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Abstract: Two-pulse and four-pulse electron spiacho envelope modulation spectroscopy (ESEEMS) at two
operational frequencies and two-dimensional hyperfine sublevel correlation spectroscopy (HYSCORES), have
been used to probe the Meoordination environment of sulfite oxidase in®and QO solutions, buffered

at pH 9.5 and 7.0 with-100 mM Tris-type buffers. At pH 9.5 the ESEEM and HYSCORE results definitively
reveal the presence of one solvent-exchangeable D(H) near thecéder, probably in the form of a Me

OH(D) moiety. The orientation of this group is not fixed (although it is substantially restricted) and thus
gives rise to a distribution of hyperfine interactidnfij parameters. The resulting loss of amplitude makes
direct observation of a proton-related line using ESEEM impossible. However, such a line is observable in
ESEEM spectra of the comparable deuterated enzyme because the narrower distribbfiopacdmeters

leads to less line broadening of the ESEEM spectra. ESEEM and HYSCORE spectra of sulfite oxidase obtained
at pH 7.0 show no evidence of nearby H(D) groups, other than the single exchangeable proton/deuteron readily
detected by CW EPR spectroscopy, which is also believed to be part of®M(D) moiety. The differences
observed in the Mo-H(D) hfi parameters of SO as the pH is varied probably result from relatively small
displacements of the H(D), which move the nucleon in and out of a node of the singly occupied Mo d orbital.

Introduction T s 7 .
N S
Mo and W are the only second and third row transition metals H)N\JI m o
that have a known biological function. Mo is associated with HN N N o P\O,
more than thirty enzymes that catalyze key 2-electron oxida- .

tion—reduction reactions in the metabolism of C, N, and S by
microorganisms, plants, and animals by a formal oxygen atom are using powerful spectroscopic and kinetic methods to

transfer proceds investigate transient states of sulfite oxidase that may play a
key role in the overall catalytic cycle.
X 4+ H,0=XO + 2H" + 2¢ Sulfite oxidase catalyzes the oxidation of sulfite to sulfate,

coupled with the subsequent reduction of 2 equiv of ferricyto-

. hrom to ferr hrom
Prior to 1995 no mononuclear Mo or W enzymes had been chromec (cyt c)oy to ferrocytochromes (Cyt Cyed

crystallographically characterized; however, since then, seven sQ2” + H,0 + 2(cytc),, = SO, + 2(cytc),.q+ 2H"

structure determinations have been repott€dThese structures

have shown that the active sites have a single Mo atom This is the terminal reaction in the oxidative degradation of

coordinated by the ene-1,2-dithiolate group of one or two novel sulfur-containing compounds and is physiologically essential.

pyranopterin ligands (often referred to as “molybdopterins”, Chicken liver sulfite oxidase (SO) is typical of the enzyme in

Structurel). With the availability of these crystal structures, higher vertebrates and consists of two identical subunits, each

the investigation of molybdoenzymes has entered a new phasewith a molecular weight of-51.5 kDa? Each subunit in turn

in which more detailed questions about enzyme structure andhas two functionally distinct domains. The smaller N-terminal

function can be addressed. In particular in our laboratories we domain (~10 kDa) contains hs-type heme center; in the resting
(1) Hille, R, Chem. Re. 1996 96, 27572816, enzyme, the Feisin oxi_dation state Il _The Iarg_er C-tgrm_inal
(2) Chan, M. K.: Mukund, S.; Kletzin, A.; Adams, M. W. W.; Rees, D. domain ¢-42 kDa) contains a Mo atom with a resting oxidation

C. Sciencel995 267, 1463-14609. state of VI. The two-electron oxidation of $© occurs at the
(3) Romao, M. J.; Archer, M.; Moura, I.; Moura, J. J. G.; LeGall, J.; i ich i idi

Engh, R+ Schneider, M.: Hof. B.: Huber, Beienceld0s 270 1170- Movcl:enter to give formally MY, which is then reoxidized to

1176. MoY! by sequential one-electron transfers to badype heme
(4) Schindelin, H.; Kisker, C.; Hilton, J.; Rajagopalan, K. V.; Rees, D. center. After each Mo~ Fe one-electron-transfer step, the

C. Sciencel996 272 1615-1621. ) ) center is reoxidized by exogenous (@)tx, thus completing
(5) Schneider F.; Lowe J.; Huber R. H. S.; Kisker, C.; Knablien].J. the turnover processlo

Mol. Biol. 1996 263, 53-59. P - .
(6) Boyington, J. C.; Gladyshev, V. N.; Khangulov, S. V.; Stadtman, T.  If @ sample of SO is reduced in the absence of cynd

C.; Sun, P. DSciencel997, 275 1305-1308. immediately frozen in liquid B then characteristic MOEPR
(7) Kisker, C.; Schindelin, H.; Pacheco, A.; Wehbi, W.; Garret, R. M.;

Rajagopalan, K. V.; Enemark, J. H.; Rees, D.Gell 1997, 91, 973-983. (9) Sullivan, E. P., Jr.; Hazzard, J. T.; Tollin, G.; Enemark, J. H.
(8) McAlpine, A. S.; McEwan, A. G.; Shaw, A. L.; Bailey, 3. Biol. Biochemistry1993 32, 12465-12470.

Inorg. Chem.1997, 2, 690-701. (10) Pacheco, A.; Hazzard, J. T.; Tollin, G.; Enemark, J. H., submitted.
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signals are obtainedl-1* Extensive CW EPR investigations
of sulfite oxidase (SO) during the late 1970s and early 1980s,
carried out primarily by Bray and co-workers, demonstrated that
SO exhibits three EPR distinct forris:1* In high pH buffers

(pH 9—-9.5) containing low anion concentrations, one form is
obtained exclusively, whereas the other two are observed in
buffers of~pH 7 containing high concentrations of anions such
as CI or phosphate. At intermediate pH values, mixtures of
species are observed. Which of the low pH forms is observed

Raitsimring et al.

effective tool for investigating structural problems. In particular,
as was recently demonstrated by Dikatfaand McCrackenr?

the investigation of Oklor OH groups coordinated to metal
ions seems to be a problem tailor-made for ESEEM. Protons
of coordinated Okl or OH groups are situated at a favorable
2.5-3 A from the metal center, and #H interactions result

in reasonably intense spectral features known as “sum-combina-
tion” lines, which are cleanly separated from all other spectral
features. Analyzing the dependence of peak intensity and

depends on whether phosphate is present in the buffer, and thusposition of the sum-combination lines on the magnetic field

these two forms have become known as the low ‘pH fotp#]
and the ‘phosphate inhibited fornP{). Similarly, the species
observable at high pH has become known as the ‘high ppt)
form.

ThelpH form clearly shows well resolved doublets at the
andgy positions, which disappear in,D buffer. This finding
allowed Bray and co-worketsto conclude that the observed
splitting is caused by hyperfine interactidnfij of MoY with a
single strongly coupled (SC) exchangeable proton, most prob-
ably belonging to a Me-OH group. From numerical simula-
tions of the CW spectrum Bray and co-workers obtained the
hfi tensor associated with the SC proénhowever, low
resolution precluded obtaining such important structural infor-
mation as the relative orientations of the MO—H atoms.

The above-mentioned proton splitting is not observed for
either thePi or hpH forms of the enzyme. In the case of the
form, CW EPR experiments using partialhfO-substituted
POs2~ provided early evidence that a phosphate group coordi-
nates to the M¥% center, displacing OR2 this suggestion was
recently confirmed by ESEEM spectroscdpyRecent CW EPR
and Mo K edge EXAFS studies of SO in the presence of
arsenate at pH 6.5 reveal MeAs interactions consistent with
the formation of the analogous monodentate arsenate corfplex.
For the hpH form, the lack of an exchangeable proton was
initially believed to reflect deprotonation of the putative Mo
OH group in thelpH form. Later however, George proposed
that a Mo—-OH moiety was also present at high pH.This
suggestion was supported by earfiéd studies which showed
that, unlike thePi form, both thehpH andIpH forms have one
water-exchangeable oxygen-containing ligghsAn OH moiety
would be a likely candidate for this ligand, and Gedfge
suggested a possible mechanism involving pH-dependent co-
ordination changes that might explain the transition from the
IpH to the hpH form without invoking loss of Me-OH.

At this stage, having reached the limitations imposed by the
innate low resolution of CW EPR, investigations relating to the
structural nature of the EPR-active species of SO stagnated an
have remained unresolved for a decade. However, during this
time electron spirecho envelope modulation spectroscopy
(ESEEM) has undergone substantial growth, with significant
advances in theoretical understanding, and the development o
new pulse sequences, techniques of multiband operation, an
methods for simulating ESEEM spectra computationally. All
of these advances have contributed to making ESEEM a very

(11) Cramer, S. P.; Johnson, J. L.; Rajagopalan, K. V.; Sorrell, T. S.
Biochem. Biophys. Res. Commu®79 91, 434-439.

(12) Lamy, M. T.; Gutteridge, S.; Bray, R. ®iochem. J198Q 185
397-403.

(13) Gutteridge, S.; Lamy, M. T.; Bray, R. ®iochem. J198Q 191,
285-288.

(14) Bray, R. C.; Gutteridge, S.; Lamy, M. T.; Wilkinson, Biochem.
J. 1983 211, 227-236.

(15) Pacheco, A.; Basu, P.; Borbat, P.; Raitsimring, A. M.; Enemark, J.
H. Inorg. Chem.1996 35, 7001-7008.

(16) George, G. N.; Garrett, R. M.; Graf, T.; Prince, R. C.; Rajagopalan,
K. V. J. Am. Chem. S0d.998 120, 4522-4523.

(17) George, G. NJ. Magn. Reson1985 64, 384—394.

across the CW EPR spectrum yields the desired structural
information.

