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Abstract
Evolution of Purine Metabolism
Alaine C. Keebaugh
Gene duplication has long been accepted as playing a major role in evolution. Recently, it
has been hypothesized that gene loss might also play an important role in evolution.
While this hypothesis has not systematically been tested, it is becoming clear that gene
loss has played a role in recent human evolution. One pathway that has been repeatedly
modified by both gene duplication and gene loss is purine metabolism. The goal of this
dissertation is to use purine metabolism as a model system to explore the biological
significance of gene duplication and gene loss with respect to evolution and disease.
Through characterization of the purine catabolic pathway in mammals we identified a
novel genetic difference between placental mammals and marsupials/monotremes. We
hypothesize that this genetic difference distinguishes purine catabolism between these
lineages. By performing a more detailed characterization of the purine catabolic
pathway in vertebrates we discovered an unexpected fate following loss of UOX in the
bird/reptile lineage. The patterns of gene retention and gene loss allowed us to
hypothesize a new model of gene loss by which a single gene loss event can have long-
term, indirect consequences on the evolutionary potential of many genes in the genome.
Mutations in HPRT1, a salvage enzyme of purine metabolism, cause Lesch-Nyhan
disease in humans; however, the clinical phenotype has not been successfully
recapitulated in a mouse model. In this work, we reconstruct the evolutionary history of
the HPRT-gene family and hypothesize that the lack of a disease phenotype in mouse is
due to the absence of an HPRT1 paralog, PRTFDCI, in this species. To this end, we

have developed a more humanized mouse model carrying the human PRTFDCI locus. In



this dissertation we provide empirical evidence to support the theory of adaptive gene
loss and highlight the importance of understanding the history of gene duplication and

gene loss when modeling human disease.
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1 Introduction



1. Introduction

"From the war of nature, from famine and death, the most exalted object which
we are capable of conceiving, namely, the production of higher animals directly
follows. There is grandeur in this view of life, with its several powers, having
been breathed into a few forms or into one; and that, whilst this planet has gone
cycling on according to the fixed law of gravity, from so simple a beginning
endless forms most beautiful and most wonderful have been, and are being,

evolved."

Charles
Darwin

On the Origin of Species (1859)

The beauty of organismal complexity has long been appreciated. In the origin of
species, Darwin sought to shed light on this complexity by (i) demonstrating the
wide kinship of life (i.e. descent with modification) (Hillier et al.) by invoking
natural selection as the mechanism responsible for those modifications (Darwin
1859). While Darwin could show that variation existed, and that natural selection
could act on such variation, the origin and nature of variation remained unknown.

A mechanism for the origin of novel structures was missing and thus many



doubted that natural selection could build new structures from existing variation.
The canonical work on the subject is Ohno's Evolution by Gene Duplication
where he proposes that the genetic redundancy provided by gene duplication is
crucial to functional innovation. Ohno's ideas expand upon Darwin's principle of
natural selection in that gene duplication is one type of genetic variation that
natural selection can act on. When Ohno first proposed his ideas on the
significance of gene duplication it was not technically possible to test many of
them rigorously. Today, gene duplication is widely accepted as the primary
mechanism for the acquisition of new functions as well as the ultimate material
for evolutionary innovation. In contrast to this adaptive view of gene
duplication, gene loss is generally associated with deleterious consequences.
Genomics is revealing that genomes are more flexible and variable than expected
and that evolution can work both ways, taking advantage of both gene duplication
and gene loss. While the relative contribution of gene loss to organismal
complexity is currently unknown, it is becoming increasingly clear that gene loss
has played a role in adaptive evolution among contemporary human populations.
With the advancement of genomic resources the connection between gene loss

and organismal complexity is beginning to emerge.



1.1 Gene duplication

With the accumulation of complete genomic sequences over the last decade, it has
become realized that significant portions of eukaryotic genomes consist of
duplicated gene loci, that most gene families are large and have complex
evolutionary histories, and that these are best explained by the widespread
occurrence of whole genome duplications or tandem gene duplications
(Aburomia, Khaner, and Sidow 2003). And, as predicted by Ohno over thirty
years ago gene duplication and subsequent divergence of these duplicated genes is

central to functional innovation.

1.1.1 Mechanisms of gene duplication.

Ohno suggested that whole genome duplications were likely more important than
regional duplication in shaping the genome of early vertebrates (Ohno 1970).
This assumption was based on isozyme complexity and genome size. While
these measures were relatively inaccurate, more contemporary molecular studies
have yielded convincing evidence favoring two rounds (1R/2R) of large-scale
duplication events in early vertebrates. Specifically, genes in contemporary
vertebrate species can be traced back to the base of the vertebrate phylogeny with

a clear pattern of tetra-paralogy emerging (Blomme et al. 2006). In addition,



comparative genomic studies have found that many genes seem to have two
copies in ray-finned fishes but only one cognate copy in other vertebrates. Most
convincingly, Jaillon et al (2004) compared the distribution of genes between the
human and Tetraodon, observing many cases where human syntenies were found

in duplicate on two different Tetraodon chromosomes (Jaillon et al. 2004).

Many have speculated that whole genome duplications (WGD's) allowed for the
diversification of vertebrates (Aburomia, Khaner, and Sidow 2003). Similarly, a
fish specific WGD's may have contributed to the contemporary diversity of ray-
finned fishes (Van de Peer 2004). In addition to the importance of WGD in
vertebrate diversification, WGD's are associated with speciation in fly, worm and
plants (Greenberg et al. 2003; De Bodt, Maere, and Van de Peer 2005; Scannell et
al. 2006). Whole genome duplication is clearly a fundamental aspect of adaptive

genome evolution.

In addition to these WGD's, smaller scale duplications of segments of
chromosome (segmental duplications) or the transcribed portions of gene by
retrotransposition are continuously occurring in the genome. The initial draft
sequence of the human genome revealed an unexpectedly large number of
segmental duplications as compared to other species such as worm and fly (Bailey

et al. 2002). And, nearly half of the human genome, ~42%, is composed of



retrotransposed genes (Lander et al. 2001a). Microbial, fly and worm genomes

have significantly fewer pseudogenes than human (Balasubramanian et al. 2009).

