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Molecular cloning of a cDNA coding for mouse liver
xanthine dehydrogenase
Regulation of its transcript by interferons in vivo
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The cDNA coding for xanthine dehydrogenase (XD) is isolated from mouse liver mRNA by cross-hybridization with a
DNA fragment of the Drosophila melanogaster homologue. Two A bacteriophage overlapping clones represent the copy
of a 4538-nucleotide-residue-long transcript with an open reading frame of 4005 nucleotide residues, coding for a putative
polypeptide of 1335 amino acid residues. Comparison of the deduced amino acid sequence of the mouse XD with those
of the Drosophila and the rat homologues shows a high conservation of this protein (55 % identity between mouse and
Drosophila, and 94% identity between mouse and rat). RNA blotting analysis demonstrates that interferon-a (IFN-a) and
its inducers, i.e. poly(I) - poly(C), bacterial lipopolysaccharide (LPS) and tilorone {2,7-bis-[2-(diethylamino)ethoxy]fluoren-
9-one}, increase the expression of XD mRNA in liver. Poly(I) . poly(C) also induces XD mRNA in several other tissues
in vivo. Protein synthesis de novo is not required for the elevation of XD mRNA after IFN-a treatment, since
cycloheximide does not block the induction. The elevation ofXD mRNA concentration is relatively fast and precedes the
induction of both XD and xanthine oxidase (XO) enzymic activities.

INTRODUCTION

Xanthine oxidoreductase is the enzyme system that catalyses
the oxidation of hypoxanthine to xanthine and subsequently to
uric acid (Dixon & Webb, 1964). The enzyme is a single-gene
product and it exists in two separate but interconvertible forms,
xanthine dehydrogenase (EC 1.1.1.204; XD) and xanthine oxi-
dase (EC 1.1.3.22, formerly EC 1.2.3.2; XO). The former uses
NADI as the acceptor of reducing equivalents whereas the latter
transfers them to molecular 02- XD and XO enzymic activities
are contemporaneously detected in a variety of tissues, even
though the conversion ofXD into XO makes the latter the most
readily extractable form (Gilbert & Bergel, 1964; Krenitsky et
al., 1986; Carpani et al., 1990). In fact, XD is converted into XO
in various experimental conditions in vitro (Della Corte & Stirpe,
1968, 1972). The conversion ofXD into XO induced by oxidation
is reversible after treatment with reducing agents, and partial
proteolytic cleavage irreversibly transforms XD into XO (Gran-
ger et al., 1981; Engerson et al., 1987; Oda et al., 1989). In vivo,
it is known that XO is produced from XD in various pathological
conditions, where it has been proposed to play an important
pathogenetic role (Granger et al., 1981; Engerson et al., 1987;
Reiners et al., 1987; Elsayed & Tierney, 1989). In particular, this
enzyme seems to be primarily responsible for the vascular injury
associated with intestinal (Parks & Granger, 1983), cardiac
(McCord, 1985; Terada et al., 1991) and hepatic ischaemia (de
Groot & Littauer, 1988; Brass et al., 1991). The involvement of
XO in tissue damage is probably related to the ability of this
enzyme to produce highly reactive 0;- anions (Fridovich, 1970).
XO seems to mediate some of the toxic effects produced by

interferons (IFNs) and their inducers in the mouse (Renton
et al., 1984; Ghezzi et al., 1984, 1985; Deloria et al., 1985). In

fact, recombinant IFNs as well as bacterial lipopolysaccharide
(LPS) and poly(I) * poly(C) induce XO enzymic activity and
depress cytochrome P-450 concentrations in mouse liver. This
toxic effect is prevented by pretreatment of the animals with
allopurinol and N-acetylcysteine, a specific inhibitor of XO and
a scavenger of oxygen radicals respectively (Taylor et al., 1980;
Roy & McCord, 1982; Ghezzi et al., 1985; Bindoli et al., 1988).
To study the molecular mechanisms underlying the elevation

of XO enzymic activity by IFNs and their inducers, the cDNA
coding for XD was isolated from mouse liver mRNA. With the
use of this cDNA clone as a probe, the elevation of XO/XD
activity by IFN-a and its inducers is demonstrated to be mostly
due to an increased accumulation of XD mRNA.

MATERIALS AND METHODS

Animal treatments
CD- 1 mice obtained from Charles River Italia (Calco, Como,

Italy) weighing approx. 30 g were intraperitoneally treated
with poly(I) * poly(C) (Sigma Chemical Co., St. Louis, MO,
U.S.A.) (10 mg/kg body wt.), recombinant IFN-a (A/D)
(IFN-a; 107 units/mg of protein) (Roche, Nutley, NJ, U.S.A.)
(1.5 x 105 units/kg body wt.), LPS (Sigma Chemical Co.)
(2 mg/kg body wt.), recombinant human interleukin- 1l,
(107 units/mg of protein) (Sclavo, Siena, Italy) (30 ,tg/kg
body wt.) or recombinant human tumour necrosis factor-ac
(107 units/mg of protein) (Cetus Corp., Emeryville, CA, U.S.A.)
(30 ,ug/kg body wt.). IFN-a (A/D) is a human hybrid IFN-a
type that crosses the species barrier and acts on the IFN-a/,l
receptor (Rehberg et al., 1982; Jung et al., 1988). In one
experiment, cycloheximide (Sigma Chemical Co.) (150 mg/kg)
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was administered to the animals 2 h before the treatment with
IFN or saline alone to study the effect of inhibition of protein
synthesis on the induction of liver XD mRNA by IFN-a
itself. Tilorone {2,7-bis-[2-(diethylamino)ethoxy]fluoren-9-one}
(Merrel Dow Pharmaceutical, Cincinnati, OH, U.S.A.)
(75 mg/kg body wt.) was administered orally. The effect of LPS
on the induction of liver XD mRNA was also tested in two
different mouse strains, C3H/HeJ (a strain resistant to the effect
of LPS) and C3H/HeN (a strain with the same genetic bac-
kground as C3H/HeJ, but sensitive to LPS) (Charles River)
(O'Brien et al., 1982).

Isolation of mouse liver XD cDNAs
In order to obtain molecular probes that could be used for the

isolation of mouse XD cDNA, two stretches of the Drosophila
melanogaster XD gene (Keith et al., 1987; Lee et al., 1987),
between nucleotide residues 1496-2018 and 3014-3643 respect-
ively, were amplified according to the instructions of the manu-
facturer (Cetus Perkin-Elmer, Norwalk, CT, U.S.A.). Amplified
fragments were subcloned in pBluescript SK (Stratagene) with
standard techniques (Maniatis et al., 1982) and their identity was
verified by seqencing.
The amplified oligo(dT)-primed mouse liver cDNA library in

