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Summary. Urate oxidase was lost in hominoids 
during primate evolution. The mechanism and bi- 
ological reason for this loss remain unknown. In an 
attempt to address these questions, we analyzed the 
sequence of  urate oxidase genes from four species 
of hominoids: human (Homo sapiens), chimpanzee 
(Pan troglodytes), orangutan (Pongo pygmaeus), and 
gibbon (Hylobates). Two nonsense mutations at co- 
don positions 33 and 187 and an aberrant splice site 
were found in the human gene. These three dele- 
terious mutations were also identified in the chim- 
panzee. The nonsense mutation at codon 33 was 
observed in the orangutan urate oxidase gene. None 
of  the three mutations was present in the gibbon; in 
contrast, a 13-bp deletion was identified that dis- 
rupted the gibbon urate oxidase reading frame. These 
results suggest that the loss of  urate oxidase during 
the evolution of  hominoids could be caused by two 
independent events after the divergence of  the gib- 
bon lineage; the nonsense mutation at codon posi- 
tion 33 resulted in the loss ofurate  oxidase activity 
in the human, chimpanzee, and orangutan, whereas 
the 13-bp deletion was responsible for the urate ox- 
idase deficiency in the gibbon. Because the disrup- 
tion of  a functional gene by independent events in 
two different evolutionary lineages is unlikely to oc- 
cur on a chance basis, our data favor the hypothesis 
that the loss ofurate oxidase may have evolutionary 
advantages. 
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Introduction 

Urate oxidase, or uricase (EC 1.7.3.3), is a purine 
metabolic enzyme that converts uric acid to allan- 
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toin in most mammals. The distribution of  urate 
oxidase activity in primates varies substantially de- 
pending on species (Keilin 1959; Shnitka 1966; 
Christen et al. 1970; Fanelli et al. 1970; Nakajima 
and Bourne 1970; Friedman et al. 1985). All five 
genera of  hominoids (Hominoidea, including Homo, 
Pan, Gorilla, Pongo, and Hylobates) were shown to 
have no detectable urate oxidase activity and their 
serum uric acid levels were increased about 10-fold 
compared to nonprimate mammals. Old World 
monkeys (Cercopitheecoidea) and Prosimians con- 
tain a significant amount of  the enzyme activity, 
therefore, they have low serum uric acid levels. Most 
of  the New World monkeys possess the functional 
urate oxidase and for those that do not show de- 
tectable urate oxidase activity, they have compa- 
rable uric acid levels to that of  man. Because Old 
World monkeys retain the urate oxidase activity and 
New World monkeys diverged from the hominoids 
earlier than Old World monkeys, it was suggested 
that the loss of  urate oxidase in hominoids and in 
some New World monkeys is likely the result of 
independent mutational events (Wu et al. 1989). 

Although considerable studies have been carried 
out on urate oxidase enzyme activity in primates, 
the genetic events that resulted in the loss of  urate 
oxidase during primate evolution remain unclear. 
Based upon the fact that urate oxidase is labile and 
the enzyme activity is reduced in some species of  
Old and New World monkeys, and that a few species 
of  the New World monkeys lacked the enzyme, it 
was proposed that the loss of  urate oxidase during 
primate evolution was a multistep process: genetic 
mutations in a primate ancestor resulted in reduced 
and/or labile m-ate oxidase activity and a subsequent 
mutation silenced the urate oxidase gene in a hom- 
inoid ancestor (Christen et al. 1970). An alternative 
hypothesis was derived from microradiochemical 
analysis of  the urate oxidase in primates (Friedman 
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et  al. 1985). A s  s t ab le  u r a t e  o x i d a s e  was  f o u n d  in 
s eve ra l  N e w  a n d  O l d  W o r l d  m o n k e y s ,  i t  was  sug- 
ges t ed  t h a t  the  i n a c t i v a t i o n  o f  u r a t e  o x i d a s e  d u r i n g  
the  e v o l u t i o n  o f  p r i m a t e s  o c c u r r e d  a f te r  t he  d i v e r -  
gence  o f  O l d  W o r l d  m o n k e y s  f r o m  h o m i n o i d s  a n d  
a s ingle  m u t a t i o n a l  e v e n t  i n a c t i v a t e d  the  u r a t e  ox-  
i d a s e  gene in  a h o m i n o i d  ances to r .  