Herein we report a detailed investigation of thel andhpH
forms of SO, which made use of two-pulse and four-pulse
ESEEM at two operational frequencies and the technique of
two-dimensional hyperfine sublevel correlation spectroscopy
(HYSCORESY? The results of this investigation have become
particularly relevant in the wake of the crystal structure
determination of SO, obtained after the ESEEM investigation
was well under way which among other things has raised anew
the questions about the nature of thpH and IpH forms.
Structure2 schematically summarizes the coordination geometry

(

of the Mo center of SO, revealed by the crystal structirbe
geometry is approximately square pyramidal, with an oxo group
occupying the apical position. The equatorial positions are
occupied by a second oxygen and by three sulfurs; one sulfur
is supplied by a cysteine side chain, while the other two come
from the ene-dithiolate group of the molybdopterin (cf. Structure
1). The crystal structure reveals that the equatorial oxygen
ligand is accessible to the solvent, whereas the apical one is
not; this fact, together with recent resonance Raman!&dd
labeling experiment&} suggests that the equatorial oxygen atom
is transferred during catalysis and is the one protonated in the
MoV form of the enzyme. A putative sixth coordination site at
the Mo center is effectively blocked by the protein backbone.
This raises a problem because every explanation for the
difference between thepH andIpH forms of SO which had
been suggested prior to the structure determination had invoked
Mo coordination of a Ci in thelpH form.1422 Such proposals
explained the observation that the equilibrium betweertité

and IpH forms of the enzyme can be shifted at constant pH

o
S\NUO /S(cys)

SR

&oward thepH form by addition of Ct;1422however, the crystal

Structure does not reveal any obvious site at which ¢uld
bind. The kinetic investigations described in our related géper
and the detailed spectroscopic characterization ohgt¢ and

ng forms of SO described in this article reveal a possible

&

xplanation for thépH/hpH equilibrium which does not invoke
anion binding to the Mo center. This explanation also provides
insight into the mechanism of intramolecular electron transfer
between the Mo and Fe centers of 80.

Theory

We will consider two kinds of spin systems, consisting of
either a protonl(= %,) or a deuteronl(= 1), and a MJ (S=

(18) Tyryshkin, A. M.; Dikanov, S. A.; Goldfarb, DI. Magn. Reson.
1993 A105 271-283.

(19) McCracken, J.; Friedenberg, B .Phys. Chenil994 98, 467-473.

(20) Hder, P.; Grupp, A.; Neberifur, H.; Mehring, M.Chem. Phys. Lett.
1986 132 279-282.

(21) Garton, S. D.; Garrett, R. M.; Rajagopalan, K. V.; Johnson, M. K.
J. Am. Chem. S0d.997, 119, 2590-2591.

(22) Bray, R. C.Polyhedron1986 5, 591-595.
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1/5). The spin-Hamiltonian in the first case is

H = $.S'gBy, — g5, [ B, + 1'DS (1)

J. Am. Chem. Soc., Vol. 120, No. 44, 199%5

maximum, even for orientationally disordered systems. The
maximum of this line also has a characteristic shiffrom the
double Larmor nuclear frequency,= w, — 2w, which is
directly related to the anisotropiti.2”-28 For instance, for one

where the terms represent the electron Zeeman, the nucleabf the canonical orientations, shy= 1

Zeeman and thbfi, respectively.D in turn can be split int®
= aoE + T, where &oE) is the isotropic andT() the anisotropic
part of thehfi (E is a unity matrix). Ahfi results in two
fundamental frequencies,, and vg, which in the g tensor
reference coordinate frame (RCF) #re

Vm = |F‘i|§ h*= [(MA, —vl), (MA, —vly),
(MA; — i)l (2)

Herel; are the directional cosines of the external magnetic field
Bm in the RCF, andns = £/, for the . and 3 manifolds of
electron spin, respectively. An expression fprapplicable to

an arbitraryD may be found elsewheréfor the particular case
of axial anisotropic interaction, which assumes that (—T,

=T, 2T) in its own principal axis, and when there is small
absolute variation of the principglvalues, thedy may be written

in the following way:

A =TI(E = 1) +a)T) + 3niz i 3

wheren; are the directional cosines af, the z principal axis
of the anisotropidhfi tensor in the RCF. In the point dipolar
approximation (PDA) bothT and z, have certain physical
meanings: z, is the unit vector of the radius-vectorwhich
connects the electron and nuclear spins, whiiles ge3¢8nan/
frd (ge is the average electroni value).

In primary spin-echo thenhfi manifests itself as a modulation
of the ESE signal with two fundamentd),(wqp) = 27vep),
and two combination frequencies, sus) &nd difference q),
w+ = wq £ wg, such that the modulation pattern is given by

V(r)O1- |§< + |§< [cos(w,T) + cos(,T)] — E [cos_ ) +
cos@_1)] (4)

k

Q

Here the intensity parametey, is?®
Vi 2 2 2
v [(Agdy = Agl )™ + (Ads — Aglp)™ + (Al —
08
A7 (5)

The ESEEM spectrum, which is the Fourier transform (FT) of
the time domain, correspondingly consists of tiwand two
combination ¢ and d-) lines, with intensitiesk/2 and k/4,
respectively The behavior of these lines for various relations
between nuclear Zeeman and hyperfine interactions has bee
thoroughly investigated and describ®&dFor further practical
applications, the most interesting of all of these lines issthiee,
which in the case of a weai, i.e.,w; > A/2, is substantially
less broadened by anisotropifi than all the others, and usually
appears in ESEEM spectra as a single peak with a well-defined

(23) (a) Hoffman, B. M.; Martinsen, J.; Venters, R. A.Magn. Reson.
1984 59, 110-123. (b) Hurst, G. C.; Henderson, T. A.; Kreilick, R. /.
Am. Chem. Sod 985 107, 7294-7299.

(24) Dikanov, S. A.; Xun, L.; Karpiel, A. B.; Tyryshkin, A. M.; Bowman,
M. K. J. Am. Chem. S0d.996 118 8408-8416.

(25) Raitsimring A. M.; Borbat, P.; Shokhireva, T.; Walker, F. A.
Phys. Chem1996 100, 5235-5244.

(26) Dikanov, S. A.; Tsvetkov, Yu. DElectron Spin-Echo Modulation
(ESEEM) SpectroscopZRC Press: Boca Raton, FL, 1992; Chapter 6.

3 2
"= (T sin6,cosb,| o,

=1

(6)

where 6, is an angle whiclz, makes with thez axis of the
RCF.

A nuclear quadrupole interactiofngi) adds to the spin-
Hamiltonian the termQI, whereQ is the nuclear quadrupole
coupling tensor NQCT). In general, the interaction of an
electron spin with quadrupolar nuclei results in ESEEM spectra
which are quite complicated and whose interpretation requires
massive multiparametric simulatio?f?® However, interpreta-
tion becomes unambiguous and straightforward in a weak
quadrupole interaction limit, i.e., iigi can be considered as a
perturbation to the nuclear Zeeman interacti¢hfi. A small
magnitude for the nuclear quadrupole coupling constprie.g.,
0.2—-0.25 MHz for D in D;0%% does not automatically provide
this limit, but it may be reached by corresponding adjustment
of the operational frequency. As will be discussed in the
Experimental Section, the operational frequency in these experi-
ments was always chosen so thai was weak.

A weak quadrupole interaction splits each fundamental
frequency, determined by eq 2, into t#&?

()

and these splittings were calculated in the manner derived by
Toriyama and Iwasaki (see also ref 29).

It has been showfithat a weak quadrupole interaction causes
only minor alteration of the transition probability, and therefore,
parametek, determined by eq 5, may still be used for evaluation
of the modulation amplitude. Modulation of the primary spin
echo forS= %/, andl = 1 has been derived and may be written
as’%l,SZ

£ _ .
Vag = Vap T Aup Vap™> Aop

k
43

cos@,, 1) + cos, 7)] — 2§[cos(wa+r)cos@ﬂ+r) +
cos@, T)cos; )] (8)

neglecting higher orders & As one can see from eqgs 7 and
8, the splitting caused hygi in thesdine is double that observed
in the f-lines. Since thesdine is also substantially less
broadened than thelines by anisotropidfi, it is obvious that
measurements ofgi parameters have to be performed utilizing

V(t) 01— 4; + Zg[cos(w;r) + cos, 1) +

r]fhe sdine. In principle, the two-pulse technique can be used

(27) Reijerse, E.; Dikanov, S.. Chem. Phys1991, 95, 836-845.

(28) Schweiger, A. InAdvanced EPR Applications in Biology and
Biochemistry Hoff, A. J., Ed.; Elsevier: 1989; pp 24275.

(29) Tyrishkin, A. M.; Dikanov, S. A.; Reijerse, E. J. Magn. Reson.
1995 A116 10-21.

(30) Weiss, A.; Weiden, N. InAdvances in Nuclear Quadrupole
ResonanceSmith, J. A. S., Ed.; Heyden and Son Ltd: Cambridge, 1980;
Vol. 4, pp 149-269.

(31) (a) Mims W. B.Phys. Re. B: Solid Statel972 5, 2409-2419. (b)
Mims, W. B. Phys. Re. B: Solid Statel972 6, 3543-3545.

(32) Shubin A. A.; Dikanov, S. AJ. Magn. Resor985 64, 185-193.

(33) Iwasaki M.; Toriyama, K. IrElectron Magnetic Resonance of the
Solid State Weil, J. A., Bowman, M. K., Morton, J. R., Preston, K. F.,
Eds; The Canadian Society of Chemistry: Ottawa, ON, Canada, 1987; pp
545-570.

