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Abstract

The end product of purine catabolism varies amongst vertebrates and is a consequence of independent
gene inactivation events that have truncated the purine catabolic pathway. Mammals have
traditionally been grouped into two classes based on their end product of purine catabolism: most
mammals, whose end product is allantoin due to an ancient loss of allantoinase (ALLN), and the
hominoids, whose end product is uric acid due to recent inactivations of urate oxidase (UOX).
However little is known about purine catabolism in marsupials and monotremes. Here we report the
results of a comparative genomics study designed to characterize the purine catabolic pathway in a
marsupial, the South American opossum (Monodelphis domestica), and a monotreme, the platypus
(Ornithorhynchus anatinus). We found that both genomes encode a more complete set of genes for
purine catabolism than do eutherians and conclude that a near complete purine catabolic pathway
was present in the common ancestor of all mammals, and that the loss of ALLN is specific to placental
mammals. Our results therefore provide a revised history for gene loss in the purine catabolic pathway
and suggest that marsupials and monotremes represent a third class of mammals with respect to their
end products of purine catabolism.
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Introduction

Purine metabolism is an essential biochemical pathway that is conserved across a wide-range
of phyla and is considered a likely candidate for the most ancient metabolic pathway on the
planet (Caetano-Anolles et al. 2007). The end products of purine catabolism, however, vary
among vertebrates and have been the subject of comparative biochemical studies since the
early 20t century (for example see Hunter et al. 1914b). Those studies as well as subsequent
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reports have led to the widely accepted view of the end products of purine catabolism in
vertebrates as summarized in Fig. 1.

The terminal portion of purine catabolism begins with the degradation of hypoxanthine to uric
acid by xanthine dehyrogenase and xanthine oxidoreductase (XDH, EC 1.1.1.204; XOR, EC
1.2.3.2), which are encoded for by a single gene present in all vertebrates. Until recently, the
next step in this pathway was reported to be the degradation of uric acid to allantoin by urate
oxidase (UOX, EC 1.7.3.3), which is absent in hominoids, birds and terrestrial reptiles.
However, Ramazzinaetal., (2006) recently identified two enzymes, HIU hydrolase and OHCU
decarboxylase, that catalyze intermediate steps in the conversion of uric acid to allantoin, which
is the end product of this pathway in most mammals. Allantoinase (ALLN, EC 3.5.2.5) then
degrades allantoin to allantoate, which is the final product of this pathway in some teleost fish.
In other teleost fish and amphibians, allantoicase (ALLC, EC 3.5.3.4) catalyzes the hydrolysis
of allantoate to ureidoglycolate and urea, which is followed by degradation of ureidoglycolate
to glyoxylate and urea by ureidoglycolate lyase (UGL, EC 4.3.2.3)(Hayashi et al. 2000).
Finally, urease activity (EC 3.5.1.5), whose presence has been detected in the gut of some fish
but is encoded within bacteria living in the host and not the vertebrate genome, can generate
the most terminal products of the pathway, ammonia and carbon dioxide (Urich 1994).

To date, comparative studies of the end products of purine catabolism in mammals have relied
on the relative ratios of uric acid and allantoin in urine as a standard by which to compare this
pathway between species. In placental mammals, most species primarily excrete allantoin and
a small amount of uric acid (Hunter et al. 1914a; Hunter et al. 1914b), whereas hominoids
primarily excrete uric acid and only trace amounts of allantoin (Wiechowski 1909; Wiechowski
1912; Wells et al. 1914). More limited information is available for the other mammals, the
marsupials and monotremes. In the case of marsupials, the enzymatic activity of UOX has been
directly assayed for and detected in the opossum (Caldwell et al. 1914). With the exception of
human and chimpanzee (Hunter et al. 1914b), this species was shown to excrete more uric acid
relative to allantoin than all placental mammals. In the monotremes, both the platypus and
echidna have been shown to excrete uric acid and allantoin, but the total amount of these
metabolites per a defined volume of urine was much smaller and included high proportions of
uric acid than was observed in the placental mammal included in the same study (Denton et
al. 1963). Purine catabolism therefore clearly proceeds beyond uric acid in both marsupials
and monotremes, and the presence of significantamounts of allantoin indicates that the pathway
extends at least as far in these species as in most placental mammals. Moreover, the distinct
relative ratios of uric acid to allantoin in marsupials and monotremes compared to most
placental mammals could be an indication that both uric acid and allantoin are intermediate
metabolites in non-eutherian mammals. Thus, while purine catabolic metabolites downstream
of allantoin have not been directly assayed for in marsupials and monotremes, these results are
suggestive that the purine catabolic pathway in these species proceeds farther than it does in
placental mammals.

