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The sequence motif-specific assignment of the two distinct [2Fe-2S] clusters in rat xan-
thine oxidoreductase (XOR) was unequivocally established by site-directed mutagenesis
of recombinant enzymes expressed in a baculovirus-insect cell system and electron
paramagnetic resonance (EPR) spectroscopy. The conserved cysteine residues, includ-
ing Cys-115, in the unusual C-terminal -Cys-Xaaj-Cys-ZACys-Xaaj-Cys- motif serve as
Uganda to the Fe/S I center, which is probably located in close proximity to the Mo-
pterin center. Other conserved cysteine residues, including Cys-43 and Cys-51, in the N-
terminal plant ferredoxin-like motif serve as ligands to the Fe/S II center, which is dis-
tantly located from the Mo-pterin center. The present sequence motif-specific assign-
ment of the Fe/S I and II centers is discussed in the light of the structural features of
XOR.

Key words: electron paramagnetic resonance spectroscopy, iron-sulfur cluster, site-
directed mutagenesis, xanthine dehydrogenase, xanthine oxidase.

Xanthine oxidoreductase (XOR), xanthine dehydrogenase
(XDH, EC 1.1.1.204) and xanthine oxidase (XO, EC 1.2.3.2),
catalyzes the oxidation of xanthine to uric acid with con-
comitant reduction of NAD+ or molecular oxygen {1-4). It is
a homodimer of molecular weight 300,000, with each sub-
unit having one non-covalently bound FAD, one molybdo-
ptenn-bound mononuclear molybdenum (Mo) center, and
two [2Fe-2SP+1+ clusters, and is the most extensively char-
acterized member of the mononuclear molybdenum (Mo)-
containing hydroxylase family (1-7). The reduction and oxi-
dation reactions of the catalytic cycle of XOR are spatially
separated: oxidative hydroxylation of xanthine to uric acid
takes place at the Mo center in the 90-kDa molybdenum
domain, and reducing equivalents thus introduced into
enzymes are transferred rapidly via intramolecular elec-
tron transfer to FAD in the 40-kDa flavin domain, where
physiological oxidation occurs (2-4). For this reason, intra-
molecular electron transfer between the Mo center and
FAD center is an integral aspect of the overall catalytic se-
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quence of this complex flavo-metalloprotein, and it has
been extensively studied (2-4).

The two [2Fe-2S] clusters (Fe/S I and II) in the 20-kDa
iron-sulfur (Fe/S) domain of XOR are indistinguishable in
terms of the visible absorption spectra, but the midpoint
redox potential of the Fe/S II center is -80 mV more posi-
tive than that of the Fe/S I center (8, 9), and their electron
paramagnetic resonance (EPR) properties can be distin-
guished by their different g values and their different satu-
ration properties at various temperatures (10,11). The Fe/S
I center exhibits a rhombic EPR signal (g = 2.02,1.93, and
1.90 ± 0.01), which is similar to those observed in the regu-
lar plant-type [2Fe-2S] ferredoxins and is readily observ-
able at temperatures up to 40 K. On the other hand, the Fe/
S II center exhibits an unusually broad EPR signal (g =
2.10 ± 0.02, 1.98 ± 0.015, and 1.91 ± 0.01), which is char-
acteristic of some Monxmtaining hydroxylases and can be
observed only below 22 K. It should be noted that these
EPR signals can be commonly observed in XOR and the
related mononuclear Mo-containing hydroxylases with two
[2Fe-2S] clusters [(1,4) and references therein].

