen in liquid nitrogen. The final SO
2 concentration for the experiments wa®.6 mM.
Low pH, phosphate Continuous-wave EPR spectra were obtained at 77 K on a Bruker
ESP-300E spectrometer operating at X-band. Microwave frequencies

and higHS bH clearly show hvperfine interaction of the electron V&' measured with a Systron Donner counter. Pulsed EPR studies
gnep y yp were performed on a home-built broad-band spectrometer operating at

with a S'“Q'e strongly coupled eXChange_ab_le prthn’ V‘(h'Ch has g 18 GHz20 Measurements were made at 7 microwave frequencies
been assigned to a MdOH group. This interaction is not () within the 8.9-15.3 GHz range in steps 6f1 GHz; the available
observed in phosphate buffer, which implies that under these cryostat precluded investigation of frequencies above 15.4 Gide (
conditions a phosphate group coordinates to the Mo center,infra).

displacing the OH groupt Combining the CW-EPR data with The fast relaxation of the Mo center required that ESEEM measure-
EXAFS studies at the Mo K edge on oxidized and reduced SO ments be performed far below 77 K. This was achieved by building

has led to the structural proposals of Scheme 1 for the Mo(V) a set of reflecting cavities that mate to an available Oxford ESR 900
states of S@6 continuous-flow cryostat. Modification of the insert tube of the cryostat

o . allows vo to be as high as 15.2615.4 GHz. All measurements were

In principle, any atoms near the Mo with nonzero nuclear performed at 20 K. This temperature yielded the optimal acquistion
spin ( > 0) can give rise to hyperfine interactions, yielding time at a given signal/noise ratio and allowed a repetition rate of 400
direct information about what ligands may be coordinated to Hz without signal saturation. In primary echo experiments, two
the metal center. However, such hyperfine splittings are often microwave pulses of equal amplitude and duration were used to generate
quite small for oxe-Mo(V) centers, which typically adopt  an echo signal. The duration of the pulses was varied from 26 to 15
approximate tetragonal geometry; thé dtbctron configuration ns in or_der_ to maintain approxnmatel_y similar orler_ltatlonal selection
of these centers places the unpaired electron in an essentiallyanOI excitation conditions ag was varied. The nominal angle of the

nonbonding orbital, which points between the donor atoms of resonant spin rotation wasi8. In three pulse experiments, thie
g ’ P pulses of the same duration were used. The interval between pulses

the ligands. Attempts to detect small splittings in SO spectra yarieqd from 300 (the dead time for these types of cavities) to 2300 ns.
by standard CW-EPR have necessitated pushing the technique=or frequencies of<13 GHz the interval was incremented in 10 ns

to its limits. Nevertheless, Bragt al obtained evidence for  steps; for frequencies 6f13 GHz steps of 5 ns were used. The number
direct coordination of phosphate to the Mo center of SO in of accumulations at each step depended upon the signal amplitude,
phosphate buffer from careful difference measurements betweenwhich in turn depended on the field position of data collection, and
170O-labeled and ordinary phogphéte]n a later paper George was about 10004000 for a boxcar gate Wldth of 15 ns. SUCh

et al proposed, on the basis of an analysis of the third-derivative Méasurements were performed across the entire EPR spectrum in steps
spectrum of the phosphate form of SO, that this form of the of 5 G. ESEEM spectra were obtained by Fourier transformation of

tually has two i ivalentl led oh hat the experimental time domain data. Before the FT procedure an
enzyme actually has two inequivalently coupied phosphates exponential fit was used to normalize the decaying time domain data

coordinated to the Mo centéf. to unity, and a low low-order polynomial fit was used to subtract the

Unlike conventional CW-EPR, electremuclear double nonmodulated part of the spin-echo signal. For a given set of
resonance (ENDOR) spectroscopy, and electron spin-echoexperimental conditions,_t_he nominal accuracy of the measurements
envelope modulation (ESEEM) spectroscopy are powerful Of the spectral peak position in an FT ESEEM spectrum w803
techniques ideally suited for detecting weak hyperfine and MHz. Howgver, in some measurements the spectral I|ne§ did not have
quadrupole interactions. To date there has been only one'e!-determined maxima, which increased the uncertainty in peak
ENDOR and no ESEEM studies of SO. despite the abundancepos't'on' The normalized noise level (for unity signal) in an FT

