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ABSTRACT. Molybdoenzymes of the xanthine oxidase family contain two [2Fé#2%]clusters that are
bound to the protein by very different cysteine motifs. In the X-ray crystal structui2estilfaibrio
gigasaldehyde oxidoreductase, the cluster ligated by a ferredoxin-type motif is close to the protein surface,
whereas that ligated by an unusual cysteine motif is in contact with the molybdopterin [Romao, M. J.,
Archer, M., Moura, I., Moura, J. J. G., LeGall, J., Engh, R., Schneider, M., Hof, P., and Huber, R. (1995)
Science 2701170-1176]. These two clusters display distinct electron paramagnetic resonance (EPR)
signals: the less anisotropic one, called signal I, is generally similar tg.tite 1.96-type signals given

by ferredoxins, whereas signal Il often exhibits anomalous properties such as very lalyes, broad

lines, and very fast relaxation properties. A detailed comparison of the temperature dependence of the
spin—lattice relaxation time and of the intensity of these signaB.igigasaldehyde oxidoreductase and

in milk xanthine oxidase strongly suggests that the peculiar EPR properties of signal Il arise from the
presence of low-lying excited levels reflecting significant double exchange interactions. The issue raised
by the assignment of signals | and Il to the two [2Fei2S]Justers was solved by using the EPR signal

of the Mo(V) center as a probe. The temperature dependence of this signal could be guantitatively
reproduced by assuming that the Mo(V) center is coupled to the cluster giving signal | in xanthine oxidase
as well as irD. gigasaldehyde oxidoreductase. This demonstrates unambiguously that, in both enzymes,
signal | arises from the center which is closest to the molybdenum cofactor.

Some molybdenum-containing enzymes catalyze the oxi- C-X,-C-X,-C-X-C motif, which is currently unigue among
dative hydroxylation of aldehydes and aromatic heterocycles. iron—sulfur proteins {). The involvement of these cysteines
Spectroscopic studies have shown that, besides the molydin the ligation of the Fe'S clusters has been confirmed by
bdenum cofactor which constitutes their active site, these the resolution of the X-ray crystal structure@ésulfaibrio
proteins contain two [2Fe-28}?* clusters and oftena FAD  gigas AOR. In this protein, the cluster ligated by the
group ). A well-known member of this family is the “regular” cysteine motif is close to the protein surface and
eukaryotic protein xanthine oxidase, but related enzymes suchs located in a domain displaying a chain fold very similar
as aldehyde oxidoreductases (AOR) and CO dehydrogenaseto that found in plant-type ferredoxins. In contrast, the cluster
have been found in a variety of bacteria. The highly ligated by the unusual cysteine motif lies in a domain with
homologous amino acid sequences of these proteins sugges very different structure, is deeply buried, and is in contact
similar arrangements of the prosthetic groups. In particular, with the molybdopterinZ). In the following, the two [2Fe-
all these sequences contain two conserved groups of cysteinegS] clusters will be called distal and proximal according to
liable to coordinate the FeS clusters: a C-%C-X,-C-X,-C their location with respect to the active site (Figure 1).
motif identical to that found in plant-type ferredoxins and a |4 their reduced form, the two [2Fe-2$]clusters of
molybdenum hydroxylases exhibit distinct EPR signatures:

" This work was supported in part by the ICCTI/CNRS exchange the less anisotropic signal called signal | is characterized by
program. ' ~gvalues, line widths and relaxation behavior that are similar
be:tr(;cr)‘lgéq)siggg"ﬁIc:nng;rs-?TEIthg.?rr.: Fax (33) 4 91 16 45 78; E-mail tzosth+ose of thegay ~ 1.96-type signals displayed by [2Fe-

