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The cDNAs coding for two novel mouse molybdo-fla-
voproteins, AOH1 and AOH2 (aldehyde oxidase homolog
1 and 2), were isolated. The AOH1 and AOH2 ¢cDNAs code
for polypeptides of 1336 amino acids. The two proteins
have similar primary structure and show striking amino
acid identity with aldehyde oxidase and xanthine oxi-
doreductase, two other molybdo-flavoenzymes. AOH1
and AOH2 contain consensus sequences for a molybdop-
terin-binding site and two distinct 2Fe-2S redox centers.
In its native conformation, AOH1 has a molecular
weight consistent with a homotetrameric structure.
Transfection of the AOH1 and AOH2 ¢cDNAs results in
the production of proteins with phenanthridine but not
hypoxanthine oxidizing activity. Furthermore, the
AOH]1 protein has benzaldehyde oxidizing activity with
electrophoretic characteristics identical to those of a
previously identified aldehyde oxidase isoenzyme
(Holmes, R. S. (1979) Biochem. Genet. 17, 517-528). The
AOH1 transcript is expressed in the hepatocytes of the
adult and fetal liver and in spermatogonia. In liver, the
AOH]1 protein is synthesized in a gender-specific fash-
ion. The expression of AOH2 is limited to keratinized
epithelia and the basal layer of the epidermis and hair
folliculi. The selective cell and tissue distribution of
AOH1 and AOH2 mRNAs is consistent with the localiza-
tion of the respective protein products.

Molybdo-proteins are enzymes that require a molybdopterin
cofactor (molybdenum cofactor) for their catalytic activity (1).
These proteins are widely distributed in nature being present
in bacteria (2), yeasts (3), plants (4, 5) insects, and vertebrates
(1, 6). In mammals, three molybdo-proteins have been identi-
fied and characterized, i.e. sulfite oxidase (7), xanthine oxi-
doreductase (XOR),! (8—12) and aldehyde oxidase (AO) (13-16).
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Unlike sulfite oxidase, XOR and AO utilize a flavin besides the
molybdenum cofactor to oxidize their respective substrates (8—
16). Thus, the two proteins are the only known members of the
subfamily of mammalian molybdo-flavoenzymes.

XOR and AO have a striking number of similarities. They act
on a partially overlapping set of substrates, which include
N-heterocyclic compounds (17), have a high level of amino acid
identity (1), as well as similar molecular weights and second-
ary/tertiary structure (18, 19). In addition, the corresponding
genes have a common origin, as recently indicated by the high
degree of conservation of the exon/intron junctions (20-22).
XOR is the key enzyme in the catabolism of purines oxidizing
hypoxanthine to xanthine and xanthine to uric acid, although
the physiological function of this protein may be more complex
than anticipated (23, 24). Because of its ability to produce toxic
superoxide anions, the oxidase form of XOR (25) has been
implicated as a possible mediator of tissue damage in a number
of pathological situations, such as ischemia (26), inflammation
(27), and infection (28). AO is much less studied, and a physi-
ological substrate for the enzyme has not yet been established,
although there are reports indicating that the enzyme oxidizes
retinaldehyde into retinoic acid (29) and is involved in the
catabolism of the monoamine neurotransmitters (30). More-
over, the AO protein is of considerable pharmacological and
toxicological importance, given its role in the metabolism of
drugs such as methotrexate (31) and cyclophosphamide (32).
Finally, the AO gene has been recently implicated in the etio-
pathogenesis of the familial recessive form of amyotrophic lat-
eral sclerosis, a rare motor neuron disease (33).

In plants, distinct AO isoenzymes have been described (4, 5,
34). Similarly, in the animal kingdom, the family of molybdo-
flavoproteins may extend beyond AO and XOR. Wright and
Repine (35) postulated the presence of multiple AO variants in
humans, and Holmes (36) reported on the existence of two
benzaldehyde oxidase enzymatic activities with different elec-
trophoretic characteristics in mouse liver. The two enzymatic
variants are the products of separate genes, named AOX1 and
AOX2, and mapped on chromosome 1 by classical genetic anal-
ysis (36). In a previous article (22), we isolated the murine AO
gene and suggested that it is identical to AOX2. In this report,
we describe the identification and structural characterization
of two novel mouse cDNAs coding for putative molybdo-fla-
voproteins, which we named AOH1 and AOH2 (aldehyde oxi-
dase homolog 1 and 2) because of the enzymatic characteristics
and the high level of similarity with AO. We demonstrate that

2,5-diphenyl tetrazolium bromide; FPLC, fast protein liquid chromatog-
raphy; PMS, N-methylphenazonium methyl sulfate; DgAOx, D. gigas
aldehyde oxidoreductase.
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AOH1 is the product of the AOXI gene and confirm that AO is
encoded by the AOX2 locus.

EXPERIMENTAL PROCEDURES

Molecular Cloning and Sequencing of the cDNAs Encoding AOH1
and AOH2—The mouse ESTs AA64385 and AA79991 were obtained
from the UK Human Genome Mapping Project Resource Center (Cam-
bridge, UK). To obtain the full-length nucleotide sequence of the AOH1
c¢DNA, a mouse liver library (CLONTECH, Palo Alto, CA) was screened
with AA64385 as a probe according to standard protocols (37). This
resulted in the isolation of 40 hybridizing clones that were categorized
according to their pattern of digestion with several restriction enzymes.
Three lambda clones (24/1, 62/1, and 123/1) overlapping with AA64385
and covering the 5’ and 3’ portions of the AOH1 transcript were sub-
cloned in pBluescript (Stratagene, La Jolla, CA) and further character-
ized. The missing 5’ portion of the AA79991 ¢cDNA was obtained by
nested 5’-RACE from mouse skin poly(A*) RNA, using a commercially
available kit (CLONTECH). The two antisense oligonucleotides used for
the primary and nested amplifications were 5'-AGTTTGTGGGATAGC-
CAGGATGGT-3" (complementary to nucleotide 2368-2391 of the
AOH2 sequence) and 5'-TGTAAAAGTGTTCCTGCCCTTCCACG-3'
(complementary to nucleotide 2331-2356), respectively. The resulting
2.3-kb-long fragment was subcloned in pBluescript (AOH2 5'-RACE).
The continuity of clones AA79991 and AOH2-5'-RACE was confirmed
by further PCR amplification experiments resulting in the synthesis of
clones AOH2-PCR1 and AOH2-PCR2. Nucleotide sequencing was per-
formed according to the dideoxy chain termination method (38), using
T7-DNA polymerase (Amersham Pharmacia Biotech). All the cDNAs
were sequenced in both directions using either T7 and T3 or sequence-
specific oligonucleotides, which were custom-synthesized by Europrime
(Life Technologies, Inc.).

Reconstruction of the Full-length AOH1 and AOH2 ¢cDNAs and Ex-
pression in Eukaryotic Cells—For the reconstruction of the full-length
AOH1 cDNA, two DNA fragments, Clal-Stul (fragment a, containing
nucleotide 1-2093) and Stul-EcoRI (fragment b, nucleotide 2094 -3929),
were obtained from the pBluescript sub-clones 24/1 and 62/1, respec-
tively. The 3’ portion of the AOH1 coding sequence was amplified by
reverse transcriptase-PCR from liver poly(A") RNA using the two am-
plimers, 5'-CACCTGAAGGAGTCCTATACACTC-3' (nucleotide 3858—
3881) and 5'-atgeggecggGCTGGAACCCCAAGCACTAG-3’ (comple-
mentary to nucleotide 4207—4226; the lowercase letters represent the
sequence of an artificial No¢I site introduced to facilitate cloning). The
resulting fragment was digested with EcoRI and Notl (fragment c,
nucleotide 3930—4226). The entire coding sequence of AOH1 was ob-
tained by introducing fragments, a—c, into the NotI site of pBluescript
(AOH1-pBluescript). To express the AOH1 protein in eukaryotic cells,
the corresponding complete coding sequence was amplified from AOH1-
pBluescript by long range PCR using rTth DNA polymerase (Perkin-
Elmer) and the two amplimers, 5'-ttgcggcegetecgaaggagatagaac-
cATGTCTCCTTCTAAGGAGTCAGATGAGC-5" (nucleotide 200-227;
the lowercase letters represent an artificial No¢I site and an artificial
ribosomal binding sequence) and 5'-ttgeggcegeccCTAGGCAACTGG-
GATGGACCACGGCTTA-3' (complementary to nucleotide 4183—-4210;
the lowercase letters represent an artificial NotI site). The amplified
4-kb fragment was digested with NotI and inserted downstream of the
promoter region of the plasmid pCMVB (CLONTECH) previously di-
gested with NotI to eliminate the B-galactosidase gene. The orientation
of the insert was determined by restriction digest and confirmed by
sequence analysis.

To reconstruct the full-length AOH2 ¢DNA, the clone 5'-RACE con-
taining the 5’ portion of the cDNA was digested with NotI and EcoRI
(fragment d, nucleotide 1-946). The middle part of the cDNA was
amplified by reverse transcriptase-PCR from liver poly(A*) RNA using
two amplimers, 5'-GTCATGGGGAACACCACAGT-3’ (nucleotide 901—
920) and 5'-CATCTTAGTGTGTAGGCCTTGTCC-3’ (complementary to
nucleotide 3241-3264). The resulting fragment was digested with
EcoRI and Stul (fragment e, nucleotide 947-3248). To obtain AOH2-
pBluescript, fragments d and e were inserted in the clone AA79991,
which was previously digested with Not¢I and Stul. The strategy used to
introduce the coding sequence of AOH2 into the pCMV vector was
essentially the same as for AOH1. The clone AOH2-pBluescript was
used as a template for long range PCR with the following amplimers:
5'-ttgeggeegetegaaggagetagaaccATGCCTTCCGTCTCCGAGTCTGAC-
GAGC-3' (nucleotide 106-133) and 5'-ttgcggccgecTTAAGACACGTGG-
ATGGACCAAGGTGTG-3' (complementary to nucleotide 4089-4116).
The amplified 4-kb fragment was digested with NotI and inserted
downstream of the promoter region of the plasmid pCMV.
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Transfection of the AOH1 and AOH2 ¢cDNAs—The HEK293 human
embryonic kidney fibroblastic cell line, obtained from ATCC, was main-
tained in Dulbecco’s modified Eagle’s medium containing 10% fetal calf
serum, and the HC11 mouse mammary epithelial cell line, a kind gift of
Dr. Nancy Hynes (FMI, Basel Switzerland), was routinely passaged in
RPMI 1640 containing 10% fetal calf serum, 5 pug/ml insulin (Sigma),
and 10 ng/ml epidermal growth factor (Sigma). The full-length mouse
AOH1 and AOH2 ¢DNAs cloned in pCMVB (AOH1-pCMV and AOH2-
pCMYV) were transfected into the HEK293 and HC11 cell lines using
LipofectAMINE (Life Technologies, Inc.), according to the instructions
of the manufacturer. Forty eight hours following transfection, cell ex-
tracts were analyzed for their oxidizing activity using benzaldehyde
(39) and phenanthridine (40) as substrates and for the presence of the
respective protein products by Western blot analysis as described in the
following sections.

Enzymatic Activity Measurements—Mouse tissues were homoge-
nized in 50 mM potassium phosphate buffer (pH 7.4) containing EDTA
(0.1 mm), phenylmethylsulfonyl fluoride (0.1 mm), leupeptin (2 um), and
aprotinin (0.15 uM) and ultracentrifuged at 105,000 X g for 1 h. The
supernatant was used to determine benzaldehyde-oxidizing activity.
The extracts of cells transfected with the AOH1, AOH2, and AO ¢cDNAs
were lysed by freezing/thawing in the homogenization buffer containing
0.1% Triton X-100.