- ! p . spectrum depends upon the operational frequency. At 8.9 MHz the

of data from conventional CW-EPR spectroscopy available for sensitivity was better than 2.6 102 and improved to 1.0< 102 as
this and related enzymes. Our interest in the coordination the operational frequency increased to 15.4 MHz.
environment of Mo in SO has prompted us to carry out such Resul
studies in a variety of buffers to further structurally characterize esults .
the various forms of the enzyme. Here we present multifre- The CW-EPR spectrum of the phosphate form of sulfite
quency ESEEM results for SO in phosphate buffer at pH 6.5, oxidase in frozen BD is shown in Figure 1. The resolved

which have allowed us to directly detect the presence of rhombic spectrum exhibits principalvalues of 1.965, 1.973,

G. The same spectrum, but with slightly larger individual line
(14) Bray, R. C.. Lamy, M. T.. Gutteridge, S.: Wilkinson, Biochem J. widths (~5 G), was observed for a similar sample prepared in
1982 201, 241-243. H20. _ . _
(15) In the high-pH case, the hyperfine interaction is not observed under ~ Two representative examples of ESEEM time domain data
normal conditions; however, at high microwave powers, two satellite gt Jow and highvg's are shown in Figure 2. As one can see

signals appear to either side of the low-field EPR signal, which are . - . -1
attributable to simultaneous transitions of electron and nuclear spins: from Figure 2, the characteristic decay rate~8.6 us™ and

George, G. NJ. Magn Reson 1985 64, 384—394.
(16) George, G. N.; Kipke, C. A,; Prince, R. C.; Sunde, R. A.; Enemark, (19) Sullivan, E. P.; Hazzard, J. T.; Tollin, G.; Enemark, JBihchemistry

J. H.; Cramer, S. PBiochemistry1989 28, 5075-5080. 1993 32, 12465-12470.
(17) George, G. N.; Prince, R. C.; Kipke, C. A; Sunde, R. A.; Enemark, (20) Borbat, P.; Raitsimring, A. New Pulse EPR Spectrometer at the
J. H.Biochem J. 1988 256, 307—309. University of Arizona InAbstracts of 36th Rocky Mountain Conference
(18) Howes, B. D.; Bennet, B.; Koppenhofer, A.; Lowe, D. J.; Bray, R. C. on Analytical ChemistryDenver, CO, July 3tAugust 5, 1994; p

Biochemistry1991, 30, 3969-3975. 94.
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First Derivative CW EPR Signal
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Figure 1. First-derivative CW-EPR spectrum of the Mo(V) center of
SO in deuterated phosphate buffer: pH%6.5. T= 77 K; vo= 9.4401
GHz; power, 0.2 mW; modulation amplitude, 2.85 G; modulation
frequency, 100 kHz.
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Figure 2. Primary ESEEM of an SO sample, analogous to that
described in Figure 1 but made up in® collected at two operational
(vo) frequencies. Top curves, initial experimental data; bottom curves,
the same data after rejection filtration of H-related modulation.
Acquisition conditions: T = 20 K; repetition rate, 400 Hz; dead time,
300 ns; nominal flib angle,/23. (a)vo = 15.281 GHz;B, = 5526

G; pulse duration, 15 ns; step, 5 ns. {h)= 8.904 GHz;B,, = 3238

G; pulse duration, 26 ns; step, 10 ns.

does not vary substantially withyg. Judging from results
obtained for a series of mononuclear Mo(V) model complexes,
this relaxation rate is unusually high for a Mo(V) center.

Inorganic Chemistry, Vol. 35, No. 24, 1996003
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Figure 3. Normalized ESEEM spectra of SO in protonated and
deuterated phosphate buffers, at various operational frequencies.
Spectra a and b result from FT of the data presented in €iguar and

b, respectively; spectrum c is of the sample prepared in deuterated
buffer, described in Figure 1. (a) magnitude FT; (b) magnitude FT
(top), cosine FT (bottom); (c) cosine FT of time domain data collected
atvo = 11.001 GHz B, = 4000 G; pulse duration, 22 ns; step, 10 ns.
The spectral lines related to Mo(3)P interaction are denoted Hg).

The frequency at which this line reaches a maximum amplitude is
indicated byvy, at the bottom of the frame. Arrows at the top of the
frame mark the positions of the nuclear Larmor frequencies and double
nuclear Larmor frequencies of D, H, and P at the given fields.