(34) Ichikawa, T.J. Chem. Phys1985 83, 3790-3797.
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for such measurements. However, the applicability of this [ )
technique to a particular experiment depends on phase memory 9. = z (gl
time, which may severely limit the time interval available for :
measurements, and cause a loss of resolution in the subsequent . . )

FT. These complications can be reduced by applying a four- | n€ individual line width and shape was taken as{ex{B —

pulse technique which also generatsines. The four-pulse ~ Bm/x)?)}. The averaging oveB was performed within the
technique has the drawback of substantial loss of the signalIMits =2y, with steps of 0.}. The time steps in the simulations
amplitude but does increase the available time interval and, Were chosen to be the same as in the respective experiments.
subsequently, resolution in the frequency domain. An analytical 1he time domain pattern calculated in this way was then
expression for four-pulse ESEEM in the presence of a weak Subjected to the same FT procedure that was used in the
quadrupole interaction has been derived by Dikanov and co- experiment, with the experimental values of the dead time and
workers!® The entire expression is too cumbersome to be time interval.

presented here; only the part necessary for further discussion

(12)

of the sdine whenk < 1 is extracted and presented as eq 9.

T w[ftn P(w(f + ;)T +1)

. wa
V(t/2/2) O K) sin

5 Sin—5—C0s 5 +
] wu_rﬂ_ wﬁ_T, ﬂ(wa_ +wﬂ_)(r+t)}
Sin——sin——cos 5 9)

Comparing eq 9 with the expression for two-pulse ESEEM (eq

Experimental Section

Highly pure samples of SO in the appropriatgdDand HO buffers
were prepared as previously describedlhelpH andhpH forms were
obtained in buffers containing 100 mM Tris, 6.3 mM Tris HCI, 100
mM NaCl (pH= 7.0, IpH), and 100 mM bis Tris propane, 26.9 mM
Tris HCI (pH = 9.55,hpH), respectively. Thé®i form was obtained
as previously described. The final Mo’ concentration in all samples
was approximately 0.6 mM. CW EPR spectra were recorded at 77 K
on a ESP-300E Bruker X-band spectrometer. The obsegwedues
and splittings (for thépH form) were in good agreement with those

8), one may note that in the four-pulse method the amplitude pre\iously reported Two-pulse, four-pulse, and HYSCORE measure-

of thes-line contains additional factors that depend on the time
interval between the first and second pulse,This feature is

ments were performed using a home-built multifrequency pulsed EPR
spectrometef® on deuterated and protonated samples, at operational

used to suppress undesired modulation patterns. For the sakdéequencies of 15:215.4 GHz and 8.#8.9 GHz. Recording conditions

of further application, we would also mention that if th& is
weak, then the fundamental frequencies mesgex vg =~ v
and the quadrupole splittings for both manifolds are egtal,
~ Ag. For canonical orientations (e.ts = 1), if the asymmetry

parameter is neglected (as is common practice for deuterons)

then thesdine is splif® by
5= gqo(l ~ 3co ) (10)

where y is the angle between the principal axig)(of the
NQCT, and the corresponding-axis of the RCF. Interaction

were generally as follows: temperature;-2b K; repetition rate, 200

300 Hz; typical acquisition time, 2530 min for a one-dimensional
experiment. Typical conditions for two-pulse ESE werg3-27/3
pulses with a pulse duration of £20 ns, providing pulse amplitudes

of 16—20 MHz; dead time, 240320 ns;r increment of 5-10 ns. The
‘available time interval was limited to 156@000 ns because of short
phase-memory time (05 %). Four-pulse and HYSCORE experiments
used the pulse sequeng®—1—n/2—t/2—a—t/2—n/2; the /2 pulse
duration was 30 ns; for the-pulse, a second independent mw-channel
was used, and the duration of this pulse was 15 ns;t/2 increment
(unless otherwise specified) was-205 ns; time interval, 6.67.5us;
interval t between the first and second pulses was varied between 220
and 400 ns. To eliminate unwanted transients, a common phase cycle

of nuclei randomly oriented around the paramagnetic center was applied’ The HYSCORE experiments used the same pulse

results in ans-line that consists of two peaks and shoulders
with splittingso = 3,qo and 2 (see, for example, ref 38). Only

durations and amplitudes as the four-pulse technique, with 25 ns steps
in the t;—t, directions. Generally, 266250 points were collected in

the peaks are observable in the ESEEM spectra due to thegach direction, which required about8 h acquisition time. All one-

statistical weight factor, and thus the shape ofsdime is a
doublet. Thego related to the observed doublet splittinggis
= 20/3.

If the ESEEM spectrum results from interaction with more
than one nucleofi), then the time domain pattern for both the
two-31 and four?® pulse methods is

V(z) = |‘|v‘i>(r); V(z t/2) = rl\/(i)(r,t/2) (11)

In a disordered (or partly oriented) system a given fidg,

dimensional spirecho measurements were performed through the
entire CW EPR spectrum in steps of 50 G, which corresponds to
about twenty acquisitions per sample.

In accord with the theoretical analysis presented in the previous
section, the operational frequency for investigation of deuterated
samples was chosen such thgt andhfi were in the weak interaction
limit, yet a reasonable modulation amplitude could still be achieved.
This greatly facilitated data analysis and interpretation. After evaluating
the preliminary experiments and published daty, of 15—15.5 GHz
was found to provide a good compromise between the aforementioned
requirements.

For measurements on protonated samples, the requirements for

dqes n(?t represent a unique orientation, but r.ather a set 0foptimizing the instrumental setup are rather complex; only two are
orientations and, consequently, a set of frequencies. Thereforementioned here. Quantitative measurements of line amplitudes may
to calculate the ESEEM pattern, eq 11 must be averaged overpe performed only in the case of full excitation of hyperfine transitions,
all of the orientations available at the giveBy, and then i.e., when pulse amplitudes exceed the correspontifnequencies.
averaged again over a distribution of the resonant fields in On the other hand, pulse amplitudes of more than the natural EPR line
accord with an individual line shape and pulse width. Numerical width result in a loss of orientational resolution and, subsequently,
simulations of the ESEEM spectra were performed in the absolute intensity of thandslines in the ESEEM spectra. By taking
following manner. For averaging over space, a uniform grid into account these facts and the fact that the CW line width found in

for cosf and¢ of 1000 x 500 points was used. The orientation
was accepted ifhwg — BegeBm| < BeQeB1/2, whereB; is the
pulse amplitude ande is effectiveg value

(35) Tyryshkin, A. M.; Dikanov, S. A.; Evelo, R. G.; Hoff, A. J. Chem.
Phys.1992 97, 42—49.

X-band is 15-20 MHz'? pulse amplitudes of 20 MHz and the lowest

(36) Borbat, P.; Raitsimring, A. MA new pulse EPR spectrometer at
the Unbersity of ArizonaAbstracts of the 36th Rocky Mountain Conference
on Analytical Chemistry, Denver, CO, July 3August 5, 1994; p 94.

(37) Gemperle, C.; Aebli, G.; Schweiger, A.; Ernst, RJRMagn. Reson.
199Q 88, 241—-256.
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available operational frequency (8:8.7 GHz) were used in order to
decrease the nuclear Larmor proton &ficequencies correspondingly.
Under these conditions, modulation from the SC proton irphkieform

has to be substantially suppressed, because one fefréguencies is
reached at-30 MHz, which exceeds the pulse amplitude. Still, such
suppression might facilitate the observation of interaction with a second
nearby proton (vide infra).

Results and Discussion

Phosphate Inhibited Form of SO in D,O. The modulation
of the spin-echo signal in thépH andhpH forms of SO results
not only from directly coordinated ligands but also from distant

J. Am. Chem. Soc., Vol. 120, No. 44, 1998%7

confirmation of random nuclear distribution. The 4:1 ratio of
f- to sline intensities is also a well-known feature of the
interaction with distant protons or deuterons, i.e., nuclei with
extremely weakhfi (see Theory, eq 4 or ref 26 p 92).

A second proof of the random distribution of distant deuterons
came from the investigation of the quadrupole splittings.
Because only a limited time interval (2000 ns) is available in a
two-pulse experiment, neither thenor s-lines show quadrupole
splitting. To observe this splitting and to examine its variation
across the EPR spectrum, a four-pulse experiment was per-
formed. Figure 1b presents two four-pulse ESEEM time-domain
patterns, collected at approximately tipefield position, using

nuclei which belong to noncoordinated water molecules and 7 = 240 and 340 ns, respectively; a set of experiments performed

neighboring amino acid residues. Removing such background

or matrix modulation from the overall modulation pattern,
particularly for samples in gD, is not a trivial problem because

of strong overlap between the desired and unwanted lines. This

difficulty is exacerbated by the decreaskfil interaction for

at varioust demonstrated that the maximum intensity of the
sline is observed at = 330—350 ns. FT of these time domains
(Figure 1c) yields spectra similar to those of Figure 1a, although
intensities differ because of thedependence. Note, however,
that the Ds-line, enlarged in the insert of Figure 1c, now shows

deuterons compared to protons. In the past, depending on the, esqived quadrupole splitting. This quadrupole splittidy (
features of the particular system under investigation, this overlap 1< found to be equal to 0.34 0.02 MHz, and within the

problem has been solved in a variety of ways. For instance,
rejection filtration on the experimental spectrum at the Larmor

deuterium frequency has been used to eliminate matrix modula-

tion38 Others have assumed models for the distribution of
distant nuclei to perform the simulations of background modula-
tion and consequently to eliminate it from the experimental

pattern'® In the present case, we have taken the background

modulation directly from experimental data collected for the
Pi form of SO, in which a phosphate group coordinates directly
to Mo at the position otherwise occupied (vide infra) by an OH-
(D) group?® In a reasonably isotropic environment, substitution
of an OH(D) group by a phosphate group should not signifi-
cantly affect the environment of nuclei that are distant from
the Mo’ center. However, in an anisotropic medium such as

limits of experimental accuracy, the magnitude was independent
of magnetic field. They, derived from this valuedy = 26/3,

see Theory) is 0.220.24 MHz, which is within the range of
quadrupole coupling magnitudes for water molecules or OD
groups in various environments, previously determined using
NQR experiments?