Phenanthridine-oxidizing activity was measured spectrophotometri-
cally as described by Taylor et al. (40). One unit of enzyme activity is
defined as 1 umol of 6-phenanthridone (e = 10,000 at 322 nm) produced
per min. Benzaldehyde or hypoxanthine oxidizing activity was deter-
mined following electrophoresis on cellulose acetate plates (TITAN III,
Helena Laboratories, Beaumont, TX) and staining with the appropriate
substrate, as described by Holmes (36, 39). Briefly, plates were run at
200 V for 20 min in 25 mM Tris, 192 mM glycine buffer and stained by
overlaying 6% agarose gel containing 100 mm Tris (pH 8.0), 25 mm
benzaldehyde or hypoxanthine, 0.9 mm 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyl tetrazolium bromide (MTT), and 0.3 mM N-methylphenazo-
nium methyl sulfate (PMS) (39). Proteins were measured according to
the Bradford method using a commercially available kit (Bio-Rad).

Western Blot Analysis—The anti-AOH1, anti-AOH2, and anti-AO
polyclonal sera were obtained from rabbits immunized with the follow-
ing synthetic peptides covalently attached to polylysine according to the
multiple antigenic peptide technology (41): H-Gln-Phe-Thr-Asn-Leu-
Val-Pro-Gln-Thr-Asp-Ser-Lys-OH (aa 1315-1326 of AOH1), H-Thr-His-
Val-Gln-Glu-Phe-Val-Ser-Ala-Ala-Leu-Asn-Val-Pro-Arg-Ser-Arg-Ile-
Ala-OH (aa 777-795 of AOH2), and H-Thr-Glu-Met-His-Ile-Ser-Phe-
Leu-Pro-Pro-Ser-Glu-His-Ser-Asn-Thr-Leu-Lys-OH (aa 1241-1258 of
mouse AQO; 14).

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (PAGE)
was performed under reducing conditions according to the standard
protocol of Laemmli following preparation of samples as described be-
low. Mouse tissues were homogenized and ultracentrifuged as described
above. The cytosolic supernatants were heated at 55 °C for 10 min and
briefly centrifuged to eliminate the protein precipitate. The resulting
supernatants were analyzed by SDS-PAGE. Extracts of cells trans-
fected with the mouse AOH1, AOH2, and AO ¢cDNAs were lysed by
sonication and centrifuged at 10,000 X g for 5 min at 4 °C prior to
SDS-PAGE. Following electrophoresis on 6.0% gels, proteins were elec-
trotransferred onto nitrocellulose membranes (Schleicher & Schuell).
Membranes were incubated with optimal dilutions of primary antibod-
ies (1-3,000 for anti-AOH1 serum and 1-1,000 for anti-AOH2 and
anti-AO sera) and a 1-2,500 dilution of goat anti-rabbit IgG secondary
antibody linked to horseradish peroxidase (Sigma). Specific AOH1,
AOH2, and AO bands were visualized by autoradiography on X-Omat
films (Eastman Kodak Co.), using a commercially available kit (ECL,
Amersham Pharmacia Biotech) based on a peroxidase-specific chemi-
luminescent substrate.

Partial Purification of Mouse Liver AOHI and Column Chromatog-
raphy—The AOH1 protein was partially purified from mouse liver by
benzamidine-Sepharose affinity chromatography (Amersham Pharma-
cia Biotech) exactly as described for bovine AO (13). Following elution
with benzamidine (Sigma), active fractions were concentrated by ultra-
filtration on Centricon YM-100 cartridges (Millipore, Bedford, MA) and
applied to a gel filtration FPLC Superose-6 column (Amersham Phar-
macia Biotech) run at 0.5 ml/min in phosphate-buffered saline (pH 7.4),
containing 100 mm NaCl. Fractions of 0.5 ml were collected, and ali-
quots thereof were analyzed for benzaldehyde-oxidizing activity by elec-
trophoresis on cellulose acetate plates or AOH1 and AO immunoreac-
tivity by Western blot analysis.

Northern Blot Analysis and in Situ Hybridization—Northern blot
analysis was performed as described previously (8), using total RNA or
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Fic. 1. Structural organization and physical map of mouse
liver AOH1 and mouse skin AOH2 ¢cDNAs. The figure represents
the physical map of mouse liver AOH1 and mouse skin AOH2 ¢cDNAs
from the 5'- to the 3’-end (left to right). The 5'- and 3’-untranslated
regions of the two cDNAs are indicated by black boxes, and the coding
sequences are indicated by white boxes. Dotted boxes and dashed boxes
represent the 2Fe-2S redox centers and the molybdo-protein fingerprint
sequences, respectively. Sites for selected restriction endonucleases are
indicated. The poly(A™) tail is indicated by (AAA)n. The thick lines
represent inserts of the original EST clones (AA64385 and AA79991),
secondary recombinant lambda phages, and PCR products. All the
clones were sequenced completely in both directions.

poly(A*) RNA and ®2P-radiolabeled AOH1 and AOH2 or glyceralde-
hyde-3-phosphate dehydrogenase (42) cDNAs as probes.

The Xhol-Xbal fragment of AOH1 ¢cDNA (nucleotides 2131-2696)
and a PCR-amplified fragment of AOH2 ¢cDNA (nucleotides 4169—-4787)
were subcloned in pBluescript and used as templates for the synthesis
of sense and antisense riboprobes, employing T3 and T7 RNA poly-
merases (Stratagene), in the presence of [**S]thio-UTP (specific radio-
activity 1200 Ci/mmol, Amersham Pharmacia Biotech). Template DNAs
were degraded by DNase I (Amersham Pharmacia Biotech), and the
average length of the riboprobes was adjusted to approximately 150
nucleotides by alkaline treatment (43). Mouse tissues were fixed in 4%
paraformaldehyde overnight, embedded in paraffin, sectioned to 5-pm
thickness, and mounted on chromalum-containing gelatin-coated
slides. The conditions for the pretreatment of slides, hybridization,
washing, and detection by the nuclear track emulsion technique were
precisely as described in a previous report (23). At the end of the in situ
hybridization procedure, tissue sections were stained with hematoxy-
lin-eosin and photographed under the microscope.

RESULTS

Molecular Cloning of the AOHI and AOH2 cDNAs—Screening of
the mouse dbEST section of GenBank™ for sequences showing
similarity with murine AO and XOR resulted in the identification
of two distinct ESTs (AA64385 and AA79991) derived from testis
and skin, respectively. Northern blot experiments conducted with
the AA64385 and the AA79991 clones indicated that the two
c¢DNAs were incomplete copies of larger transcripts. To isolate the
full-length ¢cDNAs we used different strategies. As to AA64385,
screening of a mouse liver cDNA library resulted in the isolation of
overlapping clones and the determination of the entire primary
structure of a ¢cDNA, which we named AOH1 (aldehyde oxidase
homolog 1). As to the second EST, the missing portion of the cDNA
corresponding to clone AA79991 was obtained by 5'-RACE using
RNA isolated from mouse skin. This second full-length cDNA was
named AOH2 (aldehyde oxidase homolog 2). A summary of the
cloning results is shown in Fig. 1.

As shown by Figs. 2 and 3, the longest open reading frames
of both the AOH1 and AOH2 cDNAs are exactly the same
length and predict two distinct polypeptides of 1336 amino
acids. The 5'-untranslated regions of AOH1 and AOH2 are 199
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and 105 nucleotides long, respectively, and they do not contain
any in-frame ATG triplet upstream of the the putative first Met
codon. The 3'-untranslated regions of AOH1 and AOH2 are 222
and 780 nucleotides long, respectively, and they both terminate
with a polyadenylated tail preceded by canonical polyadenyl-
ation signals. The AOH1 and AOH2 polypeptides are very
likely to code for molybdoenzymes, as they both contain a slight
variant of the typical fingerprint sequence (aa 802—837 of
AOH1 and aa 804-839 of AOH2) found in all the members of
this class of proteins (44). In AOH1 and AOH2, the only amino
acid differing from the canonical molybdo-protein consensus
sequence present in the PROSITE data base (44) is a phenyl-
alanine (Phe-830) which takes the place of a generally con-
served cysteine residue. This is not unprecedented, since this
cysteine is also substituted by hydrophobic amino acids in
Arabidopsis thaliana AO (34), Drosophila melanogaster XOR
(45), and Bombyx mori XOR (46).

Similarity of AOH1 and AOH2 Proteins to AOs and XORs—
The primary structure of both AOH1 and AOH2 proteins has a
significant level of similarity with XORs and AOs of various
origin, as demonstrated by the phylogenetic tree shown in Fig.
4. This indicates that the two novel enzymes belong to the
family of molybdo-flavoproteins. AOH1 and AOH2 are most
similar to each other (63% amino acid identity) and constitute
a distinct structural subgroup within the mammalian aldehyde
oxidase cluster, which, in turn, is clearly separated from the
XOR subfamily. Like mammalian AOs, mouse AOH1 and
AOH2 are more related to animal XORs than to plant AOs.

As illustrated in Fig. 5, the amino acid sequences of AOH1
and AOH2 can be aligned along their entire length with mouse
AO and XOR (14, 8). AOH1 and AOH2 show an overall identity
of 60 and 58% with mouse AO and 50 and 47% with mouse
XOR, respectively. A search in the PROSITE data bank indi-
cates that both AOH1 and AOH2 have a sequence (aa 116-159)
similar to that of the ferredoxin-type 2Fe/2S redox centers (44)
highly conserved in all the AO and XOR proteins (3-5, 8-10,
12-14, 34, 45—49). This is preceded by another stretch of amino
acids (aa 47-78), which is very similar to that of the second
2Fe/2S redox center also present in all molybdo-flavoenzymes.
Notably, the position of the 8 cysteine residues (aa 47, 52, 55,
77, 117, 120, 152, and 154) involved in the coordination of the
iron ions in the two redox centers of the AO and XOR proteins
is strictly conserved in AOH1 and AOH2. AOH1 and AOH2
lack the FAD-binding signature sequence described by Correll
et al. (51) in various types of flavoproteins, which, however, is
not found in AOs and XORs.