The primary structures of the Fe/S domain of some
mononuclear Mo-containing hydroxylases such as XOR (12,
13) and Desulfbvibrio gigas aldehyde oxidoreductase (AOR)
(14) show the presence of eight strictly conserved cysteine
residues (Fig. 1). These residues were recently shown to
serve as ligands to the two [2Fe-2S] clusters in the D. gigas
AOR structure [PDB entry, LALO.pdb (15)1 The N-termi-
nal half of the Fe/S domain contains four of them, which
are arranged to form the canonical [2Fe-2S] cluster binding
motif of the regular plant-type ferredoxins (3, 4, 12-15).
The C-terminal half contains the other four, which are
arranged in the unusual -Cys-Xaa2-Cys-//-Cys-Xaa1-Cys-
motif in a unique protein fold that is uniquely found in this
enzyme family (3,4,12-15).
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N-terminal plant ferredoxin-like motif

Rat xanthine oxidoreductase:

-43Cys-X-4«Cys-X-51CysV/-73Cy8- \

D. gigas aldehyde oxidoreductase (lALO.pdb):

-40Cy8.x.«Cy8-X-4«Cys-//-«»Cys- |

Anabaena 7120 vegetative ferredoxin:

C-terminal unusual motif Fig 1. Schematic representation of the two [2Fe-
2S] cluster binding motifs in the FWS domain of
rat XOR (12) and D. gigas AOR (14) [PDB entry,
lALO.pdb (iff)], and the plant-type ferredoxin
motif of Anabaena 7120 vegetative ferredoxin (22,
41). Only conserved and potential cysteine hgand resi-
dues are shown

Although the sequence motif-specific assignment of the
two [2Fe-2S] clusters to the corresponding EPR signals will
greatly enhance our understanding of the structure-func-
tion relation in XOR, this remains controversial and is not
conclusively established (reviewed in Ref 4). One possible
approach to elucidate this problem is the combined applica-
tion of site-directed mutagenesis and EPR spectroscopy, as
has been successfully utilized for assignment of potential
ligand residues to Fe/S clusters) in some Fe/S proteins
with unknown structure and for analysis of the modified
spectroscopic and/or redox properties of a particular redox
site in some metalloproteins (16-28). However, the unavail-
ability of an efficient heterologous expression system for
XOR has been problematic in the past studies. In this
paper, we unambiguously establish the sequence motif-spe-
cific assignment of the two [2Fe-2S] clusters in recombinant
rat liver XOR, taking advantage of the baculovirus-insect
cell (Sf9) expression system described elsewhere (29). Our
results are discussed m the light of the structural features
of XOR. Preliminary accounts of the present work have
appeared in abstract form (29,30).

EXPERIMENTAL PROCEDURES

Materials—Spodoptera frugiperda (Sf9) cells and auto-
grapha California nuclear polyhedrosis virus (AcNPV) DNA
were purchased from Novagen. The baculovirus transfer
vector pJVPIOZ (31) was a kind gift from Dr. Taylor (Uni-
versity of California, San Diego). Synthetic oligonucleotides
were purchased from SCI-MEDIA (Tokyo). The culture
medium IPL-41 for the S/9 cells was purchased from
GIBCO BRL (Tokyo). DE-52 was obtained from Whatman,
Bio-Gel HTP from Bio-Rad, and TSK-SW3000XL gel filtra-
tion column from Tosoh (Tokyo). Water was purified by the
Milli-Q purification system (Millipore). Other chemicals
used in this study were of analytical grade.

DNA Manipulations and Site-Directed Mutagenesis—
The baculovirus-insect cell (Sf9) expression system (29) was
employed for the expression of the wild-type XOR and sin-
gle-point mutant enzymes. The site-directed mutagenesis
was done by using a Muta-Gene Phagemid in vitro muta-
genesis kit (Bio-Rad). All of the altered DNA sequences
were analyzed by using a Sequenase ver. 2.0 DNA sequenc-
ing kit (United States Biochemical).