T h e  b io log i ca l  f u n c t i o n  for  the  loss  o f  u ra t e  ox-  
i d a s e  a c t i v i t y  in  h u m a n s  a n d  ce r t a i n  o t h e r  p r i m a t e s  
is an  i n t e r e s t i ng  q u e s t i o n  in  h u m a n  e v o l u t i o n .  I t  has  
b e e n  d e b a t e d  w h e t h e r  th i s  loss  p r o v i d e d  e v o l u t i o n -  
a r y  a d v a n t a g e s  o r  i t  was  s i m p l y  an  e v o l u t i o n a r y  
a c c i d e n t  l e a d i n g  to  a c o m m o n  cause  o f  r ena l  s tones  
a n d  g o u t y  a r t h r i t i s  in  h u m a n s  ( O r o w e n  1955; K e i l i n  
1959; P r o c t o r  1970; A m e s  et  al.  1981). 

W e  h a v e  p r e v i o u s l y  r e p o r t e d  t ha t  two  n o n s e n s e  
m u t a t i o n s  were  f o u n d  in two  e x o n s  o f  the  h u m a n  
u ra t e  o x i d a s e  gene.  T h i s  c o n f i r m e d  tha t  the  h u m a n  
gene  is n o n f u n c t i o n a l  ( W u  et  al. 1989). T o  fu r the r  
i n v e s t i g a t e  t he  m e c h a n i s m  for  t he  loss  o f  u ra t e  ox-  
i dase  in  h o m i n o i d s ,  we  h a v e  c o m p l e t e d  the  cha r -  
a c t e r i z a t i o n  o f  t he  h u m a n  u r a t e  o x i d a s e  gene a n d  
e x t e n d e d  the  D N A  ana lys i s  to  o t h e r  h o m i n o i d s - -  
the  c h i m p a n z e e ,  o r a n g u t a n ,  a n d  g ibbon .  W e  h a v e  
i den t i f i ed  two  d e l e t e r i o u s  m u t a t i o n s  t ha t  c o u l d  in-  
a c t i v a t e  the  u r a t e  o x i d a s e  gene  in  the  h o m i n o i d  f a m -  
i ly  i n d e p e n d e n t l y .  O u r  d a t a  a l so  i m p l y  t ha t  the  loss  
o f  u r a t e  o x i d a s e  c o u l d  be  the  resu l t  o f  n a t u r a l  se- 
l ec t ion .  

Materials and Methods 

Materials. The human genomic library (EMBL 3) was provided 
by Dr. John Weis. The baboon DNA was isolated from a liver 
biopsy. Other primate DNAs were isolated from cell lines (from 
ATCC). All oligonucleotide primers for the polymerase chain 
reactions (PCR), sequencing, and hybridizations were synthe- 
sized on an Applied Biosystems (ABI) 380B DNA synthesizer. 

taining 100 pmol of one primer only at the same condition as 
the first PCR. The single-strand PCR products were purified by 
NH4OAc/ethanol precipitation and sequenced by using 5'-end 
radioactively labeled primer and dideoxynucleotide termination 
as described (Gibbs et al. 1989). 

Sequence-Specific Oligonucleotide Hybridizations. The oli- 
gonucleotides were labeled with ~,-32p-ATP by T4 polynucleotide 
kinase as described (Carothers et al. 1989). After gel electropho- 
resis of the PCR products and transferring to a Zeta Probe mem- 
brane (Bio-Rad), hybridization was performed at 37°C in 5 x SSC 
and 1% SDS. The membrane was washed once in 1 x SSC and 
0.1% SDS at 37°C for 30 min, and then at 50°C for 15 min. The 
sequence-specific oligonucleotides are: ASO H1 5' CCATATT- 
CAGTGAGATGG 3'; ASO B1 5' CCATATTCAGCGA- 
GATGG 3'; ASO H2 5' TGAAGGACTGATGCTTTG 3';--ASO 
B2 5' TGAAGGACCGATGCTTTG 3'. The differences between 
each pair of oligonucleotides are indicated by underlines. 

