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Abstract: Pulsed electron nuclear double resonance (ENDOR) spectra of nonexchangeable protons in
the vicinity of the Mo(V) center of the high pH (hpH) and low pH (IpH) forms of native chicken liver sulfite
oxidase (SO) and recombinant human SO have been obtained and analyzed for the first time. The close
similarity of the spectra for the chicken and human enzymes indicates that the structures of their molybdenum
centers are essentially identical. For IpH SO, the closest nonexchangeable proton is found to be ~2.8 A
from the Mo atom. To more accurately determine the distance to this proton and facilitate its assignment,
the C-band electron spin—echo envelope modulation (ESEEM) spectra of IpH SO were also analyzed.
From the obtained distance and comparison with the X-ray structure, this closest nonexchangeable proton
is assigned to the a-proton of the coordinated conserved cysteinyl residue (Cys185 in chicken, Cys207 in
human). The closest Mo-H distance for the nonexchangeable protons of hpH SO is found to be ~3.3 A.
For the cysteinyl a-proton, such an increase in the Mo-H distance only requires a very small change in
torsional angles. This study demonstrates that details of the enzyme structural rearrangements with pH
can be monitored by ENDOR spectroscopy and suggests that a similar approach may be routinely used
to probe the orientation of the coordinated cysteinyl residue in mutant forms of SO that are catalytically
compromised.

Introduction scopy to investigate the Mo(V) center of chicken liver SO in
Sulfite oxidase (SO) is a physiologically vital enzyme that H20 and RO solutions. We showed that the phosphate-inhibited
catalyzes the oxidation of sulfite to sulfate, the final step in (P) form has a single monodentate rotationally disordered
sulfur metabolism in vertebrates. The crystal structure of chicken Phosphate ligand.Nearby, exchangeable protons have been
liver SO shows a novel five-coordinate distorted square Mvestigated at pH 9.5 (high pH, hpH) and pH 7.0 (low pH,
pyramidal coordination geometry about the catalytic molybde- IpH) in order to estab.hsh the hydroxyl/water coordlqatlon
num centef. One of the equatorial ligands is the thiolate side Structures:#™ We confirmed that the IpH form has a single
chain of a cysteinyl residue that is conserved in all species andnydroxy! proton with a large isotropic hyperfine interaction (hfi),
essential for catalytic activity3 The proposed mechanism for ~ 1¥ing in the equatorial coordination plane and, presumably, being
SO involves oxygen atom transfer followed by successive Weakly hydrogen-bonded to the S atom of the coordinated
coupled electron/proton transfers that pass through the Mo(V) CySteinyl residué:l® Refocused primary electron spigcho
oxidation state, which is detectable by electron paramagnetic €nvelope modulation (RP ESEEM) enabled nearby exchangeable

resonance (EPRY):® Recently, we used pulsed EPR spectro- protons in the hpH form to be detected for the first time, and
simulation of the RP ESEEM spectrum favored two nearby
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The investigations described above were aimed at establishingcenter, an exceptionally short distance that is considerably less
the nature and binding geometry of the exchangeable ligandsthan that to the gprotons, or to any other nonexchangeable
(OH(z), PO*") of the Mo(V) center. Another issue in discussing protons. This G-proton should be detectable by ENDOR if the
structure/function relationships in SO is the conformation of conformation of the coordinated cysteinyl residue in the Mo(V)
the coordinated cysteinyl ligand (Cys185 in the chicken amino states in frozen solution is not significantly different from that
acid sequence). It has been suggédtduat the conformation in the crystal structure. However, if the distance between the
of this residue can modulate the reactivity of the enzyme. In Mo(V) center and the gproton were considerably larger than
principle, the conformation of the cysteinyl ligand can be derived that in the crystal structure, then this proton would not be
from the X-ray crystal structure of chicken liver SOlhis detected, and one could estimate the minimal conformational
structure, however, was determined from single crystals grown change required to “hide” the ENDOR lines of thig-@roton.
in high concentration of sulfate at pH 7.8 starting with the fully Therefore, we have performed pulsed ENDOR studies on the
oxidized Mo(VI) state of SO. Partial reduction of the Mo centers nonexchangeablprotons of the IpH and hpH forms of chicken
probably occurred in the X-ray beam during data collectiéh, liver SO for direct comparison with one another and with the
so the exact oxidation state of the Mo center in the X-ray crystal nearby proton environment that can be calculated from the X-ray
structure is not known. On the other hand, EPR spectroscopycrystal structure. In addition, since no X-ray structures are
detects only the Mo(V) state. The IpH form is obtained at pH available for SO from sources other than chicken liver, we
7.0 in the presence of chloride; the hpH form is obtained a pH extended our pulsed ENDOR experiments to recombinant
9.5 in the absence of chloride. Intermediate pH values result in human SO so that the structures of the Mo sites in these two
a mixture of the signals characteristic of IpH and hpH 0. organisms can be compared. The results presented here suggest
Having successfully addressed the nature ofekehangeable  that the structure of the Mo site in human and chicken SO is
protons in these two forms of SO through pulsed EPR well-conserved. In the ENDOR spectra of IpH SO, the features
spectroscopy, we turn our attention to neamoyexchangeable  with the largest spltting are attributed to the-f@roton, as
protons in order to obtain structural information about the anticipated based on the X-ray structure. This assignment was
conformation of the coordinated cysteinyl residue in the Mo(V) facilitated by ESEEM experiments performed in the microwave
forms of SO. (mw) C-band. In hpH SO, the distance to this proton has

During the past decade, several studies of the coordinationincreased. Its resonances are masked by those of other distant
of cysteinyl ligands in iron and copper proteins and their protons and cannot be detected separately. The minimum
synthetic analogues by pulsed and continuous wave (CW) conformational change of the cysteinyl ligand required to
ENDOR and ESEEM have been reporiédt® The method- convert the X-ray crystal structure to that of the hpH form has
ological aspects of these studies were useful for our investigationbeen estimated. The results of this work provide a foundation
of the cysteinyl ligand to Mo in SO, but the magnitudes of the for monitoring the conformation of the coordinated cysteinyl
hyperfine interactions of thegdprotons found in these previous  residue in mutant forms of SO that are catalytically compro-
studies could not be used directly here because of differencesmised.
in the electronic structures of the respective metal centers.