Variation in the end product of purine catabolism among vertebrates is the result of truncation
of the pathway by complete or partial inactivation of the genes encoding the purine catabolic
enzymes (Wu et al. 1989; Wu et al. 1992; Andersen et al. 2006). Once a mutation truncates
the purine catabolic pathway, the genes downstream of the mutated enzyme are presumably
no longer needed and will be lost over time. Though this model is not always correct, (Fujiwara
etal. 1995; Vigetti et al. 2000; Vigetti et al. 2001; Vigetti et al. 2003), a comparative genomic-
based study focused strictly on the presence or absence of genes can be a good predictor of the
functional content of the purine catabolic pathway (Wong et al. 2005; Ramazzina et al.
2006). Here we report the results of a comparative genomics study designed to compare the
gene content in the terminal portion of the purine catabolic pathway in a marsupial, the South
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American opossum (Monodelphis domestica) and a monotreme, the platypus
(Ornithorhynchus anatinus), versus a diverse set of other vertebrates.

Materials And Methods

Identification of orthologs encoding the purine catabolic pathway

The following strategy was used to identify orthologs of the six known genes in the terminal
portion of the purine catabolic pathway. First, pre-computed orthologs and the accompanying
nucleotide and protein alignments 13 species [fugu (Takifugu rubripes), pufferfish (Tetraodon
nigroviridis), zebrafish (Danio rerio), stickleback (Gasterosteus aculeatu), frog (Xenopus
tropicalis), chicken (Gallus gallus), cow (Bos taurus), dog (Canis familiaris), mouse (Mus
musculus), rat (Rattus norvegicus), rhesus monkey (Macaca mulatta), chimpanzee (Pan
troglodytes) and human (Homo sapiens)] were extracted from the TreeFam database
(http:/lwww.treefam.org/) (Li et al. 2006) for XDH (TF353036), UOX (TF323438), HIU
hydrolase (TF300210), OHCU decarboxylase (TF323276), ALLN (TF300759) and ALLC
(TE324677). Second, in cases where orthologs were absent in TreeFam the missing orthologs
were either extracted from the most recent Ensembl (http://www.ensembl.org) (Hubbard et al.
2007) annotation, or were identified by homology searches and manual gene annotation.
Homology searches and manual annotation was used to identify orthologs from the platypus
genome assembly (ornAnal) (Warren et al 2008), opossum genome assembly (monDom4)
(Mikkelsen et al 2007), anolis genome assembly (Anolis carolinesis) (anoCarl) generated by
the Broad Institute at MIT and Harvard University, and marmoset genomic sequences
generated by the Washington University Genome Sequencing Center. The complete sets of
orthologs were aligned with CLUSTALX (Jeanmougin et al. 1998) and resulting alignments
manually edited using the TreeFam alignments as a guide. The Ensembl gene identifiers are
listed in Supplementary Table 1, and the manually annotated sequences provided in
Supplementary Data File 1. The alignments of these sequences are available from the authors
upon request.

Classification of orthologs

The orthologs in each species were classified as a gene, a pseudogene, or absent. Orthologs
were classified as a gene if they had an open reading frame, were evolving under purifying
selection, and had a conserved intron/exon structure. Orthologs were classified as a pseudogene
if the protein coding sequence was truncated by early nonsense mutations and evolving
neutrally. Orthologs were classified as absent from a species only if homology searches of the
assembled genome (and when available EST databases) and direct analysis of the predicted
syntenic genomic location failed to detect the gene of interest.

Sequence Evolution

To evaluate the rate of evolution for the purine catabolic genes, a maximum likelihood method
was implemented by the “codeml|” program in PAML (Yang 2003) to estimate the ratio of
nonsynonymous (Kj) to synonymous (Kg) substitutions, i.e. Ky/Ks. The tree phylogeny used
in the following analyses is: (((((((Marmoset,(Rhesus,(Chimp,Human))),(Rat,Mouse)),
(Dog,Cow)),0possum),Platypus), (Chicken,Anolis)),Xenopus,
(((Fugu,Tetraodon),Stickleback),Zebrafish)); For each gene, K, /K rate estimates were first
compared between the marsupial and monotreme lineages using a likelihood ratio test (LRT)
to determine if the estimated K,/K values were significantly different (p <0.01). Rate estimates
for the marsupial and monotreme, either combined (p > 0.01) or individually (p < 0.01), were
then compared to the K, /K, estimates for the genes known to have retained their function as
purine catabolic enzymes in fish, amphibian, bird & reptile, and placental mammals to detect
significant differences with other groups of vertebrates.
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Results