Gene duplication can also lead to copy number variation (CNV) between
individuals, which can include whole genes and clusters of genes. Recent data
from humans has shown that gene dosage differences caused by CNV's may
underlie many aspects of human phenotypic variation and provide the raw
material for gene family expansion and contraction (Perry et al. 2007; Xue et al.

2008).

1.1.2 Physical properties of gene duplication.

The presence of duplicate genes leads to unique physical properties that are
subject to homology-driven evolutionary processes that facilitate subsequent
duplication, deletion and inversion events (non-allelic homologous recombination
(NAHR) such as reciprocal unequal crossing-over). Chromosomal
rearrangements mediated by NAHR between duplications typically occur between
segmental duplications with greater than 95% identity and are more than 10 kb in
length. A second homology driven mechanism, gene conversion, is the process
by which one copy exerts its sequence onto the other copy. Inverted repeats

(Stefansson et al.) make up one class of segmental duplications whose homology



can be maintained through gene conversion. Studies have shown that IRs can
contribute to gene regulation by formation of secondary structures that can
modify chromatin structure (Warburton et al. 2004). IRs can also contribute to
function beyond that of the gene in which they encode (Hanke, Hambor, and

Kavathas 1995).

Site-specific recombination, like NAHR, can lead to inversion events and has
been shown to occur at high frequencies in bacteria. This type of recombination
is generally 'regulated’ by physical properties and can provide a simple ON <>
OFF switch for genes located within or adjacent to the invertible region (Abraham
et al. 1985). One of the best-characterized examples of variation achieved by site-
specific DNA inversion are those of type 1 fimbriae from Escherichia coli, where
phase variation is mediated by the inversion of a 314 bp chromosomal region. In
the 'ON' orientation, the promoter is in the correct position to initiate transcription
and in the 'OFF' position transcription is inhibited (Abraham et al. 1985). Itis
generally believed that the most likely role for phase variation is to provide
bacterium with a strategy for adapting to changing or multiple environmental

conditions (Saunders 1994).

In some cases NAHR mediated rearrangements are highly disadvantageous and

cause disease. Many genomic illnesses due to gene duplication are known while



only a handful of non-pathogenic and even less adaptive gene duplications have
been identified. One obvious question is why are these physical properties
maintained if they cause disease? An interesting example that might shed light on
this enigma involves a 900-kb inversion polymorphism of chromosome 17q21.31
that is associated with segmental duplications (Stefansson et al. 2005). This
particular inversion represents two distinct haplotypes that have been diverging
for approximately 3 million years. One haplotype is found at a frequency of 20%
in Europeans and indicates a history of positive selection such that carrier females
have higher fertility rates than non-carriers. In contrast to its beneficial effect,
microdeletions caused by NAHR between segmental duplications within this
polymorphism have been identified in ~1% of European individuals with mental
retardation (Sharp et al. 2006). To date, this is the only example where
segmental duplication architecture predisposes a species to both positive and
negative selective pressures. It is thus likely that the adaptive benefits of gene
duplication counter balance the deleterious consequences, allowing for the

creation of novel gene families and genetic and phenotypic variation.

1.1.3 Classical models of adaptive gene duplication.

The idea that gene duplication plays a fundamental role in the origin of

phenotypic diversity has motivated numerous proposals to explain how a new



gene can emerge from its predecessor, and evolve a novel function. One of the
earliest reports of gene duplication was in the BAR 'gene' of the fruit fly
Drosophila melanogaster (Bridges 1936). As early as the 1930's geneticists,
such as Haldane, speculated on the importance of gene duplication in evolution

but its magnitude was not fully appreciated until the middle of the century.

In his seminal book, Evolution by Gene Duplication, Ohno introduced what is
considered the classical models of gene duplication (Figure 1.1). Ohno proposed
that the most likely fate of a duplicate gene is gene loss but in some cases a
duplicate gene can be retained in the genome due to beneficial effects of gene

dosage or neofunctionalization.

Ohno proposes that a duplicate gene can be retained due to the beneficial effects
of increased gene dosage (producing more of a given protein). Under this model,
the duplicates undergo concerted evolution and remain ‘identical’ to each other.
Alternatively, because gene duplication creates a redundant locus that, being
unencumbered by a functional role, is free to accumulate formerly forbidden
mutations and eventually acquire a new function (Ohno 1970). This model is
called neofunctionalization and was identified by Ohno as the primary mechanism

for the preservation of duplicate genes. Interestingly, empirical data suggest that a
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much greater proportion of gene duplicates are preserved than is predicted by the

classical model (Lynch and Conery 2003).

Currently the mechanism of retention is an issue of debate in the literature. One
key question is the relative importance of neofunctionalization and positive
selection versus that of purely neutral processes. Hughes and Lynch (1994)
proposed that preservation of a duplicate gene could be due to the accumulation
of degenerative mutations causing complementary loss of function in the
members of the pair. Thus, prior to gene duplication a single gene performs two
functions and following duplication the ancestral function is partitioned between
the duplicate genes so that each member of the pair performs a distinct function
(Figure 1.1). Subsequently, an alternative subfunctionalization model was
proposed, the duplication-degeneration-complementation (DDC) model. In this
process, the preservation of duplicate genes is achieved through partitioning of the
ancestral expression pattern rather than biochemical functions (Force et al. 1999).
Both models of subfunctionalization are limited because they do not account for
the acquisition of a novel function and they require the existence of a bifunctional

ancestral state (Figure 1.1).

The debate over the relative importance of neofunctionalization and positive

selection versus that of subfunctionalization and neutral processes has lead to the
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emergence of hybrid views, such as neosubfunctionalization (He and Zhang
2005). Under neosubfunctionalization, rapid subfunctionalization occurs
immediately following gene duplication and is accompanied by prolonged and
substantial neofunctionalization. Like the model of subfunctionalization, this
view assumes that the ancestral state had more than one function. This view
highlights that while gene dosage, neofunctionalization and subfunctionalization
are presented as mutually exclusive fates for duplicate gene pairs, they are not.
Following retention, duplicate genes continue to evolve, and gene dosage and/or
subfunctionalization could contribute to novelty simply by enabling duplicate

genes to survive for long periods, increasing the chances of neofunctionalization.
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Inactivation

]
L]

Gene Dosage

Neofunctionalization

Subfunctionalization

Figure 1.1 Classic theories of gene duplication.

