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ABSTRACT Urate oxidase, or uricase (EC 1.7.3.3), is a
peroxisomal enzyme that catalyzes the oxidation of uric acid to
allantoin in most mammals. In humans and certain other
primates, however, the enzyme has been lost by some unknown
mechanism. To identify the molecular basis for this loss, urate
oxidase cDNA clones were isolated from pig, mouse, and
baboon, and their DNA sequences were determined. The mouse
urate oxidase open reading frame encodes a 303-amino acid
polypeptide, while the pig and baboon urate oxidase cDNAs
encode a 304-amino acid polypeptide due to a single codon
deletion/insertion event. The authenticity of this single addi-
tional codon was confirmed by sequencing the mouse and pig
genomic copies of the gene. The urate oxidase sequence con-
tains a domain similar to the type 2 copper binding motif found
in other copper binding proteins, suggesting that the copper ion
in urate oxidase is coordinated as a type 2 structure. Based
upon a comparison of the NH2-terminal peptide and deduced
sequences, we propose that the maturation of pig urate oxidase
involves the posttranslational cleavage of a six-amino acid
peptide. Two nonsense mutations were found in the human
urate oxidase gene, which confirms, at the molecular level, that
the urate oxidase gene in humans is nonfunctional. The se-
quence comparisons favor the hypothesis that the loss of urate
oxidase in humans is due to a sudden mutational event rather
than a progressive mutational process.

Uric acid is catabolized to allantoin by urate oxidase, or
uricase (E.C. 1.7.3.3.), in most vertebrates except humans,
some primates, birds, and some species of reptiles (1). In
mammals, this enzyme is localized predominantly in liver and
is associated with the peroxisome as a tetramer with a subunit
molecular mass of 32-33 kDa (2, 3).

Urate oxidase has attracted considerable interest for several
reasons: (i) It has a unique evolutionary feature in that the
enzyme has been lost during primate evolution with no obvi-
ous explanation (4, 5). (ii) The development of mice with
complete hypoxanthine-guanine phosphoribosyltransferase
deficiency that do not display any of the symptoms of Lesch-
Nyhan syndrome has raised the possibility that the presence
of urate oxidase in these mice may somehow protect them
from neurological damage (6). (iii) The enzyme has been used
as a peroxisomal marker (7) and is potentially a good system
for studying protein sorting into peroxisomes (8).
The biological reason for the loss of urate oxidase activity

in humans and certain primates is unknown. According to
one view, this loss has had a distinctly beneficial effect. It has
been shown that uric acid is a powerful antioxidant and a
scavenger of free radicals; therefore, a high serum uric acid
level caused by the loss of urate oxidase activity may have
contributed to a decreased cancer rate and a lengthened
hominoid life span (9). According to another view, however,
the loss of urate oxidase is an unfortunate accident in the

evolution of man and is primarily responsible for the meta-
bolic disturbances leading to gouty arthritis and all its crip-
pling and sometimes fatal complications (1).
We have previously described the cloning of a pig urate

oxidase cDNA by a cDNA amplification procedure and have
shown that although there is a homologous sequence in the
human genome (10), no mRNA can be detected (11). These
results have recently been confirmed by another group (12).
The cDNA sequence of rat urate oxidase has recently been
reported by three different groups (12-14); however, there
are substantial differences in the published sequences. In this
report we present the full-length sequence of pig urate
oxidase cDNA and describe the isolation and characteriza-
tion of two other urate oxidase cDNAs from mouse and
baboon.¶ We have analyzed in detail the urate oxidase
sequence differences between these species and clarified the
differences in the rat sequences previously reported by others
(12-14). A putative copper binding sequence is identified and
the evolutionary implications are discussed. Finally, by
showing that at least two premature chain termination mu-
tations are found in the human urate oxidase gene, we
confirm that the human urate oxidase gene is indeed inactive.

MATERIALS AND METHODS
Purification of Pig and Mouse Urate Oxidase, Preparation of

Antiserum, and Immunoblotting. Partially purified pig liver
urate oxidase was obtained from Sigma. Mouse liver urate
oxidase was partially purified by the procedure ofConley and
Priest (15) from mouse liver and then further purified to
homogeneity by SDS/PAGE and electroelution according to
the procedure of Hunkapiller et al. (16). Antiserum against
pig liver urate oxidase was raised in goat (100 ,gg of the
purified protein per injection) as described by Warr (17).