Desulfovibrio gigas aldehyde oxidoreductase (DgAOX; Ref.
52) is the only molybdo-protein showing similarity with XOR
and AO, for which crystallographic data are available (53). In
DgAOX, the molybdenum site has been divided into 5 domains
(MoCoI-MoCoV). The GGTFGYK sequence of the MoCol site of
DgAOX (aa 418-424) is very well conserved in both AOH1 (aa
800-806) and AOH2 (aa 802—808). A high degree of amino acid
identity among AOH1, AOH2, AO, XOR, and DgAOX is also
observed in the sequences corresponding to the MoColl (aa
915-923 of AOH1 and aa 917-925 of AOH2) and MoCollII (aa
1043-1046 of AOH1 and aa 1045-1048 of AOH2) sites of the
prokaryotic aldehyde oxidoreductase (AFRGYGAPQSM; aa
531-541; HGQG; aa 653—-656). By contrast, the level of amino
acid conservation in the sequences of AOH1 and AOH2 corre-
sponding to the MoCoIV (GPSGGS; aa 693—-698) and MoCoV
(VGELPL; aa 867-872) of DgAOX is low. In DgAOX, the mo-
lybdenum site is buried in the center of the protein, and it is
accessible through a tunnel that is coated by 20 hydophobic
residues (53). Some of these amino acids have conserved coun-
terparts not only in AOH1 (Gly-804, Ala-915, Phe-919, Phe-
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TGTATCACCCACACATCATTCGTC TGTCTATTGAACAACGTATCATCCCATATCATCATATACGCCCTT TGO TAGGACAGAGCAGATTTARATCC TETAGGECAGT TCGETC TCC TG AGAGCACAGCAGTTCATC TGAGACGTGGACTT
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150

AGACACGTTAGGTACAGCTGCACAGAGTGTGEECEACTATCCTCAAGTAATGTCTCCTTCTAAGGAGTCAGATGAGCTTATTTTCTTTGTGAATGGAAARANGETCACCCGAGAGGAATGCAGACCCTGAGETTAATTTATTGTTCTACTT 00
M 5 P &£ K E 5 DD EL I FF WVNUGIEUEKWVYTEUZ RMNADZPEWNILTLPFUYL 34

GAGARARGTCATCCGACTCACAGGEACARACTATGEC TGTGEAGGAGCTGACTCTGECECCTGCACAGTGATGATC TCAAGATACGACCCCATCTCCARRACGGATCAGTCATTTCTCTGCCACTGCCTGCCTAGTTCCCATCTGCTCTCT 450
R K VvV I R L T&TUEKZYGCOCEOGOGED oG ACLCT WV MI S REY DPI S KERI S HF S ATATCGCLWYUPICSL B4
CCATGGGGCTGCTGTCACTACAGTAGAAGGCATAGGAAGCACCARARC CAGGATACACCCTGTCCAGGAAAGGAT TCGCAMMGGCCATGETACCCAGTGTGGETTCTGCACTCCCGGGATGS' ATCTATACTCTCC! AR 00
H G AAWVTTTUVVEGTIOGSTI KT RTIUHEPVVOQET-RTIUERIEKEG GHTGTH GQOGCGT FOCTU?POGMV VMZSETITYTTULTLTERTHN 134
CCACCC‘AGAGCCCTCCACAGMCAGATMTGGABACCC‘I\GOGC‘GGGBA’DCTRTGCC‘DCTG-CACTGGA‘I‘ACAGGCCCA'I‘TG'ICGBGAG'I'GCGBAAAG‘I‘T'DCTGCCCGAGTNAACTTGCTGCCAGANAATOGGGAMGGMTG’PI‘GCTT 750
I M E T L G G N L P E S R K 58 F C T C C Q M NG EG K CTCL 184
GEATGAAGAARARARCGAGCCTGAGAGARARAACACTCTTTGCACCAAGTTGTATGARARAAAACGAATTTCAGCCCCTGEATCCARC TCAGGAGC TTATAT TTCCACCTGAGC TGATGAGCATEECCCAGGAGTCCCARRATACAGTTCT S00
D E E KN E P EREKDN S V €T KL Y EZEKUEKETF ¢ P L DPT$ EIL I F P P EILMEHMUGBATETESQMNTV L 234
GACTTTTCGTEGEEARAGEAC TACCTEGAT TECCCCAGGAACCCTARATGACC TTC TGGAACTGARAATGAAGCATCCCAGCGUTCCACTOGTGAT TEGCAACACC TATC TGGGGC T TCATATGAAG TTCACAGACGTATCTTATCCAAT 1050
T F R G ERTTWTIAPUGTTULDNDTILTLETLIEKMIEK HPSAZPTLUVVTIOGMNTTYULGILHMMET FTUDUVVS5YFP I 264
TATCATCTCTCCTGCAAGGATCTTAGAATTATTTGTGCTGACTAATACARAGCARGEECTGACACTEEGCECCEECCTCAGCCTEACCCAGGTCARGAACCTC TTGTCTGACGTGETCTCCAGACTCCCTARGGACGAAGACGCAGATATA 1200
I 1 & p AR I L ELVFV VT HNTITUEKQQOGELTTIULOGH-ASOGLSILTOQWVYEKWHNUWVLSUDUVVY S ELPEKEEIEKTSGQQTIY 334
TG TGO T T TG ARG A O T A A GAC OO TEEC GG AGC AGATCAGEAA TG TGECC TCOTT T AT AT TATCAGTAGAC TGO GACCTC TGACC T AACCC TAT TTTGGECATASGC AATTGCATCCTCAATG TTGCATCAAL 1350
€ AL L KQL KTULAG GO Q®QTIWRDNUVASTULGOGHTITISES SR RILUPTSESTIDILWNUPTIILGTITGWMNT CTITULDNUWVATSET 384
AGAAGGAATACAGCARATCCCTCTGAATGATCATT TTCTCGC TGGAGT TCCAGATGCAATCCTGAAGCCAGAGCARGTGCTCATC TCCGTTTT TG TGCCACGC TCCAGCAAGTGEGAGTTTGTATCAGCCTTCAGACAGGCCCCTCGTCA 1500
E G I ¢ Q I PL NDHT FLAGV YVYUPIDATITVLIEKT PEUGQQVWVLTIZ SV FUVPURUSES5S EKWETFUVSESEATFUZ RUOQH-APTERDQDQ 434
GCAMARACGCGTTTGCARCAGTCGAATGCTGCAATGARAGTCCTTTTCAAGGAGGACACAARCACCATTACAGACTTGGEEATC TTATATGEAGEGATTGCTECCACCCTAATCAGCGCAGATARGTCCTGCCGECACGCTGATTGCAAGETG 1650
Q N A F ATV NAGMME KWV VY F K EDTWHNTTITODILOGTIULYGGGEG I G ATWVI S A DEK S CROQLTIGERC 484
CTGGEATGAAGARATGCTEGATGATGC TEGCAAGATGATT TG TGAGGARGTCTCCC TCCTGATGEGAGC OO T ATACCEARAGACTCTTGOCATCAGTTTCC TCTTCATG T TTTAC TTAGACTTGTTGAAGCAGTT 1a00
WD E EMULDDAGI EKMTITCETEVSELTLMNMNAAPGTG GMMETETYU& RIEKTTLATIZSF FILTFMTFYULDILILIEKZQTL 534
ARAGACGAGGGACCCCCACAGGTACCCTGACATCTCACAGARACTCCTACACATTC TGGAAGACTTCCCTTTAACCATGCCTTATGEGATGCAGTCATTTCAGGATGTAGACTTCCAACAGCCTC TGCAAGACCCAATCGGACGTCCCAT 1950
K TR D P HRY¥Y P DI S Q KLULHTITLETDTFEPLTMZPYGGMOQQSsSPF QDVVDVFQOQPTLUOQDEPTIGTEPI S84
CATGCATCAGTCTGGCATTARACACGCCAC, GECAGTATTTTGTGATCGATATGTCTCTGTTCCCTGEEEAACTCTTC TTGCCACTEETARCCAGCAGCARGTCACATGC TAARATCATCTCTCTTGATGCCTCCGAGGCCTTGEE 2100
M H Q 5 G I ¥ H A T G E A YV F CDDMSE WV L P G ELF L AWV Y TS 5 K S HAUEKTII S L DATSE AL A 634
GTCACTTGETETGETTGATGTEETAACAGC TCGAGATGTGOC AATGGCAGAGAAGAGGAARNGCCTATATECACAGEATGAGGTGATCTECE TEEETCARATTG TG TG TGO TETEECOECTGACTC TTATGC TCATGCOCAGCA 2250
5 LGV VDYV ¥V TAZERDVZPOGDNG G ERTETETESTLYAOQDEVVTICWVGEOQTIUWVCAUVAATDTS Y AHWAZGQDQQ 684
GGCCGCARARAAAGTGARGATTGTCTATCARAGACATAGAGCCCATGAT TGTGACAGTGCAGGATGCACTGCAATATGAATCATTCATTGGACCTGAAAGAARACTAGAACAAGGARAATGTTGAGGAAGCATTTCAATGTGCCGATCARAT 2400
A B K KV K I V¥ DI EPMTIUWVTUWVQD- ALUGQ?YEZSV FIOGZPEZRIEKTLEUDQOGDNUYEEH&SARTFUOQOCHBATDOGQTI T34
CCTCGARGGEEAGETGCACTTECEAGECCAGGAGCATTTTTACATCCAGACTCARACGCETACGTCTEETCCCCAAGGEACGAGCATARGCACATCGEACATC TATGTCTCARGCCAGGATGCTGCAT TTACACAGCGAANTGETCGECTCGCAL 2550
L E G E VvV H L 6 6 ¢ E HF ¥ M E T ¢ S VvV R ¥V VvV P K & ED K EMODTI Y VvV & 8 ¢ D AAMTPF T QEMUVY A E T T84
CTTGGGCATCCCAARGAATAGGATCAACTGCCAT PR T CTTC AAGCAAGCAAGCCTGGGCTCCTGGCATCCGTGGCAGCTGTAGCCGCACAGAAGACCGGCOGCCCAATACGTTTCATTC TAGAGCG 2700
L 6 I P ENRIWNTCHVYVIERUVSGO GAFGO G KA AT S EK®PGLULATUS WV AAVVAAOQIEKTT GH ERUPTIMRTFTITLE R 834
TAGGGATGACATGTTGATAACTGGAGGACGTCACCCACTACTCGEGAAATACAAGATTGGC TTCATGAACAATGECAARATCARGGCGECAGACATCCAGCTTTATATCAATGGAGGCTGCACCCCAGATGATTC TGARCTGGTGATAGA 2850
E D DML ITOGOGUEREHPIULILGIEKYHKIOG FMMNNGIE EETIEKXADLAZDTIOGQLUY I NGUGTCT®PDDSETLWVTIE 884
ATATGCTTTGCTCARACTGGAARA TGO TTACAAGATCCCCARCCTCCGTETCCGAGGTCGAGTC TGTARGACCAACTTGCCTTCCARTACAGCGTTTCGAGGATTTCEC TT TCCCCAGGEEECAT TTGTAACAGAARCCTGTATGTCCGE 3000
¥ A L L KL ENATYEKIPMNTLTPRVYVERERTGERUWVTOCZEKT®HNTILTPSNTAMAzTFTERTGTFTGTFPQGATFUVTETTGCMS A 934
TGTGGCAGCCAARTGCCGCTTACCACCAGAGAAGGTTOGAGAGCTARACATGTACAGAACAATCGATAGGACAATTCACARCCAAGAGTT TGACCCAACGAATCTGCTACAGTGC GGCATGTGTGGAAAATTCTTCCTACTATAR 3150
v A A K CRULUPUPEIE KV ERELUWNNMTYZ RTTIT DU ERTTIHNU©GQETFUDU&PTWMNULIULOQOCWE®ATCWVED NS ESE Y YN SH4
CAGCAARMARGCTCTGEATCAATTTAACCARCAGAGATTTTGGARACAACGAGAGCAATTGCCATCATCCCCATGAARTTCTCAGTTGEATTTCCARAGACATTTTATTATCAGGC TGCCGCTT TGETCCAGATC TACACAGATGEGTCTET 3300
R K K AV DEVFWNQOQRPWE KUK RGTIOATITIUPMEKTPFPSESE VY F P KTVFUY ¥ ¢ AALLUVOQIYTTTUDGS V 1034
ACTAGTTGCTCATGGTEETCTTGAACTCGGACARGETATTARCACCAA AN TGATACAGETECCCAGCCOTGAATTAAAGATACC TATGTC TTATATACACC TGGATGAGATGAGCAC TG TGACCGTCCCCARCACGETTACCACTGGAGT 3450
L vV A H GGV EL G QGTIWNTIEKMMTIOGQWVASZSWRETLIZEKTIUZPMSYIHLDEMSESETWVTVPNTWVTTG A 1084
ATCCACCGETGCCGATGTCAACGGGAGAGC TGTTCAGARTGCCTGTCAGATCCTTATGAAGCGTCTGGAACCCATCATCARGCAGAATCCTAGTGGTACT! AGAATGGGTTAAGGARGCTTTTGTTCAAAGCATTACGCTCTCGGT 3600
5 T G A DV NGRAWVQNA ACOQTITLMETERETLTETPTITIUE KO QMNUPJ S5GTWETEWTVEKTEH®ATFUWVO0OSITTL S A 1134
CACTGGATATTTTAGGEETTACCAAGCTGACATGCACTGECAGAACGEECAGARAGETGACATTTTTTCCCTATTTTGTT T TTCGAGC TGCCTETTC TCAGE TTGARATTGATTGTC TGACCGEAGCTCACARGAACATTAGAACCGACAT 3750
T ¢ ¥ F R G Y Q ADMDWWEUE KSOGRUEKWVYTV FVF 6P Y F V F GAAOCS EWVETIDT CLTOGAHIEKENTIUE RTTDI 1184
TGTTATGGATGEATCATTCAGTATARATCCTGCTGTEEACATAGGCCAGAT TGARGGEECATTTGTTC AAGGTC TTEGAC TGTATAC TCTAGAGEARC TGAAATAT TCACC TGARGEAGTCC TATACACTCGTGETCCACACCAGTACAR 3soo
¥y M pD G S5 F 8 I N P AVDIGOSQTIEGATFWVQLGLGL ¥TULETETLEKYSPEGUVUIL Y TZERGPHOQY K 1234
AATAGCATCAGTTACCGACATCCCAGAAGARTTCCATGTATCACTGTTGACACCAACCCCAAACCCARAAGCCATCTACTCTTCTARGGGCCTTGECGAAGCTEEAACGTTTCTGEECTGTTCTGTGTTCTTCGC TATTGCCGCGGCCET 4050
I » 5 VvV TDTIU®P®PETETFHVYVYES5LULTUPTPMNUPI KA ATIZYSSKOGLGEA ATGTT FLUGT CSWVF FVFATIU-ALABAH AUV 1284
GECTGCAGCTCCAGAGGAGAGACGCTTCTCCCCAATTTGEECCATARACAGCCCTGCCACAGCAGAACTGATCCGCATGECCTGTGACGACCAGTTCACGARCCTGCTTCCACARACCGGATTCTARATGC TGTAACGCCETCETCCATCCC 4200
A A AR EEURGLS P I WATIWNZSUPATAEWVWTIUEMATCETDUGQFPFTWNTILWW?EPQQTOD S KCCUEKT?©PWS I P 1334