Cartoon depicting the fate of a duplicate gene: inactivation, dosage compensation,
neofunctionalization, and subfunctionalization, respectively. Colored blocks
represent functional gene/s or regulatory domain/s. White boxes represent
inactivated gene/s.

1.2 Gene Loss

1.2.1 Mechanisms of gene loss.

Loss of gene function can be achieved through loss of promoter activity, protein-
truncating mutations, and by more subtle loss of function mutations. Given the
type of mutation incurred and the time since the mutation originated, it can be
difficult to identify the initial loss of function mutation. This is particularly true

for regulatory regions because they are diverse and evolve rapidly. In contrast,
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protein-coding mutations are more easily identified because of their high
conservation and our greater understanding of these regions. Once a gene acquires
an inactivating mutation, it will begin to evolve neutrally and genetically
deteriorate. Thus, though there are many examples of gene loss, which mutation

caused the initial gene inactivation event is often not known.

There are also circumstances where many genes might become inactivated due to
unique genomic physical properties. Genome rearrangements, for example, are
known to have occurred during eutherian evolution (Moses et al. 2003) and can
result in gene deletion (Fitzgerald and Bateman 2004). For example, in a study by
Fitzgerald and Bateman four human genes were identified that correspond to
evolutionary breakpoints in rodents and ortholgos in mouse and rat were not
found, supporting 'evolutionary breakpoint-associated gene deletion' as a
mechanism of gene loss. Recently, sequencing of gibbon breakpoints revealed
three genes disrupted by rearrangement that showed signatures of selection
consistent with pseudogenization (Girirajan et al. 2009). Under this model gene
loss can potentially disrupt developmental and biochemical processes or
contributes to morphological and behavioral specialization and so fixation can be

due to either neutral or beneficial gene loss.
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Large-scale gene loss can be mediated by lack of recombination, which can lead
to genetic degeneration and gene loss. The most classic example of genetic
degeneration can be found in the sex chromosomes where the Y chromosome (or
W chromosome) cannot recombine and has subsequently experienced substantial
degeneration (Charlesworth and Charlesworth 2000). Gene loss by this
mechanism is not restricted to the sex chromosomes, but has also occurred in the

t-complex on mouse chromosome 17 as well (Ardlie 1998).

1.2.2 Classic models of adaptive gene loss.

In the "less is more hypothesis" Maynard Olson (1999) proposes that loss of gene
function may play an important role in populations undergoing a change in the
environment and consequently a change in selective pressure. Olson's idea that
gene loss may be an adaptive mechanism of evolutionary change is
counterintuitive because better fitness is generally associated with the acquisition
of novel functions not broken ones. Nonetheless, there are several examples from
the human population where loss of function improves fitness in particular

environments (e.g. malaria and hemoglobinopathies).

Figure 1.2 Classical model of gene loss.
Loss of gene function occurs through the
accumulation of a deleterious mutation/s.
Clolored blocks represent protein funciton/s
or expression pattern/s. Empty boxes
represent loss of protein function or
expression pattern.

Loss of Function
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In contrast to gene duplication, there has been little theoretical discussion on
adaptive gene loss. Under the classical model, gene loss occurs when a functional
gene acquires an inactivating mutation and becomes fixed in the population
(Figure 1.2). Fixation of a null allele within a population can be due to random
genetic drift, hitchhiking, or, as Olson suggests, natural selection. When gene loss
is adaptive, the loss of function mutation is expected to occur frequently and

spread rapidly through small populations.

A second model of gene loss, called synfunctionalization, was recently proposed
(Figure 1.3). Under this model, loss of function in one paralog is preceded by the
acquisition of the function in a different paralog. In contrast to the classical
model of gene loss, synfunctionalization allows for a gene to be lost without its
function being lost (Gitelman 2007); however, it requires that a paralog be
present. Evidence for this model lies in the observation that within gene families
among vertebrates, one function is executed in different species by different
orthologs (Nguyen et al. 1998; Scholpp and Brand 2001; Locascio et al. 2002).
Gene loss through synfunctionalization is likely not due to adaptive evolution

because gene function is maintained.
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Synfunctionalization

————»——_

Figure 1.3 Synfunctionalization as a mechanism for gene loss.
Under the model of synfunctionalization, gene loss can occur in a
paralog when a different paralog acquires its function (Gittleman,
2007). Colored blocks represent protein function/s or expression
pattern/s. Empty boxes represent loss of protein function or
expression pattern

1.2.3 Adaptive gene loss.

Gene loss is an evolutionary phenomenon whereby a gene losses its function.
Once a null allele arises in a population, it is generally considered to be
detrimental to an organism and selectively disadvantageous. However, if a non-
essential gene is inactivated or environmental conditions change there may be no
selective disadvantage and a gene loss can be selectively neutral (Tanaka, Tateno,
and Gojobori 2005). Fixation of such a null allele could be due to genetic drift,
even when the allele is slightly deleterious. In the 'less-is-more' hypotheses,
Olson proposes that some gene loss events may be selectively advantageous in
populations undergoing a change in environment (Olson, 1999). Adaptive gene
loss has been hypothesized in a number of species and has been associated with
changes in diet (Li et al. 2005), morphology (Protas et al. 2006), and pathogen

resistance (Haller, Acklin, and Staeheli 1987). Gene loss has also been implicated
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in driving the anatomical and physiological differences between monotremes and

other vertebrates (Brawand, Wahli, and Kaessmann 2008; Ordonez et al. 2008).

The idea that gene loss can be adaptive has become particularly interesting with
respect to human evolution. Rapid population growth coupled with changes
during the late Pleistocene and Holocene created new opportunities for
adaptation. During the past 10,000 years human populations experienced rapid
skeletal evolution and the appearance of many new genetic responses to diet and
disease (Harper and Armelagos 2005). There are a number of human specific
gene losses hypothesized to be associated with diet, morphological evolution,

reproduction, and disease (Table 1.1).