# Instituto Superior de Ciias da Side-Sul. I clusters in ferredoxms, wheregs S|gngl Il often exhibits

8 Universidade Nova de Lisboa. unusual properties such as very anisotrapi@lues, broad

nstitut de Biologie Structurale et Microbiologie, CNRS, and |[ines, and very fast relaxation properti@-11). Assuming
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FAD, flavin adenin dinucleotide. led some authors to conclude that signal | arises from the
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component was determined by using the method presented
in ref 18, which enables the deconvolution of the relaxation
component of an EPR line inhomogeneously broadened by
unresolved hyperfine or spirspin interactions.
; : In both enzymes, the temperature dependence of the
2584 . ©o162 A intensity of signals | and Il was studied by monitoring the
’ : amplitude of theilg, peaks. When necessary, this amplitude
was corrected to account for relaxation broadening. The
relaxation and intensity measurements were carried out at
Q-band for signals | and Il i. gigasAOR and for signal
| in xanthine oxidase. In the case of the very broad signal Il
exhibited by xanthine oxidase, the line width measurements
proved to be very sensitive even to weak baseline distortions,
and more accurate results were obtained by recording the
distal center spectrum at X-band. Multifrequency experiments carried out
FiGURE 1: Relative arrangement of the metal centers given by the ON signals I and II'irD. gigasAOR and signal I in xanthine
X-ray crystal structure ob. gigasAOR. oxidase have shown that the temperature dependende of
and of the intensity are identical at X-band and at Q-band.
Il reflect the peculiar arrangement of the cysteines coordinat- Gj,en by the Spin-Coupled Mo(V) Centdihe variation in
ing the proximal clusterl(2). This assignment was supported  the shape of the Mo(V) interaction spectrum as a function
by a preliminary report on ENDOR experiments carried out of temperature is governed by the temperature dependence
on milk _xanthine.oxidas_e, which suggests that the cluster of the T, of the interacting [2Fe-2S]cluster. This phenom-
responsible for signal | is more solvent-exposed than that enon can be quantitatively described by using the formalism
giving signal Il (13). It is in conflict, however, with other  geveloped in the analogous problem of chemical exchange
experiments carried out on the same enzyme, which havejn the context of NMR spectroscopy. When the standard
shown that when the molybdenum center is in the paramag-expression giving the NMR line shape in the presence of
netiC MO(V) fOI‘m, |t interaCtS magnetica”y Only W|th the Chemica| exchangae) iS adapted to describe the Sh@)

- )ﬁ half-width 6,.(T) = A/(ghT.) of the Lorentzian relaxation
Mo

proximal center

[2Fe-2S}* cluster giving signal | 14—16). of the split EPR line, one obtains:
This confused situation urged us to examine more thor-
oughly the EPR properties of the [2Fe-2S] clusters of s(B) = (1+ T/T)(P + QR)/(P2 4+ RZ) (1)

molybdenum hydroxylases. When these properties are com-
pared to those observed in other [2Fe-2S]-containing proteins,ith p = TU(1/T2)? + y2(AB/2)2 — y¥B — By)? + (1),
it appears that the characteristics of signal Il are anomalousq — yTiB — By, R= y(1 + 2TJ/T,)(B — By), andy =
only in certain of these enzymes. Besides, a detailed analysisgﬂ/h_ In this expressionB, indicates the position of the
shows that th_e EPR characteristics of [2Fe12S]_usters are  yngplit line of the Mo(V) centefT, its spin—spin relaxation
not necessarily related to the sequence of their coordmatlngtime’ AB the splitting due to the spirspin interactions with
c_ysteines. Therefore, it is not ppssible .to assign rgliably the proximal [2Fe-2ST cluster andT; the spin-lattice
signals 1 and Il to the two cysteine motifs present in the yg|axation time of this cluster. Whef is anisotropic, the
enzymes of the xanthine oxidase family. However, by using y51ue to be used in eq 1 is that corresponding to the
the EPR signal displayed by the Mo(V) center as a probe, it grientation of the magnetic field which gives a Mo(V)
is possible to take advantage of the different relaxation (esonance line aB,. Careful examination of the shape of
properties of signals | and Il to decide unambiguously which gjgnajs | and Il in the temperature range where the broaden-
signal arises from the proximal cluster. ing of the spectrum is due to the shorteningTefsuggests
MATERIALS AND METHODS that _the anisotropy of; is We_zak. This was confirmed_ by
detailed measurements carried out at the turning points of
In the sample of milk xanthine oxidase used in this work, signals | inD. gigas AOR and xanthine oxidase, which
the Mo(V) species was in the desulfo-inhibited form. Its showed that this anisotropy does not exceed a factor of 2.
preparation has been described previoudl§).(D. gigas We have therefore used in the calculation fhevalues
AOR was isolated and purified as describ&d)( The sample deduced from the low-field g peaks of both signals.
concentration was 0.21 mM in 10 mM deuterated phosphateEquation 1 is equivalent to the expression describing the
buffer (pH 7.5). It was reduced anaerobically by sodium shape of the Mssbauer spectrum in the presence of a
dithionite. X-band EPR spectra were recorded on a Bruker fluctuating environment20). The spin-spin relaxation time
ESP 300E spectrometer. The samples were cooled with anT, of the Mo(V) center was determined via continuous-wave
Oxford Instrument ESR 900 cryostat fitted with an ITC 503 power-saturation experiments carried out at 50 and 80 K. A
temperature controller. Q-band spectra were recorded byset of theoretical saturation curves was first calculated by
using a ER051QG microwave bridge and a CF935 cryostat. assuming that the saturated spectrum results from the
Spin-Lattice Relaxation and Intensity Measuremeiftse convolution of the unsaturated spectrum, considered as the
spin—lattice relaxation time3; characterizing signals | and  spectral envelope describing the inhomogeneous broadening,
Ilin D. gigasAOR and xanthine oxidase were deduced from and a saturated Lorentzian spin-packet characterized by its
the relaxation broadening of their low-field,f peaks. The half-width 6B, (21). The value o0fdB, was then determined
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Table 1. Spectral Characteristics of the EPR Spectra Displayed by [2Fe-@&hters in Enzymes of the Xanthine Oxidase Fanily