Escherichia coli strain CJ236 (Bio-Rad) was transformed
with pUC119NX7 carrying the cDNA of rat liver XOR (29),
and this transformant in the mid-log phase was infected
with helper phage M13KO7 (Bio-Rad) in the presence of
ampirillin, ddoramphenicol, and kanamycin to prepare sin-
gle-stranded DNA. The phage particles were collected by
polyethyleneglycol precipitation, and the single-stranded
DNA was extracted with phenol-chloroform and recovered

by ethanol precipitation. The following 5'-phosphorylated
DNA oligomer was utilized to construct the XOR variants:
5'-TGC CAG GAG TAC TGA ACC CAC ACT G-3' for C115S
(Cys-115 codon substituted by Ser codon); 5'-GGC TGT
GGG GCA AGT ACT GTG ATG ATC-3' for C51S (Cys-51
codon substituted by Ser codon); 5'-GAT CAT CAC GGT
GGC TGC CCC ACA GCC-3' for C51A (Cys-51 codon sub-
stituted by Ala codon); and 5'-ACA GCC ACC TTC TCC
GGA GCC AAG CTT GGT CCC-3' for C43S (Cys-43 codon
substituted by Ser codon). Each oligonucleotide was hybrid-
ized to the single-stranded pUC119NX7 and introduced
into E. coli strain HB101 (TAKARA, Tokyo). The resultant
double-stranded vectors were isolated and digested with
Notl and Xbal. Each obtained fragment was ligated with
pRXD203 that had been digested with the same restriction
enzymes, and each DNA fragment encoding mutant en-
zyme was excised by Nhel and ligated into the baculovirus
transfer vector pJVPIOZ. The direction of the cDNA was
identified by DNA sequencing.

Expression of XOR and Its Variants Using the Baculovi-
rus-insect Cell System and Purification of XOR—Coinfec-
tion with AcNPV DNA and constructed transfer vectors
was conducted by using a Bac Vector 2000 (Novagen), and
the screening of the recombinant virus was carried out by
plaque assay according to the manufacturer's manual. The
recombinant dimeric and monomenc enzymes were rou-
tinely produced and purified by following the color and/or
the xanthine-O2 and xanthine-NAD+ oxidoreductase activi-
ties of the enzymes (29).

Rat liver XOR was purified as described previously (32).
The recombinant wild-type enzymes utilized for the spec-
troscopic analysis in this paper were demolybdo forms of
XOR They were obtained after passing through a folate-
affinity column chromatography to remove trace amounts
of the molybdo dimer, which were quantitatively insuffi-
cient for the EPR analysis. The mutant enzymes C51S and
C115S were unstable and partially purified by DEAE cellu-
lose (DE-52) column chromatography to remove paramag-
netic contaminants from the host insect cells. The mutant
enzyme C43S was more stable than C51S and C115S, and
the monomeric and dimeric forms of C43S were separated
by hydroxylapatite column chromatography (29).

Analytical Methods—Absorption spectra were recorded
using a Hitachi U3210 spectrophotometer. EPR measure-
ments were carried out using a JEOL JEX-RE1X spectrom-
eter equipped with an Air Products model LTR-3 Heli-Tran
cryostat system, in which the temperature was monitored
with a Scientific Instruments series 5500 temperature indi-
cator/controller as reported previously (33). The EPR spec-
tral data were processed using the KaleidaGraph software
ver. 3.05 (Abelbeck Software) and the IgorPro ver. 3.02
(WaveMetrics). Preliminary EPR simulation was performed
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using the WIN-EPR SimFonia software (written by Dr.
Ralph T. Weber, Bruker Instruments, Billenca, MA) and
the EPRSim XOP (PPC) for IgorPro software (written by
Dr. John Boswell, Oregon Graduate Institute). Spin quantd-
tation was estimated by double integration of EPR signals.

XOR concentration was determined from the absorbance
at 450 nm using an extinction coefficient of 35.8 niM"1 cm"1

(34) for the native enzyme. The extinction coefficients at
450 nm of 32.6 and 23 mM"1 cm"1 (determined on the basis
of FAD content after acid precipitation) were utilized for
demolybdo-dimeric and demolybdo-monomeric XORs, re-
spectively (Nishino, T., Amaya, Y, Kawamoto, S., Kashima,
Y, Okamoto, K, IwasaM, T., and Nishino, T., manuscript in
preparation).