-0.060 : :

10 40

of the P atom (2p), and will henceforth be referred to &3).
Two other lines due to protons are locatedgiand 2. For
the sample prepared in,D buffer two additional lines are seen,

Additional investigations showed that neither instantaneous at the deuteron Larmor frequencypj, and at twice this

diffusion nor spectral diffusion due to electrenuclear interac-
tion are the cause of this rapid relaxation; another possibility
would be spectral diffusion caused by interaction of the Mo

frequency (2p) (Figure 3c). The normalized amplitudeI¢f)
at a fixedvo depends on field positiorg(value), and varies by
a factor of 2-4 as the field is swept. An example of such

centers with residual paramagnetic iron centers, which are andependence is shown in Figure 4. At each field positiof

intrinsic component of the oxidized form of the enzyme.

reaches a maximum(vy), at a certain frequencym. From

Representative FT-ESEEM spectra (primary echo) are shownthe set ofl(v,) one can choose the maximal on#,v,) and

in Figure 3. The spectra inJ@ (Figure 3a,b) consist of three

corresponding frequency*,. The frequencyv*n,, and the

lines. One of these lines is close to twice the Larmor frequency maximum amplitude value itself*(vy,), depend onv. Figure
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Figure 6. Shifts (A) of v, from the double Larmor P frequency,iat

Figure 4. Example of thel(v) (magnitude FT) peak position and  ="10.074 GHz, as a function af value (field position).

intensity varying as the magnetic field is swept at a constant operational
frequency ¢o = 13.943 GHz). The sample used was that described in spectrum, the signs of the basic harmonics are positive whereas
Figure 2. Proton-related lines are zeroed to avoid overlapping. The e signs of the combination harmonics are negative. Moreover,

unit of modulation amplitudeZ axis) is 0.012. Inset: ESE-detected
spectrum at the given operational frequency; the arrow marks the
magnetic field wheré(v) reaches the maximal amplitudé&(vy,). The
arrow in the main figure marks* .

0.020 |

0.016 |-

o —t

oo12 1

I*(vm)

0.008 |-

0.004 -

1

19

O.M 1 1 1 1 1 1 1
11 12 13 14 15 16 17 18
V¥ o/ MHz

20

Figure 5. Stars: experimentally observed dependencé&*@f,) on

v*m at various operational frequencies. Values fgr Bm, and g,
respectively: (1) 8.904 GHz, 3238 G, 1.965; (2) 10.074 GHz, 3667 G,
1.963; (3) 11.001 GHz, 4000 G, 1.965; (4) 11.754 GHz, 4270 G, 1.967;
(5) 12.487 GHz, 4540 G, 1.965; (6) 13.943 GHz, 5056 G, 1.970; (7)
15.281 GHz, 5526 G, 1.975. Crossd3(vm) values expected at the
highest operational frequencies if full excitation could be achieved.

for weakly coupled nuclei the basic harmonics appear at the
nuclear Larmor frequency/) and the combination frequencies
appear near twice the Larmor frequencies X2 Thus, the
relative sign of H- and D-related lines must be positive/at

(vq) and negative atizy (2vq) (see Theory and Discussion). Of
particular interest in this study was the sign of the P-related
line I(v), and shift A) of vy, from twice the nuclear Larmor
frequency, 2p. The relative signs of ESEEM lines can be
obtained from the cosine FT; however, in order to obtain the
correct sign, a dead-time phase correction (PC) is required.
Although the PC procedure is quite simple in principle, the finite
pulse duration leads to uncertainty in the dead time of a pulse.
In addition, PC causes side lobes in the FT, which may obscure
aline?? This problem was encountered for experiments carried
out atvg < 11 GHz, where side lobes from a strong H-related
line obscured the weak P-related line. Consequently, reliable
PC spectra could only be obtained for data wigte 11 GHz,
where the H-related line was becoming weaker and much farther
shifted from the P line. To overcome the uncertainty caused
by finite pulse duration, the H- and D-related lines were used
as internal standards, and the dead time was adjusted from the
nominal value (within the limits of the pulse duration), until
the phases of these references lines were correct. Examples
are shown in Figure 3b,c. The signs of the P-related lines
appeared to be negative & > 11 GHz, and their shiftsA)

The solid bars at the upper right- and left-hand corners represent thefrom 2vp were positive. Atvg = 10.07 GHz we were able to

experimental accuracy in modulation amplitude measurements.