Results 

Three Deleterious Mutations in the H u m a n  
Urate Oxidase Gene 

T h e  n o n f u n c t i o n a l  h u m a n  u r a t e  o x i d a s e  gene was  
i s o l a t e d  f r o m  a h u m a n  g e n o m i c  l i b r a r y  us ing  the  
b a b o o n  c D N A  as a p robe .  E igh t  exons  were  i d e n -  
t i f ied  a n d  the i r  s equences  were  d e t e r m i n e d  (Fig.  1). 
T h e r e  were  304 c o d o n s  in  t he  s equence  t h a t  cor -  
r e s p o n d e d  to the  en t i r e  o p e n  r e a d i n g  f r a m e  o f  the  
b a b o o n  gene.  T h e  exon  sequences  o f  the  h u m a n  
u r a t e  o x i d a s e  gene  s h o w e d  a 15% d i v e r g e n c e  c o m -  
p a r e d  to  the  m o u s e  c D N A  a n d  o n l y  3 .4% d i v e r g e n c e  
c o m p a r e d  to  the  b a b o o n  c D N A  sequences .  In  a d -  
d i t i o n  to  the  two  n o n s e n s e  m u t a t i o n s  at  c o d o n  p o -  
s i t i ons  33 a n d  187 t h a t  we r e p o r t e d  ea r l i e r  ( W u  et  
al.  1989), an  a b e r r a n t  sp l ice  a e c e p t o r  s equence  was  
i de n t i f i e d  in  exon  3. In  th i s  case,  the  w i ld  t ype  se- 
q u e n c e  ag was  m u t a t e d  to  aa. 

Isolation and Sequencing of the Human Urate Oxidase Gene. 
The genomic clones containing the human urate oxidase gene 
were isolated from the human genomic library using baboon 
cDNA as a probe according to the procedure of Benton and Davis 
(1977). The hybridization was carried out at 5 x standard saline 
citrate (1 × SSC: 0.15 M sodium chloride, 0.15 M sodium citrate), 
1% SDS, and 50% formamide at 42°C. Each individual exon was 
identified and subcloned into pTZ 18 and 19 (Pharmacia) and 
sequenced by the Sanger dideoxy sequencing method (Sanger et 
al. 1977). 

In Vitro DNA Amplification and Direct DNA Sequencing. The 
PCR was performed in a total volume of 100 #1 on 0.5 #g of the 
genomic DNA isolated from either tissue or cell culture. The 
reaction contained 50 pmol of each primer in 50 mM of KC1, 
10 mM Tris HC1, pH 8.0, 1.5 mM MgC12, 0.01% gelatin, dATP, 
dCTP, dGTP, and dTTP at 300/~M each, and 2.5 units of Taq 
polymerase (Perkin-Elmer/Cetus). Amplification was achieved 
after 30 cycles of denaturation (94°C, 30 s), polymerization (68°C, 
3 min), and annealing (6 I°C, 30 s). One microliter of the double- 
strand PCR products was used to initiate the second PCR con- 

Occurrence o f  the Three Mutat ions in 
Other Hominoids  

I f  the  loss  o f u r a t e  o x i d a s e  in  h o m i n o i d s  was  c a u s e d  
b y  a s ingle  m u t a t i o n a l  e v e n t  in  a c o m m o n  ances to r ,  
th i s  e v e n t  w o u l d  l i ke ly  be  c o n s e r v e d  in  al l  five l iv ing  
gene ra  o f  h o m i n o i d s .  T h e  th ree  d e l e t e r i o u s  m u t a -  
t i ons  i den t i f i ed  in  the  h u m a n  sequence  a re  c a n d i -  
d a t e s  for  th is  o r ig ina l  even t .  T o  d e t e r m i n e  w h i c h  
m u t a t i o n  is r e s p o n s i b l e  for  the  loss  o f  u ra t e  o x i d a s e  
in  the  h o m i n o i d  f ami ly ,  we e x a m i n e d  the  t h ree  m u -  
t a t i o n  s i tes  in  t h r ee  o t h e r  spec ies  o f  h o m i n o i d s :  the  
c h i m p a n z e e ,  o r a n g u t a n ,  a n d  g ibbon .  