Xanthine-2,6-dichlorophenohvndophenol (DCPIP) oxidore-
ductase activity was determined at 25°C by monitoring the
absorption change at 600 nm m 50 mM potassium phos-
phate buffer, pH 7.8, containing 0.4 mM EDTA, 0.15 mM
xanthine, and 50 (JLM DCPIP, in a final volume of 3.0 ml.
An activity/flavin ratio (AFR) value of XOR was determined
at 25'C (32), and fully active enzyme from rat liver was
estimated to have an AFR value of 200 (32). The multiple
sequence alignments were performed using the CLUSTAL
X graphical interface (35) with small manual adjustments.

RESULTS AND DISCUSSION

The recombinant rat liver XOR produced by using the bac-
ulovirus-insect cell (Sf9) expression system was a heteroge-
neous mixture of the molybdo (native) dimeric, demolybdo
dimeric, and demolybdo monomeric forms (29). Purification
of each form of the recombinant XOR has been reported
(29), and the properties of each form will be described in
detail elsewhere. Although the molybdo XOR can be ob-
tained after the folate affinity column chromatography, the
amount and the stability of the recombinant wild-type and
mutant enzymes are not enough to permit the usage of the
molybdo form in EPR experimenta In the following EPR
analysis, we therefore utilized the purified demolybdo or
partially purified mixture in some experiments (see "EX-
PERIMENTAL PROCEDURES"). This does not affect the se-
quence motif-specific assignment of the two [2Fe-2S] clus-
ters in XOR as described below.

EPR Spectra of the Recombinant Wild-Type XOR
Dimer—Figure 2 shows the EPR spectra of dithionite-
reduced molybdo and demolybdo dimeric XOR recorded at
16-39 K. The native molybdo dimeric XOR prepared from
rat liver (traces A and B) exhibited a rhombic EPR signal
at g = 2.02, 1.93, and 1.90 attributed to the Fe/S I center
(observable at 39 K), in addition to overlapping broad
rhombic resonance &tg = 2.11, -2.00, and -1.90 attributed
to the Fe/S II center. These EPR properties are essentially
identical to those reported for milk XOR (10,11).

The purified recombinant wild-type demolybdo dimer of
XOR contained ~8Fe/2FAD (mol/mol), indicating the pres-
ence of two [2Fe-2S] clusters per protomer (29), and showed
no activity with xanthine and DCPIP as substrates, due to
the absence of the Mo-pterin center (2). It elicited broad
new resonances at g ~ 2.06 and 1.85, in addition to the sig-
nals attributed to the Fe/S I and II centers (Fig. 2, C and
D). The relaxation behavior of the new g - 2.06 and 1.85
resonances is similar to that of the S = 1/2 EPR signal
attributed to the Fe/S I center (Fig. 2, A and C), and these

signals can be observed at 39 K, where the EPR signal
attributed to the Fe/S II center is saturated and not observ-
able. This suggests that the additional EPR features ob-
served in the recombinant demolybdo dimeric enzyme can-
not be attributed to the splitting of the EPR signal of the
Fe/S I center due to magnetic interaction between the Fe/S
I and II centera Preliminary theoretical simulation and
spin integrations also suggested that the g = 2.02 signal
and the g = 2.06 signal are present approximately in a 1:1
ratio at 16 K and 39 K (data not shown). These results indi-
cate that the Fe/S I site in the recombinant demolybdo
dimeric enzyme is heterogeneous due to the absence of the
Mo-pterin center and probably exists in (at least) two dif-
ferent forms and/or states in a -1:1 ratio, whereas the Fe/S
II site remains homogenous. It should be noted that the
same observation has been reported with the fully demo-
lybdo form of bovine milk XO (36). We suggest that the
presence of the g = 2.02 signal and the additional g = 2.06
signal in a -1:1 ratio is characteristic of demolybdo-dimeric
XOR Although the EPR signal of the Fe/S II center inter-
feres with the g = 2.06 signal at lower temperatures, the g
= 2.02 signal of the recombinant wild-type demolybdo
dimer is apparently more intense in the first-derivative
spectrum, and is therefore used as a diagnostic of the Fe/S I
center in the following analysia