Therefore, as a background model for the prospective ENDOR/ Experimental Section

ESEEM. IrII\./eStlgatlon. of the. protons of the Cyitelnyl ligand in Samples of highly purified chicken liver SO in,© and HO buffers
SO, we initially |nvgstlgatedls,traps-(L-stQ)Mo O(SCHPh) in the IpH and hpH forms were prepared as previously described.
(L-NoSHz = N,N'-dimethyl-N,N'-bis(mercaptophenyl)ethylene- s tagged recombinant human SO was purified from TP1000 cells
diamine), by pulsed EPR techniquésin this system, the  containing pTG7188 After harvest, the cells were broken in the
o-protons (methylene protons) of the benzyl thiolate ligand presence of a mixture of protease inhibitors supplied as EDTA-free
mimic the3-CH, protons of the cysteinyl ligand in SO. Using  protease inhibitor cocktail tablets (Roche Diagnostics). Chromatography
samples prepared with protonated and deuterated benzyl thiolatepn the NiNTA resin was carried out as descrilfeshd was followed

we obtained the ENDOR spectra of these methylene protonsby 2 final purification step on DE-52 using a gradient of sodium
and extracted their hfi parameters. The results for this model Phosphate buffer, pH 7.8, from 50 to 350 mM containing 0.1 mM
system were somewhat discouraging, because they indicated thaggTA' EPR spectra of the IpH and hpH forms of His-tagged human
the ENDOR lines of the-CH; protons of SO are likely to be were obtained using samples in buffers containing 100 mM Tris,

. . 100 mM NacCl (pH 7.0, IpH), and 100 mM bis-Tris-propane (pH 9.5,
overlapped with those of other distant protons, and there MAY o), respectively. The pH was adjusted by addéiM HCI. The

be Iittl_e hope of detecting them without selective-B isotopic protein was reduced with a 20-fold excess of sodium sulfite and
substitution. immediately frozen in liquid nitrogen.
On the other hand, the X-ray structure of ‘Sthows that the The Davies ENDOR experiments were performed on a modified

Cq-proton of the cysteinyl ligand is onky2.96 A from the Mo home-built X/P-band-pulsed EPR spectrom@tezquipped with a
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. 2,23
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ENDOR Intensity

v- v, (MHz)

Figure 1. Davies ENDOR spectra of the IpH form of chicken (traces 1, 3,
and 5) and human (traces 2, 4, and 6) SO in th® Huffer. Traces 1 and

2, Bo= 3365 G (abous). Traces 3 and 8B,— 3418 G (abouty,). Traces

5 and 6,B,= 3439 G (aboug;). Experimental conditions: mw pulses, 120
(180), 60 (90), and 120 ns (18Y); interval T between the first and second
mw pulses, 4Qs; intervalr between the second and third mw pulses, 400
ns; RF pulse duration (18)) 8 us; microwave frequencyymy = 9.449
GHz.; temperature;- 20 K.

The ENDOR spectra of chicken and human SO obtained in buffered
H2O solutions were virtually identical (see Figure 1). For this reason,
and because of the limited amount of human SO available for these
experiments, the experiments i@ solution were performed for
chicken SO only.

Results and Discussion

EPR Spectra of IpH and hpH SO. As determined ear-

lier8.22425%and confirmed by our measurements, the EPR spectra
of chicken and human SO are similar and characterized by the

following principal g values: g; ~ 1.966,g, ~ 1.972, andys
~ 2.004 for the IpH form; and;, ~ 1.953,9, ~ 1.964, andy;
~ 1.988 for the hpH form. The subscripts at the princigal
values correspond to the principal axks2, and 3 of the g
tensor. In our notation, the principagl valuesg, g, and gs
correspond, respectively, tp, g», andg; used elsewhertThe

ENDOR Intensity

v- v, (MHz)

Figure 2. Solid traces 1 through 5, experimental Davies ENDOR spectra
of the IpH form of chicken SO in the fD buffer, detected aB,= 3365
(aboutgs), 3390, 3418 (abougy), 3429, and 3439 G (aboagt), respectively.
Experimental conditions as in Figure 1. Dashed traces with the same
numbers, calculated Davies ENDOR spectra with contributions of the three
closest protons taken into account (see text and Figure 3).gTieasor
orientation used in the calculation is shown in Figure 5.

To eliminate the contribution of exchangeable protons, the
Davies ENDOR spectra of chicken SO in® buffer were
recorded (see Figure 2). Spectra 1, 2, and 3 shown in Figure 1
are similar to, respectively, spectra 1, 3, and 5 in Figure 2 (solid
traces) recorded near the EPR turning points, which indicates
that no nearby exchangeable protons contribute to this spectral
region. In ENDOR spectrum 1 (Figure 2) recordedggtthe
outer spectral lines have a splitting-eB.7 MHz. Atg, (spectra
3 and 4), the largest splitting between the spectral features is
about 6 MHz. Atg; (spectrum 5) the spectrum has a tent-like
shape, with the edges corresponding to a splitting~8f45
MHz. It follows from Figure 2 that the 6 MHz splitting negs
is actually the largest observed splitting for the nonexchangeable
protons in IpH SO.

In principle, tracing the variation of the ENDOR spectral
shapes associated with a given proton with magnetic #gld

notation was changed to avoid an unusual and confusing (i.e., across the anisotropic EPR spectrum) enables the hfi
correspondence between the axes of the molecular coordinatgyarameters for that proton to be unambiguously deternfified.

frame XYZ and theg frame 123 in which axis 3 would
correspond toX; and1, to Z.
ENDOR Spectra of IpH SO. Figure 1 shows the Davies

Such an approach requires the spectral lines of the proton in
guestion to be resolved, at least at nBgtalues, from the lines
of other protons. In the ENDOR spectra of IpH SO, the only

ENDOR spectra of chicken and human IpH SO obtained near unique and potentially assignable feature is the pair of lines/

the turning points of the EPR spectrum. The strongly coupled

shoulders with the largest splitting that attains its maximum

exchangeable protons give ENDOR signals outside the spectralajye of ~6 MHz at g,. However, this feature is only partly

range shown in this Figuf€.The virtual identity of the ENDOR

traceable across the EPR spectrum; its splitting decreases toward

spectra of chicken and human SO indicates nearly identical g: and gs, where it begins to merge with the features of

structures for their Mo sites, as would be expected from the

strong sequence homology for the two enzymes and the
fhe orientation dependence of the ENDOR spectra, and we have

residue (Cys185 in chicken; Cys207 in human).
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numerous more distant protons that are not well-resolved. In
such a situation, we cannot undertake a full formal analysis of

to restrict ourselves to the analysis of the largest ENDOR
splitting only and of that part of its orientation dependence that
can be traced.
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As a first step in the data interpretation, we may use a point
dipole approximation, assuming all the spin density to be ‘CYS 185, ipH SO' 0Xx0
localized on Mo (see Appendix 1) and neglecting the contribu- {
tion of the isotropic hfi (see discussion below). Under these
assumptions, the largest observed splittings (MHz) corre-
sponds to the orientation &, along theMo-H radius vector
Rwmon. The anisotropic hfi constaiit; is one-half of this maximal
splitting, about—3 MHz, and theMo-H distance can be
estimated fromT,