e —

AGTTGCCTAGTGC TTGGGETTCCAGCACAAAAGC AGATGGAC T TAAAACTTCCACAGG TCACARATATAAATATCTATATC TARAATATGTAGARAAT TAGAGGCAATTCTTARATT TTCATATT TACARAATATTGTAATCTTTAATCA 4350
v O . 1338
CATGCACTATAAGCARCGATGTTTACGGAGCTTCAGCCAAAGGTTATGTTTAATTCARTATATTARACGEAATTTTCCACTG (AAR) D 4432

FiG. 2. Nucleotide and deduced amino acid sequence of mouse liver AOH1. The nucleotide sequence of the AOH1 cDNA (upper line) was
obtained from the overlapping cDNA fragments shown in Fig. 1 and is presented with its deduced amino acid sequence (lower line). Nucleotides
are numbered in the 5'-3’ direction, whereas amino acids are numbered from the amino terminus to the carboxyl terminus starting from the
putative first methionine residue. (AAA)n indicates the polyadenylated tail of the transcript. The sequences corresponding to the 2Fe-2S redox
centers are underlined, and the molybdo-protein fingerprint sequence is doubly underlined. The dotted line indicates the polyadenylation signal.
The thick line indicates the peptide used to raise specific anti-AOH1 polyclonal antibodies.

1010, Phe-1014, Asn-1078, and Ala-1084) and AOH2 (Gly-806,
Ala-917, Phe-921, Phe-1012, Val-1016, Asn-1080, and
Gly-1086) but also in mouse AO and XOR.

As observed in the case of mammalian AOs, the regions of
AOH1 and AOH2 equivalent to the substrate binding pocket
defined for DgAOX (53) contain a hydrophobic amino acid (Ala-
807 in AOH1 and Val-809 in AOH2) in the same position in
which a conserved Glu residue is present in XORs (aa 805 in
the mouse enzyme). In addition, the mouse XOR Arg-883 res-
idue, which is maintained in all XOR proteins and altered in
Aspergillus nidulans mutants unable to utilize 2-hydroxypu-
rines (54), is changed into a hydrophobic Tyr (position 885), Phe
(position 887), or Met (position 884) in AOH1, AOH2 and AO,
respectively. As these amino acids seem to be important for the
substrate specificity of XORs (1, 53), it is conceivable that
AOH1 and AOH2 do not use hypoxanthine or xanthine as
substrates. Interestingly, like AO, neither AOH1 nor AOH2
contain the sequence FFPGYRR (positions 391-397 of mouse
XOR) responsible for the binding of NAD in chicken xanthine
dehydrogenase (55) and conserved in all the XORs of animal

origin (8-10, 12, 47). All this suggests that AOH1 and AOH2
are not only structurally but also biochemically more related to
AO than to XOR.

Structural and Enzymatic Characteristics of the AOHI and
AOH?2 Proteins—To gain further information on the two novel
proteins, we first developed antibodies specific for AOHI,
AOH2, and AO. For this purpose, we immunized rabbits with
polypeptides corresponding to regions of low similarity among
the three proteins. The specificity of these reagents was tested
using extracts from HEK293 cells transfected with the cDNAs
coding for AOH1 (pCMV-AOH1), AOH2 (pCMV-AOH2), and
AO (pCMV-AO). As shown in Fig. 64, the anti-AOH]1 antibody
recognizes a single band of approximately 150 kDa in extracts
of cells programmed to synthesize the AOH1 protein but not in
extracts transfected with pCMV-AOH2, pCMV-AOQ, or the cor-
responding empty vector (pCMV). Similarly, the anti-AOH2
and anti-AO antibodies highlight a specific 150-kDa protein
band only in cells forced to express the corresponding proteins.
The apparent molecular weight of the bands observed in ex-
tracts of cells transfected with the AOH1 and AOH2 cDNAs is
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TECAGGTEGCCCARGTTACAGTGCTGCTATATGAGATACAGEAGCAGATACCCTTGTCGETAGGECATTTGTTTCARATTTGTGCTTCTGECTCCCCATTGACACCATGCCTTCCGTCTCCGAGTCTGACGAGCTGATTTTTTTTGTGAAT 150