enzyme signal | signal Il
milk xanthine oxidase 1.894, 1.932, 2.022 (90 K) 1.902,1.991, 2.11 (60 K)
turkey liver xanthine dehydrogendse 1.906, 1.932, 2.017 (nr) 1.92, 2.00, 2.0850 K)
rabbit liver aldehyde oxidoreducté&se 1.918, 1.930, 2.018%70 K) 1.915, 2.003, 2.106 (60 K)
D. melanogastexanthine dehydrogendse 1.902, 1.933, 2.022 (nr) 1.896, 2.005, 2.118 (nr)
H. pseudoflaa CO dehydrogena8e 1.905, 1.947, 2.023+(80 K)" 1.873, 1.974, 2.160<50 K)
C. testosteronaldehyde dehydrogenase 1.904, 1.941, 2.023 (nr) 1.895, 1.980, 2.0950 K)
P. putidaquinoline 2-oxidoreductase 1.898, 1.950, 2.035 (nr) 1.866, 1.970, 2.072 (nr)
P. diminutaisoquinoline 1-oxidoreductase 1.919, 1.945, 2.010%77 K) 1.90, 1.974, 2.084<40 K)
Arthrobacterquinaldine 4-oxidoreductase 1.937,1.937, 2.02X77 K) 1.874,1.983, 2.075460 K)
D. gigasaldehyde oxidoreductase 1.919, 1.938, 2.020 (100 K) 1.900, 1.97, 2.057 (90 K)

aThe g values of signals | and Il are given for each protein. In the text,

these values are labeled accogdinggio< g,. The temperature at

which the spectrum disappears at X-band is given in parentheRegerence. ¢ This work. 9 Referencet. ¢ Reference. f References. 9 Reference

7. hReferencel. ' ReferenceB. | Referenced.

by fitting the set of calculated curves to the experimental
saturation curve, an@, was deduced from the relationT}/

= gpoByh. Finally, the Mo(V) interaction spectrum was
calculated as the convolution of the functis() given by

eg 1 and a Gaussian envelope describing the inhomogeneous

broadening.

RESULTS

Variation of Signals | and Il among the Family of
Molydenum HydroxylaseBor a given enzyme, signals | and
Il are defined only with respect to each other: the less
anisotropic and the more anisotropic signals are labeled |
and Il, respectively. To appreciate whether this labeling
reflects the existence of two distinct groups, it is necessary
to examine how these signals vary among the family of
molybdenum hydroxylases. Tlgeralues measured in signals
I and Il in enzymes of the xanthine oxidase family are
reported in Table 1, and their variations as a function of the
differencegy, — ox (Ox < gy < @, are plotted in Figure 2.
This representation shows that the setgjofalues corre-
sponding to signals | and Il do not overlap, which confirms
that they belong to two groups differing by the anisotropy
of the g tensor. Large fluctuations are, however, observed
within each group, and the gap between the two groups is
not large: they values of signal | in quinoline 2-oxidoreduc-
tase fromPseudomonas putid#o not differ much from those
of signal Il in D. gigas AOR (Table 1). In general, the
variations in they values of signal | follow the trend observed
in [2Fe-2S] proteins giving g.y ~1.96-type EPR spectrum,
although significant departures are observed in the case o
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FicUre 2: g values of [2Fe-2S7 centers in proteins of the xanthine
oxidase family, plotted as a function of the differergge— gy (9«