Immunoblotting was carried out by separating the proteins
on an SDS/12% polyacrylamide gel and electroblotting to a
nitrocellulose membrane (Bio-Rad) as described (18, 19). The
membrane was incubated with the antiserum, and the anti-
gen-antibody complexes were identified by '25I-labeled pro-
tein A (NEN) according to Burnette (20).

holation of Urate Oxidase cDNA Clones and DNA Sequenc-
ing. Liver cDNA libraries of pig, mouse, and baboon were
constructed in the A ZAP vector (Stratagene) by using
oligo(dT) priming by the procedure of Gubler and Hoffman
(21). Isolation of an authentic pig urate oxidase cDNA probe
(pUO-1) and the full-length pig urate oxidase cDNA have
been previously described (10). pUO-1 was used to screen the
mouse and baboon libraries at high stringency [5 x SSC (lx
SSC = 0.15 M sodium chloride/0.15 M sodium citrate, pH
7)/50% (vol/vol) formamide at 42°C] according to the pro-
cedure of Benton and Davis (22). DNA sequencing was
performed by the Sanger dideoxy method (23).

tTo whom reprint requests should be addressed.
IThe sequences reported in this paper have been deposited in the
GenBank data base (accession nos. M27694-M27698).
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Polymerase Chain Reaction. The genomic fragment at the
codon deletion/insertion region of pig urate oxidase was
isolated by the polymerase chain reaction according to Kogan
et al. (24) by using 500 ng ofgenomic DNA as template. Thirty
cycles of DNA polymerization (67TC, 3 min), denaturation
(94TC, 30 sec), annealing (30'C, 1 min), and 5 units of Thermus
aquaticus (Taq) DNA polymerase (Perkin-Elmer/Cetus)
were used. Two oligonucleotide primers for polymerase
chain reaction amplification were manufactured on an Ap-
plied Biosystems (ABI) 380B DNA synthesizer. The se-
quences of the primers are 5'-ACCCTCCCTGAGGTGAA-3'
(17-mer) and 5'-CCTTTGTCATAGGGCCCAGCAAATT-
TCT-3' (28-mer).

Sequence Comparison. Comparison of the deduced amino
acid sequences of pig, mouse, and baboon urate oxidase was
based on the Poisson process as described elsewhere (25).
Briefly, the proportion (p) of different amino acids between
the two sequences and the expected number of amino acid
substitutions per site can be related to each other by the
Poisson process in probability theory. This simple mathe-
matical model is accurate unless a very long evolutionary
time span is considered. The formulations used in the calcu-
lation are r = d/(2t), p = nd/n, d = -loge(1 - p), and V(d)
= p/[(l - p)n], where r is the rate of amino acid substitution
per year per site, d is the average number of amino acid
substitutions per site, t is the evolutionary time, p is the
proportion of different amino acids between the two se-
quences, V(d) is the variance of d, n represents the total
number of amino acids compared, and nd is the number of
different amino acids. In this comparison, deletions or inser-
tions were ignored.

A

Isolation and Sequencing of the Human Urate Oxidase Gene.
The human urate oxidase gene was isolated from a human
genomic library (EMBL3) by using the pUO-b cDNA as a
probe according to the method of Benton and Davis (22).
DNA fragments containing individual exons were subcloned
into pTZ18 or -19 (Pharmacia) and sequenced by the Sanger
dideoxy method (23).

RESULTS
Analysis of cDNA Clones and Deduced Amino Acid Se-

quences. cDNA clones pUO-m (1.9 kilobases) and pUO-b (1.4
kilobases) were isolated from mouse and baboon liver cDNA
libraries, respectively, by using pUO-1 as a probe. DNA
sequencing of all three clones showed that each clone has a
single open reading frame corresponding to 304 amino acids
for pUO-p (pig) and pUO-b (baboon) and 303 amino acids for
pUO-m (mouse). The molecular mass of the urate oxidase
monomer, calculated from the deduced amino acid se-
quences, is 35,013 Da for pUO-p, 34,983 Da for pUO-b, and
35,044 Da for pUO-m. The predicted molecular masses are
close to the observed molecular masses of the purified
proteins (2, 3). Alignment of the cDNA sequences around the
coding region and the deduced amino acid sequences are
shown in Fig. 1. The sequences are highly conserved
throughout the coding region; most of the amino acid changes
are conserved substitutions. Several highly conserved do-
mains are found (e.g., the amino acid sequence at positions
10-80 and 139-199).
A Putative Copper Binding Domain. Urate oxidase is

known to be a copper binding protein (26, 27). Two different
copper binding sequences have been well characterized in

30 60 90 120
baboon CCAGAAGAAAeCCGACTACCATAACAA C¶tATAAAAAGAATGATGAATTGGAGTTTGT CCGAACTGGCTATGGGAAGGATATGGTAAA AGTTCTCCATATTCAGCGAGATGGAAAATA
mouse : TTC-GGA-- - C-T------G---- ---CGG-------------G----A-----------------------A--C-----C-- ----------------A-------------
pig : G--A-G-G- --TC-T----G---TG- ---C--------------GG-A-------- ----------------A---- -----___________

150 180 210 240
baboon: TCACAGCATTAAAGAGGTGGCAACTTCAGT GCAACTTACTCTGAGTTCCAAAAAAGATTA CCTGCATGGAGATAATTCAGATATCATCCC TACAGACACCATCAAGAACACAGTTCATGT
mouse : C--------C--------------G-- C--GT-G--------G-----G--G--------A--C--T--------C--C-------- ---------------------T--G--C--
-ic_---------------------------- ------ G---T----C-------------- ----------C--C --------G------- A-----------------------A----k-,II

baboon:
mouse :
pig :

baboon:
mouse :
pig :

baboon:
mouse :