EPR Properties of C115S Mutant Enzyme—in order to

2.11
202 193

1.90

A ret XOR
3S K, 2 mW

B ret XOR
16 K, 1 mW

C rac dlmw
3S K, 2 mW

D rac dimar
18 K, 1 mW

280 300 360 380320 340
Magnate FWd [mTJ

Fig. 2. EPR spectra of the dithionite-reduced form of native
XOR from rat liver (A, B) and recombinant wild-type XOR
dimer (C, D). Instrument settings for the X-band EPR spectros-
copy. the temperature and microwave power are indicated in the fig-
ure; modulation amplitude, 0.79 miuitesla. The g values are in-
dicated in the figure
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assign the Fe/S I and II centers in the recombinant demo-
lybdo dimeric XOR, a mutant enzyme C115S, having a sin-
gle amino acid replacement of Cys-115 by Ser, was con-
structed and expressed by using the baculovirus-insect cell
expression system (29). The dimeric form of the resultant
mutant enzyme C115S was rather unstable during purifi-
cation under auxogenic conditions. Hence, the EPR spectra
of dithionite-reduced C115S were recorded shortly after
fractionation of the recombinant enzyme from the cell
lysate by DEAE cellulose column chromatography (Fig. 3,
C—F). The partially purified C115S was a mixture of mono-
meric and dimeric forms with a typical ratio of Ai60 and A ^
of -4.7 (varied from preparation to preparation) The negli-
gible activity/flavin ratio (AFR) value (0.1) and specific xan-
thine-DCPIP oxidoreductase activity of 2.8-5.1 molAnin/
mol of FAD (less than 0.5-1% of native enzyme) suggested
that it is predominantly the demolybdo form (32). The con-
trol EPR experiment with the reduced recombinant wild-
type enzyme from the same purification step confirmed lit-
tle interference by other paramagnetic contaminants from
the host insect cells in the g = 2 region under the applied
conditions (data not shown).

EPR analysis of several different batches of partially
purified C115S mutant enzyme in the reduced state
showed that every batch contained a novel [2Fe-2S]1+ cen-
ter with near axial symmetry centered at g = 1.92 (Fig. 3,
C and E), in addition to the broad EPR signal characteristic
of the Fe/S II center at g = 2.11 that is indistinguishable
from that of the recombinant wild-type dimeric enzyme
(Fig. 3, A and C). The near-axial EPR signal at g = 1.92 is
considerably broadened at 39 K (Fig. 3D). On the other
hand, no rhombic EPR signal at g = 2.02, 1.93, 1.90 (the
average g-factor, gaT = 1.95) characteristic of the Fe/S I cen-
ter of the wild-type dimer (Fig. 3A) could be detected in any
C115S preparation examined (Fig. 3, C-E). These data sug-
gest that Cys-115 is one of the cysteine kgands of the Fe/S I
center in the dimeric enzyme, and that the serine residue
(Ser-115) serves as a non-cysteinyl ligand of this [2Fe-2S]
cluster in the mutant enzyme C115S (Fig. 3, C-E). A simi-
lar EPR spectral change has been reported for the Cys-
49—)Ser mutation of the Anabaena vegetative ferredoxin,
which also shows the near-axial EPR signal similar to
those of the vertebrate-type ferredoxins and affects primar-
ily the Fe(m) site of the [2Fe-2S] cluster (22). It should be
noted, however, that Cys-115 of rat XOR is located in the
unusual [2Fe-2S] cluster binding motif, -Cys-Xaaj-Cys-//-
Cys-Xaaj-Cys-, at the C-terminal part of the Fe/S domain,
with unique protein folding (4,12,15) (Fig. 1).