5 shows a parametric plot of the maximal modulation amplitude
of I*(vy) vs its frequencyy*n,, for seven experimental values
of vo. Thesel*(vy)'s vary from 1.3+ 0.13% atvo = 8.9 GHz

to 0.85+ 0.06% atp = 15.26 GHz and reach a weak maximum
of 1.70-1.9% atvq 10—12.7 GHz. At the highestyg
frequencies the condition of full excitation could not be fulfilled,

determineA for the magnitude FT line only. Both positive and
negative shift values were observed, depending upon field
position (Figure 6). Lastly, atp = 8.9 MHz the strong
dependence of the modulation amplitude on field position, and
the low sensitivity at this frequency, limited the observahle

to the magnitude FT spectra in the restricted field range between
ox andgy. These shifts were positive and varied between 0 and
0.2 MHz.

and consequently the modulation amplitude was underevaluated. A stimulated echo was also obtained at eagHfor at least

The loss of modulation amplitude div) at high vo was

two or three field positions and-510 time intervals between

corrected for by using the dependence of the amplitude of the the first and second pulses. For all experiments, FT ESEEM

proton line at 24 onvg as an internal standard, in accord with
Astashkinet al2! The corrected amplitudes tf(vy,)s are also
shown in Figure 5.

As is well-known from the theory of ESEERA,each spectral
line is characterized not only by an amplitude and position but
also by a relative sign. In the cosine Fourier-transformed

(21) Astashkin, A. V.; Dikanov, S. A.; Kurshev, V. V.; Tsvetkov, Yu. D.
Chem Phys Lett 1987, 136, 335.

spectra of the stimulated echo show only a lineratfor the
sample prepared in 4 buffer and an additional line at for

the sample prepared in,D buffer. No lines related to
phosphorus modulation were observed. The linesyalvy,

vp, and 2p, caused by Mo(V) interaction with nonexchangeable

(22) Dikanov, S. A.; Tsvetkov, Yu. DElectron Spin Echo Erelope
Modulation (ESEEM) Spectroscap€RC Press: Boca Raton, FL,
1992; Chapter 1.
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protons of the enzyme and matrix protons (or deuterons D  of the electroniq tensor withge being the effective electronic
buffer), are not the subject of this paper, which concentrates ong value for a given experiment, affd= —B¢B.gn/hr3, wherefe
interpretation of the behavior of the line related to the Me(\B is the Bohr magnetorf, is the nuclear magneton, ands the
interaction(s). electror-nuclear distance. The modulation of the primary spin-

The line related to the Mo(V3-P interaction(s) must arise  echo signaW(z) for this spin system and a particular orientation
from P nuclei that are in the vicinity of the Mo(V) center. This of electron and nuclear spins is described by expredsion
line cannot be due to the interaction of Mo(V) with matrix P
nuclei because the concentration of phosphate in the buffer Wasv(r) 01—
too low (0.068 M). Moreover, there is no line centered’gt
which is a characteristic of the interaction of an electron spin 1 1
with distant nuclei. On the basis of the recent crystal structure 2 cos(2v_7) + 2 cos(2,7)| (4)
determinations of other proteins with molybdopterin cofactdrs,
the single phosphate group of the molybdenum cofactor is Wherev, andv— are combinational frequencies, = vy + vg,
expected to be at legig A away from the Mo atom and would ~ andk is defined in eqs 6 and 7. This expression immediately
not be detectable at these operational frequeriiesVe shows that the signs of lines at the fundamental and combina-
therefore conclude that the observed lI(® is due to Mo(V) tional frequencies are positive and negative, respectively. If
hyperfine interaction with directly coordinated phosphate(s), and the system containisnuclei,
the following discussion will focus on these interactions and )
the structural information concerning the Mo(V) center of the V() = |_|V(')(r) )]
phosphate form of SO that can be extracted from these results.

For k < 1 this expression may be rewritten as

g 1 - cos 2tv,7 — cos Ztvgr +

Theory and Discussion

We start the discussion with the well-known expression for K i )
two fundamental frequencies, and vs, of a system that V(D) 01— % > 1 - cos 2mv, T — cos 2wyt +
contains an electron spiB= 1/, and a nuclear spih= %/,, and ! 1 1
i .o i 4 . .
include the Mo(V)--P system as a particular ca&e: Ecos(er(_')r) n 5 cos(Zwﬂ)r) )
v = ¥ T = vl + 2m, @ o .
Qe As follows from eq 5, the modulation amplitude (or intensity
of the FT-ESEEM spectrum) is proportional to the parameter

Vi = [(MA; — v+ (MA, — v l,)* + (MA, — v 1) k. This parameter is the product of allowed and forbidden
transition probabilities, and in the same approximation as was

wherems = +Y/, for the o or j state of the electron spin,  applied for deriving fundamental frequencikss sir? », where

respectively,D = aE + D' is the tensor of the hyperfine cosy is determined by expressi¢h

interaction (HFI), represented as a sum of isotropic and o

anisotropic termsE is the unit matrix,g is the g tensor,y, is cosn = h*h™ ©6)

the nuclear Larmor frequency at a given magnetic fiégl)( g Intn

andl is a unit vector which coincides with the direction of the

external magnetic fieldB,: ~ A A
g m hi: [(71:&1}” )’(Ezivll ),(%Sivlls)]