270 300 330 330
CTTGGCAAAGTTTAAGGGAATCAAAAGCAT AGAAGCCTTTGGTGTGAATATTTGTGAGTA TTTTCTTTCTTCTTTTAACCATGTAATCCG AGCTCAAGTCTACGTGGAAGAAATCCCTTG
-C----G---C-C-GA--G----G--A--- C--GA------CAA ----C --C -- C- C--C--C-----------------C-CT-- ---C--C--------------GG----C--
-C----G-----C--A--C ----------- ---- A-T----C-----C---C------C- ---C-------- C--C--G ----C---A- ------------T--------- G-T-----

390 420 450 480
GAAGCGTCTTGAAAAGAATGGAGTTAAGCA TGTCCATGCATTTATTCACACTCCCACTGG AACACACTTCTGTGAAGTTGAACAACTGAG AAGTGGACCCCCCGTCATTCATTCTGGAat
---A--AT-------------GA-C--A-- C-----------C--C-----C--G--------G-----------G--G--G--GA---- --AC-----T---------- C--------
-------T-------_______________ ----------------T-T-----T--------G-----------GG-------GA-A-- G-A------T--A-----------------

510 540 570 600
CAAAGACCTCAAGGTCTTGAAAACAACACA GTCTGGATTTGAAGGTTTCATCAAGGACCA GTTCACCACCCTCCCTGAGGTGAAGGACCG ATGCTTTGCCACCCAAGTGTACTGCAAGTG
---------------------------C-- ------G--------G---C---------- ------T----------------------- ------------T-----------------
---------A--A--------------C-- ------C--------A-------------------------------------------- G--------------------------A--

630 660 690 720
baboon GCGCTACCACCAGTGCAGGGATGTGGACTT CGAGGCTACCTGGGGCACCATTCGGGACCT TGTCCTGGAGAAATTTGCTGGGCCCTATGA CAAAGGCGAGTACTCACCCTCTGTGCAGAA
mouse :---------...-A-AC----C-------- --------T-------G-TG-C------A- -------C---------------------- ------T--A------- T--C--------
pig :-------------G---A----------- T-----C-------A---TG--A--AG-A- -------C---------------------- ---------------G------- C-----

750 780 810 840
baboon GACCCTCTATGATATCCAGGTGCTCTCCCT GAGCCGAGTTCCTGAGATAGAAGATATGGA AATCAGCCTGCCAAACATTCACTACTTCAA TATAGACATGTCCAAAATGGGTCTGATCAA
mouse ----------------A--A-----G----- -----AGC----------------C----- ---------T--G--------------T-- C--C-----------------A--------
pig A---------C----- A---- -G---AG---------------------- ---------------T-----------A-- C--------------------A--------

870 900 930
baboon: CAAGGAAGAGGTCTTGCTGCCATTAGACAA TCCATATGGAAAAATTACTGGTACAGTCAA GAGGAAGTTGTCTTCAAGACT(4fGAZATTG TGGCCA
mouse ------------T--------TC-C----- ---C--C--C-----A--A--G-------- -------C--C----C--G--±- G-CA ----TC
pig -------------------A--T-------- ---------C-GG----------------- -------C--A-------G--- __TG--A -----C

B 20 40 60
baboon: MADYHNNYKKNDELEFVRTG YGKDMVKVLHIQRDGKYHSI KEVATSVQLTLSSKKDYLHG
mouse --H--D--G----V------ -------------------R------------R--------
pig --H-R-D------V------ -----I-------------- --------------------

80 100 120
baboon: DNSDIIPTDTIKNTVHVLAK FKGIKSIEAFGVNICEYFLS SFNHVIRAQVYVEEIPWKRL
mouse :-------------------- LR--RN--T-AM----H--- -----T--H-----V----F
pig ----V----------N---- -------- T-A-T---H--- --K----------V----F

140 160 180
baboon EKNGVKHVHAFIHTPTGTHF CEVEQLRSGPPVIHSGIKDL KVLKTTQSGFEGFIKDQFTT
mouse ----I--------------- -----M-N.------------------------L------
pig -------------Y------- -----I-N------------ --------------------

200 220 240
baboon LPEVKDRCFATQVYCKWRYH QCRDVDFEATWGTIRDLVLE KFAGPYDKGEYSPSVQKTLY
mouse :------------------- R------- I--AV--I--Q --------------------
pig :-------------------- -G---------D-V-SI--Q --------------------