AgtlO was purchased from Clontech Laboratories (Palo Alto,
CA, U.S.A.). The oligo(dT) and the randomly primed cDNA
libraries inserted in the EcoRI site ofAZAP II vector (Stratagene)
were constructed with the use of liver polyadenylated RNA
obtained from mice treated with 10mg of poly(I) . poly(C)/
kg body wt. according to standard protocols (Huynh et al.,
1985). In all, 7 x 105 plaques from the commercial cDNA library
were screened with the 32P-labelled Drosophila XD gene probes.
The filters were hybridized at 53 °C in a solution containing
S x SSC, 5 x Denhardt's and 100 ,tg of salmon sperm DNA/ml
(Maniatis et al., 1982) for 20 h. (1 x SSC is 0.15 M-NaCl/15 mm-
sodium citrate buffer, pH 7; 1 x Denhardt's solution is 0.02%
Ficoll/0.02 % polyvinylpyrrolidone/0.02 % BSA.) The filters
were subsequently washed in 2 x SSC/0. 1 % SDS at room
temperature twice for 20 min, and in 0.5 x SSC/0. 1% SDS at
53 °C twice for 20 min. One positive clone hybridizing only with
the most 5' Drosophila XD gene fragment was isolated and the
insert was subcloned in the EcoRI site of pBluescript SK (XDgtl).
To obtain the 3'-end of mouse XD cDNA, 50000 primary

recombinant plaques derived from the oligo(dT)-primed
poly(I) * poly(C)-induced liver cDNA library constructed in Azap
II vector were screened with 32P-labelled XDgtl insert as a probe,
in standard conditions (Maniatis et al., 1982). Positive clones
were isolated and the DNA inserts were recovered as subclones
in pBluescript KS according to the instructions of the manu-
facturer (Stratagene). Only one clone (XDzap 12), containing the
longer insert, was further characterized.
To obtain part of the 5'-end of XD cDNA, two anti-sense

strand oligonucleotides (positions 1630-1654 and 1594-1623 in
Fig. 2) were synthesized. The former was used to prepare a
cDNA library in the EcoRI site of the plasmid pUC18 (Phar-
macia, Uppsala, Sweden) by primer extension of polyadenylated
RNA obtained from the liver of poly(I) -poly(C)-treated mice
(Huynh et al., 1985). Approx. 2000 bacterial colonies were
screened with the latter oligonucleotide under the conditions
described by Wood et al. (1985). Four positive clones (XDpucal-
4) were isolated and sequenced.
The rest of the 5' portion of the XD cDNA was isolated from

a AZAP II randomly primed liver cDNA library (80000 primary
recombinant plaques) with the use of 32P-labelled XDpuca2 as a

probe. Seventy positive clones were isolated, and the one

containing the longest insert was recovered in pBluescript KS
and further characterized (XDzap64).

Sequence analysis
Nucleotide sequence on double-stranded DNA templates was

performed according to the dideoxy chain-termination method
(Sanger et al., 1977) with the use of Sequenase (United States
Biochemical Corporation, Cleveland, OH, U.S.A.) or T7 DNA
polymerase (Pharmacia) according to the instructions of the
manufacturers. The sequences of XDzap64, XDzapl2 and the
respective subclones derived from them were determined on both
strands. The primers used for the sequencing reactions were
either vector primers or specific oligonucleotides (17-22
nucleotide residues long) synthesized based on the information
obtained from former sequence analysis. Oligonucleotides were
synthesized on a Beckman Sys-200 oligonucleotide synthesizer
(Beckman Instruments, Palo Alto, CA). Computer analysis of
the DNA sequences was performed with the Microgenie sequence
analysis system (Beckman) and the McMolly Soft Gene Berlin
software (Apple Computer, Cupertino, CA, U.S.A.).

RNA blotting analysis
Total RNA and polyadenylated RNA were prepared from

various tissues according to standard procedures (Maniatis et al.,
1982).
For RNA blotting analysis, total RNA (20 ,ug) or poly-

adenylated RNA (5 jig) was fractionated on a 1.20% agarose gel
containing 6% formaldehyde and blotted onto synthetic nylon
membranes (Gene Screen Plus; New England Nuclear, Boston,
MA, U.S.A.). These membranes were hybridized to the 1.8 kb
EcoRI fragment of XDgtl, or to the mouse actin cDNA (Minty
et al., 1981). The probes were labelled to a specific radioactivity
of 1 x 109-2 x 10-9 c.p.m./,ug by using hexanucleotide primers
and [32P]dCTP (Feinberg & Vogelstein, 1983). Hybridization was
performed at 60 °C for 20 h in a solution containing 1 M-NaCl,
1 % (w/v) SDS, 10% (w/v) dextran sulphate (Sigma Chemical
Co.), 100 ,ug of salmon sperm DNA (Boehringer)/ml and
1 x 106-2 x 106 c.p.m./ml of 32P-labelled probe. The membranes
were washed twice with 2 x SSC/ 1 % SDS for 30 min at 65 °C and
then with 0.1 x SSC for 30 min at room temperature. The
membranes were dried and exposed to Kodak X-Omat X-ray
films (Eastman Kodak Co., Rochester, NY, U.S.A.) with two
intensifying screens (Dupont Cronex; Dupont de Nemours and
Co., Wilmington, DE, U.S.A.) at -70 'C.

XD/XO assay
At 12 h after intraperitoneal administration of poly(I) * poly(C)

or saline as a control, animals were killed by cervical dislocation.
Liver was excised, washed in saline, blotted dry and homogenized
in 10 vol. of 100 mm potassium phosphate buffer, pH 7.8,
containing 1 mM-EDTA and 3 mM-phenylmethanesulphonyl
fluoride. Solid (NH4)2SO4 was added to the homogenate to a final
concentration of 20% (w/v), and the mixture was centrifuged at
12000 g. XO activity in the supernatant was recovered by
addition of solid (NH4)2SO4 to a final concentration of 400%
(w/v). After centrifugation, the pellet was resuspended in 1 ml of
100 mM-potassium phosphate buffer, pH 7.8, containing I mM-
EDTA and 1 mM-phenylmethanesulphonyl fluoride and dialysed
overnight against 100 vol. of the same buffer.
The enzyme assay was performed in a Beckman DU-65

spectrophotometer at 25 'C (Stirpe & Della Corte, 1969). For the
measurement ofXD +XO activities, the assay mixture contained
100 mM-sodium pyrophosphate buffer, pH 8.5, 0.2 mM-EDTA,
0.1 mM-xanthine, 0.4 mM-NAD' and 50 ,ul of enzyme sample in a
final volume of I ml. XO activity was determined in the absence
of NAD+, in the same incubation mixture as above. XD was
determined by subtracting XO from XD + XO. The enzyme
assays were performed in conditions of linearity in respect to
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Fig. 1. Structural organization and physical map of mouse liver XD eDNA

The thick line represents the physical map of mouse liver XD cDNA from its 5'-end to the 3'-end (left to right). Sites for relevant restriction
endonucleases are indicated. The black box and the white box indicate the protein coding region and the 3' untranslated region respectively. Thin
lines shown at the bottom of the Figure represent inserts of recombinant A phages (XDgtl, XDzapl2, XDzap64) or recombinant plasmid
(XDpuca2). The clones XDzap64 and XDzapl2 were sequenced completely in both directions, whereas XDgtl and XDpuca2 were sequenced only
in one direction.

protein and time. One unit of enzyme activity is defined as
I nmol of uric acid produced/min (Suleiman & Stevens, 1985).
The data were normalized for the content of proteins determined
by the Bio-Rad kit (Bio-Rad Laboratories, Richmond, CA) with
BSA as a standard (Sigma Chemical Co.) (Bradford, 1976).