EPR Properties of C51S Mutant Enzyme—The N-termi-
nal part of the Fe/S domain has the -Cys-Xaa4-Cys-Xaa2-
Cys-//-Cys- motif, which is characteristically observed in
regular plant-type ferredoxins (Fig. 1). A mutant enzyme
C51S, having a single amino acid replacement of Cys-51 in
the N-terminal motif with serine, was constructed and ex-
pressed by using the baculovirus-insect cell expression sys-
tem. Like C115S, the resulting mutant enzyme C51S was
rather unstable during purification under auxogenic condi-
tions. Hence, the EPR spectra of dithionite-reduced C51S
were recorded shortly after fractionation of the mutant
enzyme from the cell lysate by DEAE cellulose column
chromatography (Fig. 4). The partially purified C51S was a
mixture of monomeric and dimeric forms with a typical
ratio of Aw and A ^ of -4.4. The AFR value of 1.6 and the

negligible xanthine-DCPIP oxidoreductase activity (2.8
mol/min/mol of FAD; less than 0.5% of native enzyme) sug-
gested that it is predominantly the demolybdo form (32).

The EPR signals attributed to the [2Fe-2S]1+ clusters in
partially purified C51S are complicated due to the presence
of both dimeric and monomeric forms (Fig. 4, C and D), and
are very similar to the sum of the spectra of the recombi-
nant wild-type dimer and monomer (Fig. 4B).

Although no change in the EPR signal attributed to the
Fe/S I center was observed in crude C51S at 16 K and 39 K
(Fig. 4, C and D), the resulting mutant enzyme was more
unstable than the recombinant wild-type enzyme, as indi-

2.11 2.02 1 93 1 90

A wfld-tvp* dinar
16K, 1 roW

16 K,

280 300 320 340 360 380
Magnetic FWd [mTJ

Fig. 3 EPR spectra of the dithionite-reduced form of recom-
binant wild-type dimer (A) and monomer at 16 E (B), and
partially purified C115S mutant enzyme at 16 K (C, E) and 39
K (D). The near-axial EPR signal at g = 1.92 in the spectra C-E
cannot be simulated as the sum of the spectra of the recombinant
wild-type dimer and monomer (F) The EPR properties of recombi-
nant wild-type dimer (A) and monomer at 16 K (B) are substantially
different, and the details of the spectroscopic properties of the re-
combinant wild-type monomer will be reported elsewhere. Instru-
ment settings for the EPR spectroscopy microwave power, 1 mW for
A, B, C, E, and 2 mW for D; modulation amplitude, 0.79 millitesla
The g values are indicated in the figure.
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cated by faster bleaching of the brown color (data not
shown). Unlike the wild-type enzyme (Fig. 5, A and B), fur-
ther purification of crude C51S preparations under aerobic
conditions resulted in marked loss of the [2Fe-2S] clusters
in both the dimeric and monomeric forms, giving rather
featureless EPR signals with a very poor signal-to-noise
ratio (Fig. 5, C-E). Because the Cys->Ser mutants of Ana-
baena 7120 vegetative ferredoxin have been reported to be
less stable than the wild-type ferredoxin (as expected from
the relative pKn values of cysteine and serine) (22), the
instability of the clusters in C5 IS is likely to be due to the
single amino acid replacement of Cys-51 by serine, which
serves as a non-cysteinyl ligand of the [2Fe-2S] cluster (i.e.,
the Fe/S II center) in partially purified C51S (Figs. 4 and
5).

We also constructed and expressed the C51A mutant
enzyme, having a single amino acid replacement of Cys-51
with alanine, by using the baculovirus-insect cell expres-
sion system. Although the expression of the recombinant
mutant enzyme was confirmed by Western blot analysis,
the product was mostly obtained as an insoluble material
(data not shown). This suggests that Cys-51 is a ligand res-
idue with structural importance in protein conformation
and/or folding.