The opossum and platypus genomes encode a more complete set of genes for purine
catabolism than do placental mammals

The end products of purine catabolism in placental mammals are well established but have yet
to be determined in marsupials and monotremes. To genetically characterize the terminal
portion of the purine catabolic pathway in marsupials and monotremes we determined the
presence or absence of the known genes in this pathway in the platypus (monotreme) and
opossum (marsupial) genomes. In particular, the platypus and opossum genomes were searched
for the presence of XOR/XDH, UOX, HIU hydrolase, OHCU decarboxylase, ALLNand ALLC
as the basis for comparison to a diverse sampling of 15 other vertebrates (4 teleosts: stickleback,
fugu, tetraodon and zebrafish, 1 amphibian: frog, 1 reptile: anolis lizard, 1 bird: chicken, and
8 placental mammals including 2 hominoids: human and chimpanzee and 6 other placental
mammals: mouse, rat, dog, cow, rhesus monkey and marmoset) (Fig. 2). (Note that the identity
of the gene encoding the UGL locus has yet to be identified in vertebrates (Takada et al.
1986), and therefore could not be included in this study.)

As expected from previous biochemical studies summarized in Fig. 1 all the known purine
catabolic genes are present in the amphibian and teleost genomes (Fig. 2). Similarly, we also
detected the full complement of purine catabolic genes, including ALLN which was absent in
placental mammals, in both the opossum and platypus genomes (Fig. 2). (Note that the absence
of ALLN in the genomes of placental mammals is consistent with allantoin being the end
product of purine catabolism in those species, excluding the hominoids). Moreover, estimates
of the rates at which the marsupial and monotreme purine catabolic genes have evolved were
consistent with each encoding a functional protein (Table 1). In particular, the rate at which a
protein has evolved can be inferred by calculating the ratio of the rates of nonsynonymous
(Kg) and synonymous (K) nucleotide substitutions, i.e., K4/Ks. In the case of the opossum and
platypus, the genes in the purine catabolic pathway had K;/Kg values between 0.07-0.47,
consistent with all six genes evolving under purifying selection (Table 1). While statistically
significant differences in the estimated K;/Kg values were detected between the opossum,
platypus and other vertebrate lineages, no obvious pattern emerged that suggested the opossum
and platypus genes were evolving under different selective constraints than the orthologs that
are known to encode functional purine catabolic enzymes in other vertebrates (Table 1). The
presence of all the genes encoding the purine catabolic pathway in the opossum and platypus
genomes and their pattern of evolution therefore suggests that marsupials and monotremes
have the potential to encode a more complete purine catabolic pathway than placental
mammals.

Loss of ALLN is specific to placental mammals

The presence of ALLN in opossum and platypus genomes and its absence in the genomes of
placental mammals suggests that ALLN was most likely present in the eutherian lineage prior
to the radiation of placental mammals ~100 million years ago (Murphy et al. 2001). We
therefore scrutinized the predicted syntenic location of ALLN between the flanking KIF1A and
AGXT loci in the genomes of the placental mammals to see if we could detect any remnants of
this gene. However, we were unable to detect ALLN, or clear evidence for any other gene, in
this region of eutherian genomes, including the finished genomes of human and mouse.
Homology searches using the ALLN protein sequence from other species were also unable to
detect this gene elsewhere in the genome of placental mammals. Thus, these results suggest
that not only was the purine catabolic function of ALLN lost in placental mammals, but the
gene encoding this enzyme has also been deleted or degenerated beyond recognition in the
eutherian lineage.
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Discussion

Variation in the end product of purine catabolism among vertebrates has been of interest to
biologists for nearly a century (Caldwell et al. 1914; Hunter et al. 1914a; Hunter et al.
1914b; Keilin 1959). In textbooks and reviews, mammals are grouped into two classes based
on their end products of purine catabolism; the hominoids, whose end product is uric acid, and
other mammals, whose end product is allantoin (Fig. 1). This dichotomy among mammals can
be explained by the loss of ALLN activity in the common ancestor of all mammals, and
subsequent recent inactivation(s) of UOX in hominoids (Wu et al. 1992; Oda et al. 2002). The
results of this study provide an updated and expanded view of the sequence of genetic
modifications that have shaped the evolution of this pathway in mammals.