Gene Loss

pothesized adaptive
Potential Biological
Significance

Evidence for
Adaptation'**
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gene loss within the human population.

Reference

Uox Diet, disease, cognition 1,2,3,4,5 (Haldane 1955; Orowan 1955; Ames et al. 1981; Wu et
al. 1989; Wu et al. 1992; Watanabe et al. 2002; Johnson
et al. 2005)
AMY1 Diet 1,4 (Perry et al. 2007)
UGT2B17 Diet, metabolism 1 Xue et al 2008 p. 337
ACTN3 Metabolism 3,5 (North et al. 1999; Niemi et al. 2005; MacArthur et al.
2007; Yang et al. 2007)
CoxlII Metabolism, morphology 1,4 (Goldberg et al. 2003)
MYHI16 Morphology 4 (Stedman et al. 2004)
YhHaA Morphology 1 (Langbein et al. 2001; Winter et al. 2001)
ADAMI1 Reproduction n/a (Jury et al. 1997)
SERPINA2 Reproduction, disease 1,2 (Seixas et al. 2007)
ELN Disease n/a (Szabo et al. 1999)
CCR5A32 Infectious disease 1,4 (Galvani et al. 2005; Novembre et al. 2005)
G6PD Infectious disease 1,4 (Ruwende et al. 1995; Tishkoff et al. 2001)
GPR33 Infectious disease 2,34 (Rompler et al. 2005)
FYO Infectious disease 1,4 (Hamblin et al. 2002)
Caspase-12 Infectious disease 1,4 (Wang et al. 2006; Xue et al. 2006)
CMAH Infectious disease 1,4,6 (Chou et al. 1998; Hayakawa et al. 2001; Varki 2001;
Chou et al. 2002)
EMR4 Infectious disease n/a (Hamann et al. 2003; Kwakkenbos et al. 2004)
TCR 8 Infectious disease n/a (Meyer-Olson et al. 2003)
BASE Infectious disease n/a (Hahn 2005)
MBL1 Infectious disease 2,5 (Sastry et al. 1995; Seyfarth et al. 2005)
GSTA4 Infectious disease (Morel et al. 2002)
NRADD Infectious disease n/a (Wang et al. 2003)
Nephrocan Infectious disease n/a (Mochida et al. 2006; Matsushima et al. 2007)
CFTR AF508 Infectious disease 1,4 (Schroeder et al. 1995)
GGTA1 Infectious disease 1 Koike 2002
ABO Infectious disease 1 (Yamamoto et al. 1990)
RT6 Infectious disease n/a (Haag et al. 1994)
APOBEC3H Infectious disease 2 OhAinle 2008
Caspase-15 Infectious disease 2 Ekhart et al. 2006
FLJ33674 ? n/a (Hahn 2005)
WBSCR27 ? n/a (Hahn 2005)
DNAJB3 ? n/a (Hahn 2005)
T2R62P ? n/a (Hahn 2005)
ZCCHC13 ? n/a (Hahn 2005)
SULTIDI1 ? n/a (Meinl et al. 2001)
5-HT(5B) ? n/a (Grailhe et al. 2001)
GULOP ? n/a (Nishikimi et al. 1994; Ohta et al. 1999)
Centrindp ? n/a (Gavet et al. 2003)
Acyl3 ? n/a (Zhu et al. 2007)
Tex21 ? n/a (Zhu et al. 2007)
Gucy2d ? n/a (Zhu et al. 2007)
Gm766 ? n/a (Zhu et al. 2007)
ELAL ? n/a (Rose et al. 1997)
HPP ? n/a (McEvoy et al. 1988)
FMO2 ? n/a (Dolphin et al. 1998)

Numbers indicate evidence supporting adaptive hypotheses:'Population genetic signature indicative of a selective sweep;
*Multiple independent gene loss events within or between species; *Loss of long-established genes (>50MYA);
*Inactivation coincides with environmental change; *In vivo studies support adaptive hypotheses.
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Dietary changes. It has been proposed that specific loss of function mutations
have provided a survival advantage to early primates by helping maintain blood
pressure during periods of dietary change. Loss of UOX has occurred twice, once
in the gibbon and once in the great apes. It has been proposed that loss of UOX
was advantageous due to maintenance of blood pressure during the Paleolithic

Period when sodium content was very low (Watanabe et al. 2002). Similarly, it is

hypothesized that loss of | -gulonolactone oxidase (GLO) occurred during the

Eocene, a time of high vitamin C intake, and was partially advantageous because,
in contrast to its synthesis, dietary intake of vitamin C does not generate oxidants.
Subsequently, when climatic conditions changed, resulting in famine or
starvation, lack of GLO resulted in oxidative stress and maintenance of high
blood pressure (Johnson et al. 2008). In modern human populations,
characterized by "western" diets and decreased physical activity, these once
advantageous mutations are now associated with contemporary diseases such as

hypertension and gout.

Morphological impacts. Human specific gene loss events can explain some of the
morphological differences between humans and other great apes. Loss of a
myosin heavy chain null allele (MYH16) is an example of gene loss that might be

responsible for the marked size reduction in hominin masticatory muscles.
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Population genetic, phylogenetic and morphological data suggests that this null
allele has been under strong positive selection in the recent past and is
hypothesized to have allowed for brain size expansion in contemporary humans
(Stedman et al. 2004). Interestingly this gene is still transcribed, likely due to the
fact that it is a recent inactivation event and is still in the degradation process. In
another example, human type I hair keratin was lost in human but remains
functional in chimpanzee and gorilla (Winter et al. 2001). This loss may
represent differences in body hair patterns between humans and their great ape

relatives.