To conclude, the independence of modulation amplitude and
guadrupole splitting over the entire CW EPR spectrum validates
the assumption that distant nuclei do not have specific orienta-
tions, and thus the background modulation of Bigform of
SO may be utilized for other SO forms, despite the differences
in principle g values.

Phosphate Inhibited Form of SO in H,O. The ESEEM of

an enzyme, even distant nuclei might have some spatial orF_’i in H,O was investigated at_8.9 GHz and at various magnetic

bonding. Since all of the forms of SO have different principal
g values and may have relatively differently oriented RCF, the
possibility of spatial or orientational preferences in Bidorm
had to be ruled out before applying this background modulation
to thelpH and hpH forms.

Typically, nuclei are considered randomly distributed around
a paramagnetic ion if modulation does not show specific
orientational selectivity, i.e., if it does not depend on the
magnetic field through the CW spectrum or, in other words, on
orientation of the magnetic field vector in the RCF. On the
basis of this reasoning, the absolute intensities of2th@D)
modulation throughout entire CW EPR spectrum offfiéorm
were thoroughly investigated to test whether the distant D nuclei

the positions and absolute amplitudestdflines. A representa-
tive example of a FT two-pulse ESEEM spectra, is shown at
the top of Figure 2. This spectrum shows the interaction of
MoV with distant protons, which results fnands-lines situated
at the proton Larmor and double Larmor frequencies.
addition, the MY —P interaction gives rise to agline. The
intensities of'H lines do not depend on the magnetic field, and
the absolute magnitudes of the peak amplitudes~25&o (f-
lines) and~3% (s-line), respectively. The theoretical 4:1 ratio
in intensities of thd/s lines does not hold in this case (cf. the
samples in BO) because even for distant protors4(A) the
f-lines are subjected to dipolar broadening, effectively resulting
in a decrease of-line amplitude. No indication of nearby

In

in SO are randomly distributed. Figure 1a shows a representa-Protons 4 A) was observed in this sample.

tive example of a two-pulse ESEEM spectrum, collected near
the gy field position. The lines marked dsands result from
interaction of the M¥ electron with?H(D), 3P, and'H nuclei.
The deuteron Larmorf{and double Larmorgj frequencies for
the2H(D) lines depend on the applied magnetic fiel), and
their position and shape are typical for the interaction of an
electron spin with distant nuclei (Figure 1). The normalized
intensities of the fundamentaf) (and sum combinationak)
lines (5.6+ 0.2 and 1.4+ 0.2%, respectively) are constant
within the limits of experimental accuracy across the CW EPR
spectrum (see Supporting Information), providing the first

(38) Dikanov, S. A.; Astashkin, A. V.; Tsvetkov, Yu. @hem. Phys.
Lett. 1988 144, 251-257. (b) Dikanov, S. A.; Astashkin, A. V. lAdvanced
EPR Applications in Biology and Biochemistiyoff, A. G., Ed.; Elsevier:
1989; pp 59-117.

High-pH Form. A representative two-pulse ESEEM spec-
trum of hpH SO in KO is presented at the bottom of Figure 2
for a field position similar to that for the analogoBs spectra
shown at the top of Figure 2. Itis clear that, apart from3re
sline in the Pi spectra, there is little difference between the
top and bottom spectra of Figure 2. ThpH spectra show
neither additional'H lines nor an increase in the absolute
intensities of théH lines, when compared witRi spectra. One
possible explanation for the absencesdines is simply that
the proposal of Georgéis incorrect and that thbpH form
actually has no OH groups coordinated to the Mo atom.
Another reason fos-lines not being observed as expected has
been found by us3 this explanation parallels that for decreased
amplitudes oftH and?H(D) f-lines put forth by Dikano% and
by Warncke and McCracke#. In some cases, variable orienta-
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Figure 1. (a) Two-pulse normalized FT ESEEM spectra of Bigform of SO in DO collected at an applied magnetic field Bf, (G) = 5543,
which corresponds approximately gpfor this SO form. Experimental conditions, = 15.290 GHz; pulse duratiorss 15ns; step of = 5ns; time
interval = 240-2240 nsifi ands denote fundamental arglines;i = 2H(D), 3P, and*H. (b) Time-domain four-pulse ESEEM of th& form of
SO in D,O collected agy. For curves 1 and 2 is 340 and 240 ns, respectiveBm, = 5551 G;vo = 15.306 GHz. (c) The FT of the time domain
ESEEM in (b); Insert: enlargement of the D sum combinational line. Fawdb= 3.63 MHz.

tions of a coordinated group lead to a distribution df Figure 3 shows the spectra lopH andPi samples obtained

parameters that can result in a severe decrease in the intensityh D,O solutions. Unlike the situation in 4@, here direct

of ESEEM spectral lines. One way to overcome this spectro- comparison of the time domains (Figure 3a) clearly shows that

scopic problem is to switch from protonated samples t0 the modulation is substantially deeper for tigH form. This

degterated ones, the_reby _scallng down lifie6.5 times (the means that, in contrast with the ESEEM spectrum j®Hhe

ratio of _gyromagnetlc_: ratios of H and D) and_ ther?fofe ESEEM spectrum of thapH form in D,O directly reveals the

Egg%?ﬁfgé;‘ﬁg{gf:mg any effects due to a possible OIIStrIbu'presence of D-containing group(s) close to the metal ion. To
’ determine the number of nearby deuterons and their distance

(39) Warncke, K.; McCracken, J. Chem. Phys1995 103 6829-6840. from the Md’ center, the modulation resulting from background
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0.06 Information. As previously noted by Minfd,this procedure
for extracting the desired deuterium modulation from the
background does not strictly follow ESEEM theory. Equation
0.05 = 11 implies that modulation from numerous nuclei is the average
- product of the time domains and not a product of the averages.
0.04 However, since the amplitudes of both the desired and back-
ground modulations are small, such a departure from strict
theory leads only to an incorrect accounting of harmonics as a
s result of multiplying the corresponding cosines in eqs 9 and 11
H and to a small additional error-@—3%) in the normalized ESE
0.02 / amplitude. Neither of these affects the present discussion. The
opportunity to use this procedure for removing the background
\ modulation was also one of the reasons for choosing a higher
0.01 operational frequency.

The FT spectrum of Figure 3d consists of a set of rather broad
0.00 .8 LW R T L L ! mergedf-lines, situated aroundp, and a much narrower well-
O 4 8 121620 24 28 32 36 40 resolved s-line in the vicinity of 2vp, The ratio of the
amplitudes for thé- ands-lines is not 4:1 but rather varies with
frequency/ MHz field position from~1.5:1 to~0.6:1. This behavior is quite
characteristic of strong anisotropidi and is therefore direct
0.06 evidence of deuteron(s) near the Meenter. Splitting of the
- f-lines varies from~0 to ~1.5 MHz (see Supporting Informa-
0.05 +— tion) where the variation may be considered as the magnitude
of the anisotropichfi. Depending on field position, the
amplitude of thes-line varies within the limits~6—8%, and
0.04 this dependence is presented in Figure 4 along with the field-
ESE spectrum.

0.03 Sy On the basis of the absolute intensity of tikine (see eqs 5

N / / and 8), it is clear that there are between 1 and 4 (depending on
their corresponding distances) D nuclei near theVMdn

0.02 - ' addition, using the PDA we may immediately estimate the

- I distance between Moand D to be 2.42.5 A, on the basis of

the magnitude of the anisotropic interaction. A MD separa-

tion of 2.1-2.5 A would be expected in a MeO—D moiety;

AR AR L LR therefore, on a qualitative level, the simple 2-pulse ESEEM

0.00 experiment sufficed to demonstrate conclusively thathpil

0 4 8 121620 24 28 32 36 40 form of SO does have at least one nearby deuteron. To get

more quantitative information it was necessary to analyze and

fully simulate the intensity, shifts, and quadrupole splitting

Figure 2. Normalized primary FT ESEEM spectra of tRe(top) and dependence of theline on magnetic field. The intensity of

0.03

FT of two—pulse ESEEM
I‘—h

FT of two—pulse ESEEM

0.01

frequency/ MHz

hpH (bottom) forms of SO, in kD, at their approximate, position. the ESEEM in the weak quadrupole interaction limit is
Top: vo = 8.903 GHz B, (G) = 3230. Bottom:vo = 8.702 GHz By, determined only by th&fi; as we already mentioned, tni
(G) = 3170. The dashed lines in the bottom spectra are pretmes, does not alter the ESEEM intensity explicitly. However, the

simulated with the following parameterg; = 0,z,={0.583,0.694,0.433

T = 8 MHz. The lines observed in the low-frequency region-70
MHz) of all the spectra are believed to result from interaction oMo
with remote nitrogen(s) and are not discussed in this paper.

ngi does change the line shape, which changes the apparent
intensity. The anisotropibfi can also affect the direction of
guantization of the nuclear spin, which makes simulations of
line shapes and absolute intensities a cumbersome iterative

interaction must first be removed. Figure 3 gives an example procedure.. S ) ]
of how this was achieved using a procedure similar to one As mentioned above, in principle the anisotropic part of the
utilized previously!24! First, the original time-domain patterns  hfi may be found from the shifts of theeline from the double
of the Pi and hpH forms (Figure 3a, curves 1 and 2) were Larmor deuteron frequency and thei parameters determined
adjusted for relaxation decay and normalized to unity (see Figure from the splitting of this line. In practice thegi-induced
3b). Second, the ratio of the normalized time domains was Proadening and lower spectral resolution for deuterons neces-
obtained, as shown in Figure 3c. Finally, this resulting time Sitated the use of a four-pulse experiment to obtain enough
domain was subjected to FT transformation (Figure 3d). The resolution for this purpose. Typical time-domain data collected
excellent effectiveness of this procedure is well demonstrated in four-pulse experiments are shown in Figure 5. The maximum
by the complete suppression of the lines from the remote matrix modulation amplitude was found aroune: 290-320 ns, which
protons, present in equa| amp"tudes in bBiland th forms is not too far from where optimal modulation conditions are
(cf. Figure 2). Additional examples of FT spectra obtained at found for matrix deuterons (e.g-~ 340 ns for thePi sample).
the various magnetic fields are included in the Supporting However, for thehpH form the modulation amplitude is about
: : : : — five times greater than for thei form (compare Figure 5, top,