I, =sinf cos¢; |,=sindsing; I;=cosfd (2)

Th licit ion fok as derived f 68

The particular form oy depends on the reference coordinate © Sxplicit expression as derved from eq
frame (RCF) used for the calculations. For systems where, _ , 2, 2 2 _ 2 _ 2
g-tensor anisotropy exceeds the anisotropy of the HFI, a k= () TAYlz = Al + [Adly = Adla]™ + ,
convenient RCF is that in which the axes coincide with the [Ads; — AT (7)
principal axes of theg tensor. In this RCF, and accounting for
dipolar (in the point-dipole approximation, PDA) and isotropic  Therefore, the FT-ESEEM spectrum of the primary spin echo

contributions to the HFI, the other terms of eq 1 are defined as for an S = /,, | = Y, system is represented by four lines,
[(vap,+). Foracosine FT the lines are positive at fundamental
A =Tlgl(g(EB’ - 1)+ aT) + 3niz gelnJ/ge frequencies and negative at the combinational frequencies. In a
=i disordered system a given fieR}, does not represent a unique
orientation but rather a set of orientations and, consequently, a
0.= (z (gili)z)ll2 3) set of frequencies. Because the amplitude of modulation also
depends on orienatation, eq 5 for such a system must be
n, =sinf, cos¢, n,=sinf,sing, n;=cosoH, rewritten as
where n; are the direction cosines of the radius vector V()M 1 — (I, — z I(v,) cOSs 2ty 1)) (8)
connecting the electron and nuclear spins in the RCE,the W

isotropic hyperfine coupling constaig,are the principal values . )
wherewvy, is vy, v, v+ or v— and [..00means averaging over

(23) Hurst, J. C.; Henderson, T. A.; Kreilick, R. W. Am Chem Soc

1985 107, 7294-7299. (25) Carrington, A.; McLachlan, A. Ontroduction to Magnetic Resonance
(24) lwasaki, M.; Toriyama, K. IrElectronic Magnetic Resonance of the with Applications to Chemistry and Chemical Physie&rper and
Solid StateWeil, J. A., Bowman, M. K., Morton, J. R., Preston, K. Row: New York, 1967; Chapter 7.

F., Eds.; Canadian Society of Chemistry: Ottawa, ON, Canada, 1987; (26) Raitsimring, A.; Borbat, P.; Shokhireva, T.; Walker, F. A.Phys
p 545. Chem 1996 100, 5235-5244.
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orientation and resonant fields which are also distributed in observed line id(v), because it has positive shifA) and
accord with individual line shape. Equation 8 was straightfor- negative sign. The observed lineigt= 10 GHz would then
wardly used for the simulations that follow. be I(vq,-) because the sign af is negative (at least at some
The simulations were accomplished in the following man- field positions; see Figure 6). This assignment of line types is
ner: the averaging of eq 8 was performed numerically. For implicitly confirmed by the absence of a stimulated echo for
averaging over space we used a uniform grid for €@nd ¢ the P-related line. As is well-knowdi,in stimulated echo only
of 1000x 500 points. The orientation was acceptef{fifro — lines at the fundamental frequencies can be observed, with half
0e* f*Bm)| < (ge*5*B1)/2, whereB; is the pulse amplitude and  the amplitude of those in a primary echo. Thereforeycat
ge is defined by eq 3. The individual line shape was evaluated 11 GHz we would not expect to see lines in stimulated echo.
from simulation of the EPR spectrum as a Gaussian{ ex{B At vy < 11 GHz the fundamental part of the composite line, as
— Bm)/0)%. The averaging oveB was performed within the  estimated from th&(v.+) obtained in the two-pulse experiments,
limits of 26 with step of 0.5. The time step and time interval is not expected to exceed the noise level. Thus, based on the
in the simulations were chosen to be the same as in thediscussion just given, it would be tempting to assume that we
corresponding experiments. The time domain pattern calculatedhave observed a cancellation condition and immediately evaluate
in this way was then subjected to the same FT procedure thatthe magnitude of the isotropic and anisotropic interactions.