EPR Properties of C43S Mutant Enzyme—In contrast to

A wild-type dimer
16 K, 1 mW

B wlkMype
dimer + monomer
16 K, 1 mW

C C61S
16 K, 1 mW

280 300 360 380320 340
Magnate Flald [mT]

Fig. 4 EPR spectra of the dithionite-reduced form of recom-
binant wild-type dimer at 16 K (A), and partially purified
C518 mutant enzyme at 16 K (C) and 39 K (D).The EPR spec-
trum C could be simulated as the sum of the spectra of the wild-type
dimer and monomer (B). Instrument settings for the EPR spectros-
copy. microwave power, 1 mW for A-C, and 2 mW for D, modulation
amplitude, 0.79 milhtesla. The g values are indicated in the figure.

the C51S and C51A mutant enzymes described above, the
mutant enzyme C43S, which has a single amino acid re-
placement of Cys-43 with serine in the N-terminal plant
ferredoxin-like -Cys-Xaa4-Cys-Xaa2-Cys-//-Cys- motif (Fig.
1), was sufficiently stable to allow separation of the dimeric
and monomeric forms from each other by gel filtration col-
umn chromatography. The dimeric form of C43S had a typi-
cal ratio of Ai60 an of -3.8 [estimated to contain -1.8
[2Fe-2S] centers per FAD (mol/mol)], with the AFR value of
-2 and the negligible xanthine-DCPIP oxidoreductase
activity of 3.1 mol/min/mol of FAD (0.6% of native enzyme),
suggesting predominantly the demolybdo form (32). The
monomeric form of C43S, like the wild-type demolybdo-
monomeric XOR, showed no activity with xanthine and
DCPIP as substrates.

2.07 198 190 16 K
1 mW

A wild-type
mono mar

D C51S
monomer (prep 1)

E C613
monomer (prep 2)

280 300 380 380320 340
Magnetic Raid [mT]

Fig. 5. EPR spectra of the dithionite-reduced form of recom-
binant wild-type monomer (A), wild-type dimer (B), purified
C51S dimer (C), and purified C51S monomer (D, E). Purified
C51S mutant enzyme preparations gave EPR spectra with a rela-
tively poor signal-to-noise ratio, because of the instability of the
bound [2Fe-2S] cluster after purification. Instrument settings for
the EPR spectroscopy: temperature, 16 K; microwave power, 1 mW;
modulation amplitude, 0.79 millitesla. The g values are indicated in
the figure
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The EPR spectra of the dimeric and monomeric forms of
the dithionite-reduced C43S were substantially different
from those of the recombinant wild-type demolybdo XOR
(Fig. 6). The EPR spectra of the C43S dimer at 8-60 K
clearly showed the presence of two overlapping S = 1/2
[2Fe-2S]1+ clusters with different relaxation behaviors (Fig.
7). The EPR lineshape attributed to the Fe/S I center in
C43S was essentially indistinguishable from that in the
recombinant wild-type dimer (gn = 1.95) (Fig. 7, A and E),
whereas the signal attributed to the Fe/S II center was
markedly modified, exhibiting a near-axial type signal at g
= 2.05, -1.94, -1.93 (gm ~ 1.97) (Fig. 7F). These data un-
equivocally showed that Ser-43 serves as a non-cysteinyl
ligand of the Fe/S II center in the plant-type ferredoxm
subdomain in the C43S dimer, without significant modifica-
tion of the EPR lineshape attributed to the Fe/S I center.
Interestingly, the effect of replacement of Cys-43—>Ser m
XOR, which results in the reduced Fe/S II center with gm of
-1.97, is considerably different from that of the equivalent
mutation (Cys-41—»Ser) in reduced Anabaena 7120 vegeta-
tive ferredoxin, which results in the cluster with the lower
gay of-1.92 (22).