@

Ty 99B8/NR yon (1) Arg 138, IpH SO
whereg and g, are, respectively, the electronic and nuclgar ‘Cys 185, hpH SO}
factors; B and 3, are the Bohr magneton and the nuclear C H
magneton; andh is Planck’s constant. Using eq 1 with; ~ ’, ~33A
—3 MHz givesRyon &~ 2.97 A. After correcting for spin density 0X0 ©cC
delocalization from Mo to the ligands, this distance is estimated . N

to be ~2.9 A (see Appendix 1). The values of the largest . 0
ENDOR splittings observed a; and gs impose a restriction

on the largesRvon for the nonexchangeable protons responsible ,, i L S
for the outer features in the ENDOR spect@yon < 3.6 A, g . Mo

as calculated from the 3.45 MHz splitting observedjat ] _ _
To understand which amino acid residues could provide such Figure 3. Geometry of Cys185 (top leff) and Arg138 (top right) residues
and their location with respect to the Mo center of chicken SO taken from

nearby nonexchangeable protons, we have analyzed the singlege x.ray crystal structureThe conformation of Cys185 in IpH SO found
crystal X-ray structural data for chicken liver SO available in here by ENDOR is virtually indistinguishable from that derived from the
the protein databade (entry 1SOX). As mentioned in the  X-ray structure. Bottom, suggested structure for the hpH SO obtained by
introducton, the single-crystal samples of SO were obtained at {1 SEEXUILe ISEIRIons SoueiC Cy e, S nens GO |
pH 7.8 in high sulfate concentratidrhlthough these conditions  pyranopterin ligand is shown.
differ from those for obtaining the IpH and hpH forms of the
Mo(V) state of SO, the X-ray crystal structure should provide the Ruon ~ 2.96 A estimated for this proton from the X-ray
background guidance for assigning the 6 MHz splitting to a structure. This distance is smaller than the minimum possible
particular proton or group of protons. distance to the gprotons. However, the &protons may have
The positions of nearby nonexchangeable protons with respectappreciable isotropic hfi constants, and we next consider the
to Mo were calculated from the coordinates of the carbon atoms possibility of assigning the 6 MHz splitting in the ENDOR
obtained from the X-ray structure, taking into account the spectra to these protons.
appropriate hybridization geometry at each carbon atom (see Of the various relevant systems studied by ENDOR that can
Appendix 1). The closest nonexchangeable proton is the C give information on isotropic hfi constants of the cysteinyl C
proton of coordinated Cys18Ron ~ 2.96 A, see Figure 3).  protons, the one most closely related to the Mo center of SO is
The G-protons of Cys185 are at significantly greater distances a model complex with Mo(V) ligated by a benzyl thiolate
(354 and 4.41 A), and the maximum possible splittings ligand!” In that work, we found that the torsional angles of the
associated with them are3.6 and 1.8 MHz, respectively. Of Mo—S—CH, fragment are distributed over wide limits, and the
the other nearby (nonliganding) residues, only Arg138 has one ENDOR spectral shapes of the methylene protons could be
of its y-protons within 3.3 A of Mo (see Figure 3). In the successfully simulated without taking the isotropic hfi into
following analysis, we will adopt a conservative approach and account. Although we cannot exclude that those spectra could
assume minimal changes of the Mo structural environment from also be simulated by including the conformation-dependent
that found by X-ray crystallography upon changing the sample isotropic hfi, the conclusion about a wide distribution of torsional
pH and the oxidation state of the Mo center. Therefore, we will angles will also stand in this case. An important result of the
not consider protons of nonliganding residues (e.g., Arg138) model work” relevant to the current discussion for IpH SO is
as candidates for explaining the 6 MHz splitting in the ENDOR that the width of the ENDOR spectra did not exceed 4 MHz,
spectra. which limits the possible estimates of the largest isotropic hfi
The analysis of all formally possible conformations of the to a value not exceeding2 MHz. This value would occur when
cysteinyl ligand shows that the possible distance from Mo to one of the G-protons of SO becomes most distant from Mo
the G,-proton is confined within the range of 2:5.6 A. For (~4.4 A).
the G-protons, on the other hand, the possible distance is within ~ Other estimates of the isotropic hfi constants of cysteipe C

the range of 3.24.4 A. Thus, the distanc®uon ~ 2.9 A, protons in SO and their dependence on the cysteine conforma-
estimated for the closest nonexchangeable proton in IpH SO, istion can be obtained by invoking analogies wjtiprotons in
well within the range of possible distances to thgpEoton, s-centered hydrocarbon radic&fs® Cg-protons in S-centered

and is, in fact, virtually indistinguishable (see Appendix 1) from cysteine radical®) cysteine G-protons in iror-sulfur centerg? 15

and the Cu center in #D reductasé® All of these estimates

(27) Berman, H. M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T. N.; Weissig, f ; B ; : i _
H.: Shindyalov, I. N.. Bourne, P. ENucieic Acids Re=200Q 28, 235 give a maximum isotropic hfi of-3 MHz. In addition, quantum-
242, <http://www.rcsb.org/pdb . chemical calculations oft-centered radicals predict that this
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maximal hfi constant would correspond to a so-called W
conformation, when the/-proton is at the largest possible
distance from the unpaired electr&i?® The hfi data on the
cysteinyl G-protons in iror-sulfur centers 5 are in a general

values ofAv, expected for protons witip ~ —3 MHz and
—2.5 MHz are, respectively;-0.34 and 0.24 MHz. Resolving
such splittings in the ESEEM spectra requires rather long
accumulation times, because the time domain data should be

agreement with this conclusion. One should, however, be very collected over a very long time interval (at least 4€) and
cautious about such estimates, since they are based on systemaith very small increments in pulse separationsl ns) in

that have electronic structures quite different from that studied
here. Most likely, the~3 MHz isotropic hfi is somewhat
overestimated, and thus, it is in qualitative agreement with
MHz estimated above for the model Mo complex with a benzyl
thiolate ligandt” Even for the maximum estimated isotropic hfi
of ~3 MHz, the G-proton in the X-ray structure that is most
distant from the Mo position (4.4 A) can give an ENDOR
splitting of no more than 4.9 MHz, considerably less than the
6 MHz obtained aps.