was used in the eXperiment with the experimental value for the However, such a Simple assumption does not work because
dead time. the maximum magnitude of the modulation amplitude that is
As one can see from eqs-8, the amplitude and position of  experimentally observed (2%) differs by more than 1 order of
lines in an ESEEM spectrum depend on the nuclear Larmor magnitude from what one would expect from theory at the
frequency and upon the isotropic and anisotropic hyperfine cancellation condition¢50%). By all accounts this difference
interactions. For disordered systems withgahisotropy these s too big to be explained by partial excitation (which we already
dependencies are well understood and have been described byhok into account), additional nuclear relaxation, and other such
Reijerse and Dikand¥ and Dikanovet al?8 Their analysis is  factors that are usually invoked in ESEEM when experimental
qualitatively applicable for partially oriented systems; therefore, and calculated modulation amplitudes do not match each other.

before presenting the results of the numerical simulations, we  \y/a next considered the fact that the Mo(V) center may be
briefly review the behavior of a line in the vicinity of the double ligated by more than one phosphate group, as proposed by
nuclear fr_equen(_:y,_vz, by a;suming that the characteristic value Georgeet all’ Each of these might have dif,ferent isotropic
of the anisotropic interactiofg _Tl < a orv. o (and anisotropic) constants and show different types of lines
For the case _qfq > a/2_thg Ilnc_e at i_h is the comblnz_atlonal (I(v) or I(v.)) at 2vp, depending onvo, with appropriate sets

I(v+). The position of this line is shifted fromn2to higher of parameters. However, allowing for multiple phosphates still
frequencies. The amplitude of this line (and all others as well) ¢5ji5 {9 explain the intensity behavior, because to explain all
is proportional to §T/m)? i.e., it decreases with increasing e experimental observations the interaction with at least one

: © n
operational frequency asd)™*. Under these conditions the ¢ e nycleons has to pass through a cancellation condition
estimated absolute intensity of tihg-) line for a Mo(V)---P with v, and has to show a singularity in the amplitude of
distance of 3.2 A and a resonant field of 3500 G=i8.7%. modulation.

For the opposite situation; < a/2, the line at 2, is the . . .
L | o o X An alternative explanation, which would reasonably account
combinationall(v-) line. The position of this line is shifted - .
for all of the experimental data, may be provided by the

from 2v, to lower frequency. The amplitude of this line is . L )
roportional to /a)?(T/a)2 and increases with increasing assumptlon thqt a dIStrI!:)utIOFI of hyperfine parameters for the
P Mo---P interaction contributes to the observed traces. Indeed,

operational frequency. The absolute intensity evaluated using . )
. to satisfy the experimental data one has only to assume that
the same parameters given above ard 20 MHz should not T T T X
this distribution is wide enough to overlap the experimental

0,

eXl(\:/leoer(:. Oclgrf. licated behavior is observed at the so-called on9° of Zp, 0 < a < 195 MHz. In such a situation, the
“canceIIation’Pcondition i.e., in the case when the hyperfine proportion of the molecules in which parameters of-® HF!
) P h yp are close to the cancellation condition will give the major
field on the nucleon matches the external field. In such a contribution to the modulation intensity. As we already
situation aII_tr_]rt_ee linef(ve+) are '.“efge_d. to form a composite mentioned, the maximal amplitude of modtjlation in the cancel-
Irlr?: 'géhssvh?'nﬁté:fsgj'éﬁg%g}: Iir;:(;gsgct:atisvg(;?)ﬂ?:?r:g}in)itu OlesIation condition is 50% for fundamental frequencies and 25%

y 9 ’ pectiv 9 for combinational ones, and the interval of frequencies where
of|a! and_|gT|. Furtherr_nore, a composite line may show any cancellation occurs is on the order of magnitude of the
lr;l;tlg_ﬁ i'g;] and any sign af in the vicinity of 0 < (2 — anisotropic interactiongT. So, for instance, ifl is 0.5 MHz

As noted above and shown in Figure 5, the experimental and thea’s are uniformly distributed over the intervat-@0

. . 4 MHz, then one would expect that the maximal inten$fiwm)
;ersr‘wlgisirszSnwai]aitsti:irlgéigzlt%roofutgﬁ lﬁgfza?gﬁisefntgéggﬂ] would not exceed 1.252.5; _also, the intensit)_/ _should depend
with qualitativeoanalysis this result could Be interbreted to mean only _sllghtly onvo, and t_he Ime_ would be pos!tloneq nearp?2
that the system reachesl the cancellation conditiongabP13— At this I_evel of explanatl_on, itis hard to predict WhICh type of
16 MHz. As just explained, the observation of a cancellation lines will predominate in the spectra. For this reason we
condition requires that the Iir,1e should consequently transit from perfor_med t_he simulation of spectra for S0me model situations.