RESULTS AND DISCUSSION

Cloning and structure of the cDNA coding for mouse liver XD
When the molecular cloning of the cDNA coding for mouse

XD was started, no data on the primary structure of this
enzyme in higher eukaryotes were available, except for that of
Drosophila melanogaster, which was identified and isolated by
genetic complementation of the Rosy locus (Bender et al., 1983;
Keith et al., 1987; Lee et al., 1987). XDgtl was thus isolated by
cross-hybridization with the Drosophila melanogaster XD gene.
Isolation of the other overlapping clones was as detailed in the
Materials and methods section. The restriction map of the mouse
XD cDNA as defined by the isolated overlapping clones is shown
in Fig. 1.
The total length of the mouse XD cDNA is 4538 nucleotide

residues (Fig. 2). The longest open reading frame deduced from
the DNA sequence is 4005 nucleotide residues long, coding for a
putative polypeptide of 1335 amino acid residues. This is
consistent with the fact that the protein product of this gene has
an approximate molecular mass of 150 kDa (Carpani et al.,
1990). The assignment of the first ATG codon is presumptive,
owing to the lack of N-terminal sequence data of the protein. The
contention, however, is supported by the protein and cDNA
sequences of the rat (Amaya et al., 1990) and the Drosophila
(Keith et al., 1987; Lee et al., 1987) XD. In these two animal
species, the first methionine codon appears at a position similar
to that of the mouse cDNA, and the three genes share great
similarity in this region of the protein, as described below. The
open reading frame of the mouse XD cDNA is followed by a
531-nucleotide-residue-long 3' untranslated region containing a
polyadenylation signal, AATAAA (nucleotide residues 4518-
4523 in Fig. 2) (Wickens & Stephenson, 1984; Birnstiel et al.,
1985) that is located- 10 nucleotide residues upstream of the
poly(A) tail. The XD transcript is devoid of a nucleotide sequence
coding for a hydrophobic signal peptide. This feature is consistent
with the cytoplasmic localization of the XD protein.

Comparison of mouse XD protein with its rat and Drosophila
homologues
DNA sequence analysis of the mouse XD cDNA in its coding

region demonstrates a high level of similarity with the Drosophila
(57 %) (Keith et al., 1987) and the rat homologue (91 %) (Amaya
et al., 1990), resulting in a high degree of similarity in their
protein products.
The comparison between the deduced primary structure of

mouse XD protein and its rat and Drosophila homologues is
presented in Fig. 3. The overall similarity between mouse and
Drosophila XD is 55 %, whereas it is 94 % between the mouse
and the rat proteins. The similarity is even higher in their
secondary structure, since the hydrophobicity plot is almost
superimposable throughout the three animal species (results not
shown). The mouse XD polypeptide is composed of 1335 amino
acid residues and it has the same length as the Drosophila XD,
but it is 16 amino acid residues longer than the rat counterpart.
A stretch of the mouse sequence coding for 12 amino acid
residues (amino acid residues 485-496 in Fig. 3) is found both in
mouse and in Drosophila XD, but not in rat XD. This could
represent a bona fide difference relative to the rat, especially in
consideration of the fact that it was found in at least two
independent clones (XDzap64 and XDpuca2). However, it is
also possible that more than one mature XD mRNA transcripts
are present both in the rat and in the mouse. A striking similarity
among the three XD proteins is found at their N-terminal and C-
terminal regions. The N-terminal sequence of the mouse XD is,
however, 3 amino acid residues longer than the rat homologue,
owing to the presence of a Thr-Arg-Thr tripeptide after the
putative translation initiation codon for methionine. One serine
residue at position 1291 of the mouse and Drosophila XD
sequence is lacking in the rat protein.

There are 37 cysteine residues in the mouse XD protein. The
positions of all the cysteine residues are perfectly conserved
between mouse and rat except for one cysteine residue at position
489, which is located within the stretch of 12 amino acid residues
(amino acid residues 485-496) missing in the rat XD. On the
other hand, the positions of only 19 cysteine residues of the
mouse protein are common to the Drosophila counterpart. There
is a highly conserved cysteine-rich region at the N-terminal
portion of the three XD homologues, where 12 out of 14 cysteine
residues are common to the three proteins. Some of these
cysteine residues might serve as the 2Fe/2S oxidation centres, as
already suggested by Amaya et al. (1990).
The putative NADI-binding site of the mouse XD (amino acid

residues 390-403) is very similar to the corresponding site in the
rat sequence (Nishino & Nishino, 1989; Amaya et al., 1990),
showing 12 out of 14 identical residues. This sequence, however,
is not conserved relative to the Drosophila counterpart. The
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I net Thr Ag Tht The Va1 Amp Clu Lee Val Phe,th CVa Am. Gly Lye Lys
I MG AM MA Mc GMK n rTC tT GTC MT GW MAA AMc

1s val Val wlu Ly aAm. Alh Asp Pro Cly TAr tbr l1e Lee Val Tyr Lee Avg Arg Lye
S4 GTG GG GG AA MT OVA GMC CC? GM CA MA CCT IC TM CTT MGA MAG AMA
31 Lau GIy Lou Cym Cly Thz Lye Loe Gly Cym Sly GIs Gly Gly Cys Gly Aim CGy Thu

Ill. TTCG GG0 CTG TGOG AC AM CcT GM M GM cn TT G0B WA MCWc

56 Val Sft lIe Set Lys Tyr Amp Aug Lee Am Lye lie Ye1 emg lot Val Am

16u GTG ATG ATC TCC AM TAT GMC C Cl?CGABC AM AIC Off Vat cT? TI oM MT

75 Ale Gym te II, Cys SetW lam KA Vol Ale1 1hz J1hr Ye1 Sly
225 GCC TC TM MC CCC ATCCC T1 ART CAT OCT GrI McA ACT 0n CGC

94 1ie Oly Ams Thr Lye Lyes Loee His Pt. Yl Gle Sic Avg lIe Aim Lys ims Gly
2U2 ATA MGA aAC MC AG AM CTO CAT CC? OC CM MG MA ATl? CC AM MC CAT GBT
113 Setr Gln Cyr Cly Cye Gly Tli Vol Oet Set nt Tyr Thr eu Lou Avg
339 TCC CaM TGT COG ITC TM ACC CC MBT MT 0K MICMT AVG TM M CIG C GM

132 Asn Lys Pro Glu Pro Thr Val G1 tle Glu Ama Aim GIn Gly Asn Lau Cys
396 AC AMG ccr GAG CCT MT CM GAAG C MT GMC TT CM AC CIV TM

151 Arg Cy Thzr Gly Tyr Aeg Pro lIe Low CGl Gly Arg the Aim Lys Amp Cly
453 CGC TT ACA GoC TAT MA CCC ATC CTC CMa MA TC COG AC T? GCC AAG GAT