Act(gg)saléznlgfgé ggﬁ;‘gf- D.; Kim, J. H. Hille, RBiochim. Biophys.  \ith Figure 1b), and admixture of modulation caused by matrix

(41) Mims, W. B.; Peisach, J. ladvanced EPR Applications in Biology ~ deuterons may be neglected. Representative FT spectra of the
and BiochemistryHoff, A. G., Ed.; Elsevier: 1989; pp.-155. four-pulse time-domain data, collected at particular magnetic
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Figure 3. (a) Experimental time domains of thi& (1) andhpH (2) forms of SO in RO. By, = 5474 G,vo =15.300, and 15.237 GHz for 1 and

2, respectively. Both curves are presented on the same scale; the dashed line is the zero for curve 1. (b) Time domains shown in a after adjusting
for relaxation decay and normalization; curve 1 is shifted 0.6 units relative to curve 2. (c) Result of dividing curve 2 into curve 1 after the tmrmaliza

(d) FT spectrum of ¢ (solid line) and its simulation (dashed line). Note that the spectrum shows a P-related peak, but no proton related peaks are
present because their signal is canceled out by the division procedure. Parameters for simajatich3 MHz, T = 1.24 MHz, z, = {0.583,

0.694, 0.423, z; = {0.91, 0.42, §, qo = 0.09 MHz,n" = 0.1. Additional FT spectra collected at other magnetic field strengths appear in the

Supporting Information.

field positions, are shown in Figure 5, bottom. Similar spectra
were obtained at-510 G intervals throughout the entire CW
EPR line. Theslines observed in these spectra were singlets
betweeng, and gy, showing that the quadrupole splitting over
this entire magnetic field interval is less than 0.14 MHz (the
resolution dictated by th#2 interval of 7us which was used

in this experiment). Betweeg, and gy the s-line becomes a
resolved doublet, with splitting which varies from 0.18 to 0.24
MHz, depending on the field. The behavior of the quadrupole
splitting in thehpH form is thus quite different from that of the
Pi form, which is independent of field. Moreover, the maximum
value of the splitting in thépH form (0.24 MHz) is significantly
smaller than that of thBi form (0.34 MHz). Finally, note that
the center of thes-line of the hpH form is shifted from the
double deuteron Larmor frequency by ~ 0.18-0.24 MHz,

a HYSCORE experimerft A HYSCORE experiment was
carried out at one of the most nonselective orientations, near
the gy field position, but the contour plot was not informative,
perhaps because even at this field position the ESEEM experi-
ment still was orientationally selective. However, a projection
of the HYSCORE spectrum on one of the frequency axes
(Figure 6) reveals the clearly recognizable spectrum of a “dipolar
powder pattern”, from which the magnitude of the anisotropic
interaction may be evaluated to be 1.2 MHz, in close agreement
with the evaluations of the anisotropifi obtained from the
4-pulse experiments. According to eqs 5 and 8, a single
deuteron with an anisotropic interaction of this magnitude can
provides-line intensities at a given operational frequency of as
much as 20%; this value is 2<&greater than the 8% maximum
value observed experimentally. From this comparison, we

throughout the CW EPR spectrum. The magnitude of the shift hypothesize that thepH form of SO possesses only a single
allowed us to immediately evaluate a characteristic value for deuteron within~3 A of the Mo, most likely in the form of a

the anisotropic interaction (see eq 6)Tas 4/3vwp+d' ~ 1.15-
1.3 MHz. Comparing these data with splittings of thines

Mo—OD moiety. To further probe this hypothesis, we have
simulated thes-line intensity dependence on magnetic field,

observed in the two-pulse spectra, we can conclude that theusing an axiahfi tensor, a slightly nonaxialQCT, and varying

isotropic part of théhfi is likely also be within the range—
1.3 MHz.
It was previously shown that, for systems with an isotropic
g tensor, the magnitude of the isotropic and anisotraifiican
be obtained simultaneously by analyzing the contour plot from

magnitudes ofy, T, ap, and the asymmetry parametgr®® as
well as variable orientations of thdi and NQC tensors in the
g frame. Before discussing the results of these simulations, we

(42) Dikanov, S. A.; Bowman M. KJ. Magn. Resorl995 A116 125-
128.
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Figure 4. Dependence on applied magnetic field of the experimental (bars) and simulated (circles and asterisks) amplitudsinefftirea
sample of théapH form of SO in D,O atv, = 15.237 GHz; the solid line is the corresponding field ESE spectrum. The prirgcyzdlies evaluated

from this spectrum are 1.988, 1.964,1.953 (compare with ref 12) and shown by dashed lines. Parameters used for the simulatiors; =circles)
{0.583, 0.694, 0.423 T = 1.24 MHz,a, = 0, z; = {0.94, 0.34, B, ' = 0.1, andNQCC= 0.09 MHz; (asterisks) random distribution Bfwithin

the limits 1.15-1.3 MHz, with simultaneous random distribution zfin the ZY plane of the RCF, within the limits 5977°, at a constant angle
betweenz, and X.

allow ourselves two comments. First, from the evaluated experiment. Afteqy had been refined, thefi parameters were
anisotropic interaction, one may easily estimate (using the PDA) submitted to a slight final adjustment.

the distance between Mand the deuteron to be 2.2 A, which The pre”minary evaluations of the range Bfand ag also

is shorter than one would expect from simple geometrical simplified the full simulation procedure. The value af is
evaluations® (MO_O 22A,0-H1 A angle Mo-O—H 109- small, @y/2 < wp), and it is well-know#s® that a small isotropic
116, Mo—H distance 2.52.6 A). Since Cramer et al. already  interaction does not significantly affect the amplitude of the
reported a rather large spin-density 8@ in thehpH form,!* sdine in simulations. Therefore, we mainly usedan= 0. In
such a difference is expected when applying the simplest form gqition, because the intensities of thkne at thegs, g, and

of PDA and does not contradict the assumption that'Mo g, positions are comparable, treg vector should form ap-
coordinates an OH group. As fgg, from the largest splitting proximately equal angles with the y andz axes of the RCF.

gii?(e)fstﬂgzg?zszrr\(gge?gx’ ?ﬁ??g%&g:ﬁg If)r?cleor?w(; t%\tgleljate Using the above considerations as guidelines, repeated trial
’ ngineq ’ y simulations eventually yielded a single set of parameters which

it as 0.08-0.09 MHz. SUCh. a smallp is quite l_musual for reproduced both the experimental field dependence df-lime
water or an OD group coordinated to a metal $imdeed, the . . . .
intensity and its shifts from the double Larmor frequency,

value of 0.18 MHz, found by Dikanov et &.for a D-atom bl I The final o
stabilized in glassy water/acid solution, was the smallest value reasonably well. The final parameters wers; = {0.583,
' 0.694, 0.428;, T = 1.24 MHz;z, = {0.94, 0.34, 9, ' = 0.1

for this parameter which had previously been found. Although - . . .
worthy of future study, the problem of which type of charge an_dqo =0.09 MHZ' A_S|m_ulated |nt<_an3|_ty depenc_ience of the
distribution could give rise to such an unusually sMQCT primary eghos—lme on field is shpwn in Figure 4 (cwaes), and
parameter is far outside the scope of this paper. Henceforth,':'gure.5 gives an example_ of simulated four-pulse Ime-shap_es.
we will treat thengi in a formal way without attempting to The .fllmutlatlon. oftt?e primary ﬁCho depende”r;c; _wa:rs] quite
physically interpret they andNQCTorientations obtained from sensitive taz, orientation, I.., a change as sma Inthe

z projection on the RCE axis from the nominal value results

the simulations. ; . : L
Th I d | ltti b din thi feul in a noticeably poorer match to the experimental data. Variation
€ small quadrupolé Spiiting observed In this particuiar ¢ e magnitude of the anisotropic part bfi with other

§yts\;[vem hlas almosj[ no fﬁgd upon ttrf]lefz'ir.r:plgude's tofaﬂh'mlyas it parameters fixed resulted ¥ dependence of amplitudes and
In (E)-pu Se gxperlfmoeré sMﬁcaus;]; he ni edlmrtehln ervadresul S shifts (see egs 3 and 5). On the other hand, the simulations
In a broadening ot . Z, WhICh €xceeds neé quadrupole ..o nnt sensitive to variation @& within the limits 0-0.4

splitting. Therefore, as a first step in simulating the two-pulse MHz, and because the absolute magnitude oftiiavas small
data, only thehfi parameters were varied, amg was set to ’ " Agr . 3
they were not very sensitive to variation of thegi parameters;

zero. In this way, it was possible to simulate the field e.., one may vary’ within the limits 0-0.1, go within the
. . . . . . .g., -4, Yo
dependence of theline amplitude with just one iteration (see limits 0.08-0.1 MHz, andzq = {0.94-0.87, 0.34-0.5, 0-0.3

below). Subseqyently, the ob;erved field .depe’?de’.‘c.e of the(keeping of coursgzg| = 1) without significantly affecting the
qguadrupole splitting could be simulated while maintaining the fits. With this set of anisotropitifi and nai parameters. we
hfi parameters fixed at the values obtained in the two-pulse =~ P arp ’
were also able to reproduce with reasonable accuracy the shapes
(43) Bohmer, J.; Haselhorst, G.; Wieghardt, C.; NuberBgew. Chem., and absolute intensities of tlidines in the two-pulse spectra,
Int. Ed. Engl.1994 33, 1473-1476. as shown in Figure 3d and Supporting Information. However,
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Figure 5. (Top) Time-domain four-pulse ESEEM of tligH form of SO in DO, collected near thgy position. For curves 1 and 2is 310 and