The minimum isotropic hfi is expected when g-@roton is

order to avoid frequency aliasing. On the other hand, if the
experiment is performed at lower mw frequencies/magnetic
fields, Av, increases in proportion to44. In addition, as we
already discussed in detail elsewhé&tthe experiments at lower
mw frequencies offer the advantages of increased ESEEM
amplitude (specifically, for weakly coupled protons) and reduced
data accumulation time. The mw frequency, however, should
still be high enough to keep the proton in a “weak interaction
region” and possibly far from the Zeeman/hfi cancellation, to
avoid unnecessary complications in the subsequent interpretation

near its closest approach to the Mo center. The value for the of spectra. Our preliminary estimates showed that the mw

minimum constant is not very well defined. The expected range
is from ~0 (as obtained from the hydrocarbon anaksgy) to

~1 MHz (as found in iror-sulfur complexes=19). In the
extremely unlikely case of the minimumgs, being ~1 MHz

and the G-proton being at the closest possible distance to Mo
(3.1 A), the maximum ENDOR splitting would be6 MHz,
similar to that obtained ag,. The minimum angle of rotation
around the g—S, bond required to move one ofs@rotons in

SO to such a position from that calculated from the X-ray
structure is~66°.

frequencies optimal for such measurements are in the range of
4—5 GHz.

Therefore, the ESEEM experiments with a protonated sample
of chicken IpH SO were performed at,, = 4.747 GHz and
B,= 1715 G, which corresponded to the maximum of the field-
sweep ESE spectrum, and 9 ~ 7.3 MHz. The two-pulse
ESE field sweep spectrum collected with mw pulses of 10-ns
duration has shown the width of 27 G at the half-height level.
This width is considerably smaller than that observed in the X
band (~60 G), because it is mainly determined by thé&actor

The above considerations show that the assignment of the 6anisotropy. Ther/2 mw pulses of 10 ns ensured a spectrum

MHz splitting observed &g, to a G-proton of the coordinated

cysteinyl residue (instead of the, ©ne) cannot be completely

ruled out on the basis of the value of the splitting only. On the
other hand, this problem ultimately boils down to accurate
evaluation of the anisotropic hfi of the proton responsible for
this splitting. This could be achieved by accurately simulating
the ENDOR spectra taken at various positions of the EPR
spectrum if the complete ENDOR features attributable to this

excitation range of-8 G. In addition, the large hfi constant of
the nearby exchangeable protornlQ G gave an effective
increase of this range t©18 G, that is, to a value comparable
with the total width of the EPR spectrum. As a result, the
ESEEM spectra collected at the maximum of the EPR spectrum
virtually corresponded to a completely orientationally disordered
situation, and therefore, eq 2 could be used to analyze the data.
In the primary ESEEM experiments, the shiftedline due to

proton could be somehow separated from the lines of all other the cysteinyl protons could not be resolved from that of distant
protons. This, however, is not the case, and therefore, it is not matrix protons, because the spectral resolution was limited by

surprising that our trial ENDOR simulations (not shown, but
similar to those described below and in Appendix 2) aimed at
distinguishing betweem; ~ —3 MHz (C,-proton at the distance

of ~2.9 A) andTp &~ —2.5 MHz (Gs-proton at the shortest
possible distance of3.1 A that, in addition, has an isotropic
hfi constant of~1 MHz) did not result in an unequivocal
assignment. This is in part due to the rather small difference in
the anisotropic hfi constants of these two protons.

To address this ambiguity, we turned our attention to the
primary and four-pulse ESEEM spectra in which the up-
frequency shift,Av,, of the sum combination linevg) from
the exact double Zeeman frequency of protonsy)2is
proportional to the second power @f. For example, in an
orientationally disordered systeth,

oT.?

Av, ~ 16,

)

If the ESEEM experiment is performed in X-band (mw
frequencyvmw ~ 9.5 GHz,By~ 3450 G,vy ~ 14.7 MHz), the

(28) Ellinger, Y.; Rassat, A.; Subra, R.; Berthier, &.Am. Chem. Sod973
95, 2372-2372.

a rather short transverse relaxation timgy~ 0.8 us. Therefore,
we performed four-pulse experiments in which the spectral
resolution is limited by the longitudinal relaxation time, >

T,. Figure 4 shows an example of a four-pulsed ESEEM
spectrum of IpH SO in which the shifted line of a cysteinyl
proton is clearly observed. The shiftv, in this spectrum is
~0.8 MHz. Substituting this shift into eq 2, one obtains the
value of the anisotropic hfi constarfy ~ —3.2 MHz, which

is in the range of possible constants for thepoton. On the
other hand, for a gproton at the shortest possible distante (

~ —2.5 MHz), the shiftAv, would be~0.48 MHz, almost 1.7
times smaller than that observed in the experiment.

Thus, we may conclude that the largest ENDOR splitting
observed ag; belongs to the cysteinyl &proton. The outer
features of the ENDOR spectra recordedyagndgs can also
have contribtions from one g&proton of Cys185 and one,€
proton of Arg138 (chicken numbers) that are located at distances

(29) Zhidomirov, G. I.; Schastnev, P. V.; Chuvylkin, N. Quantum Chemical
Calculations of Magnetic-Resonance Parametddauka: Novosibirsk,
1978.

(30) Matsuki, K.; Hadley, J. H., Jr.; Nelson, W. H.; Yang, C.JYMagn. Reson.
A 1993 103 196-202.