Immune response. Human specific inactivation is frequent among genes that
function in immune response. Within the human population many well known
examples include null alleles that are segregating at high frequencies in distinct
geographical areas (e.g. the chemoattractant receptors CCRS and HIV1 infection,
Duftfy blood group locus FY, malaria and capsasel2 that provide resistance to
disease. Given the high disease prevalence associated with these regions, these
inter-population differences in the frequency of segregating null alleles suggest
population differences in encounters with certain pathogens. In these examples it
is not clear if null alleles are less fit than the functional counterpart when the
pathogens are rare or absent. These classic examples are clearly adaptive but they

are not likely to become fixed.
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There are several examples where inactive alleles are fixed in the human
population (Table 1.1). GPR33, a gene that arose 120~190 million yrs ago, is
present in eutherians and marsupials. This gene has been maintained in various
mammalian species for a long time, however, multiple independent losses are
observed in both the rodent (n=5) and primate (n=4) lineages, indicating that
selection has acted on this locus multiple independent times (Rompler et al.
2005). It is speculated that these groups might be exposed to similar pathogen
pressures. Unlike the Caspasel2 null allele, population genetic analyses were
unable to detect signatures of selection. These examples suggest a shift in
pathogen infection and susceptibility in the human lineage since divergence from

its great ape ancestor.

The rapid growth of human populations over the past millennia has also been
implicated in driving pathogen virulence, with respect to human health, through
gene loss. The bacterium responsible for whooping cough recently underwent
dramatic gene loss, removing its ability to infect hosts other than humans but
making it more efficient at infecting humans (Parkhill et al. 2003). Thus we see

that gene loss in response to host-pathogen interactions is not unique to humans.
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Unknown biological significance. There are also null alleles in the human
population that have signatures of positive selection but no physiological benefit
has been documented by the loss of function. For example, the ACTN3 null allele
is segregating at a frequency of 10-15% in different human populations.
Homozygotes for the null allele are overrepresented in endurance runner athletes
and mice deficient for ACTN3 can run 33% further than wildtype mice
(MacArthur et al. 2007). While population genetic analysis indicates selective
sweeps for the null allele, the direct physiological benefit to humans remains
unclear. In another example, the SERPINA2 null allele is segregating at very
high frequencies in certain populations and exhibits population genetic signatures
indicative of a selective sweep (Seixas et al. 2007). While expression patterns
indicate this gene may have been involved in reproduction, loss of SERPINA2
may represent differences in host-pathogen interactions with respect to the

reproductive tract. Again, the direct physiological benefit remains unclear.

While traditional population genetic parameters can be useful for detecting the
molecular signatures left in the aftermath of a selective sweep, these methods are
limited due to rapid decay of the genetic sequence as well as the limited
availability of genomic resources. In addition to population genetics, other
indicators can be useful for invoking adaptive hypotheses. For example,

theoretical work predicts that duplicate genes have a half-life of SMY (Lynch and
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Conery 2003). Thus, loss of "old" genes, >50 MYO, is more likely to be due to
selection than chance (Zhu et al. 2007). Furthermore, multiple independent losses
are less likely to be due to chance than single events alone. Phylogenetic dating
can be useful for dating the emergence of a null allele and can be indicative of
selection when dating coincides with environmental, morphological and/or dietary
changes. Additionally, in vivo experiments can be useful for modeling the

functional effects of gene loss.

Finally, because gene inactivation is the most likely fate for duplicate genes,
distinguishing between adaptive gene loss and gene loss due to redundancy is
hard when the gene is a member of a large gene family. Within the human
population alone, Menashe et al (2003) found 178 different combinations of
functional and nonfunctional odorant receptors at 51 loci (Menashe et al. 2002).
It is unclear if the intra-population and inter-population variation differences are
shaped by random inactivating mutations and genetic drift or if they are in part
due to differential natural selection in different geographic regions and
environments. While table 1.1 lists many of the potentially adaptive human
specific gene loss events, it is not a comprehensive list of all gene loss events as it
excludes those associated with large gene families such as the olfaction-related

genes.
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1.3 Purine Metabolism.

Purine metabolism is an essential biological process that synthesizes and breaks
down the purines adenine and guanine, which are precursors of DNA and RNA
and frequently participate as coenzymes, second messengers, cell signaling
molecules, and are critical for energy metabolism (Figure 1.4). Purine
metabolism is a highly conserved pathway found among all domains of life, and is
perhaps the oldest biochemical pathway on the planet (Caetano-Anolles, Kim, and
Mittenthal 2007). However, despite its conservation and antiquity, purine
metabolism has been repeatedly modified by gene duplication and gene loss
throughout vertebrate evolution. Both gene duplication and gene loss have played
important roles in the adaptive evolution of purine metabolism among vertebrates,

leading to functional innovation and diversification between species.

1.3.1 Gene duplication.

Ancient duplication events are hypothesized to have played a large role in the
establishment and diversification of purine metabolism (Horowitz 1945).
Contemporary gene duplication has continued to shape the purine metabolic
pathway between vertebrates, resulting in the preservation of duplicate genes
through (i) gene dosage, (Hillier et al.) neofunctionalization, and (iii)

subfunctionalization.
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Figure 1.4 Purine metabolism in vertebrates.
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Dashed lines indicate other portions of the pathway. Urease (**) activity is
present in the gut of some fish.
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Gene Dosage. The beneficial effects of gene dosage have led to the retention of
duplicate genes within the purine metabolic pathway. For example, two distinct
forms of human GMP reductase have been identified, GMPR1 and GMPR2. Both
are able to reduce GMP (Zhang et al. 2003) and have overlapping expression
patterns (Deng et al. 2002). Thus, it seems reasonable to assume that these
duplicate gene pairs have been preserved by selection for increased gene dosage,

as predicted by Ohno.

Neofunctionalization. Gene duplication has also led to the acquisition of novel
functions not associated with purine metabolism. For example, following
duplication of HIU hydrolase in the vertebrate ancestor, fish, amphibians, and
mammals, retained the ancestral enzymatic activity associated with purine
metabolism while its paralog, TTR, participates in hormone and vitamin transport
(Zanotti et al. 2006). This example represents a dramatic functional shift between
two closely related paralogous proteins and highlights the role of gene duplication

in the acquisition of novel functions within this pathway.

Subfunctionalization. Purifying selection has also preserved duplicate genes
within this pathway by partitioning the ancestral function among daughter copies.