290 ns, respectively. Experimental conditiorg, = 5571 G,vo = 15.237 GHz. Note that the scale in this figure is the same as that in Figure 1b.
(Bottom). Four-pulse FT spectra of theH form at various magnetic fields, corresponding to ghegy, andgy positions. From left to righBn, (G)

= 5474, 5543, 5576, respectively. The time domains for these spectra were collected using a total of 300 st&hsfv@ithns. The inserts are

enlargements of thelines in the corresponding spectra (solid lines) and their simulations (dashed lines); the simulation parameters are the same
as those used in Figure 4, circles. The vertical lines in the inserts mark the position of the double Larmor deuteron frequency at each of the given
fields.

to get a good match in these simulations, we had to use differentdoes not have a unique orientation in the molecular frame; this

values ofgg (but still within the limits 0-0.4 MHz), depending
on field position. Such adjustmentsafmight seem somewhat
arbitrary; however, there is a probable explanation for \ahy
should be field-orientationally dependent, to which we return
below in our analysis of data obtained for ttyeH form of SO
in H,0.

The analysis thus far succeeds in fitting all of the ESEEM
data for thehpH form of SO in DO to a model of one nearby

could well result in a distribution of directions for the principal
axis of thehfi tensor and also in variable magnitudes for the
isotropic and anisotropic parts of thé. Generally, taking into
account the usual ESE problem with complete excitation of
proton hfi transitions, a protors-line amplitude should be
suppressed by a factor of% to be comparable with the noise
level. We tried to find some distributions that would cause such
an amplitude loss yet still describe the dependencies obtained

deuteron with a definite set of magnetic resonance parametersfor deuterated samples, and we have partially succeeded in
Unfortunately, such a model does not work when applied to solving this problem. For instance, a two-dimensional uniform

thehpH form of SO in HO. The dashed line shown in Figure
2 (bottom) represents the protetine simulated with the same

distribution centered at the previously used unique orientation
(variation ofz, relative to thez axis of the RCF within the limits

hfi parameters that were used in the above simulations but re-59—76°, at a constant angle betweapand X, andT variation
calibrated for a proton instead of a deuteron. This line is well within the limits 1.15-1.3 MHz) reproduces the field depen-

separated from theline related to matrix protons, and for some

dence of thes-line amplitude for deuterated samples reasonably

field positions its amplitude exceeds that of the matrix proton well (see Figure 4, stars), and results in the desired 5-fold

line and should be easily observed experimentally, if present decrease of the protos-line.

(see Supporting Information). The fact that no lines are

This distribution does not,
however, reproduce the amplitudes and shapes of-limes

observed experimentally indicates that the coordinated group (for the deuterated samples). Additional evaluations showed

must have a distribution dffi parameters, which would cause
a loss of amplitude. The concept ohfi-parameter distribution

that matching thé -lines would require an associated variation
of the isotropic/anisotropic interaction, a cumbersome problem

has already been utilized elsewhere to explain ESEEM spectrainvolving the determination a large parametric distribution with

of organic radicals and metalloenzyniég83° Experimentally,

associated parameters. This is a whole project in its own right

it is taken to indicate that the coordinated group in question and beyond of scope of this paper; nevertheless, our numerous
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Figure 6. Projection of the HYSCORE spectrum of thpH form on
one of the frequency axes. The dashed line marks the deuteron Larmo
frequency at the given field. The solid lines mark peaks and shoulders
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of the assumed dipolar pattern. Note that the distance between shoulders

J. Am. Chem. Soc., Vol. 120, No. 44, 19983

distribution ofhfi parameters should also make impossible the
direct observation of &H line using the CW EPR technique
previously reported by Geordgéwhich suggests that the signals
he observed were due not to a coordinatedH@d but to more
distant exchangeable protons which in our case merged with
the matrix line.

Low-pH Form. The X-band CW EPR spectra obtained for
the IpH form of SO (in HO or D,O) had the expected
appearance, based on the previous literature; the sampl&in H
showed proton splitting, and the princigalalues,g, = 2.004,
gy = 1.972 andy, = 1.966 were close to the published valdés.

Two-pulse ESEEM spectra of a SO sample yOHexhibit a
deep low-frequency modulation as expected for interaction of
MoV with a SC proton under conditions of partial excitation of
thehftransitions'* For the sake of comparison, a representative
example of thépH ESEEM pattern is shown in Figure 7a, along
with that of the Pi form, in which such low-frequency
modulation is absent Note that, except in this respect, the
proton-related modulation is quite similar in magnitude in the
two forms. The FT spectra, presented in Figure-@llzonsist
of f- ands-lines, situated at the proton and double proton Larmor
frequencies; the absolute intensities of these lines do not depend
on magnetic field. Therefore, as we mentioned in the Introduc-
tion, any additional proton interaction other than that already
known from CW EPR was not observed. However, we already
demonstrated in our discussion of thpH form that even a
slight disorder in Me-H orientation can give rise to a
distribution ofhfi parameters sufficiently broad that the resulting
proton modulation is no longer visible. To investigate the
possibility of a second nearby proton in thgH form, we

'performed a detailed investigation of deuterated samples,

analogous to ouhpH investigation.

is twice as large as between peaks and that they are symmetrical relative 07 IPH SO in DO, thehfi with the SC deuteron is reduced,

to vp. Experimental conditionsy, = 15.249 GHzB,, = 5550 G §§ =
1.963),7 = 320 ns.

simulations did make it clear that we are quite restricted in how
we may vary the parameters. In effect, the coordinated group
is still essentially oriented relative to the ¥Moenter. Therefore,
the necessity of varying, (at constant magnitude of anisotropic
hfi) when simulating the deuteriufrlines to match experiment
might be simply an additional indirect clue of the existence of
such an associated distribution. Also, it may be worth noting
that the angle betweer, andz, (40—45°) is within the limits
expected from the known geometry of M®—H bonds. Yet

as we mentioned above, that correspondence may be just

accidental, sincez, could deviate from the direction of the
Mo—H vector; the unusually small magnitude qf keeps us
from the temptation of considering the, direction as the
direction of the OH bond, as previously reporfdFinally,

we should also stress that the introduced distribution is not a
unique solution of the problem, and the parameters that we
derived show only the range of allowed parameter variation.
The important point is that, as one can see, the range of thes
variations is not large.

Therefore, concluding this section, we can state tha Mo
thehpH form of SO definitely coordinates a group that includes
one D(H), probably in the form of a MeOH(D) moiety. The
orientation of this group is not fixed (although it is substantially
restricted) and thus gives rise to a distributiornfifparameters.
The resulting loss of amplitude makes impossible the direct
observation of & line using ESEEM; however, such a line is

observable in ESEEM spectra of the comparable deuterated
enzyme because the smaller gyromagnetic ratio of deuterium

leads to a smallehfi distribution. Note that the observed

and complete excitation dffifi transitions can be achieved.
However, this creates difficulties for the present study because
the spectrum originating from Mo interaction with the SC
deuteron will certainly overlap with the spectrum from a putative
second deuteron. Fortunately, the parameters ofifiiensor

for the SC deuteron are already known with EPR accuracy, and
these can be used as a starting point for evaluations and
simulations. Therefore, all of the experiments and simulations
described below were aimed at understanding whether we could
describe the observed ESEEM spectra with the assumption of
just one SC proton or whether coordination of a second proton
needed to be invoked.

We start with the two-pulse ESEEM data. Background
modulation was removed by the same procedure that was
applied to thehpH form; the resulting normalized time domains
for two different field positions together with their FT spectra
are shown in Figure 8. As one can see, the FT spectra consist
of two f-lines and ars-ine. A striking feature of the spectra,
observed at all field positions, is a “window”, centered at about

&0, where no signals are detected. This window is a result of

selecting the optimum operational frequency (15.3 GHz) for
this experiment. At typicaX-band frequencies only a single
broad feature is observed because of cancellation and the lower
Larmor frequency of D. The variation of tleeline amplitude

was thoroughly investigated across the CW EPR spectra, and
the results are shown in Figure 9 along with the associated field
ESE spectra. As one can see from Figure 9, the ampli-
tude depends strongly on magnetic field; it is minimalgat
(<1%), reaches a maximum value of 5% betwagnand

(44) Evelo, R. G.; Dikanov, S. A.; Hoff A. hem. Phys. Lettl989
157, 25—-30.
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Figure 7. (a) Two-pulse time domain ESEEM of th& (1) andlpH (2) forms of SO in HO. Experimental conditionsB, = 3220 and 3120 G,

vo = 8.9 and 8.7 GHz, for 1 and 2, respectively.«i¢)l) Normalized FT spectra of tHpH SO form in HO at various field positionBn(G): (b)
3120, (c) 3150, (d) 3165. Low-frequency modulation in all the spectra was removed during the course of normalization. Inset: stiiashed)
expected for a second proton and simulated witk 3 A andz, = {0.57, 0.82, D anda, = 7.8 MHz; (solid) enlarged experimentsline,
presented on the same scale as the simulated line.