(31) Dikanov, S. A.; Tsvetkov, Yu. CElectron Spir-Echo Envelope Modulation
(ESEEM) SpectroscopZRC Press: Boca Raton, FL, 1992.
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0 BN é T é '1'0'1'2'" T '1'5 P Figure 5. The orientation of thg tensor axed, 2, and3 with respect to
the molecular axeX, Y andZ, as used in the calculation of spectra shown
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ESEEM Ampltude
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7

MHz in Figure 2. The Euler angles describing the orientation ofghensor
Figure 4. Four-pulse ESEEM spectrum of IpH SO in theQH buffer axes arep ~ 10° + 5°, 0 ~ 30°+ 10°, andg ~ 0°.
obtained atmw = 4.747 GHz,B, = 1715 G,z = 380 ns. All mw pulse
durations were 10 ns. Temperature20 K. The shiftedv, line of the difference inRyon is at the margin of distinguishability (see
cysteinyl G-proton is marked “id v,". Appendix 1) and can be achieved by&° rotation around the

of 3.54 and 3.3 A, respectively. To further check the reason- cyStéine &—C;s bond followed by a=6° rotation around the
ability of this assignment and to obtain the information on the Cs~Sy bond. Since such a structural change is very insignificant,
orientation of theg tensor axes relative to the Mo complex, we W& may, to the first approximation, consider the geometry of
have performed the ENDOR simulations with variation of the e cysteine ligand in IpH SO to be similar to that found by
g tensor orientation in the molecular frame. The molecular frame X-Tay crystallography (see Figure 3). The isotropic hfi value of
XYZwas defined as follows: ax@was directed along the Me about—0.3 MHz translates into a spin density at a proton of
O bond,X (0Z) was in the plane defined by the M® bond, ~2 x 10°%

and the Me-OH bond, andY was perpendicular to botk and The values offg for the G-proton of Cys185 and the,©

Z (and roughly pointing in the direction of the bond between pro'ton of Ar9138 taken !nto account. in t'he simulation were
Mo and the S atom of the cysteine ligand). The orientation of €Stimated using a point dipole approximatieril(78 and—2.2
theg frame123was defined by Euler angles, 6, andg, which MHz, respectlyely). Spectra 1,_3, 4, and 5_|n Flgu_re 2_ could be
are the angles for three consecutive rotations around, respecSuccessfully simulated assuming a zero isotropic hfi constant
tively, 3, newly obtained. and newly obtaine@. The situation for the cysteine gproton. However, to fll'[ the overall W|_dth of
with all the of angles equal to 0 corresponds to the orientation e ENDOR spectrum 2, we also had to introduce for this proton

of 1// X, 2// Y and3// Z. The simulation procedure is described &so ~ 1 MHz. This isotropic hfi constant is in the range of
in Appendix 2. values discussed above for such a proton. The simulated spectra

In the previous work9 the hfi tensor of the nearby exchange- 1 @nd 3-5 in Figure 2 practically did not depend on whether
able OH proton was determined, and it was noted that the large®se = 0 MHZ or aiso & 1 MHz was used for thoe cysteing;C
isotropic hfi constant of that proton indicates that the OH bond Proton (at Ieasz for the Euler anglgs~ 10° £ 5°, 6 ~ 30° +
is approximately in the plane of the molybdenury drbital 10°, andg ~ 0°). ,
carrying the unpaired electron. In such a situation, the local ' Ne significant departure of tigetensor axes in IpH SO from
symmetry requires that the main axis of the anisotropic hfi tensor the molecular axeX; Y, andZ obtained in our calculations is
of the OH proton is also in thegplane. Since the main axis N general agreement with the results of other EPR studies of
of the anisotropic hfi was found to be virtually parallel with ~0W-symmetry oxo-Mo(V) center&: Axis 2 of theg tensor for
axis 1 of the g tensorl® we may conclude that axig is SO obtained in this work is at an angle of orkhB0° with the
approximately in theXY plane. Therefore, in our ENDOR direction to the cysteine £&Zproton. With such an arrangement,
simulations, we assumed = 0°. the orientations of the other two axes could not be accurately

The ENDOR simulations reproduce the largest splittings in €Stablished if we did not fixy = 0°, which is an approximate
the spectra of IpH SO (see Figure 2) if theéensor orientation model restriction obtained from considering the hfi parameters

in the molecular coordinate frame is describedybys 10° + of the nearby exchangeable proton (see above). Aristheg

5°, 0 ~ 30° + 10°, and¢ ~ 0°. For the convenience of the ten;or, thus, lies by definition in the equato.rlal p[ane. The
reader, we also express this orientation in another popular EulereStimated valuey ~ 10° shows that this axis points ap-
angles systemo. ~ —80° + 5°, f ~ 30° + 10°, andy ~ 90", pr_oxmately m_the_ d|_rect|on of the oxygen of thg OH ligand
wherea, 8, andy are the angles for three consecutive rotations (Figure 5), which is in agreement with our previous ESEEM
around, respectively, newly obtainec? and newly obtained  Investigation of the proton of the MeOH group in IpH SO

3. The molecular axes and tiygensor orientation obtained are 1 he estimated valué ~ 30° shows that the Mo orbital carrying
shown in Figure 5. The values @afs, and Tn for the cysteine the unpalreq e_Iectron is no'_[ a purg drbital (a result one could
Cq-proton used in the simulation presented in Figure 2-0e8 expect a priori from the_ distroted geome_try of the conr_1p|ex).
and—3.3 MHz, respectively. This value df; is very close to Therefore, the assumption @f = 0° used in the calculations

that obtained above from the ESEEM measurements andCcannot be strictly valid, and one may expect some departure of
translates into the distan@on ~ 2.8 A for puo = 0.85 (with axis1 from theXY plane. The scale of the possible departure is

a distance correction factor of 0.975; see Appendix 1), close to (32) Mabbs, F. E.; Collison, CElectron Paramagnetic Resonance of d Transition
Rwon ~ 2.96 A found from the X-ray structure. Such a Metal CompoundsElsevier: Amsterdam, 1992.
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Figure 6. Davies ENDOR spectra of the hpH form of chicken (traces 1, Figure 7. Traces 1 through 7, Davies ENDOR spectra of the hpH form of
3, and 5) and human (traces 2, 4, and 6) SO i@ Wuffer. Traces 1 and chicken SO in RO buffer, detected a8, = 3396 (abouys), 3405, 3415,
2,B, = 3396 G (abouys). Traces 3 and 48, = 3437 G (abouty,). Traces 3425, 3437 (aboutyy), 3448, and 3460 G (abouy), respectively.