The presence of the ALLN in opossum and platypus and absence in placental mammals strongly
suggests that loss of ALLN is specific to placental mammals. The most parsimonious time frame
for the loss of ALLN from the eutherian genome therefore pre-dates the most recent common
ancestor of placental mammals ~100 million years ago (Murphy et al. 2001) and postdates the
split of the eutherian and marsupial lineages ~173 million years ago (Kumar et al. 1998). It is
possible that this genetic difference between placental mammals and marsupials and
monotremes may not reflect a true biochemical difference between these groups of species.
However, the presence of a full complement of the known genes in the terminal portion of the
purine catabolic pathway in both the opossum and platypus demonstrates that these species
have, at a minimum, retained the potential to encode a more complete pathway than is found
in other mammals. As such, we hypothesize that marsupials and monotremes have end products
of purine catabolism comparable to that of teleosts and/or amphibians, i.e. glyoxylate and urea
(Fig. 1), and thus represent a third class of mammals with respect to the end products of purine
metabolism. We further propose that the distinct ratios and amounts of uric acid and allantoin
previously observed in the urine of the Virginia opossum (Didelphis virginiana) (Caldwell et
al. 1914), platypus and echidna (Denton et al. 1963) compared to placental mammals is a
reflection of this predicted difference in end products of purine catabolism. Direct biochemical
studies will ultimately be needed to test these hypotheses and determine the specific end product
of purine metabolism in marsupials and monotremes.

Purine metabolism has been repeatedly modified via differential gene loss throughout
vertebrate evolution, and gene loss is increasingly being recognized as an important force in
evolution (Olson 1999). Recently, clear associations have been made between gene loss and
fundamental biological differences between placental mammals and monotremes (Brawand et
al. 2008; Ordonez et al. 2008). Given that the loss of ALLN is specific to placental mammals,
it is tempting to speculate on possible adaptive advantages the loss of this gene may have
provided to our eutherian ancestors. Prior hypotheses on the adaptive advantages of
modifications in nitrogen metabolism, including the urea cycle and the end products of purine
catabolism, have focused on diet, water conservation and embryonic environment (Packard
1966; Campbell etal. 1987; Mommsen et al. 1989). Since the eutherian embryonic environment
is distinct from that of both the marsupials and monotremes in that full-term development
occurs in utero with a chorioallantoic placenta, one possibility is that loss of ALLN is somehow
related to this phenotypic innovation that is common to all placental mammals. However, it
should be noted that embryonic environment is not always clearly correlated with variation in
the end products of purine metabolism. For example, though birds/reptiles and monotremes
have a somewhat similar embryonic environment, the end product of birds/reptiles is uric acid
due to the inactivation of UOX whereas our results suggest the end product in monotremes
may be glyxolate and urea. One potential experimental approach to assess the biological
significance of truncation in placental mammals would be to genetically alter the mouse
genome in order to reconstitute the functional purine catabolic pathway inferred to have been
present in the common ancestor of all mammals. In summary, the results of our modern
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comparative genomic survey have yielded new insights into the evolution of the purine
catabolic pathway in mammals and provide a rationale to revisit and expand the comparative
biochemical studies of purine catabolism in marsupials and monotremes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Purine catabolism. The enzymes and catabolites of the terminal portion of the purine catabolic
pathway are shown on the left. The end products of this pathway for different groups of
vertebrates are shown on the right (Urich 1994; Hayashi et al. 2000).
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Figure 2.

Gene content of the purine catabolic pathway in opossum and platypus. The tree on the left
represents the accepted vertebrate phylogeny and divergence dates (millions of years ago, Mya)
(Kumar et al. 1998). The species included in each category are teleosts (stickleback, fugu and
tetraodon and zebrafish), an amphibian (frog), a reptile (anolis lizard),a bird (chicken), a
monotreme (platypus), a marsupial (opossum), and placental mammals, including the
hominoids (human and chimpanzee) and other placental mammals (mouse, rat, dog, cow,
rhesus monkey and marmoset). The gene content of the purine catabolic pathway for each
group of species is summarized on the right. Orthologs were classified as a gene if they had
an open reading frame, were evolving under purifying selection, and had a conserved intron/
exon structure, as pseudogenes if the protein coding sequence was truncated by early nonsense
mutations and evolving neutrally, and absent when no gene or gene fragment was identified.
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