< gy < g,). The data given in Table 1 are shown as solid triangles
and solid circles for signals | and II, respectively, except those

fconcerningD. gigasAOR and xanthine oxidase, which are shown

as open symbols. Plus signs correspond togthralues measured

xanthine oxidase and xanthine dehydrogenases from turkein other proteins, which are given for comparison: from left to

liver andDrosophila melanogastdiFigure 2). Theg values

of signal Il exhibit much more pronounced fluctuations: in
some proteins such d3. gigasAOR, P. putidaquinoline
2-oxireductase, anfrthrobacterquinaldine 4-oxidase, the
g values are close to those expected inghe~ 1.96 class,

whereas unusually large values are observed in other

enzymes such as xanthine oxidaBseudomonas diminuta
isoquinoline 1-oxidoreductase, xanthine dehydrogenases fro
turkey liver andD. melanogasterComamonas testosteroni

aldehyde dehydrogenase, rabbit liver aldehyde oxidoreduc-

tase, andHydrogenophaga pseudofla CO dehydrogenase
(Figure 2). Remarkably, those signals that display unusual

m

right, E. coli fumarate reductase, NIFU protein frofn vinelandii,
Spirulina maximaerredoxin, and ferredoxin frordlalobacterium

of the Dead Sea. The calculated lines, which are the best fit to the
data obtained in proteins giving an EPR spectrum ofjthe- 1.96
type, are identical to those given in Figure 1 in X

Temperature Dependence of the Spliattice Relaxation
Time and of the Intensity.he spin-lattice relaxation times
of the centers giving signals | and Il D. gigasAOR and
xanthine oxidase were deduced from the relaxation broaden-
ing of their low-fieldg, peaks (Figure 3). IID. gigasAOR,
the spin-spin interactions between the two [2Fe-2S]

g values disappear above about 50 K (Table 1). To elucidateclusters give rise to a splitting of thg: peak of signal I,
the cause of this disappearance, we have compared thevhich is resolved at X-band.{) but not at Q-band (Figure

temperature dependence of the sgitice relaxation time
T, and of the intensity of signals | and Il in xanthine oxidase
and inD. gigasAOR.

3). Therefore, the relaxation broadening experiments were
preferentially conducted at Q-band, except in the case of
signal Il of xanthine oxidase, which was studied at X-band
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FiGUrRe 3: Q-band EPR spectra displayed by the fully reduced form ®)
of (a) milk xanthine oxidase and (Ip). gigasAOR. Experimental
conditions: temperature, 20 K; microwave frequency, (a) 34.01
GHz or (b) 34.02 GHz; modulation amplitude, 1 mT; microwave
power, (a) 0.4 mW or (b) 0.04 mW. Spectral features connected
with signals | and Il are indicated. . ) . Vo , ,
1220 1230 1240 1250 1220 1230 1240 1250
iR .. ‘ a B (mT) B (mT)
°-.o .. Ficure 5: Low-temperature and high-temperature forms of the
10 F Y *.. Q-band EPR spectrum (slow signal) displayed by the Mo(V) center
F [N "\ in D,O in (a, b)D. gigasAOR and (c, d) milk xanthine oxidase.
E S i Experimental conditions: temperature, (a, ¢) 100 K or (b, d) 30 K;
-~ . microwave frequency, (a, b) 33.98 GHz or (c, d) 33.94 GHz;
5 ) > “e microwave power, (a) 106W, (b) 0.88uW, (c) 43uW, or (d) 4.3
_ uW; modulation frequency, (a) 100 kHz or o) 1.56 kHz;
TE . modulation amplitude, (a, ¢, d) 0.21 mT or (b) 0.45 mT.
0 T1s 20 T2s e s (Figure 420 anda), andA = 90 =+ 20 cnt? in the case of
10°/T (K") signal Il in xanthine oxidase (Figure 4@). The intensity
of the g, peaks of signals | and Il iD. gigas AOR and
i b xanthine oxidase is plotted as a function of temperature in
; Figure 4b. The data were fitted by
- oal . ITNTy=11+2¢+ 3¢+ P+ 5¢% (2
x o
0.6 AN wherex = exp@/kT), which gives the temperature depen-
T ~ dence of the intensity of the EPR signal displayed byShe
0 4" l . = 1/, ground state of a system where a fer® € %) and
[ Y ST ST e—r ) aferrous & = 2) ions are coupled by exchange interactions
T (K described by-2JSS,. |J] = 854 10 cm ! was obtained in
FiIGURE4: (a) Temperature dependence of the half-wititiof the the case of signal | iD. gigasAOR (Figure 4b,A), while
Lorentzian relaxation component of signals | and 11Dn gigas |J] = 65+ 10 cmt was obtained in the case of signal | in