5 and 6,B, = 3460 G (abouty). Experimental conditions as in Figure 1.  Experimental conditions as in Figure 1.

given, in fact, by the nonzero value of that reflects the distinguishability discussed in Appendix 1. It is straightforward
asymmetry of the complex. to conclude that some structural variations occurred at the Mo

ENDOR Spectra of hpH SO.Figure 6 compares the Davies  Site of SO upon raising the pH. Notably, some change of
ENDOR spectra of chicken and human hpH SO #OHbbtained ~ geometry of the Cys185 residue has taken place. It seems
near the turning points of the EPR spectrum. As was observedunreasonable to assume any major changes in the protein
for IpH SO, the spectra of chicken and human SO are virtually folding, and the total structural alterations are probably rather
identical, which indicates that the positions of both the nearby Small. Indeed, the shift of the &proton of Cys185 from the
exchangeable and nonexchangeable protons at the Mo site ar&-ray value ofRuvon ~ 2.96 A toRyon ~ 3.3 A can be achieved
conserved. by two consecutive rotations of15° around G—Cs and G—

The ENDOR spectra of hpH SO in buffereg® solution S, bonds of the cysteine (in the directions opposite to those
are shown in Figurd. All spectra exhibit the same features, assumed for the IpH SO), which is a very subtle change in the
shoulders with a splitting of-4.4 MHz and a pair of features ~ Cysteine geometry, indeed. The resulting hypothetical structure
with a smaller splitting (2.22.5 MHz) that look like peaks for ~ Of the Mo—Cys fragment in the hpH SO is shown in Figure 3
the observation positions betweeg and gz, but rather like  (bottom structure).
shoulders betweegy, andg,. As a whole, the ENDOR spectra The fact that the spectra of hpH SO look rather similar at
of hpH SO show considerably weaker dependence on the@nyBo orientation indicates that there are several protons located
observation position than the spectra of IpH SO. A striking at distances~3.3 A but at various angular positions in the
difference compared to the spectra of IpH SO is that the molecular frame. Two such protons are theyioton of Cys185
maximum observed splitting for hpH SO is 4.4 versus 6 MHz and the G-proton of Arg138 that were mentioned previously.
for IpH SO. The ~15° rotation around the £-S, bond of the cysteine

The broad shoulders with a splitting of7 MHz observed in  discussed above will also bring one of the@otons of Cys185
the spectra of Figure 6 are not seen in Figure 7, which indicatesto @ distance of-3.4 A, very close to that required for the
that they belong to exchangeable protons. This 7 MHz splitting 0bserved ENDOR splittings. Such a variation in the geometry
correlates with the maximurfi; value ¢ 7.3 MHz) determined ~ Of Cys185 with pH could reflect a slightly different general
earlier by ESEEM for the exchangeable MOH protons in protein structure around the molybdenum center at pH 9.5, as
hpH chicken SG,and therefore, these shoulders are attributed compared with that at pH 7.0 and with the crystal structure.
to such protons. The close similarity of these features in the The G-proton of Tyr322 can be brought within3.3 A of the
spectra of chicken and human SO (Figure 6) suggests that humaio atom by rotation of the Tyr322 ring plane around the-C
SO also has two nearby exchangeable protons with distributedCy bond by 186, thereby placing the Gproton in the general
hfi that can be ascribed to a MeOH group with a strong direction of theg tensor axisl. Tyr322, a conserved residue in
H-bonding interaction to other nearby proton donors or to a @ll SO, is hydrogen-bonded to the equatorial MoH group

coordinated HO ligand® of the active sittand has been proposed to play an essential
The maximum splitting of 4.4 MHz in the ENDOR spectra ole in the catalytic cycle of S©%
of hpH SO corresponds to the minimum distafdgn ~ 3.3 Conclusions

A, as estimated fopy, = 1 and zero isotropic hfi. The average ) o
distance correction factor of 0.99 derived for hpH S|~ In this work, we have recorded and qualitatively analyzed

0.9) in Appendix 1 virtually does not change this value. The the pulsed ENDOR spectra of the nonexchangeable protons of

differences t_)etween thvon value in th SO and thc_)se_ n 33) Pacheco, A.; Hazzard, J. T.; Tollin, G.; Enemark, JJ.HBiol. Inorg. Chem.
IpH SO and in the X-ray structure are well above the limits of 1999 4, 390-401.
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the Mo(V) sites of chicken and human SO at pH 7 (IpH) and in such a way that it would be at a 54.8ngle with the G-C,—
9.5 (hpH). The close similarity of the spectra for both organisms Cg plane (in the case of the&proton of Cys185), and its
suggests that the structures of their Mo(V) sites are nearly projection on the €C,—Cg plane would bisect the outer part
identical. The prominent hyperfine interaction observed for IpH of the C-C,—Cs angle (see, e.g., Figure 3 for the resulting
SO yields a MeH distance of~2.8 A that has been assigned structures). Such a construction represented a tradeoff between
to the G-proton from Cys185 (chicken SO) or Cys207 (human trying to impose an idealized $pybridization and taking into
SO) on the basis of an independent measurement of the hfiaccount the actual X-ray coordinates and bond angles derived
anisotropy by C-band ESEEM and on comparison with the from the X-ray structure. Because the actual angles between
X-ray structure of chicken SOThe distance obtained from our  the carbon hybrid orbitals are slightly different (e.g., for Cys185
ENDOR measurements i80.16 A shorter than that estimated the angles N-C,—Cg and C-C,—Cg are~106.4 and 112.2,
from the X-ray structure at pH 7.8 under high sulfate conditions. respectively), the estimated position of the proton depended on
Such a difference in distance obtained by different methods is the choice of the base triangleC,—Cs or C—C,—Cs and,
at the margin of distingishability (see Appendix 1) and may thus, included an inaccuracy ¢£0.05 A. In addition, the
not be significant. positions of protons deduced from the X-ray structure are
In hpH SO, the minimal distance from Mo(V) to the affected by the uncertainties in the carbon atom positions. For
nonexchangeable protons become8.3 A. This value is a large molecule-like SO, a reasonable estimate of this contribu-
meaningfully different from the X-ray and IpH SO distances tion to Ry could be as large as0.05 A. The optimistic
and indicates that some structural modification takes place uponestimate of total inaccuracy in estimatiRgon from the X-ray
raising the pH. The minimum structural modifications that structure is, thus;-0.1 A (+0.05 A).
account for such a distance change can be described by two For ENDOR, we will discuss only the inaccuracies unrelated
~15° rotations around &-Cg and G—S, bonds of the to the assignment of a particular splitting to any given proton
coordinated cysteinyl residue that may reflect small pH- (in the context of the 6 MHz splitting observedgat unrelated
dependent changes in the folding of the protein near the activeto the specific assignment to the,-Cor Cg-protons). The
site. The ENDOR spectra of the nonexchageable protons in hpHinaccuracy of hfi determined by our ENDOR measurements and
SO show little dependence on the orientationBgf in the simulations is~+0.1 MHz. For a proton-3 A away from Mo,
molecular frame, which implies that several protons located at this results in an error of the distance estimate-af0.03 A.
Rwvor = 3.3 A and at various angular positions in the molecular There is, however, another important contribution to the possible
frame are responsible for the main features of the ENDOR error in ENDOR distance estimates in this system arising from
spectra of hpH SO. The analysis of the minimal structural the fact that the spin density is not completely localized on Mo
variations at the Mo site shows that these protons may include but is partially redistributed to the Mo ligands and Mi@gand
the G.-proton and one gproton of Cys185 (chicken numbers), bonds. If this spin density delocalization proves to be significant,
one G-proton of Arg138, and the Loroton of Tyr322. the result may even amount to erroneous structural and chemical
Finally, the results of this investigation of the nonexchange- conclusions, as was recently demonstrated in a 35 GHz ENDOR
able proton environment of the Mo center in native chicken study of the “Very Rapid” signal of xanthine oxida%e.
and recombinant human SO in both the IpH and hpH forms To estimate the spin density on Mpy\,) we can use the
establish the fundamental background for the assessment of°Mo hfi data obtained for IpH and hpH forms of S®ln both
structural variations around the Mo center that may occur in cases, the hfi tensoré\{, A,, As] were moderately rhombic:
mutant forms of SO, even when the mutation is some distance[170, 75, 50] MHz (the isotropic hfi constaai, ~ 98 MHz)
from the active site. for IpH SO and [163, 63, 34] MHz&, ~ 87 MHz) for IpH
SO, indicating a certain degree of orbital mixing caused by