260 280 300
baboon: DIQVLSLSRVPEIEDMEISL PNIHYFNIDMSKMGLINKEE VLLPLDNPYGKITGTVKRKL
mouse :--------QL---------- -------------------- --------------------

pig :-----T-GQ----------- -----L-------------- ----------R---------

baboon SSRL
mouse :P---
pig :T---

FIG. 1. Alignment of the urate oxidase DNA and
amino acid sequences from baboon, mouse, and pig. (A)
Alignment of the sense strand of the cDNA sequences
around the coding region. The translation start codon
ATG and stop codon TGA are indicated by the open
boxes. (B) Alignment of the deduced amino acid se-
quences. The amino acid sequences are given as stan-
dard single-letter designations. Dashes indicate identical
bases or amino acids, and dots indicate the deleted
codons or amino acids.
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UO mouse

SOD yeast

SOD human
SOD bovine
Cp human
CCO bovine
CCO human

120[ K N G I KH V H A F I H T P T T H F C E V E

40 N A E R GFH I H E F G D A T D V RA G P Hf
40 G L H FHVH Q F G N D T A T S A G P H

40 G D H G F V 8 Q F G D N T Q G T S A G P

87 L H T V F H G H S F Q Y K H R JV YLS S D V F

18 E L LHF H D H T L M I V F L I S S L V L Y I

18 E L I T DUHALMII FLIaFLVLY A

FIG. 2. Sequence similarity of the amino acid sequence of urate
oxidase with the type 2 copper binding site as represented by bovine
Cu/Zn superoxide dismutase and other copper binding proteins (29).
The amino acid sequences are given as standard single-letter desig-
nations. The circled histidine residues are copper binding ligands that
have been identified by x-ray crystallography (30, 31). Highly
conserved amino acids are enclosed in the open boxes. The numbers
at the start ofeach peptide identify the amino acid position within the
complete protein. UO, urate oxidase; SOD, superoxide dismutase;
Cp, ceruloplasin; CCO, cytochrome c oxidase.

other copper binding proteins and are known as type 1 and
type 2 binding sites (28). The urate oxidase sequence at
positions 121-144 shows a significant similarity to the type 2
binding site (Fig. 2). This type of copper binding site is
represented by Cu/Zn-superoxide dismutase, in which the
copper ion is bound to three nearby histidines and a fourth
more distant histidine (30, 31). Urate oxidase shows the same
double histidine binding motif as the Cu/Zn-superoxide dis-
mutase (histidine-valine-histidine), while a histidine to glu-
tamate change occurs at the position of the third histidine
ligand. Several more histidine residues are found toward the
COOH terminus in the sequence and could serve as the third
and fourth possible copper binding ligands. The similarity
between the type 2 binding sequence and sequences from
other copper-containing proteins such as cytochrome c oxi-
dase and ceruloplasin (29) suggests that the copper ions are
bound in a similar fashion. In addition to the histidine
residues, several other amino acids, such as glutamate,
phenylalanine, and glycine are also conserved within the
putative copper binding region.
A Codon Is Missing in Mouse Urate Oxidase Sequence.

When compared to the baboon and pig urate oxidase se-
quences, a histidine residue is missing from the mouse urate
oxidase sequence at amino acid position 200. This could
result from either a deletion of a codon in the mouse or a
insertion of a codon into the pig and baboon urate oxidase
genes. The exact position of the deletion/insertion was
estimated by the best sequence alignment. To exclude the
possibility of a sequencing error and to further study the
mechanism behind this event, urate oxidase genomic DNA
clones were isolated from a mouse genomic library (X.W.,
unpublished data), and the corresponding exons were se-
quenced (Fig. 3). The pig urate oxidase genomic DNA
corresponding to this region of the cDNA was also isolated
by the polymerase chain reaction with two primers flanking
the region (24). By sequencing the genomic clones, it was
confirmed that it is indeed a deletion/insertion event since
the exon sequences are identical to the corresponding cDNA

A
1 2

i..
6 6
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4 3-'

f

3 1-:

B
1 2

C
1 2

D Rat: Ala His Tyr His Asp Asp Tyr Gly
Pig: Asp Tyr Gly Lys Asn Asp Glu Val.

FIG. 4. The size and NH2-terminal peptide sequence differences
of urate oxidase. (A-C) Lane 1, purified pig urate oxidase. Lane 2,
purified mouse urate oxidase. (A) Coomassie blue-stained SDS/
polyacrylamide gel. (B) Immunoblot with antiserum against the pig
urate oxidase. (C) Immunoblot with preimmune serum. Molecular
size markers (in kDa) are indicated at right. (D) The NH2-terminal
amino acid sequences of the rat and pig urate oxidase (10, 13).

sequences. A trinucleotide repeat (ACCACC or CCACCA) is
found in the pig urate oxidase sequence (both in the cDNA
and the genomic clones) at the deletion/insertion region,
whereas there is no such repeat in mouse urate oxidase
sequence. This suggests that the trinucleotide repeat led to
the deletion/insertion.