170 Gly Cym Cym Gly Gly $er Oly Aen am fto Asa Cym Cym et Set Glee Lye Am

sic GO6 TC TOT OGA MA McT MrA aC AMC MAC 1C TMC AVG CM MA AM GM

ie9 Gle Tr lII Aim rrc Set Sex Sre Le IAm. Pro 0lu Am Lye Pro Lee Amp

56' CGAG aMG AI OCT CCC TCA IC? TC? TIA AMC CM GM TIC MAA CCT CAT

Pro 1hz Bin Giu Pro lie the fto Pro Cal Lee Aug Lee Lye Amp TAt Pro AU

624 CCC acC CMR GAG CC AIC TmT C CCA GM TMc CTG aGo CTG AA OC CT CCC COc

.27 Lys Thr Lou Avg 0lu Gly Clu Avn Vae tAr Ttp II* Glee lie Set 1bh Net Gle
691 MG MG TMG CT TI? CM ON0CM CC? Ac TM CCM0¢ T TCA Acc AIc GMG

246 Glw Leu Amp Lee Lye Aim Gle Nis ro mp Aim Lys Lew Val Val Gly Am. 1r?3S GM CTG CTT GMC CTC MAA 0CC CMa CMC CC? OAT 0CC AM CTG GG OMAMC MA

265 Gly Gly 1 Sft Lys Ph Lye Aes Mt Lee tFM Pro Loe 11 lIe Cys fto
795 GAG ATA COC ATI GA AVC MA IM MA AMT ATG CTA TIT CC? CTc ATC AIC TC CCA

2R4 Aid Trp lIe Leu Glu Lou Thr Ser val Ala His Gly Pro Glu Gly Ile Set Pth Gly
'-CC T66 ATC CT GM CTIG MCC tCA GTG OcA CATCGG CCT GAG OVA ATC ICCmTT GGA

103 Aia Aim Cym Pro Leu Sea Lau CV lGlu Set Val LawAia Asp Aim Ile Ale Thr Lou
9cv GCC GCT TCC CCC CIT AGC TTG MC GM MGT GtC CGG GCG K COC ATI OCT MCA CTT

322 Pto Glu1wlnA1 g Thr G1w Vl Phe Avg Gly Val Hot Glu GlneLie Arg Trp the Ali
CCA cG CMG MGG MAc GAG TM MA GGC 07 ATO GMA CMG CCC T16 Tr GCT

341 Gly Lys Gln Vae Lye Ser Val la lie Gly Gly Am Ile le TAr Set Pro

1023 GCC MLG CMAC CTC AMiTCC 6Tr0 OM ICC ATT 0CC AC ATC ATC MCC 0CC AC CCC

360 lie Set Asp Lee Am Pro Val Lee Mt Alm Set Agg Ale Lye Leu TAr Alm Set

1060 AIC TCT GMC CIV AMC CCT CI AVG GCC MCT VGA AMGGC MC CIV OCA TV?

05 Avrg Gly Thr Lys Arg TAr Val Trp Met Amp iP y A
137 MA GOT ACC A MA aG GTC TO ACG CAT TC Goc TAT

396 Th L SuLou Ser ProCGlGIu Ile Lee Val Set Ile VYa fto Tyr Ser Avg Lys
i1 94 CTC CCA caGG AlA TM ICC ATI C0M AIC CCC T AC aGACMG

417 Gly 0lu the Sex Al tPhe Lye ien Ala Set Avg Aeg 6ku Amp Amp Ali Lys
1251 GOT GM TT? TIC TCA coC TM AM CAM OC ICC GS MA GM MAT GM ATT 0CCAc
4 36 Val Thr Saw Gly Not Azg Val Lu Pt* Lye, Pro Gly Thir Tht CGi vYe Bin CGl Lou

il30l GIG AC AT CC ATG MA GTC COC M AAc CCA ACC McT GMA CAG GM CIG

45S See Lieu CyS Gly Gly Met AIm Amp aV Tz Cml Set Ala Loe Lye thr fTr Pro

Its TCC CTT TMC Trr OGA ATC CT GMC A MT G CA CIC MG MC MC CCC

474 Lys Gln Leu Sor Lye Set Trp Ame Clu lku Lee loe Amp Val Cym Alk Oly Leu
1422 AG CAM CGG CC AA TCC TOG AT GM GArMTCTG CM CGA GM TOT OT GCCC TM

493 Ale Glu Gl6 Lou His Leu Al Pro Amp Ali tPr Gly Cly not CVi 6lu the Arg Aug
14s9 GCA GAO GM CT CMC CTG 0CC CCC 0CC CCT GGT C0 AlC C1 CM TM CGCC CC

L12 Thrs La TAr Leu the th Lys the Tyr Lam Thu vml Lye Lee Cly
M5 MCC CIV ACC CTC MGC TM TM TM AM TM TMC CTG CA CM CTT CMA AA COG0CC

VI1 Avg Al Amp Le Glu Gly Not Cye Cly Lye Ler Amp pro Ale The

MA OG GMC CTI GMGGOT AIG TOT 00 AM CT GMC CCC TA ? 0CC AGC 0CC ACC

55O Lee Leu the Gln Lye Amp Pro Pro Ala Amo Val Gl Lee GI* Gl Cal) Pro Lys
GSCG CIC TTI CM AA GAT CCT CCA OCT AC GIC M CT? TM CM GMAGIG CCC AM,

>69 Gly GlnrtrGt u GluA6 p Met Val Cly Arg Pro Not toi His LeU Mam Am Am "Pt
t1'; Ct CAG rCT GAG GAO GMC AtC GSC GC MC CCC AnG CC? CAC CTG GCA OCA GAC AlG

Gin Al Set Gly Glu Aim Val Tyf Cye Amp li Pro Avg Tyr Ole Am' Gale Lea
1164 CAM OCA GM OCT GIG TM GtCOT C AT! COC TAT GM MT VW

O I Sel Lau Arg lawu Val Tht See Ths Au Aim Nie Alm Lye 1le Met Seg 11 Amp thz
:42! CC CIC M G GTc AC aGC AMO COG cCC CAT OCT MA AC AM TCC AIC MT

Set Glu A& L-ys Lys Val Pro Gly Vth Val Cys the Lee TAt 0l1 Amp vCl Pro

TICA GMA 6cC AAe AAMr. GIG cCA T TT TOW rIc CTC MC ICA GM OAT GTc CCT

645 lily See AS Thu Gly lie who Amr.AmP Thte CI Phe Ale Lys Amp CVl
GGGT AcT AAC 6TA AcT CCC ATI TMe MAT T GM MCT GTC T? Gcc AMG OAT GM CTT

664 Thl Cy$ VC1 '-Y Rims lIe lie Gly Aim Val Val Ala Amp The Pro Glu Nis Alm Nis
. * C? TTG GCIT ct.4; AC ATC ATT GoT OCT GTG G OCT GMC MCC CCA GM CAT GCA CAC

,* Argq Al& Ala Asq Glyw 411 Lys Ile The lYe Gis Amp Lee teo Alm Ile Ike Thu Ile
.I4 A CI.rT CA 1411 IG AM ATIC ACC TAT GM GAC CT1 CCA OCC ATI AIC ACA AIC