M P 8 ¥V 5 E & D EL I F F V N 15
GEAAAAANGGTCATAGAGAAGARCCCTGACCCTGAAAAGAATC TACTGTTCTACACCAGGARAGT TCTCAATC TCACAGGCACTAAGTACAGC TG TGGARCAGGAGGCTGTGGEGCCTGCACTGTGATGGTGTCGAGATATAATCCARAG 300
G K K vV I EKHNPDUPEIU KW NTVLTLUPFPYTZ RIEKUVVILUNILTU GTEY?YSCOGTGGCG ALCTV MV SR Y NP K 65
ACCAGGARGATCCACCACTACCCAGCARCAGCATGCCTGGTGCCCATC TGO TGECTTCATGGAGCAGCCATTACCACAGTGEAMGETCTGECEAGCATCARAMAGAGCETCGCACCCAGTCAGGEARCGACTTCCCARGTGTCACGGCACC 450
T R K I H H ¥ P A T A C L VvV P I ¢ W L H G A A I T TV E G V G &8 I K KRV HP V R ERILAIEKEDCHGT 115
CAGTGTGGCTTCTGCAGCCCTEEGATGGTGATGTCCATC TACACACTGCTCAGGAACCACCCGGAGCCGACACCTGATCAGATCACGGAGGCTCTT GAATTTGTGCCGATGCACTGGATATCGTCCAATTGTAGRAAGCGGGAAA 600
Q ¢ & FCS P CGMV M S I Y TLLBRMNUHEHPEZPT®PDQITE®R2ZTLUGSGOSGHNTULTUGC®RTCTSGEYRPIVE S G K 165
ACATTCTCCCAGAAGTCTACTGTTTGCCAAMTGAAGGCATCTGEEARATCGC TGCATGCGATCCAGAT AGTGTT AGAGAGARAR TETETACTAAACTCTATAATGARGATGAGT TCCAGCCGTTTGACCCATCCCAG 750
T F £ 0 K § TV C QM K G S G EKECCMKMDTPTDTETZEKT CLTEZST EETEKTEKEMT CTE KTULTYNETDTETFTGQUPTFTDFP S5 Q 215
GAACCTATATTTCCTCCTGAACTGATTAGARTGGCAGARGATCCAAACANGAGGAGGCTGACATTCCAAGGGAAGAGGACCACCTGGATCATCCCTGTGACACTGAATGACCTCCTEEAACTGAANGCCAGC TACCCCGAAGCCCCACTC 00
E P I F PP ELTIU EMH&BAZMETDUPNUIEKEU RZRERLTFOQSOGEKHSRTTW®WTITIZPWVTIULNDILILETLIEKH® ATZSEYFPEW&ATPL 265
GTCATGGECGARCACCACAGTGEEACCCGETATTAAATTTAATGATGAATTC TATCCAGTTTT TATATCCCCAC TTGGGETTCCAGAACTAALTCTTATGGACACCACA A ACAA TEGEETAACAATAGEAGCAGCGATACAGCCTGGCACAG 1050
vV M GeGwWNTTVVGPGIKV FNDEVFY PV F I SPILGVPETLDNTLMMDTTMNDMNTGUWVTTIGAAMATEGTYS5 L A Q 315
CTTAAAGATACCTTGGATTTTCTGGTATCAGGACAACCAAAGGAGAAGACCARAACCTTCCGCGCCCTCCAGRARCATC TGAGGACACTTGCAGGETCCCAGATTAGGAATATGGCTACTTTAGGAGGACACACTGCARGCCGTCCTAAT 1200
L KD TLDVF L V 5 ¢ Q¢ P KEIE EKTETVFH&ERUALUQIEKUHTLUETTULATZGS S I ERUNMMEMA-ATILGGHTAS RPN 165
TTTTCTGACCTCAACCC TATT TTGECAGC TEGARA TECTACCATCAACG TG TATC TAGAGAAGGARRAGATCGTCAGC TCCCTTTAAATGGCCCTTTCCT TTGCCTGAGGCTGACTTGAAACCAGARGAGGTTATCTTGTCC 1350
F 5 D L " P I L AMAGNAATTIWMNWWVWVSSRETUGI KT DU ERUQLUPTULWMNNOGPVFTULETZEKTLU®PEWALTDTLEKTFPFPETETVTITL S 415
ATTTCCATTCCTTACACTGCTCAGTGGCAGTTTGTGTCAGGACTCCGETTGECACAGCGTCAGGAARATGCCTTTGCTATTGTCAATGCTEETATGAGCGTEEACTTTGAGGARGETACARACACGATCAAGCGATCTTAAGATGTTCTTT 1500
I 5 I P ¥ TAOQWOOQPFV S 6L RL AOQUERUOQEWNA AMTPFATIWVNAZMGCGMSWVEVFEETUGTMHNTTIIZ EKTDTLIEMHMTFF 465
GEAAGTGTTGCCCCCACTGTGETCTC TGCAAGTCAAACC TG AAGCAGC TCATTGGGAGECAATGEEACGACCAAATGC TGAGTGACGCATGCCAGCTGGTCCTEE, TCCGCATCCCACCAGATGCTGAGGGAGGCATGETGEAG 1650
G 58 VA PTVV 5 A S5 ¢QTOCZEKEZSQLTIGE RU®WOTDEDQMIL S DACGCOQLVLQQETIT®RTIFPFPTDAETUGTGMMTUVE 515
TACCGACGCACCCTCATCATCAGCTTGCTCTTCAAATTCTACCTCARACGTGCAGCGATGECTGAATGAAATCGEATCCTCAGARGTTTCCTEACATCCCAGGARAGTTTGTCAGTGCCCTAGATGACTTCCCCATAGRAMCACCCCARGGA 1800
¥ R R T L I I 8 L L F K F ¥ L KV Q RWIULNIEMDOU©PJQ QKU F©PDTIUPOGIZEK? PPV s A L DDVF P I ETUPOQ G 565
ATCCAGATGTTCOGE TG TG TEGATCCCARACARC COCAGAARGATCCAGTTGGECACCCARTCATGC AT AGTOGEGTATTAARCATGUCACAGAGGAAGC TATATT TAT TGATGACATGCC TCCCATTGACCAAGARCTC TGCCTTGOD 1950
I 9 ®m FRCVUDPEKQPOQETDUZPVGEHPTIMHBG QSGIZEHATETEHSABTITFTITDDMPZPTITUDOGQETLCTL A 615
GITGTCACGAGTACCAGGGCCCATGCARAGATCACATCACTTGATGTATCAGAAGCCCTEECETGTCCAGETGTGETTGACGTGATCACAGC TEAGCGATGTCCCEECAGAARATGATCACAATGCAGAGATTCTTTATGCACAGAGTGAG 2100
v v T & TR AHAZEKITTS LDV E& EALACPGV VDV ITAEDWYUPGEWNUDH MNGETILITLYAQDQSE 665
GTCATTTGCGTGGGTCAGATCATC TGCACCGTGEC TGCTGATACCTACATCCATGC AARAGAAGCAGC TAAAC GGG TGAAGATTGCTTATGATGACATAGAGCCAACCATTATCACCATAGAGGARGCCCTAGRACACAATTCTTTCCTT 2250
v I ¢V 6o I I CTVVAADTYTIHAZ KEH BABDMATE KT ERVYUEKTIATYT DU DTIET?®PTTITITTIETEA ATLTEUHNT ST FL 715
TCTCCTGAGARAAAMATTCAACAAGCGARATGTAGACTATGCCTTCARACATEGTGGATCAAATCGTTGARGETGAGATCCACCTGCARGGECAGEAACACTTTTACATCGARACGCARACCATCCTGGCTATCCCACAAACTGAAGACAAR 2400
S P E K K I E Q ¢ N V DY A F KH V D@ I V EGE I HVEGGOQEHSHTF Y METQETTILATIZPEPIGQTEDEK 765
GAAATGGTGTTACACTTGGGGACACAGTT TCCAACCCACGTGCAGGAAT TTGTGTCTGCAGCATTAAATGTCCCARAGGAGCAGGATCGCCTGCCACATGARAMGAGC TGGAGGAGCATT TGGEGGCAAAGTGACCAMGCCTGCTCTACTG 2550
EMV L HL G TOQV FPTUEHWVQEVFWV S5 ARALLNVUVUPRSEZRTIACHMU KT ESBAGG® AMLIMTFUGOGE EUVVTETPH2ATLL 815
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GEAGCTETCTETCCTCTEEC TECCARCAAGAC TGECCGCCCAATCCGCTTCATCCTAGAACGAAGTGATGACATGC TGATAACAGCTGGCCGCCACCCACTCCTEEGARAATACAAA LT TGCCTTCATGAATAATCEAGAGATCAGAGCT 2700
G AV C AV A A NIKTGRZP I RF I L ERGSDODMIELTITATSGE RHEEPTLILGIEKTYEKTIGTFMUNUNTIGTETIERA 865
GCTGACGTTGAATATTACACTAATGGAGGATGCACCCCCGACGAATCTGAGCTGETGATAGAATTTGTCGTGC TGAAATCTGARAATACATATCATATTCCGRATTTCCGGTGCCGEEGCAGGECTTGCARAACAARLC TTACCATCTARAC 2850
A DV EY ¥ TN GGOCTU®PDESELUWVTIETFUWVVILESEWNTYHTIUPUHNVFUERTUCERETGHEATCIETM®NTLTPSHNH 915
ACGECTTTCCGAGGATTTGECTTOCC TCAGGC TACGETGETCETCEARGCATACATCGC TGCGGTAGCATC TAAATGTAAC TTAC TCCC TGAAGAGGTTAGAGARATARACATGTATAAGAARACTAGC AAGACAGCC TATARGCAGACG jooo
T A F R GFGFPOQAMTUV VWV EATY I A AV A S KCOCNILTILUPETETVRETIDNMM?YEHKEKTSESEKETATYIEKQT 85
TTTAATCCAGAGCCCTTGCGEAGATGCTEEAAGGAGTGTCTEGAGAAGTCGTCATTCTTTGC TAGGAAGAAGGCTGCAGAGGALTTTAACGGAALCAACTATTGEAAGAAGAGEGEECTTGCTETCEGTCCCCATGARGTTCAGCGTTGCG 3150
F N P EPLUEURTCMWEKETUTCLEIE EKSSESEFF ARUEKEIUEKDS-AZDAETETFWHNG GHNNTYWEU K EUGLAWVVPFMIETFS VA 1015
GTCCCCATAGCCTTC TACAATCAGGC TG TGO TC TGETCCACATC TTC TTAGACGGC TC TG TCC TG TEACCCACGETGEC TGCGAGC TGEGACAAGGCCTACACAC TAAGATGAT TCAGG TAGCCAGTAGAGAACTCAACGTCCCCAAG 3zon
v P I AF Y NQAMAMAMAMLUVHEHETIVFILDOG SV LLTHGS GO CETLGU®QOGULHTIEKMMTIUG QWVAZSETETLNTVVPEK 1065
TCGTACGTGCACTTTTCTGAAACCAGCACTACCACAGTGCCCAACTCCEGCCTTCACTGCGEGTTCCATGEGAGCAGATATCAATGECGAAGECTETACAGAATGCCTGCCAGATTC TTATGGACCETCTTCGECCCATCATCAGGARARAC 3450
& ¥ v H F 8 ET s T T TV P N 5 A F T A G S M ¢ A DI NOGUEKEAWVOQWNO-AOCSGQQgTILMDUETLUEU®PTITIREHN 1115
COTARRGGARR TGEATTARAATGECCTTTGARGAATCCATCAGCCTC TCAGCCACTGEATATT TCAAAGGT TACCAGACAARCATGGACTGGARGARGGAGGAAGETGATCCCTACCCATACTATGTCTATGGOGCCAGT 3600
P KG KWEEWTITH KMH®AMATFETEZSESTISUL S5 ATGYF KG?YQTWNMDWEKEKEEGTDFPTYPY Y V Y G A S 1165
GCTCCTEAGETTGAAGCTECACTGTCTCACTGGEECTCACAAGC TCCTGAGGACCGACATC TTCETGEATGCTGCCTTCAGCATTAACCCTECCCTGEATATCGGECAGGTTGAGGEAGCCTTTATCCARGECATGEEATTCTACACCACA 3750
A P BE VY EWVDOCLTOGAEHR KL LTLZERTDTIVPFPUVVYVDA-ALMPF S I NUPALDUDTIG G QWVEUGH ARPFTIOQQOGMOGEGTF Y TT 1215
GAGEAGTTGAAATACTCCCCAARAGE TG TGO TCTATTCTCGGEGCCCAGAAGAC TACARAATCCCCACCATC ACTGAGATACCAGAGGAGTTC TATGTCAC TCTGETGCATTC TCGARATCCCATAGCCATC TACTCATCCARGGGATTG 3900
E EL K Y 5 P K GVLY &S RGP ETDY KTIPTTITETIT PETETFY¥YVTILUVHUSERENUZ PTIA ATITYZSES5KTGL 1265
GETGAGGCTEEEATCTTCCTGEECTCCTCAGTTTTATTTGCCATATATGATGCCGTCACCAC TGCCCGCAAGGAGACGAGEGCTGAGCCACATC TTCCCCTTGAATAGCCCAGCARCACCTGARGTGATTCCCATGECTTGTACGGATCAG 4050
& E A G M F L G 8 8§ V L F A I Y DAVWTTTARUEKEUSRUGLSDTIVFPLMNS?PATO®PEWVTIZRMATCLCTTDGQ 1315
TTTACTGAGATGATTCCCAGAGATGACCCTTCAACAT TCACACCTTGGTCCATCCACGTGTC TTAATC TTGTGTCTTTAAGAARAAGARAAGCCATGCAGCGGATTCAAACTAGCCCCARACCAGRGCAGCATATGGGTTGACGAGAATT 4200
FTEMTITFERTUDTDTPSTTFTTPWS I HTV 3 1336
TATCARACATGATTTTACTGTTTTTTAGTTAT T CTCTCTGATTAGGTTATTGTGTGATTACATGTTAAGATACAGATTTCTACAARATTGTGTEECARAACTTAGAATTGCAARTTCTCGATTTAGTT TTCATTGTCCTGAAAGTATGCAT 4350
CATGGTGAGTTT TTAAACCTAGC TAACTAACCTGGGETAGCTCAGGAGGGCCTCCTTGTGTT TTGTTTCAAGCAGC TATGTTTGAAACCCARCAGAGC TGTCTGTTCCAAAACTC TCTC TAGACTGGAGTCTCCCARAACCAGCACACCT 4500
GAARAAACCCACTTTCCAGTGCTTGCCACTTCCTGTGGTACAGACGCTATCATAAGAGCAAGCAGTARGTGCTCAGGCAACCTEEACGTAGAGC TGEAGACAGETTTGAATACACGC TTGTCTCCAAMGETGTGTGCTGGARGCCTEECTCC 4650
CAGGGTGGTACTGTTGAARCTGTAR TGGAGCCTATT AT TG TARGGEATC ARTGETGAC AGGAAGGAATGGAC TAGTTCCCCARAACCTEGCCCCTCC o C T TC TGO CAGTETEAGCCATTEGCAT TTC TAGTGTGTA 4800
TGTCCATCTACTGGGACAGAAAGGAGGTCCTCCACCATGEGCAGTC TTGTGAAC TTGCCTCTAAAC TATGAACCARAATARAACTCTTTTCTTCAL (AAA ) N 4896

Fic. 3. Nucleotide and deduced amino acid sequence of mouse skin AOH2. The nucleotide sequence of the AOH2 ¢cDNA (upper line) was
obtained from the overlapping cDNA fragments shown in Fig. 1 and is presented with its deduced amino acid sequence (lower line). Nucleotides
are numbered in the 5'-3’ direction, whereas amino acids are numbered from the amino terminus to the carboxyl terminus starting from the
putative first methionine residue. (AAA)n indicates the polyadenylated tail of the transcript. The sequences corresponding to the 2Fe-2S redox
centers are underlined, and the molybdo-protein fingerprint sequence is doubly underlined. The dotted line indicates the polyadenylation signal.
The thick line indicates the peptide used to raise specific anti-AOH2 polyclonal antibodies.

consistent with that predicted on the basis of the two deduced
amino acid sequences and similar to that of the monomeric
subunits of AOs and XORs. The three polyclonal antibodies do
not show cross-reactivity with mouse XOR as well (data not
shown), demonstrating that they are mono-specific.