For example, in the duplicate gene trio, AMPD1, AMPD2, and AMPD3, all have
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the same enzymatic function; however, these genes have evolved complementary
patterns of expression (Morton et al. 1989) where AMPDI1 encodes isoform M
(muscle) and AMPD?2 encodes isoform L (liver) and AMPD3 encodes the
erythrocytic form. Because preservation of AMPD duplicates is achieved through
partitioning of the ancestral expression pattern rather than biochemical functions,
this example is consistent with the duplication-degeneration-complementation

(DDC) model.

Finally, in some cases, retention of duplicate genes can be more complex. For
example, adenosine deaminase, ADA, has undergone several gene duplication
events leading to various gene families including ADA-like and adenosine
deaminase-related growth factors, ADGF. Activity of these paralogous sequences
is complex and involves a delicate balance of temporal and spatial expression
with only some overlap of enzymatic activity (Maier, Galellis, and McDermid
2005). In this case, there is no simple model accounting for the preservation of
duplicated genes. One possibility is that subfunctionalization and gene dosage
initially allowed for preservation of duplicate copies and was followed by

neofunctionalization.
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1.3.2 Gene Loss.

The end products of purine catabolism vary among vertebrates and have been the
subject of comparative biochemical studies since the early 20™ century (for
example see Hunter et al. 1914b). It is well established that differential gene loss
has led to differences in the end products of purine metabolism (Figure 1.5). In
hominoids, birds, and reptiles, the end product of purine metabolism is uric acid
and is due to the loss of UOX. Loss of this gene has occurred at least three times
during vertebrate history (Wu et al. 1992; Urich 1994a) and the beneficial effects
of this loss have been of long standing interest. Gene loss of ALLN in other
mammals has led to their end product being allantoin. Allantoate is the final
product in some teleost fish and is due to loss of ALLC while other teleost fish
and amphibians have retained functional ALLC and UGL genes so that they
complete the pathway and have an end product of urea (Hayashi, Fujiwara, and

Noguchi 2000b).
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Figure 1.5 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)

1.3.3 Human disease.

To date, at least eight human genetic diseases are associated with mutations in the

purine metabolic pathway (Table 1.2). The clinical manifestations of these
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diseases are highly variable and include a range of phenotypes not restricted to
any specific aspect of human biology. For example, mutations to ADA or PNP
lead to severe combined immune deficiency (Boss and Seegmiller 1982), while
loss of IMPDHI1 results in a dominant form of retintitis pigmentosa (Bowne et al.
2002). In the case of HPRT, the clinical phenotype can be as mild as gout to as
severe as mental retardation and compulsive, self-injurious behavior (Jinnah and
Friedann 2001). The variety of phenotypes resulting from defects in this pathway
underscores the importance of purine metabolism in a wide spectrum of biological
processes.

Table 1.2. Human genetic diseases associated with purine metabolism.

Disease ~ Knockout Mouse ~ Literature Cited

ADA | ADA deficiency Lethal (Boss and Seegmiller
1982)
ADSL ADSL deficiency N/A (Kmoch et al. 2000)
AMPDI1 | AMPD deficiency N/A (Sabina et al. 1984;
Morisaki et al. 1992)
APRT APRT deficiency Limited (Boss and Seegmiller
1982)
HPRT Lesch-Nyhan Limited (Jinnah and Friedann
disease 2001)
IMPDH1* Retinitis Limited (Bowne et al. 2002)
Pigmentosa
PNP PNP deficiency N/A (Boss and Seegmiller
1982)
XOR Xanthinuria Limited (Boss and Seegmiller
1982; Ichida et al. 1997)

* Associated with missense mutations, no known nonsense mutations.

The biological significance of purine metabolism extends beyond the synthesis,
salvage, and degradation of purines. Many genes involved in purine metabolism

have been shown to have roles in a host of biological processes (Sollinger et al.
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1992; Eugui and Allison 1993; Vorbach, Scriven, and Capecchi 2002; Akum et al.
2004; van der Knaap et al. 2005; Cheung et al. 2007). Thus, some of the clinical
phenotypes may not be directly related to the known enzymatic activities, but
rather due to the defects in other functions these genes have acquired in the recent

evolution of vertebrates.

In addition to null alleles that cause disease, there are also non-pathogenic null
alleles segregating in the human population. AMPD1 and AMPD3 null alleles are
segregating at frequencies up to 12% in the human population (Ogasawara et al.
1987; Zydowo, Purzycka-Preis, and Ogasawara 1989; Morisaki et al. 1992).
There is evidence that patients heterozygous for a null AMPDI1 allele have better
clinical outcomes following congestive heart failure and coronary artery disease
(Loh et al. 1999; Anderson et al. 2000); however, this hypothesis has not been
rigorously tested and a recent study did not find any relationship between
presence of the null allele and better clinical outcomes (Agewall and Norman
2006). Nonetheless, the presence of null alleles at such high frequencies in the
human population is intriguing with respect to ongoing modification/adaptation of

this pathway.
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1.3.4 Modeling disease in mouse.

Animal models can be an invaluable resource for developing a deeper
understanding of, and treatments for, human genetic diseases. However,
knockout mice do not always recapitulate the human phenotype and this seems to
be especially true for diseases of purine metabolism (Table 1.2). For example, the
human form of retinitis pigmentosa (RP) caused by mutations in the IMPDH1
gene is a severe autosomal dominant degenerative retinopathy; in contrast,
IMPDHI1 null mice display a slowly progressive form of retinal degeneration
(Aherne et al. 2004). It is likely that protein mis-folding and aggregation, rather
than reduced IMPDH1 enzyme activity, is the cause of the severe phenotype in

the human form.

Some of the phenotypes are not directly related to the known enzymatic activity
of the genes. For example, mouse XOR knockout models do not recapitulate the
human disease phenotype but rather have a phenotype associated with the
mammary gland of nursing females (Vorbach, Scriven, and Capecchi 2002). In
another example, HPRT1-deficient humans have a suite of severe phenotypes
including neurological and behavioral abnormalities, while HPRT1 knockout
mice do not manifest any of the clinical phenotypes of Lesch-Nyhan Disease
(Hooper et al. 1987; Kuehn et al. 1987a). The basis for the difference in loss of

function phenotypes between species is not known but is hypothesized to be
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related to gene content differences, genetic background and/or fundamental
biological differences between species and supports rapid evolution of this

pathway.