AOR and x_ahnttr:ine Ioxidase. The calculated _Iikr:es are the b?st fits xanthine oxidase and signal Il B. gigasAOR (Figure 4b,
?B;‘:"g‘fg C‘Nn'; (t.'gyrgragg?:ﬁrljl c(a_x_p_)(l (%ﬁpn’j‘é‘gtraérg ggge%;n ce AandoO).In contrast, the temperature dependence displayed
of the intensity of signals | and Il iD. gigasAOR and xanthine DY signal Il in xanthine oxidase could be reproduced only
oxidase. The normalized value of the product IT was obtained by by using a very smallJ| value of about 20 cmt (Figure
fis obtaimed with 6q 2, quing the temperaiure dependence of e - e,
hits obt ; . Temperature Dependence of the Split Mo(V) Spectrum.
intensity of the EPR signal displ 1/, groun - - -
oftg [ISZEEIIcl)),tFS(ID]ﬂsyth(:]enijl indvflﬁigﬁgebzxtcﬁr?;néé ?n(t);rait%ﬁgeare ,The enzymes of thg Xamhme °X"?'as,e, family Can, be prepared
described by-2J5S,, with —J = 85 cnt (=), 65 cnrt (+++), or in a redox state in which a significant fraction of the
20 cntl (- - -). In both figures, the following symbols have been molybdenum atoms are present in the paramagnetic Mo(V)
used: @) signal I in D. gigas AOR; (a) signal | in xanthine  form. When the redox state of the enzyme is such that the
oxidase; Q) signal Il in D. gigasAOR; (@) signal Il in xanthine  \15(v) center is in the presence of paramagnetic [2Fe-2S]
oxidase. . - .

centers, a split Mo(V) EPR signal is observed at low
(see Materials and Methods). The temperature dependencéemperatures (Figure 5b,d). Upon raising the temperature,
of the half-widthd, of the Lorentzian relaxation component the splitting progressively disappears until an unsplit signal
of signal | and signal Il in xanthine oxidase abd gigas is finally observed above about 100 K (Figure 5a,c). This
AOR are shown in Figure 4a. These variations are well fitted temperature behavior indicates that the Mo(V) center is
by the equationd, O exp(~A/ksT), corresponding to an  coupled by spir-spin interactions to one or both +&
Orbach process involving an excited state of enexd®2), clusters: at low temperatures, the spiattice relaxation rate
with A = 3304 30 cmtin the case of signal | iD. gigas 1/T; of these clusters is small compared to the splitting
AOR (Figure 4a,n), A = 2404 30 cn1! in the case of  expressed in frequency units, and the split spectrum is
signal Il in D. gigasAOR and signal | in xanthine oxidase observed, whereas the shorteningTaefcauses the spin
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is that giving signal I. If one considers the great sensitivity
of the calculated shape with respect to fhevalue, the
agreement is indeed remarkable. In particular, the fact that
the collapse of the split line occurs at 65 K in both enzymes
is nicely reproduced by the model. This result could not be
anticipated, since several parameters involved in the calcula-
tion differ in D. gigasAOR and xanthine oxidase, like the
splitting and the inhomogeneous broadening of the Mo(V)
® 1mT signal and the relaxation time of signal | (Figures 4a and 5).
When the Mo(V) center oD. gigasAOR was assumed to

be coupled to the cluster giving signal Il, the collapse took
place at 40 K, in clear contradiction with experiment (Figure
7). In the case of xanthine oxidase, thevalue correspond-

ing to signal Il could not be measured at Q-band. However,
when theT; values measured at X-band were used in eq 1,
the collapse was predicted to occur at 25 K (data not shown).
Since T; is shorter at Q-band than at X-band3, the
temperature at which the collapse takes place would be still
lower if T; values measured at Q-band were used in the
calculation. Another argument against the Mo(V) center
being coupled to the FeS cluster giving signal Il in xanthine
oxidase is that the shape of the split Mo(V) spectrum does
not change between 20 and 50 K even though excited spin
states of this cluster become populated in this temperature
spin interactions to be averaged out at high temperatures.range, as shown by the intensity measurements (Figure 4b).
Slnce. the s_hape _of the split Mo(V).spectrum. is typical of a DISCUSSION

coupling with a single paramagnetic center, its temperature o o

dependence is governed by that of eof this center. To To analyze the data shown in Figures4, itis helpful to
identify which Fe-S center is coupled to the Mo(V) center, briefly recall the main features of the electronic structure of
we have used the model presented in the Materials and[2Fe-2SY" clusters in proteins. In these clusters, the energies
Methods section to simulate the shape of the Mo(V) spectrum Of the various spin states are determined by the interplay of
of xanthine oxidase ard. gigasAOR in the 30-80 K range, several contributions: the strong antiferromagnetic coupling

100 |-
88,20.1mT
0.2mT

0.5mT

Normalized amplitude

o 1 10
B,/B,,

Ficure 6: Determination of the spinspin relaxation timeT, of

the Mo(V) center irD. gigasAOR from the shape of the saturation
curve at 50 K. @) Amplitude measured at the center of the sgjit
line plotted as a fonction of the squared root of the microwave
power. Theoretical curves giving the normalized amplitude as a
function of the By/By; ratio, whereB; is the microwave field
amplitude andBy, = (idBy/gAT1) 2 were calculated for various
values of the spirpacket line widthdoB, as explained under
Materials and Methods.