Posttranslational Modification of Pig Urate Oxidase. Al-
though the three urate oxidase cDNA clones contain open
reading frames of almost identical lengths, the pig urate
oxidase is about 1 kDa smaller than that of the mouse when
assessed by SDS/PAGE (Fig. 4A). The purified pig urate
oxidase protein is reported to migrate at 32,000 Da (3),
whereas the purified mouse urate oxidase protein exhibits a
molecular mass of 33,000 Da, which is identical to the
molecular mass of the rat urate oxidase (32). The identity of
the proteins was confirmed by Western blotting with antise-
rum raised against pig urate oxidase (Fig. 4 B and C). A
comparison of the NH2-terminal peptide sequence between
pig (10) and rat urate oxidase (13) demonstrates that the NH2
terminus of pig urate oxidase is six amino acid residues
shorter than that of the rat (Fig. 4D). We propose that
posttranslational cleavage of pig urate oxidase leads to the
size difference observed between pig and rodent (rat and
mouse) urate oxidase.
Sequence Comparison and Implications in Evolution. The

deduced amino acid sequences exhibit less than 10% diver-
sity among the different species examined. Most substitu-
tions are conserved changes; however, three substitutions
found in the mouse sequence are quite unexpected (isoleu-
cine to threonine at position 105, threonine to isoleucine at
position 210, and serine or threonine to proline at position
301). These changes have been confirmed by sequencing the
corresponding exons to exclude the possibility of cloning

intron exon

...TGG CGC TAC *** CAG AGA CGG GAC GTG GAC TTC GAG GCT ATC TGgtatgg...tcctagG GGC GCT GTC CGG...

mnouse

Trp Arg Tyr *** Gln Arg Arg Asp Val Asp Pha Glu Ala Ile Trp Gly Ala Val Arg

Trp Arg Tyr His Gln Gly Arg Asp Val Asp Pha Glu Ala Thr Trp Asp Thr Val Arg

pig

... TGG CGC TAC CAC CAG GGC AGA GAT GTG GAC TTT GAG GCC ACC TGgtatgg.. .ttttagG GAC ACT GTT AGG ....

exon intron exon

FIG. 3. The deletion/insertion
site is within a single exon. Genomic
DNA sequences and deduced amino
acid sequences of mouse (Upper) and
pig (Lower) urate oxidase at the
codon deletion/insertion region. The
exon sequence is in uppercase letters
and the intron sequence is in lower-
case letters. The asterisks indicate the
deleted codon or amino acid. The site
of the deletion/insertion has been
determined by the best sequence
alignment.
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Table 1. Comparison of deduced urate oxidase amino
acid sequences

Baboon Mouse Pig
Baboon 30 (9.91%) 29 (9.5%)
Mouse 0.104 ± 0.019 32 (10.5%)
Pig 0.100 ± 0.019 0.111 ± 0.020
The total number ofamino acids compared is 304. The values in the

upper right are the amino acid differences between two species (nd).
The numbers in parentheses are the percentages of the differences
(p). The values in the lower left are the estimates of the average (±
SD) number of amino acid substitutions per site between two species
(d).

artifacts (X.W., unpublished data). Several highly conserved
domains in the sequences suggest that these regions are
important in the structure and function of the enzyme. The
sequence comparison results based upon the Poisson process
are summarized in Table 1 (25). Two conclusions can be
drawn from these results. First, both amino acid differences
(nd) and the average amino acid substitutions per amino acid
site (d) suggest that the urate oxidase sequence in baboon is
still highly conserved, despite the fact that urate oxidase
activity has been lost in humans and apes. Secondly, assum-
ing that the species divergence between baboon and pig
occurred approximately 60 million years ago (33) and that the
mouse diverged from pig and baboon about 75 million years
ago (34), the rate of amino acid substitutions of urate oxidase
is estimated to be 0.7-0.8 x 10-12 amino acid substitutions
per amino acid site per year. This value is below the average
for a variety of proteins that have been examined to date (35).
Thus, the selective pressure for urate oxidase has been
maintained over the course of baboon evolution, and it
appears unlikely that the accumulation of multiple mutations
accounts for the loss of urate oxidase activity in humans.
Two Nonsense Mutations in the Human Urate Oxidase Gene.

Three A clones of the human urate oxidase gene were
isolated, and the sequences of four exons were determined.
Two nonsense mutations were identified at amino acid po-
sitions 33 and 187. In both cases, codons for arginine (CGA
or AGA) gave rise to stop codons (TGA) (Fig. 5). The
presence of these premature stop codons in the coding region
clearly indicates that the urate oxidase gene in human is
inactive.

ctgtgttttcattgcag AAT GAT GAG GTG GAG TTT GTC CGA ACT GGC TAT GGG AAG
asn asp glu val glu phe val arg thr gly tyr gly lys

31
GAA ATG GTA AAA GTT CTC CAT ATT CAG = GAT GGA AAA TAT CAC AGC ATT
glu met val lye Val leU his i1 gln A asp gly lye tyr his sar ile

51
AAA GAG GTG GCA ACT TCA GTG CAA CTT ACT CTA AGT TCC AAA AAA GAT TAC
lye glu Val ala thr Jer val gin l-u thr lou ser ser lye lys asp tyr