02 Gl AM Alm le* Lys Amn As. Set no Tyr ly pro I*) VlY Lyes lie Glu LyseGly
210 CAG Gt OT AlA AG MC AC TCC 'MT UAT CC CCC GA GU MA ATC GG AA GGA

721 AM Lee Lys Lye gly Phe Sr Ole ,Me Amp Mm Val Val Set Gry Clw Le Tyr II*
213 GAT CTC AM4 AA mrcCc TVC GMA OCT C MT OnOTC TCA MA cM TlA TAT All

140 oly IlCAleNis e"ybzW eeGI%h6"1.i 1h t teA fYl tPoLysCly
2220 OS? oC cm GM che TIC TAT Cm GM AM CMC cACft 6CC 01 CCUMA OC

7? ale AM Sly CW Not Olu Loe Vt Vol Set VW Ole Amn TAr et Lye Ith Ole St
22 GM 0GM @W MOGM CYC T 0O Aa MA CM MC AC M AA MC CM MC

77 the 11 Ai Lys Not Ce Bly Val tsOAmp Ass Avg tle Val Vae At, Val Lys Aeg
2334 m Al OVA AM MG ITG OwT GW OVA QC AhC MA AZ? OTA cM CGA MG AAA MA

797 Sft Gly O)y Oly Phe, ly Gly Lye Glu Th Atn Set TCr Leu I11 Set Yhr Al Vel
2)9 AT MB Ma GM TI? OBA 020 A GM AM COG AM ACT CT ATA 7CC ACA MCA GrC

"6 Ae Le Al Ae tyr Lye T?t Gly Awl Pteo Yak Av Cys Lee AmpAsp Amp Glu
2446 cc m OC OA ocAc ACA G1 c MT 00 CW o AVG CCG VAC CGA GAC GMG
65 Amp t Lee Ile TAr Gly Gly Ag Nis Profth Lev Aim Lye Tyr Lys Val Gly PI*
2505 GC AM CaC At ACT GCT OCC AA CAt CCC TC CIG OCT AA TM MG =GGC TTC

4 HSt LyseThu Cly Thr Ile Val1A Leu Ole Yal Aim Nis the St Ams Gly Gly Am
252 MG APM MCT GM AT ATA MM oA VTO GAG OCT CM TM AM AM? GMC OC MC

673 Set Clu AM Lee Set Agt iiII* net Ulu Aug Ala Vol Pth His Sft Amp Asa Ala249 ACT G GAT CSC ICT OOCACT Am AiG GM MA aOCT OTA TCm CM ANO GM AK CC

66 tye LYS tle *ro Am.TA e Agr Gly Thr Gly A g le Cym Lys TAr Am Lee Pt. Seo
2674 TAT am AyC clcMAlc cccC cm AC 0an6 MG AT 16 Am ACT AT CYT CCC TET
911 Am TAr Ala th Au Oly th S aly Pro Gln Gly net Lee lIe Ae Gilu Tyr Trp

2133 AMC A COC TC MGA O TTT GM Of0 CCt CMG C0 GAM CrA ATC oCA CM TMC T;G
930 PM Ser Wu Vel Alm YVal TA Cy Sly Lee Pro Aale u G1l Val Arg Avg Lye Amn

2790 ATC MT OK SI OCT OTC MAC TT CTO CC? OM am GTA COO MG AM AC

99 net Tyr Lys G1w Cly Amp e Thtr ftl the AmS Gln Lye Lee 61l Gly 1et Thr Lau
2647 ATO TMC MAA GM0aA 6 GCMc CTG AT CAC TI AmC C AMG CTG GM;WG TI MC TM

94 Pro AM CVy ftp Amp Ole Cym lie Alm Sex Seer Ole Tyr Gln Aim Avrg Lys nt Glu
2904 CCC MOG 1C TOM GT GM TMC AA GCM C ICC CM TAT CACG Ct COC AM ATG GM
967 Vae Glu Lys Phe Asn Arg Glu Asn Cys Trp Lys Lys Arg Gly lau Cys lie Ile Pro

2961 CGG GM MA rC MC aMG GAG AAC TOT TOG AMA AG MGA G CTG TGT ATA ATC CCG

5004 Thr Lye Phe Gly Ile Seo t Thzr Lou St PM Leu Ams GLn Gly Gly Aim L*u Val
3016 MT AAM TT GA AA AMC TIC ACA CTS TSC TmT CG MC CAG GG6 GGT CCC T1T GTC

1025 His Val Tyr Tt Amp GIy Set VaI Lee Wu Thr His Gly Gly Thr Glu Mt Gly Gi1
301S CMC ?MC MCG OT 606 TCG GTG CIC CtG MCA CAT GGA GOT CT GAG ATG GCT CAM

1044 Gly Lew ism Thu Lys net Val Gin Val Aim Set Avg Aim LaL Lys IIe Pro Thr Ser
3132 OCC CTT CAC MC AM ATe 61 CMa GM C MC MA OCT CTG AM ATC CCC MCT ICC

104) Lyes lIe ls Ile T1h 6w Thu Set TM Ams T1h Val Pro Asa Thr Set Pro 'Mr Aim
3169 AG AIC CAT MA MO GM MC AM MT AC acT GC CC? AM MC ?CT CCC ACG GCT

1062 Ala Sec Al Set Alm Amp Lee Am Gly Gn Aim& Ile Tyr G1w Ala Cys Gin Thr IlIe
3246 CCC IC? GCC aoC OCT GMC CC AMT CCC CM GCC Al TAT GMA CCC TOT CAG ACC AlA

1101 Lee Lye A4 WU Giu Pio Phe Lys Lye Lys Am Pro Sew Gly Ser Trp Glu Set Trp
3303 CTG AMA A CTC GC CCC TTcC AGAM AAM MAT CCCTCA GGC ICC T1C GAG C M

1120 Va M Amp Ala Tye thr Set Aim Ye) Stg Lee See Aim Thu Oly Phe Tyr Lys Thz
3360 Gc AVG GGM TM ACT AM GM GMCAM IC?OCT MCT OA TI? TAT AM MCA

1139 ftO Am loe 1y Tyr Set Pth lu Ths Ams St Gly Aesn Pro Pth His Tyr Phe Ser
3417 MCC AC C? GM TM acC m GM M MC TCT 00 AMC CCC TTC CC TMC TIC ACT
116 Tyr Sly Cal Ala Cys SetU1w Val OIn IeI Am Cys Lea Thr Gly Asp Kis Lys Ams
3474 TAT 00c 60 OCT VW TCA GTACT GM ACT GM ?CC TTA ACA GGC GAC CAT AG MT

1177 Lee A Thur Amp Ile Val net Amp Ye)v ly Ses Set Lee Asn Pro Aim Ie* Amp IlI
353) CIC CM ACR GCA AC ICM ATO OATT T TCC AC TM MT CC?T CC ATT OAT AIC
119 Gly Cln VYil CAl Gly Alm PM Val GIs Gly Leu Gly Le the Thr Net Gw 61wu Lee
356 MAR CMG 6TA GAMcTC GI CM GOT CTI GGT CTT TTC CC ATO GA GMG CM