100

by successively using thg values measured for signals |
and Il (Figure 4a). In the case &f. gigasAOR, the study
was carried out in the high-field part of the Q-band spectrum
where the resolution is the highest and the splittixg is

between the ferric§ = %) and ferrous & = 2) iron ions
mediated by the two bridging sulfurs, which can be described
by the Heisenberg Hamiltonian-2JSS,, the double ex-
change interaction arising from the valence delocalization

equal to 1.5 mT (Figure 5b). In the case of xanthine oxidase, Phenomenon, which givesB{S + */2) term, and the vibronic
the highest resolution was obtained in the low-field part of coupling energy (22, 24. In general, the ground state of
the Q-band spectrum, whereAB value equal to 2.3 mT  [2Fe-2S}" clusters is a spin doublet that gives an EPR
was measured (Figure 5d). Saturation experiments carriegSPectrum characterized ty, ~ 1.96 orgay ~ 1.91. The
AOR have shown thal, is sufficiently long that the spin- ~ Ccysteine reS|dl_Jes, Whl|e the secon(_JI is _obs_erved in Rieske-
packet halfwidthyB, is smaller than 0.1 mT at 50 K (Figure type centers in which the Fe(ll) ion is ligated by two
6) and 80 K (data not shown). In these circumstances, it canhistidines 2). Theseg values are easily accounted for by
be shown that T, can be neglected in eq 1. To account for use of
the inhomogeneous broadening of the Mo(V) line, the g= 7 9, — 4 9 3)
spectrum was calculated as the convolution of the function S S
s(B) given by eql and a Gaussian envelope. The line width whereg; and g, are theg tensors of the ferric and ferrous
of this envelope was chosen so as to reproduce the shape dfites, respectively. On the basis of eq 3, the variations in the
the unsplit peak visible in the high-temperature Mo(V) g values observed within both classes can be rationalized
spectrum (Figure 5a,c). At 100 K, the line widths of the high- by assuming that they arise mainly from a peculiar distortion
field peak of the spectrum given . gigasAOR (Figure of the Fe(ll) site whose magnitude varies from one protein
5a) and of the low-field peak of the spectrum given by to another. Actually, eq 3 is valid only when the ground
xanthine oxidase (Figure 5c¢) were found to be equal to 0.8 doublet is well separated from excited states, which requires
and 1.4 mT, respectively. theB/J ratio to be moderate2@). This condition is apparently
The temperature dependence of the split Mo(V) signal met in all [2Fe-2S}" centers in which the temperature
calculated by using th&; values corresponding to signals | dependence of the EPR signal has been studied so far: no
and Il is compared to that observed experimentallyDin departures from Curie’s law were detected at low tempera-
gigas AOR and xanthine oxidase in Figures 7 and 8, tures, and the relaxation broadening due to an Orbach process
respectively. It turns out that the temperature dependenceinvolving the first excited level was observed above about
of the split Mo(V) center is perfectly reproduced in both 60 K (22). In these circumstances, the energy of the first
enzymes by assuming that the interacting [2Fe-28ister excited level lies af\ = 3J, and the magnitude af can be
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FiGurRe 7: (a) Temperature dependence of the shape of the high-field geak (958) in the EPR spectrum displayed by the Mo(V) center

in D. gigasAOR,; (b, c) Temperature dependence calculated with eq 1 by assuming that the splitting arises from the coupling with the
[2Fe-2S}* cluster giving signal | and II, respectively. THe values used in the calculation were deduced from the line widtof the
relaxation component given in Figure 4a.

(a) = 1/, ground state exhibits a strong departure from Curie’s
law (25) and eq 3 must be modified to include contributions

due to mixing of low-lying excited state26).

The EPR spectra given by [2Fe-2S]centers in moly-
bdenum hydroxylases can be classified into two groups
according to their anisotropy (Figure 2). In both groups, some
proteins yield very similag values to those found in thg,
~ 1.96 class. This is observed in particular in the case of
signals | and Il inD. gigasAOR. The|J| values equal to 85
+ 10 and 65+ 10 cnT?! deduced from the temperature
dependence of the intensity of signal | and I, respectively
(Figure 4b), agree reasonably with the valug8 = 110+
10 and 804 10 cnt! deduced from the relaxation experi-
ments (Figure 4a) and are similar to those measured in other
[2Fe-2S}" clusters 22). Some proteins of the xanthine
oxidase family giveg values that depart moderately from
those found in they,, = 1.96 class (Figure 2). A moderate
departure of this kind was already observed in proteins that