71
CTG CAT GGA GAT AAT TCA GAC ATC ATC CCT ACA GAC ACC ATC AAG AAC ACA
leu his gly asp asn ear sap ile ils pro thr asp thr il- lye asn thr

GTT CAT GTC TTG GCA AAG TTT AAA GAA gtatgtgtcacttcttc
val his val l-u ala lye ph. lye glu

149
tacttgaaacag GGA CCC CAA GTC ATT CAT TCT GGA ATC AAA GAC CTC AAG GTC

gly pro gln val il- his Jer gly il lye asp leu lye val
169

TTG AAA ACA ACA CAG TCT GGA TTT GAA GGT TTC ATC AAG GAC CAG TTC ACT
leu lys thr thr gln ser gly phe glu gly phe ile lye asp gln phe thr

109
ACC CTC CCT GAG GTG AAG GAC 2" TGC TTT GCC ACC CAA GTG TAC TGC AAG
thr leu pro glu val lye asp AM= cys phe ale thr gln val tyr cys lye

209
TGG CGC TAC CAC CAG TGC AGG GAT GTG GAC TTC AAG GCT ACC TG gtatgaac
trp arg tyr his gln cys arg asp val asp phs lys ala thr trp

FIG. 5. The sequences of two exons from the human urate
oxidase gene contain the two nonsense mutations. The exon se-
quence is in uppercase letters and the intron sequence is in lowercase
letters. The deduced amino acid sequence is shown below the DNA
sequence. The nonsense mutations are in boldface letters. The
numbers above the sequence are the amino acid positions corre-
sponding to the baboon urate oxidase.

DISCUSSION
We have isolated and sequenced three urate oxidase cDNA
clones from three mammalian species: pig, baboon, and
mouse. The corresponding sequence in clone pUO-p matches
the sequence ofpUO-1, which we had previously determined
(10). The sequences we present here contain the same open
reading frame and approximately 90% sequence identity with
the rat sequence recently reported by Reddy et al. (12). This
suggests that the substantial sequence differences between
various published rat urate oxidase sequences is likely due to
sequencing errors that result in frame shifts and shortened
open reading frames (13, 14).
A histidine residue is missing not only in the mouse urate

oxidase but also in the rat urate oxidase sequence. This
deletion/insertion site is found within a single exon and thus
the possibility of it being due to an aberrant splicing event is
unlikely. The trinucleotide repeat within this region suggests
that the loss or gain of a codon could have resulted from a
duplication or deletion ofone of the trinucleotides at the level
of DNA replication or recombination. Similar trinucleotide
repeats have been shown to lead to deletions in some other
systems, such as the mutation of human hypoxanthine-
guanine phosphoribosyltransferase gene in a Lesch-Nyhan
patient (36) and the mutation in hamster adenosine phospho-
ribosyltransferase locus (37).
The phylogenetic relationship of the mouse, pig, and

baboon species is controversial (38, 39). Since both the pig
and baboon urate oxidase contain this histidine residue, this
would suggest that baboons are in fact evolutionally closer to
pigs than to mice. This is supported by the fact that the human
gene also contains this residue. A phylogenetic tree based
upon the progressive alignments of the urate oxidase se-
quences of mouse, pig, and baboon would also support this
conclusion (X.W., unpublished data).

In vitro studies of rat liver urate oxidase have shown that
the enzyme is synthesized on free polysomes and translo-
cated into peroxisomes without posttranslational processing
(8). Based upon indirect evidence, we suggest that the
maturation of pig liver urate oxidase involves the posttrans-
lational cleavage of a six-amino acid leader peptide from the
NH2 terminus. The sequence being cleaved is located within
a less conserved region. Although the function of this cleav-
age is unclear, it does not seem to reduce the enzyme activity
(26). One possible explanation is that a proteolytic cleavage
site was generated in the pig urate oxidase sequence due to
random mutations that have no biological effect.

Urate oxidase is a copper-containing enzyme (26, 27);
however, the structure of the copper binding region is un-
known. We have shown in this report that the urate oxidase
sequence contains a region that is very similar to a type 2
copper binding site, suggesting that the urate oxidase se-
quence at amino acid positions 121-144 is the copper binding
site and that the copper ion in urate oxidase is coordinated as
a type 2 structure. The sequence similarity of several copper
proteins with the type 2 binding site (29) indicates that this
sequence may have an ancient evolutionary origin. It has
been argued that functional domains of proteins are encoded
by individual exons and that one mechanism of protein
evolution is the sorting and shuffling of exons (40). However,
the putative copper binding sequence in the mouse urate
oxidase is encoded in two exons separated after the lysine
and before the glycine residue at amino acid position 124
(X.W., unpublished data). This suggests that the conserved
glutamate residue may not be important for the copper
binding function.