1z2.s Nis Tyt Sea Pro Gl Gly Sert Lee elm1M Avg Gly fto Sez Thr Tyr Lys Ile Pro
344S sCC TM I? CC 6C CCGM Cr CCM AC COT OC CCC MT ACC TMC AAM ATC CCT

1234 Ale the Gly Set Ile Pro lIe Gl he AClig vCl Set Lee Val Avg Amp Cys Pro Asn
3702 OVA Tm Go MC AIC CCC A? GMA TIC MA Th TCC CIV GYC CGC GMC TO CCC MC
1253 Lye Aig AU& Ie. Tye Aim Ser Lye Am ValCGly Gle Pro Pro Lew the Loe Aim Set
375s AM MB OM AIC TA? OVA TCC AM OCT cMCOCMGA CCA CCT CT TI CTG OCT TCT

1272 Set I1Ie, th th Aim I* Lys Amp ALA Ile Avg Aim Aim Arg Aml Gln Kim Gly Asp
3416 TCG AIC TMTC m aCC ATC AM GAT OCC AIC CCC GCA OCT CGA OCT CAC. CAC OGA GAC

129i Set Am Aim Lye Gln Lee the GIn Lee Amp Set Pro Ale TIer Pro G1u Lys Ile Arg
U73 MAT C OM AAA CS CIC TIC CM CTAC MC CCC 0CC ACT CCC ;GAAO G ATC CGA

13*n Am" Al Cym, VYe Amp Oln the Thr The Lee Cym Ale TAt Gly Thr Pro Glu Asn Cys
)"30 AeC OC CTO GT0 GMT CMG TIC ACC MC G TOT CC MT QOA MCA CC^ GaAC 16?

1329 Lye Se Trp Sex Vam Ag lI 3
3967 AM TCC ICC TM 00 AMG ATC 70 6CTc_ m rTACTM CAOCCCOAtMMTc

407 m TCA
4134 A AAM
4211 ATGA11tA6CmAAOr rrrCGTTAT
420 am
4345 CAA At
4"2 _ M _ A _ _ _ A M TCATAG
45)9 _T A A

Fig. 2. Nucleotide sequence and deduced amino acid sequence of mouse liver XD

The nucleotide sequence of mouse XD cDNA (lower line) was obtained from the two overlapped cDNA clones XDzap64 (nucleotide residues
1-2000) and XDzapl2 (nucleotide residues 1524-4538), and is presented with its deduced amino acid sequence (upper line). Amino acid residues
are numbered from the N-terminus to the C-terminus starting from the putative first methionine residue, whereas nucleotide residues are numbered
in the 5' to 3' direction. A putative NAD+-binding site (Nishino & Nishino, 1989; Amaya et al., 1990) is boxed, and two consensus sequences
coding for Gly-Xaa-Gly-Xaa-Xaa-Gly, essential for NAD+ and FAD binding (Guest & Rice, 1984; Williams et al., 1984; Wierenga et al., 1985),
are underlined. The polyadenylation signal, AATAAA (Wickens & Stephenson, 1984; Birnstiel et al., 1985), is doubly underlined.

1992

866



Mouse xanthine dehydrogenase mRNA: regulation by interferons 867

a 1 LFrmU ZWPCT.VtJ L NSKDLNIVFV T LHNVAVTTVEGIGNTKK- 99
r 1 N--- .A....... ......... ............I...A..I.I.......... 96

d .....~.2.. ....G..V RL...R. ..R.IA .... m. c ....S. t 9

a 100 1MVo2Rz CNsE!GVg4SNYTLLRNGK1EPTV3ZIZNAFQGteY#tGrPI LQGFRTFAIG GGNP ~-SQTKDQ-T1APSSS.. 196
r 97 . R... ..I.I............Q......... ......... ......N. ....VSL.P.- 193
d 96goA..J.U.......A....A0.SI4RL.V..... .... E.YX. .T.F2 .K V.G-.4&.D.ETDDK 192

a 197 LFNfD?'KPL0PT3PrI7PfLRLRU?R.KT-LRflGERVTV1Q1ST-MEELWLLCAQHPDAXLVVGNTExIGDEKrKNaLFP-LI*AWILE LTSVA 293
r 194 .........o ..... ....A..................-............P..N..V 290
d 193 . 38.... . -SADQ..S...R-N Q....A.....V.V.V. ..RF.Y.H.. N-.TQVK. .LEYK 289

2914 uGflGI3rGA4LS4LVUV-LADA1ATLFE0RTZVrFR vNEQLRVWFACXQVKSVASIGGNI ITASPISDLNPVLKASRAKLTLASR--GT--XRTvwM4 387
r 291 .......J..E..KFA....K ......................F...G...V..-......R...R. 384
d 290 ..N.. K.. ...S.AG.Q.EV..F~VD.KL.Q..s.I. 387

368 D4i:rFiPGpc.YRfLLS?p&iLVSIvIpysRiCGE?FSAFKOASRRZDDIAKVTSGNRVLFKPGTTEVOELSL&GMDRTVSALKTTPKQLSKS--WNEEL 484

r385..K..R....L... ....................i ..... .....i...........481
d 368 G-.G. .T... WZA~.v.Le.. 'intxPQyIv.....R.0D.... I.NAAIN.R.L.EKSNI.A.I.MA...PT.. L.PR.S--. .ZVGQE.SHQ. 484

465 LQD#-GLAflLEA?DAP=WVFRfTLTLSPF3rFYLTV-0KLG;RADLEG XLDPTFAS-A-TLLFQKDPPANVQLFQVPK(GQSEEDM4VGRPM 580
r 462 .------ ..#.. .*................D.4 ............ .......H .a....D......L 565

d 485 VZR.-.t.S&.§. P..A.S....AY. .A.VV.L. .A. .AS- SSISD-.P.EER.G.E.FHTPVLKS...... .ER.&D.P .PI... .K 579

a 581 PLaA- 0AGA* IPRYlEL8LSNVTSTRAMAKINSIDT3ZAKKVIPGF'f FLTSEDVPGS-NITGI-FNDETVFAKDEV HrGIxGAVVADT 677
r 566 . N ..J. .........RL......T...........W...A....N.-A-L..L....... ...... 662
d 580 V.A. .LR.T... I.T.... NDG .VY.AF.L. .KPR..*.TXL.A....LAWD.-A.Q. K.LTERZ. V.PV.H. .H .. .AG ..QQ.V.. IA. .N 678

,m 676B FEZ3A8AAMVKT-YZDLIPAIITI-0DAIKNNS-F--YGPE-VXIEKGDLKKGSEADNVVSGELYIGGOEHTYhET ~IAVPKGEAGEMELE'VSTQN 771

d 679 KAL.Q .....L. .V3YE.L.V.V. .3.-. .ELK.Y.PD.-.RF.T--. .NVEAL.Q. .HTFE.2N.......ML.. .RDS-D.L. ...S...H 773

a 772 FIMAIORVR RTIT-VLAKGP DDIILTGHFIIYVFKGIAEAFN 869
r 757.....V... .A....... I ..... ...W..--L....H ..... .................v . 854
d 774 PSZV.KLV.RVTAL.AI.V4gA..L.....S.G--..V.ILP...*R ........7...T...F....T.E.L.T.&3IEfiH. 871