: : : : . : do not belong to this family, such aSscherichia coli
1226 B 1228 1230 1226 Bﬁi:.) 1220 fumarate reductase, the NIFU protein froAzotobacter

(mT) vinelandii, and the ferredoxin fronHalobacteriumof the
FiIGUre 8: (a) Temperature dependence of the shape of the low- pegd Sea (Figure 2). In these proteins, the temperature

field peak g = 1.979) in the EPR spectrum displayed by the Mo- ;
(V) center in xanthine oxidase. (b) Temperature dependence dependence of the EPR signal was found to be usiiat (

calculated with eq 1 by assuming that the splitting arises from the 30), suggesting that eq 3 is valid. Therefore, these peculiar
coupling with the [2Fe-2S} cluster giving signal I. g values most likely arise from a different distortion of the

ferrous site. Since a largé value was deduced from the
deduced from the temperature dependence of the magnetidemperature dependence of the sgattice relaxation rate
susceptibility, of the EPR signal intensity, or ®f. These and of the intensity of signal | in xanthine oxidase (Figure
methods yield/J| values ranging from 70 to 170 crhin 4), the same explanation probably applies in the case of those
various proteinsZ2). In other types of dinuclear clusters in  [2Fe-2S}" centers of molybdenum hydroxylases whase
which a ferric and a ferrous sites are linked by-aydroxo ~ Values are close to those of thg, = 1.96 class.
bridge, the antiferromagnetic coupling is much weaker. As  In some enzymes of the xanthine oxidase family, such as
a consequence, the intensity of the signal arising fronBthe P. diminutaisoquinoline-1-oxidoreductase, turkey liver xan-
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thine dehydrogenasé;. testosteronaldehyde dehydroge- the sequence of the cysteines in the binding motif, we first
nase, CO dehydrogenase, rabbit liver AOR, xanthine oxidase,note that [2Fe-2S] centers coordinated by the same arrange-
H. pseudoflaa CO dehydrogenase, arid. melanogaster  ment of cysteines can yield very different EPR signals: the
xanthine dehydrogenase, the electronic structure of the [2Fe-binding motif C-X;-C-X,-C-X,-C gives a rhombic spectrum
2SI center giving signal Il seems to be markedly differ- in plant-type ferredoxins and an almost axial signal in the
ent: this signal is highly anisotropic and disappears above case of center 1 oE. coli fumarate reductase. These two
50 K (Table 1). This anisotropy can hardly be explained on signals are very similar to signals 1l and 1 Bf gigasAOR,
the basis of eq 3: taking ferroggensor components greater respectively (Figure 2). Conversely, different binding motifs
than 2.00 and ferrig tensor components in the 2:02.04 can give rise to similar EPR signals: tgevalues of center
range expected for an Fe(lll) ion with tetrahedral sulfur 1 inE. colifumarate reductase are similar to those observed
coordination 22) yields a maximunyg value of 2.09, which in the [2Fe-2S] ferredoxin fron€C. pasteurianun(35), in
is smaller than someg values reported in Table 1. The which the binding motif is C-%C-Xn-C-X;—C (36), and
anomalous temperature dependence displayed by theséhose given by the NIFU protein frod. vinelandii, in which
signals, which results in their disappearance at very low the binding motif is C-X-C-X-C-X,-C, symmetrical to the
temperatures, suggests that the failure of eq 3 is due to the'unusual” binding motif of molybdenum hydroxylasezg].
presence of low-lying excited levels. This view is confirmed All these observations are easily understood in the framework
by the dramatic decrease in the intensity of signal Il that is of the above-mentioned ligand field model, in which the
observed above 20 K in xanthine oxidase (Figure 4b). This variation in theg tensor is mainly attributed to the variable
decrease can be reproduced by using a Heisenberg Hamildistortion experienced by the Fe(ll) site. This distortion
tonian with|J| = 20 cm ! (Figure 4b), a value that is roughly  depends on the geometry of the two cysteine residues ligating
consistent withA/3 = 30 cnT* deduced from the relaxation this site and is not expected to be uniquely determined by
experiments (Figure 4a). Such values seem, however, to behe sequence of the four coordinating cysteines.
too small to account for the strong antiferromagnetic interac- From the preceding discussion, it can be concluded that
tions mediated by the bridging sulfides of [2Fe-2Sjlusters. signals | and Il cannot be a priori assigned to the two binding
A likely explanation is that thdd/J ratio is larger in these  motifs present in molybdenum hydroxylases. To assign these
clusters than in conventional [2Fe-2S]centers. In these  signals to the proximal and distal [2Fe-2SElusters, we
circumstances, the spacing of the energy levels of the varioushave therefore used a more direct method based on the
spin states depends dnB, andU (22). It should be noted  different relaxation properties of the two signals and on the
that a sizableB/J ratio does not necessarily mean that the existence of spirrspin interactions between the Mo(V) center