To study the enzymologic characteristics of AOH1 and
AOH2, we evaluated whether the two proteins are able to
oxidize substrates specific for AO (benzaldehyde and phenan-
thridine) and XOR (hypoxanthine). As illustrated in Fig. 6B
and as already reported by Holmes (36), upon cellulose-acetate
electrophoresis, two cathodic benzaldehyde-oxidizing bands
(band « and B) are evident in liver extracts. Zymograms of
HEK293 cell extracts transfected with pCMV, pCMV-XOR, or
pCMV-AOH2 do not contain significant amounts of benzalde-
hyde-oxidizing activity. Interestingly, forced expression of the
AOH1 and AO c¢DNAs results in the appearance of benzalde-
hyde-oxidizing bands with the same mobility as liver band «

and B, respectively. As expected (36-39), transfection of the
XOR construct gives rise to a slowly migrating anodic band
(band vy) with strong hypoxanthine-oxidizing activity. The mo-
bility of this band is coincident with that of intact XOR in liver
extracts. In the same zymogram, the lanes corresponding to
cells transfected with AOH1, AOH2, and AO are devoid of
bands with hypoxanthine oxidizing activity. As documented in
Fig. 6C, programmed expression of the AOH1 and AOH2 pro-
teins results in a level of phenanthridine-oxidizing activity that
is significantly above that observed in untransfected or pCMV-
transfected HEK293 cells. This activity is of the same order of
magnitude as that observed following forced expression of
pCMV-AO. Association of phenanthridine oxidizing activity
with AOH2 was further confirmed by transfection of pCMV-
AOH2 in HC11 mouse mammary cells. In this cell line, we
measured 23.9 + 6.8, 49.2 + 9.0, and 50.7 * 5.3 milliunits/mg
of protein (mean * S.D. of at least two independent experi-
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mXOR

rXOR
hXOR
bXOR
¢XOR
DmXOR
CvXOR
BmXOR
mAQOH2
mAQOH1
hAO
bAO
mAO
CeXORI1
AnXOR
CeXOR2
AtAO
tAO
ZmAOlI

Fic. 4. Phylogenetic tree of animal and plant molybdo-fla-
voenzymes. The phylogenetic tree was constructed by computer-as-
sisted comparison of AOH1, AOH2, and the indicated AO and XOR
sequences using the Clustal algorithm contained in the GeneWork
software package (Intelligenetics Inc., Palo Alto, CA). m, mouse; r, rat;
h, human; b, bovine; ¢, chicken; Dm, D. melanogaster; Cv, Calliphora
vicina; Bm, B. mori; Ce, Caenorhabditis elegans; An, A. nidulans; At, A.
thaliana; t, tomato; Zm, Zea maize.

L&l

ments run in triplicate), following transfection of pCMYV,
pCMV-AOH2, and pCMV-AO, respectively.

In their active conformation, AO and XOR proteins are be-
lieved to be homodimers with an approximate molecular mass
of 300 kDa (18, 19). Thus, we deemed it of interest to investi-
gate the structure of the catalytically active form of AOH1. As
shown in Fig. 6D (inset a), we obtained a semi-purified prepa-
ration of mouse liver molybdo-flavoproteins (containing AOH1
and AO) in their catalytically active forms (inset b) by affinity
chromatography on benzamidine-Sepharose (13). The mixture
was applied to an FPLC size exclusion column. Aliquots of the
resulting chromatographic fractions were analyzed for the
presence of benzaldehyde oxidizing activity by cellulose acetate
electrophoresis, as well as AOH1 and AO immunoreactivity by
Western blot analysis. AOH1 enzymatic activity (benzalde-
hyde-oxidizing band «, chromatogram) and immunoreactivity
(inset c¢) reproducibly elute in the same fractions of the column
with a calculated apparent molecular mass of approximately
600 kDa, which decreased to 150 kDa after denaturation and
reduction (inset c¢). The same column fractions that contain
AOH1 also contain AO immunoreactivity (inset ¢) and enzy-
matic activity (benzaldehyde oxidizing band B, data not
shown). This suggests that the catalytically active forms of
mouse AOH1 and AO have a similar multimeric structure,
which is compatible with that of a tetramer consisting of four
identical subunits of approximately 150 kDa each. At present,
we do not know why, under our experimental conditions, mouse
AO behaves as a homotetramer rather than a homodimer, like
AOs of other origin (18, 19).

Tissue Distribution of the Mouse AOHI and AOH2 Tran-
scripts and Proteins—By using the AOH1 and AOH2 ¢cDNAs as
probes, the tissue distribution of the corresponding mRNAs
was studied by Northern blot analysis. As documented by Fig.
7A, a single AOH1 mRNA species is detectable in the liver,
testis, and lung, whereas all the other tissues do not synthesize
detectable amounts of the transcript. The tissue distribution of

30695

AOH1 is very similar to that of mouse AO (14) but significantly
different from that of the corresponding XOR mRNA (24). The
AOH2 transcript levels are relatively low, being detectable only
upon enrichment of the poly(A™) fraction of cellular RNA. The
expression profile of the AOH2 mRNA is entirely distinct from
that of the AOH1 or AO transcripts and is restricted to the
stomach, skin, esophagus, and oral cavity (not shown).

By using the specific antibodies described above, we deter-
mined the tissue distribution of the AOH1 and AOH2 proteins
and compared it with that of AO. As to AOH1, the Western blot
analysis presented in Fig. 7B demonstrates that liver, lung,
and testis (visible only upon longer exposure of the film) syn-
thesize significant amounts of the protein, confirming the re-
sults obtained at the mRNA level. The tissues that synthesize
the AOH1 protein are the same in which significant amounts of
the AO counterpart are observed, supporting co-expression of
the relative genes. Despite comparable mRNA levels, the liver
accumulates much larger amounts of the AOH1 protein than
the testis, suggesting the existence of cell-specific translational
and/or post-translational regulatory mechanisms. As to AOH2,
synthesis of the protein is limited to the skin, stomach, and
esophagus, as expected from the corresponding mRNA data. A
second band of slightly higher molecular weight is observed in
the esophagus and stomach. This second band is of unknown
origin, although it does not represent a phosphorylated or
glycosylated form of AOH2 (data not shown). As shown in Fig.
7C, by far the highest levels of benzaldehyde-oxidizing activity
are present in the liver, although detectable amounts of band «
and band B are evident also in the lung. Significantly and as
expected on the basis of the lack of benzaldehyde oxidizing
activity associated with AOH2 (see Fig. 6B), the zymogram of
skin extracts is devoid of protein bands that can be stained
upon incubation with benzaldehyde as a substrate.

Holmes (36, 39) reported that the two liver benzaldehyde-
oxidizing isoenzymes corresponding to bands « and 8 are pres-
ent in higher amounts in the male than in the female organ.
This is confirmed by the zymogram shown in Fig. 7C. In line
with the concept that AOH1 and AO are responsible for the
enzymatic activities associated with bands « and B, respec-
tively, Fig. 7D (right panel) demonstrates that both the AOH1
and AO immunoreactive bands are present in larger amounts
in male than in female livers. Gender-associated differences in
the amounts of AOH1 and AO proteins are not observed in the
lung and other organs (data not shown), demonstrating that
the phenomenon is liver-specific. As previously noticed in the
case of AO (14), higher levels of AOH1 protein in male than in
female hepatocytes are associated with equal amounts of the
corresponding transcripts in the two genders (Fig. 7D, left
panel). In liver, AOH]1 is the first gene to be turned on during
ontogeny. In fact, as shown in Fig. 7E, whereas the newborn
contains amounts of the AOH1 transcript that are comparable
to those observed in the adult animal, significant levels of the
AO mRNA are present only during adulthood. The AOH1 pro-
tein is already observed in the 18-day-old embryo, although
synthesis of the polypeptide is significantly elevated soon after
birth and reaches its peak only after maturation of the mouse.
By contrast, the AO immunoreactive band is visible only in the
adult mouse. Cellulose acetate electrophoresis demonstrates
that only benzaldehyde-oxidizing band « is expressed in the
newborn and 5-day-old animal. This further strengthens the
argument that band « is due to AOH1 and band B corresponds
to AO.

Identification of Cells Expressing AOHI and AOH2 in Mouse
Tissues—To identify the type of cells responsible for the syn-
thesis of the mouse AOH1 and AOH2 transcripts, in situ hy-
bridization experiments were performed. As illustrated in Fig.
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Fic. 5. Amino acid sequence comparison among mouse AOH1, AOH2, AO, and XOR. The amino acid sequence of mouse AOH1 is aligned
with that of AOH2, AO, and XOR. Amino acid residues are numbered from the amino terminus to the carboxyl terminus from the putative first
methionine of each sequence. Dots indicate identical amino acids relative to the AOH1 sequence. Hyphens represent gaps introduced to obtain the
best alignment. Residues conserved in AOH1, AOH2, and all the AO and XOR sequences so far identified are boxed. The Cys residues reported to
be involved in the formation of the iron-sulfur centers are indicated by solid hexagons below the sequences. The sequence of mouse XOR
corresponding to the putative NAD *-binding site (NAD), experimentally determined for chicken XOR (55), is doubly underlined at the bottom of
the sequences, and the photolabeled tyrosine residue is indicated by an asterisk. The consensus sequence pattern for the molybdopterin
cofactor-binding site and the 2Fe-2S redox centers are indicated by thick solid lines above the sequences and shaded boxes (Mop SS, molybdo-
protein signature sequence; 2Fe/2S I and 2Fe/2S II). The MoCoI-MoCoV sequences are indicated by thick lines below the sequences. Computer-
assisted alignment of the various sequences was performed with the Clustal algorithm used in the Genwork software package (Intelligenetics,

Mountain View, CA).

8A, when the AOH1 antisense cRNA is used as a probe, accu-
mulation of silver grains is selectively observed in the hepato-
cytic component of the liver of adult mice. The use of the
corresponding sense cRNA as a negative control does not result
in the appearance of a significant number of silver grains on
adjacent tissue slides (Fig. 8B). These results demonstrate that
the hepatocyte is the only cell type that synthesizes significant
amounts of the AOH1 transcript in the liver of the adult ani-
mal. We noticed a steep gradient in the expression of the AOH 1
gene, as we proceed from the periportal to the perivascular
region of the hepatocytic trabeculae. In the testis, expression of
AOH1 is selectively observed in the spermatogonia, which are
localized inside the seminiferous tubules in close juxtaposition
with mature spermatozoa (Fig. 8C).

In the case of AOH2, expression is limited to the epithelial
component of squamous tissues. As shown in Fig. 94, in the
oral cavity, the cells contained in the multilayered and highly
keratinized epithelium of the papillae of the tongue can be
easily marked with a radioactive AOH2 antisense but not with
the corresponding sense cRNA probe (Fig. 9, A and B). The
squamous epithelium of the esophagus (Fig. 9, C and D) and
the proximal portion of the stomach (Fig. 9, E and F) as well as
the epidermis (Fig. 9, G and H) are also rich sources of AOH2-
expressing cells. In all these squamous epithelia, AOH2 is
synthesized predominantly in the basal proliferating compart-

ment of cells which are bound to undergo the process of kera-
tinization and involution observed in the most superficial layer.
In the epidermis, a very high level of AOH2 mRNA accumula-
tion is also evident in the epithelial cells representing the
bulbar portion of the hair folliculi (data not shown). Only back-
ground accumulation of silver grains is observed in the mesen-
chymal and muscular cells of the tongue, esophagus, and stom-
ach, as well as in the dermal and subdermal layer of the skin.
The AOH2 transcript is not expressed in the mucosal and
non-keratinized portions of the stomach (fundus and pylorus;
data not shown).