gy, and decreases to 2:3% atgy. In accord with eq 5 andthe  complicated line shapes were observed at intermediate magnetic
known hfi tensor, an upper limit of 5:511% can be placed on fields (see Supporting Information). The field dependence of
the theoreticas-line intensity resulting from interaction of Mo the quadrupole splittings over the entire CW EPR spectrum is
with a SC deuteron, depending on the impact of quadrupole shown in Figure 12. From the four-pulse experiment, we also
splitting on line shape. The maximum observed experimental extracted the shift of the center of tisdine from the double
value of 4.7+ 0.3% is below the low limit of this evaluation,  Larmor deuteron frequency. The maximum magnitude of this
supporting the hypothesis of one nearby deuteron. Since moreshift was 0.15-0.17 MHz. Note that unlike what was observed
accurate evaluations have to include the quadrupole interaction for the hpH form, thes-line quadrupole splitting magnitudes in
we utilized the four-pulse technique to investigate the quadrupole this case are quite close to those observed in similar com-
splitting of thes-line over the entire EPR spectrum. poundst® From the above information, we may immediately

Figure 10 presents four-pulse time-domain data collected nearevaluate the directions of tteQCT axes of the SC deuteron
the gy position, witht = 240 and 340 ns. In contrast with data and g, using the splittings at just the three canonical orienta-
obtained for thePi form (Figure 1), in which modulation is  tions. The splittings vary by approximately a factor of 2 when
hardly detectable at= 240 ns, the data fdpH SO show very the external magnetic field varies from one canonical orientation,
noticeable modulation (indeed, maximum modulation occurs at g,, to anothergy. As follows from eq 10, one may expect such
this particularr). This experiment allowed us to conclude that a variation ifz, is close to the< axis of the RCF; indeed, at

the observed modulation patterntat 240 ns originates solely = 0 a 2x increase in splitting accompanies a shiftyoffrom
from interaction of Md with nearby nuclei, without interference ~ 90° (the g, position,Bn Il Z) to 0° (the g« position,Bm [0 Z and
from background modulation. What is more, at the gizen 1l X). As we already discussed above,andich is consistent

only one nucleon is responsible for the modulation. Indeed, in with all three splittings is 0.20.24 MHz, which is a typical

a HYSCORE experiment, in which tHdine amplitudes have  value reported for coordinatec,D or OD3° We will now use

the samer-dependencies as ttedine amplitudes in the four-  these estimates as a starting point in full simulations.

pulse experiment, only two correlated hyperfine frequencies, As already mentioned, a quantitative data interpretation
split by nqi, are observed at = 240 ns (Figure 11). As one involves the simultaneous simulation of tisdine intensity

can see from Figure 11, the fundamental frequencies found fromdependence, found in the two-pulse experiments, and the
the contour plot arev, ~ 5.6 andws ~ 1.9 MHz. EPR lines dependence of the quadrupole splittings and line shapes on field,
at this field position should be split by, — wg ~ 3.7 MHz found in the four-pulse experiments. To proceed with the
(24 MHz or 8.7 G for a proton), which is in a good agreement simulation, we have to know not only the principal values of
with published dataA, = 8 G)1? Therefore, the four-pulse  the SC deuteron’sfi tensor but also its orientation in the RCF.
time domains are considered to be modulations from one This orientation was not specified in the paper of Lamy et4al.,
nucleon. As one can see from Figure 10, $Hime is a doublet. but on the basis of their published data, one would initially
The splitting ranges from 0.34 to 0.36 MHz at theand gy assume thaty, is parallel to thex axis of the RCF. However,
field positions, to 0.640.66 MHz at thegy position. More such an orientation of thifi tensor immediately gives a zero
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Figure 8. (a) Two-pulse normalized time domains (with matrix modulation removed) ofpHeform of SO in O at B, = 5548 and 5506
(curves 1 and 2, respectively). (b) FT of curve 1 (solid line) and its simulation (dashed linee)&)T of curve 2 (solid lines) and their simulations
(dashed lines). Simulation parameters: @)= 4 MHz, axial anisotropichfi |[T| = 0.79 MHz, z, = {0.98, 0.14, 0.1}, z; = {0.903,—0.42,
—0.087%, NQCC= 0.225 MHz. Simulations in (e)(e), also incorporate a second deuteron with parameters3 A, z, = {0.57,0.82, 9, z, =
{0.105, 0.995, p, NQCC= 0.225 MHz,a, (MHz): (c) 1.2, (d) 0, (e)—1.2. Arrows in (c)-(e) show additional lines expected from a putative
second deuteron. Time domains were collectedyat 15.300 GHz, using steps of= 10 ns, over a time interval 262260 ns.

intensity of modulation at thgy andg, positions. Experimen-  the limits 0.22-0.23 MHz,»" within the limits 0.06-0.12, and
tally (see Figure 9) the intensity of tledine at thegy position zq within the limits{0.91—-0.87,(-0.42)—(0.5),(—0.1)-0.0} (|z|
is indeeq close to zero, but at the intensity is still quite = 1). The calculated dependencies sline intensity (two-
substantial. Such disagreement could be caused by the presenggsulse experiment), quadrupole splitting (four-pulse experiment),
of a second deuteron, but it could also be caused by a slightand line shapes (both, two- and four-pulse experiments) for
misalignment between the RCF and the principal axis of the selected sets of parameters are shown in Figures 8, 9, 10, and
Therefore, in simulations we allowed a slight departure of the gpecira for two particular field positions, the simulations
hfi tensor axis from the RCF to satisfy the observed |nte_ns_|ty reproduce the spectra in their entirety, including bothftizad
dependence, and a slight departlure from the reported prlnC'pals-lines, within the limits of experimental accuracy. The
values to satisfy the observed shifts of tHine from_the dou_ble_ simulation for two sets of parameter dependencieslofe on
deuteron Larmor frequency. None of these minor variations ¢ . ¢ 0\ in Figure 9, also fit experiment. Four-pulse line
of the hfi tensor exceed the limits of experimental CW EPR ' ’ . ) e
shapes were reproduced at practically all field positions; the

accuracy. As a result of numerous simulations, we ended UP Jniv exception was found in intermedi field positions
with an axial hyperfine tensor with the parameters (for a y P . ggga—gx el p
where ngi results in a rather complicated line shape (see

proton): ap = 26 MHz, |T| = 5.12 MHz andz, = {0.98, 0.14, . . . . .
0.14. In selectivegs and g, orientations, suchfi splits the Supporting Information). In this particular case, experiment

EPR line by 35.5 MHz (12.9 G) and 21.3 MHz (7.6 G) shows a less resolved triplet than the simulation; decreasing
respectively, in good agreement with the experimentally ob- the asymmetry parameter gives a better fit, but exact matching
served splittings, as well as with published d&taActually, could not be achieved. The reasons for this observed difference
mutual constraints imposed by CW EPR and spicho meas- ~ are not exactly clear; probably the theory that was applied in
urements in combination do not leave much room for variation the simulations is still too approximate to reproduce the fine
of these parameters nor is there much freedom for varying the details of line structure observed at that particular field. Finally,
ngi parameters when fitting the field dependencies of the Figure 12 shows that the experimental dependence afline
quadrupole splittings and line shapes, observed in the two- andgquadrupole splittings on field is also well simulated. Therefore,
four-pulse measurements. Namety, may be varied within we may conclude that, neglecting minor deviations, all sets of
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Figure 9. Field ESE spectrum (solid line) of tHpH form of SO and absolute intensity of tisdine: experimental (bars) and simulations (stars
and asterisks). In the simulations; = 4 MHz; anisotropichfi tensor is axial, withT| = 0.79 MHz,z, = {0.98,0.14, 0.14, NQCC= 0.225 MHz,
n' = 0.12,z4 = {0.903,—0.42,—0.08% (stars), and 0.906,—0.423, Q (asterisks).
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Figure 10. (a) Four-pulse time-domain dpH SO in DO, collected at they, position; for curves 1 and 2 is 240 and 340 ns, respectively.
Experimental conditionsBy, = 5548 G,vo = 15.300 GHz. (b) Experimental (solid line) and simulated (dashed line) four-plilse shapes olpH
SO in DO atBy (G) = 5455. Parameters of simulation as in Figure 9 (stars). Additional examples in Supporting Information.