valences of the iron sites are delocalized in these clusters,and one [2Fe-237 cluster. This method shows unambigu-
since the degree of valence delocalization is governed byously that the cluster interacting with the Mo(V) center is
the magnitude of th8/U ratio (22). MOssbauer experiments  that giving signal | inD. gigasAOR as well as in xanthine
have shown that the valences of the iron ions are trapped inoxidase (Figures 7 and 8). In the case of xanthine oxidase,
the [2Fe-2S] clusters oD. gigasAOR and xanthine oxidase the same assignment has been obtained by taking advantage
(3, 31). LargeB values have been already invoked to explain of the large difference between the redox potentials of the
the peculiar EPR and Msbauer characteristics of the [2Fe- two [2Fe-2S}?" centers 15). These results, together with
2SI clusters present in the C56S and C60S mutants of the relative arrangement of the metal centers displayed by
Clostridium pasteurianunferredoxin 82, 33 and in the the X-ray crystal structure dd. gigasAOR (Figure 1), lead
[FexSy(dimethylmethanebisbenzimidazolaj&) complex 34). to an assignment of signal | to the proximal center, which is
In the former case, a large value was needed to account bound by the unusual cysteine motif. If this assignment is
for the S= %, ground state and the fully delocalized valences extended to all the enzymes of the xanthine oxidase family,
(33), whereas in the latter case a smaller value was shownit is concluded that the cluster which exhibits anomalous EPR
to account for the relaxation properties and the partially characteristics in certain of these enzymes (Table 1) is the
delocalized valence84). Further studies are in progress in distal one, which is bound by the plant-type cysteine motif.
our laboratories to determine the magnitude of the parametersSince these properties are likely due to peculiar exchange
B, J, and U in the [2Fe-2S]" cluster giving signal Il in interactions between the Fe(lll) and Fe(ll) sites of this cluster,
xanthine oxidase. their structural basis can be analyzed as soon as a high-
Let us consider now the issue raised by the assignment ofresolution crystal structure of these proteins is available.
signals | and Il in enzymes of the xanthine oxidase family.
We have shown that these signals belong actually to two CONCLUSION
distinct groups (Figure 2). The fact that the cysteine motifs  The results obtained in this study solve a long-standing
which bind the two clusters iBD. gigasAOR are conserved  issue with regard to the assignment of signals | and Din
in this family suggests that each motif corresponds to one gigas AOR (1, 12. More importantly, they open the way
group of signals. The nature of this correspondence is, toward a detailed analysis of the intramolecular electron
however, unclear. As shown above, similar EPR signals to transfers in this protein. A straightforward application
those observed in thg, = 1.96 class are found in the group consists of assigning the redox potentials measured in
of signals | as well as in that of signals Il (Figure 2). Indeed, potentiometric experiments monitored by EPR. In a previous
theg values measured in signal Il Bf. gigasAOR are close study, signals | and Il were reported to titrate at pH 7.6 with
to those of the [2Fe-2Sicluster of Spirulina maxima midpoint potentials equal te-280 and—285 mV, respec-
ferredoxin (Figure 2). Anomalous EPR properties are, tively (37). In a more recent study, more negative values
however, observed only in the case of the group of signals equal to—365 mV for signal | and-330 mV for signal Il
Il. Concerning the relation between the EPR properties andwere measured at pH 7.5, together with a moderate antico-
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operative redox interaction 6f20 mV (38). These data were

found to be consistent with those obtained in spectrophoto-

metric experiments carried out at room temperatd®.( 479
According to the assignment found in the present study, the 15 Barber, M. J., Salero, J. C., and Siegel, L. M. (1982)
[2Fe-2SF ** cluster characterized by the most negative
potential is the proximal one iB. gigasAOR.

The assignment of the EPR signals to the two [2F&42S]

clusters makes possible a detailed quantitative study of the

intercenter spinspin interactions. IrD. gigas AOR, the
spectrum displayed by the Mo(V) center is split by the spin
spin interactions with the proximal [2Fe-2Skenter (Figure
5b), and the interactions between the two [2Fe-28lusters
result in a splitting of the gpeak of signal I, which is
resolved at X-bandl(l). The numerical simulation of these

interaction spectra based on the relative arrangement of the 21.

metal centers given by the X-ray crystal structure should
provide useful information about the location of the reducible
iron sites in both FeS clusters and the magnitude of the
intercenter exchange interaction§6). Both points are
important to elucidate the electron-transfer pathways in this
protein.
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