distorted geometry about the MdThe theoretical anisotropic
of the NIGMS (GM-37773 to JHE and GM44283 to KVR), hfi tensor of Mo resulting from an unpaired electron in a d

and we t_hank the National Science Foundation for funds for ./ ic axial, with the coupling constafitjieor = (2/7) x
construction of the EPR spectrometers (Grants DBl 9604939 151~ 43 MHz32 Because we are going to compare this tensor

and. BIR 9.22443.1.)' We are grateful tq Ralph Wiley fqr with the experimental ones, we will neglect the rhombicity in
as§|stance in purification of the recombinant human sulfite the latter, and use the avearge value between the two smaller
oxidase. components as an effective experimenialsoexp(36 MHz in
Appendix 1 IpH SO and 38 MHz in hpH SO) to be compared with the
theoretical value. The spin densipy, can now be estimated

Potential Errors in the Mo —Proton Distance Estimates .
. . ) : as|T T, . This givespmo, ~ 0.84 for IpH SO an
This work compares the M#1 distance estimates for the,C Io.glgagxrd |h§||_t|hesoro g Mo P bmo

proton of Cys185 obtained using two different techniques:
pulsed ENDOR spectroscopy (for Mo(V) preparations at pH comparison of the hfi parameters of Mo in SO with those found

7.0 and 9.5) and X-ray crystallography (for the Mo(VI) ¢, the species giving the very rapid signal in xanthine oxidase
preparation at pH 7.8). To understand which difference in the ([A1, Ao, Ad] ~ [133, 55, 57] MHz fiso ~ 82 MH2)) 3 For the
, ’ ~ ’ ’ so ™~ .

distance estimates can be considered meaningful, we have tqatter speciesovo Was estimated to be0.62-0.65, since~35—
o . -09,

take into accognt the possible errors in distances determlned38% of spin density was found to be delocalized on a double-
by these techniques.

The distance estimates from the X-ray structure were based(34) Manikandan, P.; Choi, E.-Y.; Hille, R.; Hoffman, B. NL. Am. Chem. Soc
on proton positions deduced from positions of adjacent carbons, ., 2001 123 2658-2663.

i ) X ’(35) Dhawan, I. K.; Enemark, J. Hnorg. Chem 1996 35, 4873-4882.
assuming the €H bond length of 1.09 A and placing this bond  (36) George, G. N.; Bray, R. Giochemisiryl988 27, 3603-3609.
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bonded sulfur ligand®3” Independently,omo &~ 0.6 can be
estimated for this case from comparison of the effective
anisotropic coupling constant in xanthine oxid&$exoexp ~
26 MHz with |Tgjheo)- NOW ppmo in SO can be estimated as
(0.6-0.65) x |Trlsoexd| Talxoexp 9IVING pmo =~ 0.83-0.9 for
IpH SO andpme ~ 0.88-0.95 for hpH SO.

The comparison of the isotropic hfi constants could, in
principle, also be used to get the estimatepwf in SO, but

a bond had a node somewhere in the middle of the bond.
Otherwise, it might be more reasonable to distribute the spin
density deficit over the middle of the Mo-ligand bonds. Such a
distribution results in a correction factor 0¥0.99 for the
distance from Mo to the &proton of Cys185. At this limit,

the difference between the corrected and uncorrected distances
for this proton would be~0.03 A, or less than the accuracy of

its determination from the X-ray structure! From these consid-

the accuracy of such estimates would arguably be considerablygrations, we may conclude that 0.96 represents a lower limit

worse than that of the estimates based on the anisotropic hfi.
The a5, values are ultimately determined by the densities of
the s orbitals on the Mo nucleus, whether induced by spin
polarization or by admixture of a 4s orbital into the hybrid
orbitals and are sensitive to minute details of the complex
structure. In addition, the isotropic hfi constant is at least 1 order
of magnitude more sensitive to the variations of the spin density
in an s orbital than the anisotropic hfi to the variations of the
spin density m a d orbital? Therefore, we will not use here
the isotropic hfi to estimatepy, in SO. Summarizing the
discussion above, we may conclude thaé ~ 0.85 andomo ~

estimate for the possible distance correction factor in IpH SO.
Therefore, we will use for the &proton of Cys185 in IpH SO

an average correction factor of 0.975, and the uncertainty of
~+0.015 in the correction factor will contribute+0.05 A to

the inaccuracy of the ENDOR distance estimate.

Summing up all mentioned sources of inaccuracies, we may
conclude that the difference between the distances from Mo to
the Ge-proton of Cys185 in IpH SO obtained from the X-ray
structure and from ENDOR should be at least 0.13 A to be
meaningful. It follows that the corrected distance estimate from

0.9 represent reasonable estimates for the spin densities on Mdhe experimental value dfp ~ —3 MHz in IpH SO, Ryon

in IpH and hpH SO, respectively.