Clearly, gene content differences play an important role when studying human
disease in model systems such as the mouse. For example, loss of UOX in
humans is potentially adaptive whereas loss of UOX in mouse is lethal (Wu et al.
1994). In contrast, loss of HPRT1 in humans is lethal, whereas loss of HPRT1 in
the mouse has no phenotype in a laboratory setting (Wu and Melton 1993b).
These gene content differences may act as enhancers and/or suppressors of a
disease phenotype. For example, when a double mutant has a less severe
phenotype than the single mutant alone, the second mutation is said to be a
suppressor. Interestingly, HPRT1/APRT double mutants are less severely
affected than mice deficient for APRT alone (Engle et al. 1996). Thus, HPRT1
activity is required for full manifestation of the APRT mutant phenotype.
Exploring the gene content differences between species within the purine
metabolic pathway may reveal insight into other enhancer/suppressors that may
be influencing the disparity in disease phenotypes between species and may have

implications for modeling diseases of purine metabolism in model organisms.
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1.3.5 Objectives of this dissertation.

The goal of the research presented in this dissertation is to characterize the
specific aspects of gene duplication and gene loss in shaping interspecies
differences with respect to the purine metabolic pathway. In chapters 2 and 3 we
describe the history and pattern of gene loss in the terminal portion of the purine
metabolic pathway. Chapter 2 provides novel insights into the importance of
gene loss during mammalian evolution while chapter 3 combines theoretical
discussion and experimental evidence to broaden our understanding on the long-
term consequences of gene loss to adaptive evolution. In chapter 4 we show that
gene duplication events have resulted in expansion of the vertebrate HPRT-gene
family while subsequent differential gene loss has lead to interspecies differences.
In chapter 5 we experimentally evaluate the role of a gene loss event to act as a

suppressor of Lesch-Nyhan Disease.
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2 The genomes of the South American opossum (Monodelphis domestica)
and platypus (Ornithorhynchus anatinus) encode a more complete purine
catabolic pathway than placental mammals !

'This chapter has been accepted for publication: Keebaugh, Alaine C., and James
W. Thomas. 2009. The genomes of the South American opossum (Monodelphis
domestica) and platypus (Ornithorhynchus anatinus) encode a more complete
purine catabolic pathway than placental mammals. Comparative biochemistry
and physiology. In press.
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2.1 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, Kim, and Mittenthal 2007).
The end products of purine catabolism, however, vary among vertebrates and
have been the subject of comparative biochemical studies since the early 20"
century (Hunter and Givens 1914; Hunter, Givens, and Guion 1914). Those
studies as well as subsequent reports have led to the widely accepted view of the

end products of purine catabolism in vertebrates as summarized in Fig. 2.1

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,
Ramazzina et al., (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
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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, Fujiwara, and Noguchi 2000a). 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).
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Figure 2.1 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 1994a; Hayashi, Fujiwara, and

Noguchi 2000a).
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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
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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 and Givens 1914; Hunter, Givens, and Guion 1914), whereas
hominoids primarily excrete uric acid and only trace amounts of allantoin
(Wiechowski 1909a; Wiechowski 1912; Wells and Caldwell 1914a). 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 and detected in the opossum (Caldwell and Wells 1914). With the
exception of human and chimpanzee (Hunter, Givens, and Guion 1914), 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, Reich, and Hird 1963). Purine catabolism therefore clearly proceeds
beyond uric acid in both marsupials and monotremes, and the presence of
significant amounts 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
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metabolites downstream of allantoin have not been directly assayed 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); Keebaugh and Thomas, 2009). 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 and Noguchi 1995; Vigetti et al. 2000; Vigetti, Monetti, and
Bernardini 2001), 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 and Wolfe 2005; Ramazzina et al. 2006b).
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 American opossum (Monodelphis domestica) and a
monotreme, the platypus (Ornithorhynchus anatinus), versus a diverse set of other

vertebrates.
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2.2 MATERIALS AND METHODS

2.2.1 Identification of orthologs encoding the purine catabolic pathway

A three-tiered strategy was used to identify the platypus (Ornithorhynchus
anatinus) and opossum (Monodelphis domestica) orthologs of the six known
genes in the terminal portion of the purine catabolic pathway, as well as orthologs
from all 17 species for XDH. First, pre-computed orthologs and the

accompanying nucleotide and protein alignments were extracted from the

TreeFam database (http://www.treefam.org/) (Li et al. 2006) for XDH
(TF507706), UOX (TF323438), HIU hydrolase (TF300210), ALLN (TF300759)

and ALLC (TF324677). Second, in cases where orthologs were missing (OHCU

decarboxylase) or incomplete in TreeFam, Ensembl (http://www.ensembl.org)
(Hubbard et al. 2007) annotation and ortholog designations were used to identify
the genes of interest. Finally, homology searches followed by manual gene
annotation were used to scan for orthologs absent in the combined
TreeFam/Ensembl ortholog sets. The retrieval of orthologs from the 15 other
vertebrates, excluding XDH, was done with a similar strategy and is described
elsewhere (Keebaugh and Thomas 2009). The complete sets of orthologs were
aligned with CLUSTALX (Jeanmougin et al. 1998a) and resulting alignments

manually edited using the TreeFam alignments as a guide. The sequence
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alignments are available from the authors upon request. Note that the specific
genome assemblies analyzed here for platypus and opossum were ornAnal and

monDom4, respectively.

2.2.2 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.

2.2.3 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 (K,) to synonymous (Ks)
substitutions, i.e. K,/K;. The tree phylogeny used in the following analyses is:

(((((((Marmoset,(Rhesus,(Chimp,Human))),(Rat,Mouse)),(Dog,Cow)),0Opossum),
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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,/Ks 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.

2.3 RESULTS

2.3.1 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
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XOR/XDH, UOX, HIU hydrolase, OHCU decarboxylase, ALLN and ALLC as
the basis for comparison to a diverse sampling of 15 other vertebrates (4 fish:
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)(Keebaugh and Thomas 2009). (Note that the identity of
the gene encoding the UGL locus has yet to be identified in vertebrates (Takada

and Noguchi 1986), and therefore could not be included in this study.)