DISCUSSION

In this article, we report on the isolation and characteriza-
tion of two novel members of the molybdo-protein family,
AOH1 and AOH2. The ¢cDNAs coding for both AOH1 and AOH2
were cloned because of their striking resemblance with the
molybdo-flavoproteins AO and XOR. This is the first indication
that the family of mammalian molybdo-proteins extends be-
yond sulfite oxidase, AO and XOR. In fact, although we did not
directly demonstrate the presence of a molybdenum cofactor
associated with the two polypeptides, AOH1 and AOH2 are
almost certainly molybdo-enzymes because they contain the
fingerprint sequence observed in all prokaryotic and eukaryotic
molybdo-proteins. In addition, they show conservation in 3 out
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Fic. 6. Biochemical and immunological characterization of the AOH1 and AOH2 proteins. A, immunoreactivity of AOH1, AOH2, and
AO proteins. Extracts from transfected HEK293 (100 ug of protein) were subjected to Western blot analysis using rabbit polyclonal antibodies
raised against synthetic peptides derived from the amino acid sequences of AOH1, AOH2, and AO. The position of the molecular mass markers
is indicated on the right (200 kDa, myosin heavy chain; 97 kDa, phosphorylase b; 68 kDa, bovine serum albumin). Liver (AOH1 and AO) and skin
(AOH2) extracts were used in control lanes. B, cellulose acetate zymograms of HEK293 cells transfected with the AOH1, AOH2, AO, and XOR
c¢DNAs. HEK293 fibroblasts (2 X 10° cells were plated 24 h before transfection) were transiently transfected with constructs (16 ug/plate) allowing
expression of the AOH1 (pCMV-AOH1), the AOH2 (pCMV-AOH2), the AO (pCMV-AO), and the XOR (pCMV-XOR) proteins or with vector alone
(pCMV). Forty eight hours following transfection, an equivalent amount of cell extracts (150 ug of protein) was subjected to electrophoresis on
cellulose acetate plates. Plates were developed to reveal aldehyde or xanthine oxidase enzymatic activities using benzaldehyde (benz.) or
hypoxanthine (hypox.) as substrates and PMS and MTT as electron acceptors. Following development of the purple stains corresponding to the
aldehyde (« and B bands) or xanthine (y band) oxidase activities, plates were photographed. Liver cytosolic extracts were used as positive controls
for the staining procedure (control). C, phenanthridine oxidizing activity of HEK293 cells transfected with the AOH1, AOH2, AO, and XOR ¢DNAs.
Protein extracts (100 ug) from transfected HEK293 prepared as in A were incubated at room temperature for the indicated amount of time with
phenanthridine as a substrate. Oxidation of phenanthridine to 6-phenanthridone was evaluated spectrophotometrically by continuously measuring
the increase in absorbance (AOD) at 322 nm. D, apparent molecular weight of the catalytically active form of AOH1. The mouse AOH1 and AO
enzymes were partially purified by benzamidine-Sepharose affinity chromatography. A Coomassie Blue staining of an SDS-PAGE of the
semi-purified protein preparation (inset a) is shown along with a cellulose acetate zymogram developed with benzaldehyde as the substrate (inset
b). The benzamidine-Sepharose eluate was subjected to gel permeation chromatography on a Superose 6 FPLC column calibrated with proteins of
known molecular weight (thyroglobulin, 660 kDa; ferritin, 440 kDa; catalase, 232 kDa, aldolase, 158 kDa; albumin, 67 kDa). Aliquots of the
collected fractions were subjected to enzymatic and Western blot analyses. The elution profile of the AOH1 enzymatic activity (benzaldehyde-
oxidizing band «) is indicated by the solid line of the chromatogram and was obtained by densitometric analysis (right ordinate axis) of the
zymogram of each column fraction. The dashed line indicates the elution profile of proteins as assessed by determination of the absorbance at 280
nm (left ordinate axis). The thin arrow indicates injection of the sample, and the thick arrow indicates start of fraction collection. Western blot
analyses of the chromatographic fractions using anti-AOH1 and anti-AO polyclonal antibodies are shown in inset ¢ (only peak fractions and
appropriate negative fractions are presented). The right portion of D shows the calibration curve of molecular weight standards along with the
extrapolated apparent molecular weight of the AOH1 and AO proteins. K, = V, — V/V, — V,, where V, is the elution volume for the protein, V,
is the column void volume, and V, is the total bed volume. All the experiments presented are representative of at least three others, giving
essentially the same results.

of the 5 sequences, MoCol-MoCoV, present in DvgAOX (53)
and conserved in XORs and AOs (3-5, 8-10, 12-14, 34, 45—49).
The remarkable resemblance of AOH1 and AOH2 to AO and
XOR suggests that the two proteins are not only molybdo- but
they are also flavoenzymes. Consistent with this, the two novel
proteins share a relatively conserved region upstream of the
molybdenum site, where the as yet unidentified FAD binding
domain of XOR and AO is believed to reside (1). The similarity
among AOH1, AOH2, AO, and XOR extends to the general
structural architecture of the four proteins. In fact, both AOH1
and AOH2 contain amino-terminal domains that have strong
similarity with the two non-identical 2Fe/2S centers typical of
all the AO and XOR proteins. In addition, the multimeric
structure of the catalytically active form of AOH1 is the same
as that of mouse AO.

The two novel proteins AOH1 and AOH2 are more similar to
AO than to XOR. In particular, the lack of an NAD-binding site
conserved in all XORs and the absence of a Glu residue (aa 805
of mouse XOR), which plays a critical role in binding the imino
function of xanthine, support the idea that AOH1 and AOH2
are oxidases acting on substrates different from those of XOR.
In line with this, recombinant AOH1 and AOH2 oxidize phen-
anthridine, a relatively specific substrate of AO, whereas they
are incapable of oxidizing hypoxanthine, which represents a
selective XOR substrate. In addition, AOH1, but not AOH2,
oxidizes benzaldehyde. With respect to this, AOH1 and AO
have the same characteristics as the liver benzaldehyde oxidiz-
ing activities reported by Holmes (36) to be the products of two
genetic loci, named AOX1 and AOX2. Furthermore, that AOH1
and AO are indeed the products of the AOXI and AOX2 loci,
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Fic. 7. Tissue distribution, sex-related differences, and ontogeny of AOH1 and AOH2 mRNAs and proteins. A, tissue distribution of
the AOH1 and AOH2 transcripts. Total RNA (upper panel) or poly(A") RNA (lower panel) was obtained from the indicated tissues. RNA (20
ug/lane) was loaded on a 1% formaldehyde/agarose gel and subjected to Northern blot analysis. After transfer, nylon membranes were hybridized
with the mouse AOH1 and AOH2 full-length cDNAs. The positions of 28 S and 18 S rRNA are shown on the left. B, tissue distribution of the AOH1,
AOH2, and AO proteins. Extracts from the indicated tissues (100 ug of protein/lane) were loaded on 6% polyacrylamide slab gels, transferred to
nitrocellulose membranes, and subjected to Western blot analysis with anti-AOH1 (upper panel), anti-AOH2 (middle panel), and anti-AO
antibodies (lower panel). The position of molecular mass standards is indicated on the left (200 kDa, myosin heavy chain; 97 kDa, phosphorylase
b). C, benzaldehyde oxidase and xanthine oxidase zymograms of tissue extracts. Protein extracts (150 ug/lane) from the indicated tissues were
loaded in the middle of cellulose acetate plates and electrophoresed. Plates were developed for benzaldehyde oxidase (benz.) or hypoxanthine
oxidase (hypox.) activity by overlaying a 1% agarose solution containing PMS, MTT, and benzaldehyde or hypoxanthine. The direction of migration
from the anode (—) to the cathode (+) is indicated on the right. D, gender-specific accumulation of AOH1 and AO transcripts (left panel) and
proteins (right panel) in liver. Protein extracts from liver and lung of three female and male animals were pooled, and aliquots (100 pg of
protein/lane) were subjected to Western blot analysis with anti-AOH1 and anti-AO antibodies as indicated. The position of the molecular weight
standards is indicated on the left (200 kDa, myosin heavy chain; 97 kDa, phosphorylase b; 68 kDa, bovine serum albumin; 43 kDa, ovalbumin).
E, ontogeny of AOH1 and AO transcripts, protein and enzymatic activity. Left panel, total RNA was extracted from livers of 3 newborn and 3 adult
animals and subjected to Northern blot analysis using specific AOH1 and AO cDNA probes as indicated. Middle panel, extracts from livers obtained
from fetuses at different gestational age, from newborn or from adult animals, as indicated, were subjected to Western blot analysis using
anti-AOH1 and anti-AO antibodies. Right panel, extracts from the indicated tissues were electrophoresed on cellulose acetate plates. Plates were
developed for benzaldehyde oxidase (benz.) enzymatic activity, as in C.

A B

Fic. 8. In situ hybridization of the
AOH]1 transcript in liver and testis.
Tissue sections derived from mouse liver
(A and B) and testis (C) were hybridized
with a ®*S-radiolabeled AOH1 antisense
cRNA (A and C) or the corresponding
sense cRNA (B). The magnification of the
light field photographs of A and B is X
200 and that of C is X 400.

respectively, is supported by the ontogeny and the gender-
specific regulation of the two proteins. In addition, along with
AOH2, the AOH1I and AO genes cluster on chromosome 1 at a
short distance from each other,? consistent with Holmés data
(36) for the AOX1 and AOX2 loci. Finally, the structural orga-
nization of the AOHI and AOH2 genes is very similar to that of
AO (22).2 Thus, we propose that AOH1, AOH2, and AO are all
aldehyde oxidase isoenzymes acting on different but overlap-
ping sets of substrates.

The tissue and cell distribution of AOH1 and AOH2 is very
different and suggests distinct physiological functions for the
two proteins. AOH1 is synthesized in the hepatocyte, in the
lung, and the testis. In the liver, the synthesis of the AOH1

2 E. Garattini and M. Terao, manuscript in preparation.

protein is likely to be under the control of male sex hormones,
since the enzyme is present in the male hepatocyte in much
larger amounts than in the female counterpart. The tissue
distribution and the gender-specific regulation of AOH1 is
strikingly similar to that of AO, suggesting remarkable co-
regulation. So far, the only observed difference in the pattern of
expression between the two enzymes is during development. In
fact, the AOH1 gene is expressed in the liver of fetuses and
newborn animals, whereas the AO counterpart is switched on
only during adulthood. All this suggests that AOH1 and AO
serve similar or complementary physiological function and they
may have distinct roles during the development of the male
organism. Significantly, both AOH1 and AO proteins are syn-
thesized in the male but not in the female reproductive organ.
This indicates that the two enzymes may be involved in the
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Fic. 9. In situ hybridization of the AOH2 transcript in the
tongue, esophagus, stomach, and skin. Tissue sections derived from
mouse tongue (A and B), esophagus (C and D), proximal portion of the
stomach (E and F), and foreskin (G and H) were hybridized with a
353-radiolabeled AOH2 antisense cRNA (A and C-H) or the correspond-
ing sense cRNA (B). Light field (4, C, E and G) and dark field (D, F, and
H) micrographs are shown. The magnification of photographs in A and
B is X 400, in C and D is X 40, and in E-H is X 200.

process of maturation of germinal cells in the testis and sug-
gests that the physiological substrate(s) of AOH1 and AO may
be sought for among the metabolites of the sex steroid hormone
pathway.

The tissue and cell distribution of AOH2 is much more re-
stricted than that of AOH1. In fact, expression is limited to the
epithelial component of the mouse squamous mucosae and
skin. In the skin, AOH2 seems to be synthesized during the
first phases of the keratinocyte differentiation program, as
large amounts of the transcript are located in the basal layer of
the epidermis and in the bulbar portion of the hair folliculi.
Consistent with this, AOH2 mRNA levels increase when the
MK mouse keratinocyte cell line is induced to mature along the
keratinocyte pathway following calcium withdrawal from the
culture medium.® Thus, it is possible that AOH2 plays a role in

3 E. Garattini and M. Terao, unpublished results.
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the process of homeostasis and/or differentiation of the kerati-
nocyte and the squamous epithelial cell in more general terms.
With respect to this, it could be speculated that, as already
suggested for AO (32), AOH2 also has a role in the metabolism
of natural retinoids, which are well known determinants of the
differentiation state of the keratinocyte (56).