Now let us consider spin densities on the ligands. From the
hfi constants determined for the equatod&D (in SCG8 and
related complexég and33S (in related complexdd ligands,
we may expect the spin densities on these ligands to be small
If we share the spin density deficit on Me-Q.15 for IpH SO)

2.9 A, is virtually indistingushable fronRyon ~ 2.96 A

estimated from the X-ray structure for thg-@roton of Cys185.
For hpH SO, in whichpme ~ 0.9 and the distance from Mo

to the cysteine @proton is~0.3-0.4 A greater than in IpH

SO, the average distance correction factor&99, the error

related to spin density distribution-s+0.03 A, and the minimal

among all the ligands, we obtain a reasonable value of 0.03 Permeaningful distance difference between the X-ray and ENDOR

ligand. Using these spin densities (0.03 for each direct ligand
and 0.85 for Mo), we can now estimate the scale of corrections
to the anisotropic hfi tensor caused by the spin density
delocalization to the ligands.

For the molecular structure determined by X-ray crystal-
lography, we find that the anisotropic hfi tensor for the cysteine
Co-proton Rwon =~ 2.96 A) remains virtually axial, €2.68,
—2.71, 5.39) MHz, with the effective perpendicular component
To~ —2.7 MHz compared te-3.04 MHz obtained for the case
of pme = 1. The main axis of this tensor is at the anglé ~
0.2° to that obtained fopmo = 1, or in other words, it remains
virtually unaffected. Various other distributions of the spin
density deficit over the ligands were also tried (including quite
unreasonable situations in which the entire spin density deficit
of 0.15 was localized on one ligand), and the minimum possible
To~ —2.6 MHz and the maximum possiblef ~ 5.4° were
found.

The difference of~13% in the anisotropic hfi estimates
obtained for the casegsu, = 0.85 andome = 1 translates into
a correction factor 0f-0.96 to the distance estimated from the
experimental anisotropic hfi using a point dipole model with
pmo = 1. We have to note, however, that this correction factor
was estimated using model distributions in which the spin
density was assumed to be localized in certain proportions on
the atoms but not on Meligand bonds. This would be a
reasonable approximation if the spin density distribution along

(37) Howes, B. D.; Bray, R. C.; Richards, R. L.; Turner, N. A.; Bennett, B.;
Lowe, D. J.Biochemistry1996 35, 1432-1443.

(38) Cramer, S. P.; Johnson, J. L.; Rajagopalan, K. V.; Sorrell, Bidbthem.
Biophys. Res. Commuh979 434-439.

(39) Greenwood, R. J.; Wilson, G. L.; Pilbrow, J. R.; Wedd, AJGAm. Chem.
So0c.1993 115 6—5392.

(40) Wilson, G. L.; Greenwood, R. J.; Pilbrow, J. R.; Spence, J. T.; Wedd, A.
G.J. Am. Chem. So0d.99], 113 3—6812.

estimates is~0.11 A. On the other hand, the meaningful
difference between the distances obtained by ENDOR in IpH
and hpH SO is~0.1 A, since the models for the spin density
distributions over the ligands for these systems should be similar.

Appendix 2

Davies ENDOR Simulations.In the calculations, the general
expression for ENDOR frequencies derived in ref 41 was used.
A typical calculation proceeded as follows. Since we concluded
(see text and Appendix 1) that the structure of the Mo site in
IpH SO is very close to that obtained by X-ray crystallography,
the spatial locations of the three protons,{@nd the closer
Cs-proton of Cys185 and the closer,4groton of Arg138,
chicken numbering scheme) in the molecular frame were
calculated from the positions of the carbon atoms taken from
the X-ray crystallographic data, and their respective hybridiza-
tions. For a given trial orientation of tlgetensor in the molecular
frame (see text for the definition), the positions of the protons
were transformed from the molecular frame to ¢ifeame. The
anisotropic hfi of thea-proton of Cys185 was assumed to be
axial and oriented with the main axis along the M vector,
but its T value was varied in narrow limits to provide a better
fit to the features with~6 MHz splitting observed in the
ENDOR spectrum ag. In effect, such a strategy implied the
variation of the Mo-H distance without changing the orientation
of the radius vector. The isotropic hfi constant of this proton
was also varied within narrow limits, although it always
remained close to zero.

(41) Hurst, G. C.; Henderson, T. A,; Kreilick, R. W. Am. Chem. S0d 985
107, 7294-7299.
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The justification for the variation of of the o-proton of The orientation of the magnetic field vectBg with respect
Cys185 was provided by the fact that the X-ray studies were to theg frame was varied by systematically changing its polar
carried out on crystals grown at pH 7.8 from the Mo(VI) (6) and azimuthal ¢g) angles, and the resonan&value

state. Our pulsed ENDOR experiments deal with the Mo(V) corresponding to each orientation was calculated from the
state at pH 7.0. Clearly, there might be small structural changesexperimental principad) values and mw frequency. When this
between these two experiments. In addition, the positions of g yalue fell within the limits of+5 G around the observation
protons deduced from the X-ray structure are affected by the fie|d. the ENDOR frequencies were calculated and added to
un(_:ertai_nties in the c_arbor? atom positions and by the assumptionyh,e ENDOR spectra. Thet5 G limits approximated the
of idealized sp hybridization for these carbon atoms. As for . qividual line width used in the simulation of the field-sweep

the rlllor:zeio |sotrpp:jc hf',’t 't,'s also a ctor;r:;]on sﬂua’gorl that a ESE spectrum obtained with the mw pulses the same as those
sma 'de ecbrlond_sptm égns' y is propagated throughonds to a employed for collecting the Davies ENDOR spectra°(pQlse
considerable cistance. of 60 ns duration and 180pulse of 120 ns duration). The

For other protons, the anisotropic hfi tensors were calculated . . . . .
in the point dipole approximation, assuming all the spin density resulting stick spectra were convoluted with a Gaussian function
' (0.3 MHz width between the maximum slope points) and

being localized on Mo (since the corrections to the distance to o . ) ~ ) )
these nuclei accounting for the spin density delocalization from multlpzlledhby the mter;]sny factol(v) = 4(v f_ )74l — VH?
Mo to ligands did not exceed 2%). The isotropic hfi constant + 2V1 Wherev is the proton Zeeman frequency, angdis
for the C,-proton of Arg138 was assumed to be equal to zero, e mw field intensity in frequency units.

because this residue is not a ligand to the molybdenum. For jag115417

the G-proton of Cys185, we have first assuneegd = 0 MHz.

It.turned out, however, that the spectrg could'only be simulated (42) Fan, C. Doan, P. E.: Davoust, C. E.: Hoffman, B. MMagn. Resan
with aiso & 1 MHz (see Results and Discussion). 1992 98, 62-72.
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