experimental data are well-simulated using a model of one results allowed us the opportunity to evaluate the orientation
nearby proton (deuteron) with a unique set of parameters. Weof a possible second deuteron, assuming that both of them
next used these parameters to evaluate an orientation for thebelong to the same water molecule. Having solved a simple
SC deuteron in the RCF. geometrical problem based on the known geometry of water,
First of all, using the PDA, one finds that the distance between we found that the distance from a putative second deuteron to
MoV and the SC deuteron, as calculated from the anisotropic MoY would be 2.7-3 A and that the Mo-D vector would make
part of thehfi, is ~2.5 A, which is in rather good agreement an angle of~60° with the x axis of the RCF and lie close to
with the distance of 2:52.6 A known for Mo—-O—D systemg?3 XY plane. These data immediately allow us to obtain the
Also in the PDA, the direction of MeH coincides with the anisotropic part of théfi for the putative second deuteron. The
direction ofz, andz,, as we already mentioned, and is close to O—D bond direction for this deuteron was found practically
the direction of OD. The angle calculated between these two parallel to they axis and close tXY plane. The last parameter
vectors is 33-35°, which is close to the 4045° estimated from required for simulations is the isotropic constant. Indeed, since
the known geometry of MeO—H bonds. Itis surprising that  in the EPR spectrum splitting is observed only from one proton,
the PDA works so well in a system with such a large isotropic thehfi of a second one would have to be less than the line width.
constant as that found for the SC deuteron; nevertheless, theThe reportedy/, line width is ~8 MHz2 and therefore the
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® 0, ® seen from Figure 7b (insert), tlsdine from this proton should
B a have an intensity of 1:#1.8% and be shifted from the double
proton Larmor frequency (and from the more interssiéne
arising from remote protons) by0.5 MHz. Such intensity is
within our limits of detectability, as we previously demonstrated
in our investigation of P-related modulation in tRé&form.15
However, since experimentally observed proton-related modula-
§ wa tions are typically 1.21.4x smaller than predicted by calcula-
tion (the reasons can be found elsewh®resuch a line could
still be essentially obscured by the near®dine of matrix
protons, whose amplitude i183%. In such cases, the resolution
may be increased while at the same time suppressing the
amplitude of the matrixs-line by utilizing the four-pulse
technique with the appropriateadjustment®4” Moreover, the
e o bigger the isotropic constant, the better the achieved improve-
ment in resolution. We performed a four-pulse experiment on
this sample and observed no additiosalline besides that
assignable to matrix protons. Still, one experimental opportunity
remains to check for the presence of a second nearby proton.
! 2 3 4 5 6 7 8 This is to perform an experiment at the operational frequency
©_ / Mz of 3—4 GHz, which would increase the shift of tisdine (if
2 present) from 0.5 to-21.5 MHz, and boost its intensity by-®
Figure 11. Projection of the experimental HYSCORE spectrum of times. The desired operational frequency is out of the range of
IpH SO (in DO) on thew:—w, plane. The marked contour delimits ~ oyr present instrumentation; however, a planned instrument
90% of the maximal amplitude in thé+ quadrantBy = 5552 G.vo  pgrade will allow us to perform this experiment in the very
= 15._300 GHz. For all other parameters, see text. The frequenc[es Ofnear future. For the moment, all of our experimental data
the f-lines and the D Larmor frequency are marked by dashed lines. supports the hypothesis of OH rather thaiOHtoordination in
characteristic isotropibfi of the second proton could not exceed the IpH form of SO. Moreover, the “worst-case scenario”
this value, which corresponds tel.2 MHz for a deuteron. With geometry considered in our simulations assumes aiti(D)
these parameters, we performed a series of simulations of thebond length for the second nucleon which is unusually long
two-pulse spectra which included both the SC deuteron and afor even a coordinated H(BY. In addition, this geometry
second deuteron with the allowable characteristics just describedsuggests that the MeOD, moiety is trigonal planar about the
The magnitudes of the- and f-lines belonging to a second O, which is unlikely. If only more realistic geometries are
proton would strongly depend on distancer(&. Uncertainty  considered, the possibility that a second nucleon is present but
in z4 andz, orientation should not affect the maximum amplitude undetectable becomes even more remote.
of these lines but rather result only in a variation in the field Possible Geometrical Significance of thépH/IpH Param-
position where this maximum amplitude is found. Finally, the eter Differences. The directions ()fzq and z, found for IpH
shape of thé-lines should strongly depend on variations of the and hpH SO cannot be directly compared because they were
isotropic constant within the allowed limits. Some results of obtained in different RCFs, and neither the relation between
the simulations are presented in Figure 8, which illustrate worst- these RCFs nor between the RCFs and the molecular frames is
case scenarios, a deuteron at the largest possible distance of nown. However, some general conclusions can be drawn about
A, with one of three isotropic constants1.2 or 0 MHz. As  the relative Me-H(D) interactions in each case. As mentioned
one can see from Figure 8, even such a distant nucleon, if it earlier, the crystal structure of $3@nd recent resonance Raman
had a zero isotropic constant, would be expected to give fairly and180-labeling experiment$ suggest that of the two oxygen
prominentf-lines. In the simulations, they merge into one line  atoms coordinated to the Mo center (Struct@e it is the
with a peak intensity of 4% and are clearly seen in “the window” equatorial oxygen atom which is protonated in the"Morm
centered around the D Larmor frequency present in all of the of the enzyme. The rather large isotropic constant found for
spectra of the SC deuteron. The increase oftlee intensities  the IpH form and the rather large anisotropic constant found
is not remarkable and is within the range of experimental for hpHform also suggest that the proton in both forms is most
accuracy. Although decreased in amplitude fthees continue  likely coordinated to an equatorial oxyg&h A thorough single-
to be clearly visible when the isotropic constant does not exceedcrystal ENDOR investigation of a similat gystem, involving
+0.5 MHz. With further increases in the isotropic constant, a vanadyl group with a coordinated water, previously showed
the f-lines start to be obscured by those of the SC deuteron, that a small deviation of the metal-(equatorial proton) vector
and at the maximal allowable isotropic constant of 1.2 MHz, from the node of a singly occupied ground-state orbital results
they would not be recognizable in the spectrum. Note, however, in a rather large variation of the isotropic constant, which can
that they might still be detectableaf= —1.2 MHz. We thus even change sign<0.39 to+7.73 MHz)#® Thus the large
conclude that the possible presence of a second nearby deuterogifference inag (26 vs ~0 MHz) between thdpH and hpH
cannot be completely ruled out on the basis of the available forms of SO could be due simply to a relatively small
spectroscopic evidence; however, the possible parameter set foglisplacement of the OH group (relative to the molecular frame),
SUCh. .a.demeron.ls Se‘,’ere'y rEStrICte,d' . (45) Astashkin, A. V.; Dikanov, S. A.; Kurshev, V. V.; Tsvetkov, Yu,
Utilizing the orientation for a putative second nucleon (vide p. chem. Phys. Lett1987, 136, 335-340.
supra), we simulated a spectrum expected for a samgjetbf (46) Lee, H.; McCracken, JI. Phys. Chem1994 98, 12861-12870.
SO in HO instead of BO. Since proton relateftines are 19&7)15&"%‘7"3_759-%? Spoyalov, A. P.; Hermann, J.J. Chem. Phys.
substantially broadened and therefore of much smaller amplitude™ " (4g) Atherton, N. M.; Shackleton, A. Mol. Phys.198Q 39, 1471
than thes-ine, only the latter will be discussed. As can be 1485.
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Figure 12. Experimental dependence of the quadrupole splitting oftliree of IpH SO (in D,O) on magnetic field (bars) and the corresponding
simulation (circles). The parameters used for simulation were as for stars in Figure 9.

nucleon other than the exchangeable proton/deuteron previously
detected by CW EPR. Extensive simulations revealed a small
set of geometries in which a nearby H(D) could be present but
undetectable; however, these geometries call for unusually long
O—H bond lengths and essentially trigonal planar bonding about

The geometries of the Mo-OH center proposed here for the oxygen atom. It is considered more likely that in both the
the hpH and IpH forms of SO are consistent with the crystal PH andhpH forms of the enzyme the nearby exchangeable
structure of chicken liver SO which shows a 5-coordinate Proton/deuteron is part of a M&OH(D) moiety and that the
approximately square pyramidal Mo center with a unique spegtroscoplc d|ﬁ§rences between the two forms result from a
oxygen atom in the equatorial plane that is exposed to solventelatively small displacement of the H(D) which moves the
and anionsZ).71% The remainder of the Mo site is buried within m_xcleon in and out of a node qf the smgly occupied Mo d orbital.
the protein, precluding coordination by a sixth ligand without Single-crystal ENDOR studies provide precedent for such
major structural rearrangement at the Mo center. Previous behawor_‘}s_and recent_klnenc investigations prowde a p053|_ble
EXAFS spectroscopy on the Mg Mo, and Md' states of mgchanlstlc explanation _for why suc_h a displacement m|ght
chicken liver SO suggested that chloride was coordinated to arise® To further test this hypothesis, as well as to explain
Mo and M¢’ at low pH and high chloride concentratiéh, ~ the unusually small gobserved in theapH form of SO, we
However, more recent EXAFS experiments using human SO have now |_n|t|ated detailed quantum c_he_m|cal calculatlons_ and
could not completely duplicate the earlier EXAFS results on @ré preparing model compounds to mimic the observed differ-
chicken SO Indeed, the analysis of the low pH/high chloride €nces between tHpH andhpH forms.

MoV data for human SO suggests three-Mdbond& which Acknowledgment. We thank W. A. Wehbi for assistance

is in agreement with the present work. Clearly, the EXAFS in the enzyme purification, and Drs. P. Basu and F.A. Walker
spectroscopy of chicken liver SO needs to be repeated in viewfor helpful discussions. We thank Dr. Graham George and
of the discrepancies with the EXAFS data for humarf&d Professor K. V. Rajagopalan for helpful discussions and
our ESEEM and kinetic datdon chicken liver SO. information about the EXAFS of human SO prior to publication.
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not fixed (although it is substantially restricted) and thus gives Supporting Information Available: Two-pulse normalized
rise to a distribution ohfi parameters. The resulting loss of ET ESEEM spectra of thBi form of SO in DO atgy andgy,
amplitude makes direct observation of a proton-related line using comparison of two-pulse normalized FT ESEEM spectra of the
ESEEM impossible; however, such a line is observable in pj andhpH forms of SO in HO atgy andg,; FT ESEEM spectra
ESEEM spectra of the comparable deuterated enzyme. of the hpH forms of SO in RO, with the matrix deuteron con-
Numerous ESEEM experiments with thpH form of SO, in  tribytions removed, collected at various magnetic field strengths;
H20 and RO buffers, failed to show evidence for any nearby  four-pulses-line shapes ofpH SO in DO at various magnetic
(49) George, G. N.; Kipke, C. A.; Prince, R. C.; Sunde, R. A.; Enemark, field strengths (8 pages, print/PDF). See any current masthead
J. H.; Cramer, S. PBiochemistryl1989 28, 5075-5080. page for ordering information and Web access instructions.

(50) George, G. N.; Garrett, R. M.; Rajagopalan, K. V., unpublished
results. JA981903J

which moves the proton (deuteron) in and out of a node of the
singly occupied d orbital. Very recent kinetic investigations in
our laboratories suggest a mechanistic explanation folptié
hpH isomerization, consistent with such a displacement of the
OH group?®