Sequence - spec i f i c  o l i g o n u c l e o t i d e  h y b r i d i z a t i o n  
was  u s e d  to  d e t e r m i n e  w h e t h e r  the  two  n o n s e n s e  
m u t a t i o n s  were  p r e s e n t  in  the  c h i m p a n z e e ,  o rang-  
u tan ,  a n d  g ibbon .  T w o  sets o f  p r i m e r s  were  u sed  to  
a m p l i f y  the  n o n s e n s e  m u t a t i o n  s i tes  a t  c o d o n  po -  
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Exon 1 1 

TTTTGCCCAAACTATGCTTTCTTATTCTCGAAGCTGAATCTGAAGTAGAAAACCAAAATAAA ATG GCC CAC TAC CAT AAC 
i0 met ala his tyr his asn 

AAC TAT AAA AAG gtgagaccaatttct 

ash tyr lys lys 
Exon 2 20 
tgtgttttcattgcag AAT GAT GAG GTG GAG TTT GTC CGA ACT GGC TAT GGG AAG GAA ATG GTA AAA 

ash asp glu val glu phe val arg thr gly tyr gly lys glu met val lys 
30 40 

GTT CTC CAT ATT ITGA I CAG GAT GGA AAA TAT CAC AGC ATT AAA GAG GTG GCA ACT TCA GTG CAA 
val leu his ile glnl,~o~} asp gly lys tyr his ser ile lys glu val ala thr ser val gln 

50 60 
CTT ACT CTA AGT TCC AAA AAA GAT TAC CTG CAT GGA GAT AAT TCA GAC ATC ATC CCT ACA GAC 
leu thr leu set ser lys lys asp tyr leu his gly asp asn set asp ile ile pro thr asp 
70 80 

ACC ATC AAG AAC ACA GTT CAT GTC TTG GCA AAG TTT AAA GAA gtatgtgtcacttcttc 
thr ile lys ash thr val his val leu ala lys phe lys glu 
Exon 3 90 i00 
tctttttac~-~ATC AAA AGC ATA GAA GCC TTT GGT GTG AAT ATT TGT GAG CAT TTT CTT TCT TCT 

ile lys set ile glu ala phe gly val asn ile cys glu his phe leu ser set 
Ii0 120 

TTT AAC CAT GTA ATC CGA GCT CAA GTC TAC ATG GAA GAA ATC CCT TGG AAG CAT CTT GGA AAG 
phe ash his val ile arg ala gln val tyr met glu glu ile pro trp lys his leu gly lys 

gttaactcacttattt 
Exon 4 130 
tctccctaattttcag ATT GGA GTT AAG CAT GTC CAT GCA TTT ATT CAC ACT CCC ACT GGA ACA CAC 

asn gly val lys his val his ala phe ile his thr pro thr gly thr his 
140 
TTC TGT GAA GTT GAA CAG CTG AGA AGT gtaagaaactatttt 
phe cys glu val glu gln leu arg set 
Exon 5 150 160 
tacttgaaacag GGA CCC CAA GTC ATT CAT TCT GGA ATC AAA GAC CTC AAG GTC TTG AAA ACA ACA 

gly pro gln val ile his ser gly ile lys asp leu lys val leu lys thr thr 
170 180 

CAG TCT GGA TTT GAA GGT TTC ATC AAG GAC CAG TTC ACT ACC CTC CCT GAG GTG AAG GAC ~ ]  
gln set gly phe glu gly phe ile lys asp gln phe thr thr leu pro glu val lys asp 

190 200 
TGC TTT GCC ACC CAA GTG TAC TGC AAG TGG CGC TAC CAC CAG TGC AGG GAT GTG GAC TTC AAG 
cys phe ala thr gln val tyr cys lys trp arg tyr his gln cys arg asp val asp phe lys 

210 
GCT ACC TG gtatgaacacgtgcatgtag 
ala thr trp 
Exon 6 220 
accttctttgtgttttag G GAC ACC ATT CGG GAC CTT GTC ATG GAG AAA TCT GCT GGG CCC TAT GAC 

asp thr ile arg asp leu val met glu lys set ala gly pro tyr asp 
230 240 

AAA GGT GAA TAC TTG ACC TCT GTG CAG AAG ACC CTC TGT GAT ATC CAG GTG CTC TCC CTG AGC 
lys gly glu tyr leu thr set cys asp ile gln val leu val gln lys thr leu set leu ser 

25O 
CGA GTT CCT GCG gtaagttctgtcagttg 
arg val pro ala 
Exon 7 260 
cactgtggttttccag ATA GAA GAT ATG GAA ATC AGC CTG CCA AAC ATT CAC TAC TTC AAC ATA GAC 

ile glu asp met glu ile set leu pro asn ile his tyr phe ash ile asp 
270 280 
ATG TCC AAA ATG GGT CTG ATC AAC AAG GAA GAG gtaagaggt 
met ser lys met gly leu ile asn lys glu glu 
Exon 8 290 
tgttggtttttctacag GTC TTG CTG CCA TTA GAC AAT CCA TAT GGA AAA ATT ACT GGT ACA GTC AAG 

val leu leu pro leu asp asn pro tyr gly lys ile thr gly thr val lys 
30o 

AGG AAG TTG TCT TCA AGA CTG TGA CATTGTGGCCACAATAGGAGTCCAATCTCAGCTGAGGAATTCCTTAAGTCA 
arg lys leu ser set arg leu end 