Sequence Motif-Specific Assignment of the Fe/S I and U
Centers—The present work established the unequivocal se-
quence motif-specific assignment of the two [2Fe-2S] clus-
ters in recombinant XOR The conserved cysteines (includ-
ing Cys-43 and Cys-51) in the N-terminal plant-type fer-

2X2 18 K

2.11

A wild-type
dlflMT

B C43S
dimer

C C43S
rnortomof

D wild-type
monomer

J _
280

_L
300 380 380320 340

M^netJc FMd [mTJ
Fig 6. EPR spectra of the dithionite-reduced form of recom-
binant wild-type dimer (A), dimeric C43S mutant enzyme
(B), monomeric C43S mutant enzyme (C), and recombinant
wild-type monomer (D). Instrument settings for the EPR spec-
troscopy. temperature, 16 K; microwave power, 1 m'W; modulation
amplitude, 0 79 millitesla. The g values are indicated in the figure.

redoxin motif in the Fe/S domain serve as ligands of the Fe/
S II center with unusual EPR properties, while the other
conserved cysteines (including Cys-115) in the C-tenninal
unusual [2Fe-2S] protein fold motif serve as ligands of the
Fe/S I center with typical EPR properties of plant-type
ferredoxins. This assignment is unexpected, given the
unusual EPR signal of the Fe/S II center and the unusual
protein folding of the C-terminal subdomain m XOR and
the related enzymes. It is unequivocally established that
the unusual EPR features of the Fe/S II center in dimeric
XOR are not due to a polypeptide fold or a cluster-binding
sequence motif The faster spin-lattice relaxation time of
the Fe/S II center for a regular plant ferredoxin-type [2Fe-

2.05

190.

C43S
dimer

1.85

300 360 380320 340
Magnetic Field [mTj

Fig 7. EPR spectra of the dithionite-reduced form of puri-
fled dimeric C43S mutant enzyme at 8-60 K.The spectra E and
F were obtained by subtraction of the EPR spectra at 16 K recorded
at the microwave power of 1 mW (B, solid trace) and 10 mW (B,
dashed trace). Instrument settings for the EPR spectroscopy: mod-
ulation amplitude, 0 79 millitesla. The g values are indicated in the
figure.
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Assignment of[2Fe-2S] Clusters ofXanthine Chadoreductase 111

2S]1+ cluster (4,10,11) and the D. gigas AOR structure (15)
imply a possible relation to the solvent accessibility of the
N-terminal plant ferredoxin subdomain and/or a magnetic
interaction between the Fe/S I and Fe/S II centers.

It has been reported that the EPR signal attributed to
the Fe/S I center of XOR and AOR interacts magnetically
with the Mo center when the two sites are paramagnetic
(37). In the X-ray crystal structure of D. gigas AOR (PDB
entry, lALO.pdb), the crystallographic distance between
the Mo center and the nearest [2Fe-2S] cluster bound to the
C-terminal part of the Fe/S domain is -12 A (15), thus
being consistent with our assignment. The EPR spectro-
scopic heterogeneity of the Fe/S I center in demolybdo XOR
dimer (Fig. 2) may be attributed to the absence of the Mo
center in the recombinant dimeric enzymes used in this
work.

Finally, after completion of this work, the X-ray crystal
structure of bovine milk XDH was solved and is being
refined to 2.1 A resolution (38) (Enroth, C, Eger, B.T., Pai,
E.F., Okamoto, K, Nishino, T., and Nishino, T., manuscript
in preparation). In conjunction with this three-dimensional
structural information (38), the present sequence motif-spe-
cific assignment of the two [2Fe-2S] clusters in XOR indi-
cates that the Fe/S I center is located in the vicinity of the
Mo-ptenn center, and the Fe/S II center in the vicinity of
the FAD center. Hence, the sequence of the intramolecular
electron transfer m XOR probably occurs as follows: Mo-
pterin->Fe/S I-»Fe/S II-»FAD. During the preparation of
this paper, the same conclusion was described with a bacte-
rial XOR-related enzyme, CO dehydrogenase from Oligo-
tropha carbaridovorans (39, 40). These features may be
common to several other XOR-related enzymes with simi-
lar cofactor arrangement and EPR properties as XOR

We thank Drs K. Tamura, S Oogami, and T. Iizuka (The Institute
of Physical and Chemical Research) for allowing us to utilize the
EPR facility.
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