870 GGNSEDLSRSINERAVFRNDNAYKIPNI RGTR1~TNLPSNTAFRGFGGP0GM4LIA-EYWt4SEVAVIfLPAEEVRRIQN.4YKEGDLTHFNQKLEGFTL 967
r 655ss .......L......... ......... ...D.....I. .......I. .......... 952
d 672 A.V.H ...F.VL.. .m. .r3fR... .v. ............. Y-.G.HIIRD. .RIV.RDVVD.H.-.LF. .T. .Y. .YH.Q. .H.PI 969

a 966 I?-0 A830Y--0ARK3VUFNrEINRCLRCIPTKFGISFTL$FLNiqGG LVNVYTDGSVLLTHGGTEHGQGLHTKNVQVASRALKIPTSKI 1064
r953..H...I........L.X.... ... ......P ......... ..................1049

d 970 t. Z4jQ.R.DE.-.QO-YAR...R.R. .. HMAW. . .Y. .A.GVMH .. .A.S.INI.G.... . 1. ..N..I.§.A..G. .SEL 1066

o 10,65 SIT?TSThTV?TSflAASASADLIGOGQIYJ ILRRLEPFKICICPSGSW-ESWV4NDAYTSAVSLSATGFYKTPNLGYSFETNSGNPFHYFSY---GV 1160
r 1050..S .............I .. ...... K.T.P.-.A ........S................. 1145
4 1067 ......A....VOS... # N.VLD .K1N. ..A.I.EAL.G.T.tC.-.1NK. .FDR......AM.GI. .HP. .. .P-.ART.-. .YTN.. 1163

a 1161 *3Z~7WI LRT0IVMDVGSSL PAIDIGQV3GAFVQGLGLFTt4EELJYSPEGSLHTRGPSTYKIPArGSIPIEFRVSLVRfNKRAIYASI( 1260
r 1146 IJ.. ...................4.... . ............. ............L..U.....124S
4d1164 GVV.4J.. . *........ I........... . .. .MYS. .. .GM. .L.G.AD. .G.N.N...LTGA. .P..V.S. 1263

a1261 AVGDPPLrLAS!FAIKDA1RARAGDNAQLFQWDSPATP3KIRN8VDQFTT kTCTP JISSVRI 1335

d 1264 . 1.. . .... DX.G--PE..A..4...E.L3IP3.GSFTP.N1VP 1335

Fig. 3. Amino acid sequence comparison with rat and Drosophila melanogaster XD
The deduced amino acid sequences of mouse (in), rat (r) and Drosophila melanogaster (d) XD are aligned. The rat sequence is derived from Amaya
et al. (1990) and the Drosophila melanogaster sequence is from Keith et al. (1987) and Lee et at. (1987). The amino acid residues are indicated by
the one-letter code. Numbering starts from the first methionine residue. Identical amino acid residues in the rat and Drosophila sequences are
indicated as dots except for the first methionine residue, and gaps introduced in the sequence to obtain the best alignment are indicated as bars.
Cysteine residues are boxed. Consensus sequences, Gly-Xaa-Gly-Xaa-Xaa-Gly (where Xaa stands for any amino acid residue) for the binding sites
of nucleotide cofactors, NAD' or FAD, are doubly overlined. The region corresponding to the binding site of NAD', as determined by
comparison of the 5'-p-fluorosulphonylbenzoyladenosine-labelled peptide sequence of chicken XD (Nishino & Nishino, 1989), is boxed by a dotted
line.

difference in the environment at the NAD'-binding site may Wierenga et at., 1985) are well conserved in the three animal
reflect the fact that, unlike in mammals, XD cannot be converted species, suggesting their functional relevance.
into XO in this in-sect. Two consensus amino acid sequences
(Gly-Xaa.Gly.Xaa-Xaa.Gly; positions 45-50 and 798-803 in Expression of mouse XD gene in vivo
Figs. 2 and 3) that provide the conformation essential for NAD+ The expression of XD gene in vivo was studied by RNA
or FAD binding (Guest & Rice, 1984; Williams et al., 1984; blotting analysis with XDgtl as a probe. Polyadenylated RNA
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Fig. 4. Induction of mouse liver XD mRNA by IFN-a and poly(I). poly(C)

Polyadenylated RNA (5 /sg/each lane) was extracted from the liver
of two mice treated with saline (C), 1.5 x 105 units of IFN-a
(IFN)/kg body wt. or 10 mg of poly(I) poly(C)/kg body wt. The
RNA samples were electrophoresed on an agarose/formaldehyde
gel and transferred to a nylon membrane for RNA blotting analysis.
The positions of the size markers (28 S and 18 S rRNAs) are
indicated.

was extracted from mouse liver before and after treatment with
IFN-a or poly(I) * poly(C). As shown in Fig. 4, the XD transcript
is barely detectable before the treatment, whereas after induction
with either IFN-a or poly(I) poly(C) a strong signal, which
migrates slightly faster than the 28 S rRNA, is observed.
The kinetics of induction of XD mRNA in the mouse liver

after treatment with poly(I) - poly(C) is relatively fast, since the
accumulation of the transcript is already visible at 2 h and it
attains its maximum level at 12 h (Fig. 5a). At 24 h, the level of
XD mRNA decreases towards the basal level. To study whether
XD mRNA correlates with its translation into catalitically active
XO and XD, the sum of the two enzyme activities (XO +XD)
was measured. The induction of XD mRNA precedes the
elevation ofXO +XD enzyme activities (at 2 h, XO +XD activity
is not significantly different from the basal level; Fig. 5b). At
24 h, XD mRNA decreases dramatically whereas XO +XD
activities are still at their plateau. At 48 h, XO +XD activities
decrease to the same levels observed at 2 h (results not shown).
Considering that XO and XD have very similar Km and Vmax
values for xanthine (Bindoli et al., 1985) and that the XD/XO
ratio is not significantly changed after administration of
poly(I) * poly(C) (for instance, the mean + S.E.M. iS 1.2+ 0.1
in control conditions compared with 1.1+ 0.2 after 24 h of
poly(I) - poly(C) treatment, confirming the results reported by
Ghezzi et al., 1984), the reported increase in XO activity after
treatment with poly(I) - poly(C) (Ghezzi et al., 1984, 1985) is thus
primarily the result of a dramatic increase in the steady-state
concentrations of XD transcript. However, a remarkable dif-
ference between the maximal induction level of XD transcript
(about 30-fold) and that of XO+XD enzyme activities (3-10-
fold, according to the experiment) is always observed. It is thus
possible that not all the transctibed XD mRNA is translated into
protein.
To investigate whether other known inducers of IFN-a are

0 5 10 15 20 25 30
Time (h)

Fig. 5. Time course of the induction of XD mRNA and XO +XD activity
in the liver of mice treated with poly(I) * poly(C)

(a) Total RNA (20 #4g per lane) was extracted from two mice treated
with poly(I) -poly(C) (10 mg/kg body wt.) for the indicated amount
of time, and used for RNA blotting analysis. The same filter was

hybridized sequentially with XD and actin cDNAs. [l, XD mRNA;
0, actin mRNA. The quantitative representation of the results
shown on the left was obtained after longer exposure of the
autoradiogram shown on the right, so as to make the XD band at
0 h detectable. (b) The time course of the induction of total XO +XD
enzyme activities in the mouse liver is presented. XO +XD activity
was measured in tissue extracts obtained from animals treated with
poly(I) -poly(C) (10 mg/kg body wt.) for the indicated amount of
time. Data are presented as means +S.E.M. of the values obtained
with three separate animals. *Statistically significant relative to the
value at time zero (P < 0.01; Dunnett's test).

also effective in inducing XD mRNA, bacterial LPS and
tilorone were administered in vivo, and the elevation of the XD
transcript was compared with that obtained by IFN-a and by
poly(I) * poly(C). As shown in Fig. 6(a) poly(I) * poly(C), LPS and
tilorone are all capable of inducing XD gene expression, albeit
with different potencies. Furthermore, cycloheximide (a known
inhibitor of protein synthesis) does not affect the concentration
of XD transcript induced by IFN-a, demonstrating that protein
synthesis de novo is not required for this induction.