Fig. 1. Exon and exon-intron boundary 
sequences of the human urate oxidase 
gene. Exon sequences are shown as capital 
letters and intron sequences in lowercase 
letters. The deduced amino acid sequences 
are listed below the DNA sequence. The 
numbers above the sequence are the codon 
positions based on the baboon open read- 
ing frame (Wu et al. 1989). A total of 304 
codons are present in the sequence. Three 
disruptive mutations are shown as open 
boxes. The 13-bp sequence between codon 
72 and 76 (underlined) in exon2 is deleted 
in the gibbon urate oxidase gene. 

s it ion 33 and 187, respectively and s imultaneously .  
The mult iplex P C R  amplif icat ion generated two 
products: the 2.3-kb band across exons  2 and 3 con-  
tained the nonsense  muta t ion  site at 33 and the 2.0- 
kb band that spanned exons  5 and 6 contained the 
nonsense  mutat ion  site at 187. The sequence-spe-  
cific o l igonucleot ides  were designed based on  both 
the h u m a n  and b a b o o n  sequences  at the mutat ion  
sites. Each pair o f  o l igonucleot ides  differed by only  
one  nucleotide.  The  mult iplex PCR products were 
hybridized to these sequence-specif ic  o l igonucleo-  
tides under the condi t ion  that only  the perfectly 
matched  o l igonucleot ide  wou ld  hybridize.  There-  
fore, the baboon-speci f ic  probes (ASO B1 and 2) 
detected only  the wild type sequences,  and the hu- 
man-specif ic  probes (ASO H1 and 2) were specific 
for the mutat ions .  

By using this method ,  it was  found that both  
mutat ions  were conserved  in four different h u m a n  
ethnic groups (Blacks, Caucasians,  Hispanics ,  and 
Orientals), indicating that the mutat ions  were gen- 
erated in or before ancestral h u m a n s  (data not  

shown).  The nonsense  mutat ion  at c o d o n  pos i t ion  
33 (detected by ASO H1) in the h u m a n  was  also 
found in the orangutan and ch impanzee ,  whereas  
the nonsense  mutat ion  at c o d o n  pos i t ion 187 (de- 
tected by ASO H2) existed only  in the ch impanzee .  
The  wild type sequences  were found in the b a b o o n  
and gibbon at both pos i t ions  as they only  hybridized 
to A S O  B 1 and A S O  B2. The orangutan also showed  
the wild type sequence at pos i t ion  187 as detected 
by probe ASO B2 (Fig. 2). 

The  splice acceptor sequences  o f  exon  3 in the 
ch impanzee ,  orangutan, and gibbon were examined  
by direct sequencing o f  the P C R  products  containing 
the splice junct ions  (Fig. 3). Both  the orangutan and 
gibbon s h o w e d  the wild type splice acceptor signal 
ag,  whereas the ch impanzee  gene displayed the same 
aberrant splice sequence a a  as in the h u m a n  gene. 
In summary ,  the ch impanzee ,  l ike humans ,  had all 
three mutat ions ,  only  one  nonsense  mutat ion  ex- 
isted in the orangutan at c o d o n  pos i t ion  33, and 
none  o f  the mutat ions  was  present in the gibbon 
(Table 1). 
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Fig. 2. Occurrence of two nonsense mutations in the chimpan- 
zee, orangutan, and gibbon. Genomic DNA samples from chim- 
panzee, orangutan, and gibbon were amplified across the two 
nonsense mutation sites by PCR and hybridized to sequence- 
specific oligonucleotides. The 2.5-kb band and the 2.3-kb band 
contain the nonsense mutation sites at codon position 33 and 
187, respectively (left panel). The sequence-specific oligonucle- 
otide probe used in each experiment is indicated under each 
panel. ASO H1 detects the human sequence at codon 33 and 
ASO B 1 detects the baboon sequence at the same region. ASO 
H2 and ASO B2 are specific for the human and baboon sequences 
at codon 187, respectively. Each pair differs only by one nucle- 
otide. 