In conclusion, the identification of two novel members of the
mammalian molybdo-flavoprotein family has already brought
novel information as to the structure, the function, and the
phylogenesis of this class of enzymes. We are currently in the
process of assessing whether human orthologs of mouse AOH1
and AOH2 exist by cloning the respective cDNAs and genes.
The existence of human counterparts for the AOH1 and AOH2
proteins would have profound implications for the etiology and
pathogenesis of rare hereditary diseases known to or purported
to involve molybdo-proteins, such as the combined deficiency of
the molybdenum cofactor (57) and the recessive familial form of
amyotrophic lateral sclerosis (50).

Acknowledgments—We are grateful to Prof. Silvio Garattini for use-
ful suggestions and critical reading of the manuscript.

REFERENCES

1. Hille, R. (1996) Chem. Rev. 96, 27572816
2. Rebelo, J., Macieira, S., Dias, J. M., Huber, R., Ascenso, C. S., Rusnak, F.,
Moura, J. J., Moura, 1., and Romao, M. J. (2000) J. Mol. Biol. 297, 135-146
. Glatigny, A., and Scazzocchio, C. (1995) J. Biol. Chem. 270, 3534-3550
. Sekimoto, H., Seo, M., Dohmae, N., Takio, K., Kamiya, Y., and Koshiba, T.
(1997) oJ. Biol. Chem. 272, 15280-15285
5. Ori, N,, Eshed, Y., Pinto, P., Paran, 1., Zamir, D., and Fluhr, R. (1997) J. Biol.
Chem. 272, 1019-1025
6. Wright, R. M., Clayton, D. A, Riley, M. G., McManaman, J. L., and Repine,
J. E. (1999) J. Biol. Chem. 274, 3878-3886
7. Garrett, R. M., Bellissimo, D. B., and Rajagopalan, K. V. (1995) Biochim.
Biophys. Acta 126, 147-149
8. Terao, M., Cazzaniga, G., Ghezzi, P., Bianchi, M., Falciani, F., Perani, P., and
Garattini, E. (1992) Biochem. J. 283, 863—870
9. Amaya, Y., Yamazaki, K., Sato, M., Noda, K., and Nishino, T. (1990) J. Biol.
Chem. 265, 14170-14175
10. Terao, M., Kurosaki, M., Zanotta, S., and Garattini, E. (1997) Biochem. Soc.
Trans. 25, 791-796
11. Berglund, L., Rasmussen, J. T., Andersen, M. D., Rasmussen, M. S., and
Petersen, T. E. (1996) J. Dairy Sci. 79, 198-204
12. Saksela, M., and Raivio, K. (1996) Biochem. J. 315, 235-239
13. Li-Calzi, M., Raviolo, C., Ghibaudi, E., de Gioia, L., Salmona, M., Cazzaniga,
G., Kurosaki, M., Terao, M., and Garattini, E. (1995) J. Biol. Chem. 270,
31037-31045
14. Kurosaki, M., Demontis, S., Garattini, E., and Terao, M. (1999) Biochem. J.
341, 71-80
15. Huang, D. Y., Furukawa, A., and Ichikawa, Y. (1999) Arch. Biochem. Biophys.
364, 264-272
16. Wright, R. M., Vaitaitis, G. M., Wilson, C. M., Repine, T. B., Terada, L. S., and
Repine, J. E. (1993) Proc. Natl. Acad. Sci. U. S. A. 90, 10690-10694
17. Krenitsky, T. A., Neil, S. M., Elion, G. B., and Hitchings, G. H. (1972) Arch.
Biochem. Biophys. 150, 585-599
18. Carpani, G., Racchi, M., Ghezzi, P., Terao, M., and Garattini, E. (1990) Arch.
Biochem. Biophys. 279, 237-241
19. Yoshihara, S., and Tatsumi, K. (1985) Arch. Biochem. Biophys. 242, 213-224
20. Cazzaniga, G., Terao, M., Lo Schiavo, P., Galbiati, F., Segalla, F., Seldin, M. F.,
and Garattini, E. (1994) Genomics 23, 390-402
21. Terao, M., Kurosaki, M., Demontis, S., Zanotta, S., and Garattini, E. (1998)
Biochem. J. 332, 383-393
22. Demontis, S., Kurosaki, M., Saccone, S., Motta, S. Garattini, E., and Terao, M.
(1999) Biochim. Biophys. Acta 1489, 207-222
23. Kurosaki, M., Zanotta, S., Li Calzi, M., Garattini, E., and Terao, M. (1996)
Biochem. J. 319, 801-810
24. Kurosaki, M., Li Calzi, M., Scanziani, E., Garattini, E., and Terao, M. (1995)
Biochem. <J. 306, 225-234
25. Fridovich, 1. (1970) J. Biol. Chem. 245, 4053—4057
26. Parks, D. A., and Granger, D. N. (1983) Am. J. Physiol. 245, G285-G289
27. Page, S., Powell, D., Benboubetra, M., Stevens, C. R., Blake, D. R., Selase, F.,
Wolstenholme, A. J., and Harrison, R. (1998) Biochim. Biophys. Acta 1381,
191-202
28. Akaike, T., Ando, M., Oda, T., Doi, T., Ijiri, S., Araki, S., and Maeda, H. (1990)
J. Clin. Invest. 85, 739745
29. Huang, D. Y., and Ichikawa, Y. (1994) Biochem. Biophys. Res. Commun. 205,
1278-1283
30. McGeer, E. J., and McGeer, P. L. (eds) (1978) Molecular Neurobiology of
Mammealian Brain, Plenum Publishing Corp., New York
31. Fabre, G., Seither, R., and Goldman, I. D. (1986) Biochem. Pharmacol. 35,
1325-1330
32. Cates, L. A., Jones, G. S., Jr., Good, D. J., Tsai, H. Y., Li, V. S., Caron, N., Tu,
S. C., and Kimball, A. P. (1980) J. Med. Chem. 23, 300-304
33. Berger, R., Mezey, E., Clancy, K. P., Harta, G., Wright, R. M., Repine, J. E.,
Brown, R. H., Brownstein, M., and Patterson, D. (1995) Somatic Cell Mol.

8102 ‘€z AInc uo 1s8nb Aq /B10°0g'mmmy/:dny wiouy pepeojumoq


http://www.jbc.org/

30700

34.

35.
36.
37.
38.
39.
40.
41.
42.
43.

44.

Genet. 21, 121-131

Sekimoto, H., Seo, M., Kawakami, N., Komano, T., Desloire, S., Liotenberg, S.,
Marion-Poll, A., Caboche, M., Kamiya, Y., and Koshiba, T. (1998) Plant Cell
Physiol. 39, 433—442

Wright, R. M., and Repine, J. E. (1997) Biochem. Soc. Trans. 25, 799-804

Holmes, R. S. (1979) Biochem. Genet. 17, 517-528

Maniatis, T., Fritsch, E. F., and Sambrook, J. (eds) (1989) Molecular Cloning:
A Laboratory Manual, Cold Spring Harbor Laboratory, Cold Spring Harbor,
NY

Sanger, F., Nicklen, S., and Coulson, A. R. (1977) Proc. Natl. Acad. Sci. U. S. A.
74, 5463-5467

Holmes, R. S. (1978) Comp. Biochem. Physiol. B Comp. Biochem. Mol. Biol. 61,
339-347

Taylor, S. M., Stubley-Beedham, C., and Stell, J. G. P. (1984) Biochem. J. 220,
67-74

Tam, J. P. (1988) Proc. Natl. Acad. Sci. U. S. A. 85, 5409-5414

Persico, M. G., Viglietto, G., Martini, G., Toniolo, D., Paonessa, G., Moscatelli,
C., Dono, R., Vulliamy, T., Luzzatto, L., and D’Urso, M. (1986) Nucleic Acids
Res. 14, 2511-2520

Angerer, L. M., and Angerer, R. C. (1992) in In Situ Hybridization: A Practical
Approach (Wilkinson, D. G., ed) pp. 15-32, IRL Press at Oxford University
Press, Oxford

Hofmann, K., Bucher, P., Falquet, L., and Bairoch, A. (1999) Nucleic Acids Res.
27, 215-219

45.

46.
47.

48.
49.

50.

51.

52.

53.
54.
55.

56.
57.

Cloning of cDNAs for Two Novel Molybdo-flavoenzymes

Keith, T. P, Riley, M. A., Kreitman, M., Lewontin, R. C., Curtis, D., and
Chambers, G. (1987) Genetics 116, 67-73

Yasukochi, Y., Kanda, T., and Tamura, T. (1998) Genet. Res. 71, 11-19

Sato, A., Nishino, T., Noda, K., Amaya, Y., and Nishino, T. (1995) «J. Biol.
Chem. 270, 2818-2826

Houde, M., Tiveron, M. C., and Bregegere, F. (1989) Gene (Amst.) 85, 391-402

The Caenorhabditis elegans Sequencing Consortium (1998) Science 282,
2012-2018

Hosler, B. A, Sapp, P. C., Berger, R., O’'Neill, G., Bejaoui, K., Hamida, M. B.,
Hentati, F., Chin, W., McKenna-Yasek, D., Haines, J. L., Patterson, D.,
Horvitz, H. R., Brown, R. H., Jr., and Day, C. B. (1998) Neurogenetics 2,
34-42

Correll, C. C., Ludwig, M. L., Bruns, C. M., and Karplus, P. A. (1993) Protein
Sci. 2,2112-2133

Thoenes, U., Flores, O. L., Neves, A., Devreese, B., Van Beeumen, J. J., Huber,
R., Romao, M. J., LeGall, J., Moura, J. J., and Rodrigues-Pousada, C. (1994)
Eur. J. Biochem. 220, 901-910

Romao, M. J., Archer, M., Moura, 1., Moura, J. J. G., LeGall, J., Engh, R.,
Schneider, M., Hof. P., and Huber, R. (1995) Science 270, 1170-1176

Glatigny, A., Hof, P., Romao, M. J., Huber, R., and Scazzocchio, C. (1998) /.
Mol. Biol. 278, 431-438

Nishino, T., and Nishino, T. (1989) J. Biol. Chem. 264, 5468—-5473

Sasai, Y., and De Robertis, E. M. (1997) Dev. Biol. 182, 5-20

Reiss, J. (2000) Hum. Genet. 106, 157-163

8102 ‘€z AInc uo 19nb Aq /6.10°9q [ mamwwy//:dny wioly papeojumoq


http://www.jbc.org/

Cloning of the cDNAs Coding for Two Novel Molybdo-flavoproteins Showing High
Similarity with Aldehyde Oxidase and Xanthine Oxidoreductase
Mineko Terao, Mami Kurosaki, Giuliana Saltini, Silvia Demontis, Massimiliano Marini,
Mario Salmona and Enrico Garattini

J. Biol. Chem. 2000, 275:30690-30700.
doi: 10.1074/jbc.M005355200 originally published online July 11, 2000

Access the most updated version of this article at doi: 10.1074/jbc.M005355200

Alerts:
* When this article is cited
* When a correction for this article is posted

Click here to choose from all of JBC's e-mail alerts

This article cites 54 references, 24 of which can be accessed free at
http://www.jbc.org/content/275/39/30690.full.html#ref-list-1

810z ‘sz AInc uo 1sanb Aq /610 oq [ mmmy/:dny wiody pepeojumoq


http://www.jbc.org/lookup/doi/10.1074/jbc.M005355200
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;275/39/30690&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/275/39/30690
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=275/39/30690&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/275/39/30690
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/275/39/30690.full.html#ref-list-1
http://www.jbc.org/