It has been shown that Old World monkeys and some New
World monkeys have appreciable urate oxidase activity, but
the specific activities are only 50% or less of that ofthe mouse
(4, 5); however, the reason for this decrease is unknown. We
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reasoned that the decrease in urate oxidase activities could be
due to either an increase in the mutation rate in the protein
itselfor to mutations leading to a decrease in the transcription
rate or the level of transcripts of the urate oxidase gene during
primate evolution. Our sequence data indicate that the mu-
tation rate has not increased in the baboon, suggesting that
the selective pressure to maintain urate oxidase activity
during baboon (an Old World monkey) evolution has been
quite high. We have not examined the transcription rate ofthe
urate oxidase gene in the baboon or other species; however,
our preliminary results indicate that the decrease (if any) in
the steady-state level of urate oxidase mRNA in the baboon
is insignificant (X.W., unpublished data). A total of 13 amino
acids are unique to the baboon urate oxidase sequence;
however, most of these are conserved substitutions. Thus,
the decrease in the enzyme activity is presumably due to
minor amino acid changes. These mutations could have
occurred in the common ancestor of the New World and the
Old World monkeys, which would result in the observed
decreases in urate oxidase specific activity seen in the whole
primate family.
The loss of urate oxidase in humans is an evolutionally

recent event, occurring during the evolution of primates;
however, the basis of this loss remains controversial. Two
mechanisms have been proposed based upon protein studies.
The first possibility is that a series of stepwise mutations
during primate evolution led to a progressive loss of the urate
oxidase activity (4). The alternative possibility is that a single
mutation event silenced the urate oxidase gene in a common
ancestor to the five living genera of hominoids after the
divergence from Old World monkeys (5). To investigate these
two possibilities, we have addressed the question at a mo-
lecular level. We compared the sequence of baboon, pig, and
mouse urate oxidase cDNAs. The progressive mutation
hypothesis is supported by the fact that, while some New
World monkeys are found to have various amounts of urate
oxidase activity, others have no detectable urate oxidase
activity (4, 5, 32). Conversely, in support of the single
mutation event hypothesis, the baboon urate oxidase se-
quence does not show any evidence of an increase in the
mutation rate. Furthermore, we have shown that the loss of
urate oxidase activity in humans may be due to the loss of
gene transcription or processing (10, 11). The single mutation
hypothesis is also supported by the fact that the urate oxidase
sequence of humans is highly homologous to the baboon
sequence (96%; X.W., unpublished data). This high degree of
homology further suggests that the loss of urate oxidase in
humans occurred more recently than had been previously
thought and is likely due to a sudden mutation event that
inactivated the gene at the level of transcription or process-
ing.
The correct identification of the original mutation that

inactivated the human gene is complicated by the accumu-
lation of secondary mutations in the inactive gene. Since the
simultaneous occurrence of two nonsense mutations is un-
likely, we presume that the two nonsense mutations we have
found were acquired sequentially.
The relationship between the loss of urate oxidase activity

in humans and some New World monkeys is not clear. Since
New World monkeys diverged earlier from the hominoids
than Old World monkeys (41), it is unlikely that urate oxidase
activity would have been lost in humans and some New
World monkeys due to the same mutational event, whereas
in Old World monkeys its enzymatic activity and sequence is
still conserved. Although the complete sequence of the
human urate oxidase gene and that of other primates is not
known, it is possible that the loss of urate oxidase in humans
and some New World monkeys is the result of independent
mutation events.

We are grateful to Dr. William Craigen for help in preparing the
manuscript; to Andrew Civitello for technical assistance; to Drs.
David L. Nelson, Jeffrey Chamberlain, Grant MacGregor, and
Richard Gibbs for helpful suggestions; to Dr. William O'Brien for
providing baboon RNA; and to Dr. John Weis for the human genomic
library. This work was supported by Public Health Service Grant
DK31428, Welch Foundation Grant Q-533, and the Howard Hughes
Medical Institute.

1. Keilin, J. (1959) Biol. Rev. 34, 265-2%.
2. Batelli, F. & Stem, L. (1909) Biochem. Z. 19, 219-253.
3. Pitts, 0. M. & Fish, W. W. (1974) Biochemistry 13, 888-892.
4. Christen, P., Peacock, W. C., Christen, A. E. & Wackker, W. E. C.

(1970) Eur. J. Biochem. 12, 3-5.
5. Friedman, T. B., Polanco, G. E., Appold, J. C. & Mayle, J. E. (1985)

Comp. Biochem. Physiol. B 81, 653-659.
6. Stout, J. T. & Caskey, C. T. (1988) Trend Genet. 4, 175-178.
7. Ghosh, M. K. & Hajra, A. K. (1986) Anal. Biochem. 159, 169-174.
8. Shields, D. & Blobel, G. (1978) Proc. Nail. Acad. Sci. USA 74,

2059-2063.
9. Ames, B. N., Cathcart, R., Schwiers, E. & Hochstein, P. (1981) Proc.

Nail. Acad. Sci. USA 78, 6858-6862.
10. Lee, C. C., Wu, X., Gibbs, R. A., Cook, R. G., Muzny, D. M. &

Caskey, C. T. (1988) Science 239, 1288-1291.
11. Lee, C. C., Wu, X. & Caskey, C. T. (1989) in Human Purine and

Pyrimidine Metabolism, eds. Mikanagi, K., Nishioka, K. & Kelley,
W. N. (Plenum, New York), Vol. 6, in press.