A 13-bp Deletion in the Gibbon Gene 

I t  is k n o w n  tha t  the g i b b o n  has  lost  its ura te  oxidase  

act ivi ty.  However ,  n o n e  o f  the three m u t a t i o n s  f ound  
in  the h u m a n  was p re sen t  in  the  g i b b o n  gene. In  
o rder  to iden t i fy  the m u t a t i o n  tha t  was respons ib le  
for the loss o f  the  ura te  oxidase  ac t iv i ty  in  the gib-  

bon ,  P C R  direct  s equenc ing  o f  exons  o f  the g i b b o n  

ura te  oxidase  gene was pe r fo rmed .  Di rec t  sequenc-  
ing o f  the P C R  p r o d u c t  c o n t a i n i n g  exon  2 o f  the  
g i b b o n  gene ident i f ied  a new  m u t a t i o n  no t  f o u n d  in  
o ther  h o m i n o i d s :  a 13-bp de le t ion  be tween  codons  
72 a n d  76 tha t  n o t  on ly  w o u l d  delete  four  a m i n o  
acids b u t  also lead to a f ramesh i f t  (Fig. 4). Th i s  
de le t ion  could  poss ib ly  silence the urate  oxidase gene 
in  the g ibbon .  
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Fig. 3. PCR direct sequencing of the 5' splice junction of exon 
3 of the urate oxidase genes from gibbon, orangutan, and chim- 
panzee. The splice junction was amplified by PCR and sequenced 
by 32p-labeled antisense primer. The sequences from the bottom 
to the top correspond to the direction of 5' to 3'. The sequences 
at the splice site for each species are shown and the splice acceptor 
sequence is indicated by a line. 

Table 1. Distribution of three deleterious mutations in homi- 
noids 

Hu- Chim- Orang- 
man panzee utah Gibbon 

Nonsense mutation at 33 + + + - 
Nonsense mutation at 187 + + - - 
Splice site mutation + + - - 

Expression of Urate Oxidase Gene in the Human 

I t  was p rev ious ly  repor ted  tha t  the ura te  oxidase  
m R N A  was no t  de tec tab le  in  h u m a n s  by  n o r t h e r n  

analys is  (Reddy  et al. 1988; Lee et al. 1989). D u e  

to the low de tec t ion  sens i t iv i ty  o f  the m e t h o d ,  the 
n o r t h e r n  resul ts  cou ld  n o t  exclude  the poss ib i l i ty  
tha t  a low level  o f  ura te  oxidase  t ranscr ip t s  m a y  be 

p resen t  in  the  h u m a n .  W h e n  a m o r e  sens i t ive  P C R  
m e t h o d  was used,  h u m a n  ura te  oxidase  gene t r an-  

scripts  were read i ly  de tec ted  after  50 cycles o f  a m -  

p l i f ica t ion  (Fig. 5). Th i s  is un l i ke ly  to be  caused  by  
the c o n t a m i n a t i o n  o f  g e n o m i c  D N A  as the two 
p r i me r s  used  in  the ampl i f i ca t ion  were separa ted  by  
a 3-kb  i n t r o n  a n d  no  ampl i f i ca t i on  was obse rved  on  
the R N A  w i t h o u t  be ing  reverse - t ransc r ibed .  The  
poss ib i l i ty  o f  ampl i f i ca t ion  o n  c D N A s  f rom other  
species was also exc luded  by  h y b r i d i z a t i o n  wi th  the 
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Fig. 4. A 13-bp deletion within exon 2 of the gibbon urate 
oxidase gene. Exon 2 of the urate oxidase genes from chimpanzee, 
orangutan, and gibbon were amplified by PCR and sequenced 

A 

directly. A 13-bp sequence was found deleted in the gibbon gene. 
The deletion site is indicated by a line. Neither the orangutan 
nor the chimpanzee had the deletion. 

human-specific oligonucleotide ASO H1 under the 
condition that only detects the human sequence. 