Since LPS is known to stimulate many other cytokines besides
IFN-a in vivo, the specificity of the elevation of XD message by
IFN-a was examined. Animals were treated with two cytokines
known to be induced by LPS in vivo, i.e. tumour necrosis factor
and interleukin- 1. Fig. 6(b) demonstrates that neither interleukin-
1 nor tumour necrosis factor is capable of inducing XD mRNA
in conditions where poly(I) - poly(C) is effective. Furthermore,
the induction by LPS is effective only in the LPS-sensitive mouse
strain (C3H/HeN), whereas poly(I) * poly(C) induces XD mRNA
accumulation regardless of the sensitivity of the mouse strain to
LPS (Fig. 6c).
The transcriptional activation of the XD gene by

poly(I) - poly(C) was tested in various tissues. As shown in Fig. 7,
in basal conditions the concentration of XD mRNA is very low
in all the tissues studied (the XD mRNA band is visible in liver
and intestine only after longer exposures of the autoradiograms).
The induction of XD transcript is observed not only in liver but
in all other tissues tested so far. Except for spleen and brain, high
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Fig. 7. Induction of XD mRNA by poly(I). poly(C) in various mouse tissues

Total RNA (20 Isg per each lane) was extracted from the indicated
tissues 12 h after the treatment with poly(I).poly(C) (10 mg/
kg body wt.) and used for RNA blotting analysis. The filter was

sequentially hybridized with XD and actin cDNAs.
28 S- *XD
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- Actin

(c)
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_ a U
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Fig. 6. Effect of cytokines and IFN inducers in vivo on the XD mRNA in
the mouse liver

(a) The induction of XD mRNA by IFN and its inducers was tested
after 12 h of treatment in vivo. Total RNA (20 ,zg per lane) was

extracted from livers of two mice treated with saline (C), IFN-a
(IFN, 1.5 x l05 units/kg body wt.), poly(I).poly(C) (10 mg/kg
body wt.), LPS (2 mg/kg body wt.) or Tilorone (75 mg/kg body
wt.) as indicated. In the case of IFN-z, the effect of cycloheximide
pretreatment (CHX, 150 mg/kg body wt. administered 30 min be-
fore IFN-a or saline) on XD mRNA induction was also tested. Each
lane represents the result from a single animal. Filters were

sequentially hybridized to XD and actin cDNAs. (b) The effects of
tumour necrosis factor (TNF, 30 /sg/kg body wt.) and interleukin- 1

(IL- 1, 30 #g/kg body wt.) on XD mRNA concentrations were tested
after 12 h of treatment in vivo. Poly(I) - poly(C) (10 mg/kg body wt.)
was included as a positive control for XD mRNA induction. Total
RNA (20 gg per lane) was extracted from mouse liver of control (C)
or treated animals as indicated. The filter was sequentially hybridized
to XD and actin cDNAs. Each lane represents the result obtained
from a single animal. (c) The effect of LPS was tested in endo-
toxin-sensitive (C3H/HeN) and -insensitive (C3H/HeJ) mice.
Poly(I) - poly(C) was included as a positive control for XD mRNA
induction. Total RNA was extracted 12 h after the treatment
of the animals with saline (Control), LPS (2 mg/kg body wt.) or

poly(I) * poly(C) (10 mg/kg body wt.). The filters were sequentially
hybridized with XD and actin cDNAs.
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levels of accumulation of the XD mRNA after poly(I)- poly(C)
treatment are detected in all the other tissues.

This specific induction places XD among a few genes whose
products have a known enzymic and functional activity that are

responsive to IFN treatment in vivo (Staheli, 1990). The kinetics
of induction as well as the fact that protein synthesis de novo is
not required for the induction is consistent with the hypothesis
that this gene is a primary target of the programmed response of
the mammalian cells to IFNs. It is yet to be established, however,
whether increased XD gene expression is the result of a tran-
scriptional phenomenon and whether the gene itself contains
the consensus sequence known to be generally present in the
genes that are responsive to treatment with IFNs (Levy et al.,
1988). The results presented in this study were obtained with type
1 recombinant IFN-ac, but induction of XD mRNA is also
achieved by type II IFN (M. Terao, G. Cazzaniga, P. Ghezzi, M.
Bianchi, F. Falciani, P. Perani & E. Garattini, unpublished
work). Since type I and type II IFNs act through different
receptors, it would be interesting to know whether induction of
XD mRNA by the two types of IFNs requires the same or

different intracellular signals.
The induction of XD transcript is not limited to the liver but

is observed in all the tissues so far tested, suggesting that the
induction of XD mRNA is independent of the cell context on

which IFN is acting. However, the cell population(s) involved in
XD mRNA induction in the various tissues is still unknown.
As to the role of the XD/XO system in the pathophysiological

events triggered by treatments of the animals with IFNs in vivo,
the involvement of XO in some of the toxic effects mediated by
this cytokine are suggested by a series of reports (Ghezzi et al.,
1984, 1985; Mannering et al., 1988). IFN-a depresses cytochrome
P-450 and induces XO in the liver. The depression of cytochrome
P-450 is inhibited by pretreatment of the animals with allopurinol
(a specific inhibitor of XO and XD) and by oxygen-radical
scavengers such as N-acetylcysteine (Ghezzi et al., 1985). These
data suggest XO and °2- anions derived from its activity as the
mediators of this toxic effect. A key question is represented by
the role of the XD/XO system in other biological effects produced
by IFNs. It is possible that the increased concentration of XD
mRNA is a secondary and incidental event resulting from an

alteration in the intracellular purine pool, caused by IFNs.

However, it is also possible that the increased production of

superoxides derived from the XO system might be related to the
antiproliferative or antiviral activity of IFNs. Cloning of the
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mouse XD cDNA along with the development of a suitable cell-
culture system should be extremely helpful in answering these
questions.

We are grateful to Mr. Flavio Passerini for the synthesis of
oligonucleotides and to Dr. Mario Salmona for critical reading of the
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and 'Progetto Finalizzato Ingegneria Genetica' Contract no.
91.00060.PF99, and by Mrs. Gigina Necchi Campiglio and Ms. Nedda
Necchi.
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