. > . . For simulation we used eq 8 with additional averaging over
I(v-) to I(v4), passing through a composite line that is a mixture

- . the a distribution. For simplicity in particular simulations we
of I(vq,+), asvp increases. Several other experimental observa- . _ .
. . - . Lok ; assumed that the axes of the tensor of the anisotropic interaction
tions are consistent with the interpretation just discussed. For

. D' coincided with the axes of thg tensor,D’ = (T,T,—2T),
example, starting fromyo = 11 GHz, we may assume that the and that thea distribution was uniform. As in our experiments,

(27) Reijerse. E. J.: Dikanov, S. A, Chem Phys 1991 95, 836845, L€ Simulations were performed at a givenstepping through

(28) Dikanov, S. A.; Spoyalov, A. P.; Hermann, JJ. Chem Phys 1994 the EPR spectrum with a stepsize 6f& G. In this way a set
100, 7973-7983. of linesl(v) was obtained, each one corresponding to a particular
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0.040 " @ both cases by a factor of 228. The absolute value of the
+ . R I*(vm) does not exceed 3.8% for the first case and 2.6% for the
0.030 | + . a B second one. Therefore, as we evaluated above, the maximal
N E modulation amplitude is proportional to the ratiogdf and the
0.020 = & width of thea distribution. Furthermore, the spectrum consists
“H = | E of only one line near 2, which is either a composite one or a
2 oowop g Tsotropic constant = combinational one, and the amplitude of this line does not vary
= § substantially withvo. All of the above show that the simulation
0.000 5 2 closely approximates the experimentally observed dependence
0010 g of th(_e I*(vm) ON v*m_ throughout the range afy, althoggh_for
' g the first type ofa distribution the amplitudes are still higher
0020 ; . , . , . El than in the experiment, and for both of them the transition from
a composite line td(v4) occurred at higher,. Because too
0.030 = many parameters are involved (the shape of the distribution,
0.025 - ., b fg mutual orientation of thgy and D' tensors, the parameters of
| anisotropic interaction), their quantitative determination is far
0.020 E beyond any reasonable speculation given the limitations on the
0.015 g information provided by the experiments. However, we can
:a 0010 = state that to more closely approximate the experimental dept_an-
E 8 dence of *(vy) onv* 1, one has to either decrease the anisotropic
0.005 g interaction or increase the width afin the simulation. The
0.000 % latter option is unlikely because the line width in the CW-EPR
; spectrum for samples prepared inbuffer was~8.5 MHz.
-0.005 £ This line width is caused by Mo(V) interaction with all magnetic
.0.010 ! = nuclei (D, H, P), and the interaction with P (on average) cannot
exceed this value. In terms of a uniforandistribution, this
0.020 o, + 2 imposes the restrictioa < 17 MHz. Also, increasing the width
0.015 . ¥ . c E of the distribution shifts the range ot where the transition
0.010 E from a composite to a comblnat_|on_al I|_ne occurs to higher
B values. So, most probably tteedistribution is shifted to low
. 0005 k] frequencies. Following this reasoning we performed one more
35 0.000 ™ simulation, slightly decreasingto 0.4 MHz and using a more
E 2 k| complicated distribution function as shown in the inset of Figure
-0.005 S 7c. This set of parameters resulted in a decread¥(of,) to
0.010 = | ‘ the experimental range of magnitudes, Figure 7. The range of
0015 - : f vo where the change of line type occurs for this simulated set
' Isotropic constant & also corresponds to the experimental one. All this discussion
-0.020 SO ' ‘ ' h allows us to conclude that most probably the magnitud€ isf
8 0 12 1 1 1B 20 2 0.4—0.5 MHz and thea distribution function is close to that
vv*  (MHz) shown in Figure 7b,c. In the PD approximation this valud of

corresponds to a MeP distance of 3.23.3 A. For a
monodentate phosphate ligand this gives a-¥obond length
of ~2.25 A: which although somewhat long, is within the known
range for Me-phosphate complexé&8.

Figure 7. Crosses: Dependence ¢f(vm) on v*n,, obtained for
simulated spectra, for various distributidi(a) of the isotropic constant

a. Curves: the simulatel{v) at the magnetic fields corresponding to
I*(vm) at vo = 8.904 GHz (1) andvo = 15.281 GHz (2). Insets:
schematic representations of the appropriate isotropic constant distribu-
tion functionf(a). The upper limit ofa for all cases is 15 MHz; the
lower limit of a for (a) and the position of the step for (c) is 5 MHz.
The axes of thdd' andg tensors in all the calculations are chosen to
be coincident. For (a) and () = 0.5 MHz; for (c) T = 0.4 MHz

(see eq 3).