Dating the Mutations in Hominoids 

The phylogenetic tree for hominoids was established b 
by various studies (Fitch and Margoliash 1967; Chi- 
arelli 1972; Brown et al. 1982; Goodman et al. 1984; 
Sibley and Ahlquist 1984). Based upon the distri- 
bution of the mutations ofurate oxidase genes among 
hominoids, it was possible to position each event 
on the tree (Fig. 6). The nonsense mutation at codon 
187 and the aberrant splice signal were observed 31 0 
only in the chimpanzee and human, indicating that 281 
they were generated in their common ancestor. The 23 4 
nonsense mutation at codon 33 was present in the 1 94 
orangutan, chimpanzee, and human. Thus, this event 
occurred in a common ancestor of  these three spe- 
cies. The 13-bp deletion was unique to the gibbon; 
therefore, this deletion occurred after the divergence 
of  the gibbon lineage from the rest of  the hominoids. 

Discussion 

We have isolated the human urate oxidase gene and 
sequenced eight exons that contained the entire cod- 
ing region. Three deleterious mutations were found 
in the sequence. Because a simultaneous occurrence 
of  the three mutations is unlikely during the evo- 
lution of  primates, we presume that they were ac- 
quired sequentially and at least two of  them were 
generated after the urate oxidase gene was inacti- 
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ASO H1 
Fig. 5. PCR detection of the human urate oxidase mRNA. 
Total RNA was isolated from human liver and first strand cDNA 
was synthesized by M-MuLV-reverse transcriptase using 20/~g 
of total RNA as template and oligo dT as primer. One-fifth of 
the eDNA was used in the PCR. After 50 cycles of amplification, 
the PCR products were separated on a Nusieve agarose gel, and 
a distinct band at predicted size was apparent (left panel). The 
band was proven to be human specific by hybridizing with hu- 
man-specific oligonucleotide probe ASO H1 under the condition 
that only perfectly matched sequences would hybridize (right 
panel). Two controls were included: reverse transcription without 
RNA ( - R N A ,  +RT)  and RNA without reverse transcriptase 
(+RNA, -RT) .  
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Fig. 6. The evolution of the urate oxidase gene in hominoids. The phylogenetic tree and the divergence time of the primate evolution 
is adopted from the work of  Sibley and Ahlquist (1984). No urate oxidase activity is found in the hominoids, however Old World 
monkeys retain the enzyme activity (Christen et al. 1970; Friedman et al. 1985). The approximate time and site of mutations are 
indicated by X. The order of the splice site mutation and the nonsense mutation at codon 187 is not determined. 

vated. We sought to define the distribution o f  these 
mutat ions  in the homino id  family and to determine 
whether  there is an original muta t ion  in their com- 
mon  ancestor by analyzing the existence o f  the mu- 
tations in three other  hominoids:  the gibbon, orang- 
utan, and chimpanzee.  

The  evolut ion o f  hominoids  is a relatively short 
period, and multiple muta t ions  at the same nucle- 
otide site are unlikely. Therefore,  it is reasonable to 
assume that  the original muta t ion  is conserved in 
all living hominoids  i f  the loss o f  urate oxidase in 
hominoids  was caused by a single mutat ional  event  
in their  c o m m o n  ancestor. Although we have iden- 
tified a c o m m o n  nonsense muta t ion  in the human,  
chimpanzee,  and orangutan,  none o f  the three del- 
eterious mutat ions  found in the human  gene is pres- 
ent in the gibbon. Because the gibbon is also devoid  
o fu ra t e  oxidase activity, it could be that ei ther there 
is an unidentif ied muta t ion  in the c o m m o n  ancestor 
o f  the hominoids  that  led to the loss o fu ra t e  oxidase 
activity in the living apes and humans,  or, alter- 
natively, the loss o f  urate oxidase in the gibbon was 
the result o f  a different muta t ion  after its divergence 
f rom the remainder  o f  hominoids .  

The three mutat ions  identified in the human  exon 
sequences could silence the urate oxidase gene. Mu- 
tations at other  regions o f  the gene, such as the pro- 
moter ,  were also capable o f  disrupting the normal  
gene function. To determine whether  the human  
urate oxidase gene p romote r  is still functioning, we 
examined urate oxidase gene expression in human  

liver. Although human  urate oxidase m R N A  could 
not  be detected by nor thern  analysis (Reddy et al. 
1988; Lee et al. 1989), we showed that low level of  
transcripts is present using PCR. Because nonsense 
mutat ions  could lead to low steady-state levels o f  
m R N A  (Baserga and Benz 1988; Urlaub et al. 1989), 
the human  urate oxidase gene p romote r  may  be 
functional and the low steady-state m R N A  level was 
probably caused by the two inframe nonsense mu- 
tations. 