12. Reddy, P. G., Nemali, M. R., Reddy, M. K., Reddy, M. N., Yuan,
P. M., Yuen, S., Laffler, T. G., Shiroza, T., Kuramitsu, H. K., Usuda,
N., Chrisholm, R. L., Rao, M. S. & Reddy, J. K. (1988) Proc. Natl.
Acad. Sci. USA 85, 9081-9085.

13. Motojima, K., Kanaya, S. & Goto, S. (1988) J. Biol. Chem. 263,
16677-16681.

14. Ito, M., Suzuki, M. & Takagi, Y. (1988) Eur. J. Biochem. 173, 459-463.
15. Conley, T. G. & Priest, D. G. (1979) Prep. Biochem. 9, 197-203.
16. Hunkapiller, M. W., Lujan, E., Ostrander, F. & Hood, L. E. (1983)

Methods Enzymol. 91, 227-236.
17. Warr, G. W. (1982) in Antibody as a Tool, eds. Marchalonis, J. J. &

Warr, G. W. (Pitman, Bath, England), pp. 21-58.
18. Laemmli, U. K. (1970) Nature (London) 227, 680-685.
19. Towbin, H., Staehelin, T. & Gordon, J. (1979) Proc. Natl. Acad. Sci.

USA 76, 4350-4354.
20. Burnette, W. N. (1981) Anal. Biochem. 112, 195-203.
21. Gubler, U. & Hoffman, B. (1983) Gene 25, 263-269.
22. Benton, W. & Davis, R. (1977) Science 196, 180-182.
23. Sanger, F., Nicklen, S. & Coulson, A. R. (1977) Proc. Natl. Acad. Sci.

USA 74, 5463-5467.
24. Kogan, S. C., Doherty, M. & Gitschier, J. (1987) N. Engl. J. Med. 317,

985-990.
25. Nei, M. (1987) Molecular Evolutionary Genetics (Columbia Univ. Press,

New York), pp. 39-44.
26. Mahler, H. R., Hubscher, G. & Baum, H. (1955) J. Biol. Chem. 216,

625-641.
27. Mahler, H. R. (1%3) in Enzymes, eds. Boyer, P. D., Lardy, H. &

Myrback, K. (Academic, New York), 2nd Ed., Vol. 8, pp. 285-297.
28. Reinhammer, B. (1984) in Copper Proteins & Copper Enzymes, ed.

Lontie, R. (CRC, Boca Raton, FL), Vol. 3, pp. 1-36.
29. Dwulet, F. E. & Putnam, F. W. (1981) Proc. Natl. Acad. Sci. USA 78,

2805-2809.
30. Richardson, J. S., Thomas, K. A., Rubin, B. H. & Richardson, D. C.

(1975) Proc. Nail. Acad. Sci. USA 72, 1349-1353.
31. Richardson, J. S., Thomas, K. A. & Richardson, D. C. (1975) Biochem.

Biophys. Res. Commun. 63, 986-992.
32. Usuda, N., Reddy, M. K., Hashitoma, T., Rao, M. S. & Reddy, J. K.

(1988) Lab. Invest. 58, 100-111.
33. McKena, M. C. (1969) Ann. N. Y. Acad. Sci. 167, 217-240.
34. Wood, A. E. (1962) Trans. Am. Philos. Soc. New Ser. 52, 1-261.
35. Dayhoff, M. O., Schwartz, R. M. & Orcutt, B. C. (1978) in Atlas of

Protein Sequence and Structure, ed. Dayhoff, M. 0. (Natl. Biomed. Res.
Found., Washington, DC), Vol. 5, Suppl. 3, pp. 345-352.

36. Gibbs, R. A., Nguyen, P.-N., McBride, L. J., Koep, S. M. & Caskey,
C. T. (1989) Proc. Natl. Acad. Sci. USA 86, 1919-1923.

37. Nalbantoglu, J., Phear, G. & Meuth, M. (1987) Mol. Cell. Biol. 7,
1445-1449.

38. Dayhoff, M. O., Park, C. M. & McLaughlin, P. J. (1972) in Atlas of
Protein Sequence and Structure, ed. Dayhoff, M. 0. (Natl. Biomed. Res.
Found., Washington, DC), Vol. 5, pp. 7-16.

39. Goodman, M., Romero-Herrera, A. E., Dene, H., Czelusniak, J. &
Tashian, R. E. (1982) in Macromolecular Sequences in Systematic and
Evolutionary Biology, ed. Goodman, M. (Plenum, New York), pp.
115-191.

40. Gilbert, W. (1978) Nature (London) 271, 501.
41. Romero-Herrera, A. E., Lehmann, H., Joysey, K. A. & Friday, A. E.

(1973) Nature (London) 246, 389-395.

9416 Genetics: Wu et al.