Conclusions

These first multifrequency ESEEM studies of the Mo(V)
center of SO in phosphate buffer provide direct proof that the
Mo is ligated by at least one phosphate group and demonstrate
. ) . . the power of this technique for detecting weakly coupled nuclei.
field (cf. Figure 4). From the set of maximum amplitudes of \ye pelieve that the coordinated phosphate group(s) does (do)
these linesl(vm), the maximal onel*(vm) was taken and plotted o adopt a fixed orientation, and as a result, a description of

vs v*m. The simulations were repeated at a sevelalues,  the Mo--P hyperfine interaction requires the introduction of a
thus generating a synthetic parametric curve comparable to thalyjstribution of such orientations (structg Recently, the idea

seen in Figure 5. The range of's and step overy in the
simulation were approximately the same as in the experiment. o
1\40—%0\
C POsH
2
of a distribution for nonrigid organic molecules was indepen-

The simulated plot of*(vy) vs v*, for T = 0.5 MHz anda
dently exploited by Wamcke and McCracken to explain

uniformly distributed over the ranges-35 and 6-15 MHz is
shown in Figure 7, which also depicts entire line shap@s,
for givenl*(vy)’'s at low and highve. Figure 7 shows thd(v)
is a composite line, a mixture d{v,) and I(v4), for both
distributions at low,. As vgincreases, thEv) becomes solely
anl(v4) line. The transition from a composite line to Em+)
line depends upon the width of tlaedistribution and occurs at
vo > 12.7 GHz for the first case and a§ > 11 GHz for the
second one. The maximal intensitie§vy,) vary with vg in

(29) See for example: Fischer, J.; Ricard, L.; Toledand, Ehem Soc,
Dalton Trans 1974 941—946.
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observations in an unrelated investigatfnin that case, the =~ Scheme 2
distribution hypothesis provided the only explanation for their
observed results. We are currently pursuing further quantum o o
chemical calculations on model systems in order to better 2 s\ o
understand how the position of ligation (axial or equatorial) and {
a range of phosphate group orientations may cause such a ) l
distribution of hyperfine coupling.

Combining our ESEEM results on SO in phosphate buffer s o0

. . . ~, Il v/ 803
with other spectroscopic and chemical data on the enzyme Fo' |--- /Mo\
provides important insights concerning the structural proposals s s-cm‘<
for the various forms of SO shown in Scheme 1. Prior EXAFS ;/ \Coi

S0 + SO +H

2-

investigations of SO indicate one terminal oxo ligand when Mo

is in the+4 or +5 oxidation staté®3! In addition, phosphate

analysis of SO (in non-phosphate buffer) by Johnebal.,32 0 on . HPOS HO o o 2
and mass spectral data obtained in our laboratéfigsjicate S v \ /= S v post
only one pterin ligand per Mo for this enzyme (cf. structlye S_CH2‘< [.\ il o AN \S_CHP<
The two sulfur atoms from this ligand account for two more H0

coordination sites. Thus, the nature of four of the Mo l
coordination sites can be specified with confidence (one oxo,
two sulfurs, and one phosphate or OH). In addition, recent
genetic studies have shown that one of the cysteine residues i
rat liver SO is essential for catalytic activity, and it was also
concluded to be a ligand to molybdendm.This cysteine is
conserved in all SO’s and the related nitrate reductasesl
probably plays the same catalytic role in each case.

The catalytic cycle of SO was previously investigated by bot
steady-stafé and rapid-reactiofi-3®kinetic technigues, and these
investigations showed that anions such as phosphate and sulfat:
are inhibitors of the enzyme. On the basis of their CW-EPR
studies, Bray and co-workers previously suggested that direct
coordination of anion to the Mo center could be responsible
for such inhibitiont®=13 Our positive identification of a Me
phosphate adduct provides strong support for this hypothesis,
as shown in Scheme 2. Initially, the reduced form of SO is
generated by direct oxo atom transfer to sulfite, as proposed by ~ Acknowledgment. We thank Professor R. Hille for provid-
Brody and Hille?> We suggest that, in the catalytic cycle, water ing a preprint of ref 5 prior to publication, F. A. Walker and N.
Shokhirev for helpful discussions, and W. A. Wehbi for

inhibited form
catalytic cycle

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