We have not  completely excluded the possibility 
that there is a single original muta t ion  in the com- 
m o n  ancestor o f  humans  and apes, but  the available 
evidence suggests that  a different muta t ion  event  
was likely responsible for the loss o f  urate oxidase 
activity in gibbons. The 13-bp deletion identified in 
the gibbon urate oxidase sequence but  not  in other  
species is consistent with this hypothesis. As gib- 
bons are the first to branch out  f rom the rest o f  the 
hominoids ,  it may  well be that the loss o f  urate 
oxidase in hominoids  was the consequence o f  two 
independent  events; the nonsense mutat ion at co- 
don posi t ion 33 resulted in the loss o f  urate oxidase 
activity in the human,  chimpanzee,  and orangutan, 
whereas the 13-bp deletion was responsible for the 
urate oxidase deficiency in the gibbon. The  two ad- 
dit ional mutat ions  found in the human  and chim- 
panzee likely occurred after the gene was inactivat- 
ed. We have also examined mutat ions  in the urate 
oxidase gene in gorilla (Gorilla gorilla). In agreement 
with our  hypothesis,  all three mutat ions  found in 
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h u m a n  were  p r e s e n t  in  the  gor i l l a  gene (da t a  n o t  
shown) .  

A l t h o u g h  we  h a v e  n o t  e x p l o r e d  the  p o s s i b i l i t y  o f  
a d d i t i o n a l  m u t a t i o n s  in  the  g ibbon ,  o u r  d a t a  so far  
suggest  t ha t  g i b b o n s  a n d  the  res t  o f  t he  h o m i n o i d s  
los t  u r a t e  o x i d a s e  a c t i v i t y  b y  i n d e p e n d e n t  m u t a -  
t i o n a l  even t s .  I f  th is  is  i n d e e d  the  case,  i t  m a y  suggest  
t ha t  these  i n d e p e n d e n t  e v e n t s  were  the  resu l t  o f  na t -  
u ra l  se lec t ion  as the  g i b b o n  has  e v o l v e d  a long  a 
d i f fe ren t  l ineage  f r o m  the  res t  o f  t he  h o m i n o i d s  a n d  
i t  is u n l i k e l y  to  d i s r u p t  a f u n c t i o n a l  gene  in  two  
e v o l u t i o n a r y  l ineages  b y  two  m u t a t i o n a l  even t s  
w i t h o u t  se lec t ion .  Thus ,  the  loss  o f  u r a t e  o x i d a s e  
m i g h t  h a v e  se lec t ive  a d v a n t a g e s  in  the  e v o l u t i o n  o f  
h o m i n o i d s ,  m u c h  l ike  the  m u t a t i o n s  seen  a t  the  
/3-globin locus  in  d i f fe ren t  h u m a n  p o p u l a t i o n s  (An-  
t o n a r a k i s  e t  al.  1982). 

I t  is k n o w n  tha t  u r a t e  o x i d a s e  has  a lso  b e e n  los t  
in  s o m e  N e w  W o r l d m o n k e y s  (Chr i s t en  et  al. 1970). 
A l t h o u g h  the  m u t a t i o n s  in  these  spec ies  h a v e  n o t  
been  e x a m i n e d ,  i t  is l ike ly  t ha t  the  loss  o f  u ra t e  
o x i d a s e  in  h o m i n o i d s  a n d  in  N e w  W o r l d  m o n k e y s  
was  the  resu l t  o f  i n d e p e n d e n t  m u t a t i o n a l  even t s ,  as  
O l d  W o r l d  m o n k e y s  r e t a i n e d  u ra t e  o x i d a s e  a c t i v i t y  
a n d  N e w  W o r l d  m o n k e y s  d i v e r g e d  f r o m  the  h o m -  
i n o i d s  ea r l i e r  t h a n  d i d  O l d  W o r l d  m o n k e y s .  O u r  
p r e s e n t  s t u d y  s h o w e d  t h a t  the  loss  o f  u ra t e  o x i d a s e  
in  h o m i n o i d s  was  a lso  l ike ly  c a u s e d  b y  i n d e p e n d e n t  
m u t a t i o n s .  T h i s  resu l t  suggests  t ha t  i n d e p e n d e n t  
m u t a t i o n  c o u l d  be  the  gene ra l  m e c h a n i s m  for  the  
loss  o f  u ra t e  ox ida se  in  p r i m a t e s .  
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