Table 2.1 Estimation of Ka/Ks of the genes in the purine catabolic pathway.

HIU OHCU
XDH Uox hydrolase decarboxylase ALLN ALLC
Syn Non Syn Non Syn Non Syn Non Syn Non Syn Non
Species 656 1954 215 625 78 240 93 290 137 373 252 686

Marsupial 0.0865 0.0797 0.0633 0.4613" 0.0957 0.3236
Monotreme ~ 0.1894° 0.0786 0.1455 0.0612" 0.0599 0.1401
Fish & 0.1164° 0.0350 0.2296 0.1296 0.0883 0.1102°
Amphibian
Placental b
0.1492 0.1101 0.1396 0.1916 n/a n/a

mammals

Ka/Ks estimates of the genes in the purine catabolic pathway were calculated for all
lineages except the hominoids, and birds and reptiles. Note that though ALLC is present
in the genomes of placental mammals it was not included in this table because it is no
longer required to function as a purine catabolic enzyme.

“Indicates a significant difference (p<0.01) in estimated rates between marsupial and
monotreme lineages.

°Indicates a significant difference (p<0.01) in estimated rates compared to marsupial.
‘Indicates a significant difference (p<0.01) in estimated rates compared to monotreme.
'Syn' refers to the number of synonymous sites; 'Non' refers to the number of
nonsynonymous sites
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As expected from previous biochemical studies summarized in Fig. 2.1 and as
reported elsewhere (Keebaugh and Thomas 2009), all the known purine catabolic
genes are present in the amphibian and fish genomes (Fig. 2.2). 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. 2.2). (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 2.1). In particular, the rate at
which a protein has evolved can be inferred by calculating the ratio of the rates of
nonsynonymous (K,) and synonymous (Ks) nucleotide substitutions, i.e., K,/Ks. In
the case of the opossum and platypus, the genes in the purine catabolic pathway
had K,/K; values between 0.07-0.47, consistent with all six genes evolving under
purifying selection common for most vertebrate genes (Consortium 2001) (Table
2.1). While statistically significant differences in the estimated K./Ks 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 2.1). The presence

of all the genes encoding the purine catabolic pathway in the opossum and
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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.
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Figure 2.2 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 and Hedges 1998b). The species
included in each category are fish (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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2.3.2 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 K/F'/4 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.

2.4 Discussion

Variation in the end product of purine catabolism among vertebrates has been of
interest to biologists for nearly a century (Caldwell and Wells 1914; Hunter and

Givens 1914; Hunter, Givens, and Guion 1914; Keilin 1959). In textbooks and



48

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. 2.1). 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 post-dates the split of
the eutherian and marsupial lineages ~173 million years ago (Kumar and Hedges
1998b). 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
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mammals. As such, we hypothesize that marsupials and monotremes have end
products of purine catabolism comparable to that of fish and/or amphibians, i.e.
glyoxylate and urea (Fig. 2.1), 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 and Wells 1914),
platypus and echidna (Denton, Reich, and Hird 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, Wahli, and Kaessmann 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
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cycle and the end products of purine catabolism, have focused on diet, water
conservation and embryonic environment (Packard 1966; Campbell, Vorhaben,
and Smith 1987; Mommsen and Walsh 1989). Since the eutherian embryonic
environment, which includes full-term development in utero with a
chorioallantoic placenta, is distinct from that of both the marsupials and
monotremes, one possibility is that loss of ALLN is somehow related to this
phenotypic innovation that is common to all placental mammals. One possible
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
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.



3 Evolution of the purine catabolic pathway: an expanded view of the
evolutionary significance of gene loss'

'This chapter is in preparation for publication
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3.1 Introduction

The evolutionary potential of gene loss has been recognized for some time (Ohno
1970). More recently it has been hypothesized that gene loss may be a common
molecular mechanism in adaptive evolution (Ohno 1970; Olson 1999). Because
null alleles are typically considered to be detrimental, the hypothesis that gene
loss can be beneficial is counterintuitive to most experimental biologists.
However a number of null alleles have been shown to be advantageous in certain
environments (Olson 1999). Genome-wide scans for gene loss, along with
targeted studies of specific genes, have demonstrated that numerous recent gene
inactivation events have occurred during the course of human evolution (Wu et al.
1992; Varki 2001; Stedman et al. 2004; Wang, Grus, and Zhang 2006; Zhu et al.
2007). Null alleles for a number of genes are also segregating in the human
population at high frequencies, some of which show signatures of positive
selection or have been associated with defined beneficial fitness effects
(Novembre, Galvani, and Slatkin 2005; Xue et al. 2006; Perry et al. 2007; Seixas
et al. 2007; Xue et al. 2008). Recent genome sequencing revealed that a single
human genome harbored 175 protein-truncating sequence variants (Bentley et al.
2008), each of which is a candidate for gene inactivating mutations. While most

null alleles undoubtedly are detrimental or will have no impact on the fitness of an
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individual, it is clear that the process of gene loss certainly has had the

opportunity to influence the evolution of humans.

A classic example of a potential adaptive gene inactivation in the human lineage
is the loss of urate oxidase (UOX, EC 1.7.3.3) activity. UOX is a peroxisomal
enzyme in the purine catabolic pathway that functions primarily in the liver and
converts uric acid to 5-hydroxyisourate (Hayashi, Fujiwara, and Noguchi 2000b;
Ramazzina et al. 2006a). Loss of UOX activity was demonstrated in humans and
great apes early in the 20" century by biochemical studies that revealed uric acid
as the end product of purine metabolism in hominoids (Wiechowski 1909b; Wells
and Caldwell 1914b). It has been speculated that the loss of UOX activity might
have conferred an adaptive advantage, resulting in increased serum uric acid
levels. Due to uric acid’s structural similarity to caffeine, increased serum uric
acid levels have been proposed to have led to increased cognitive abilities in
hominoids due to its potential stimulatory effects (Haldane 1955; Orowan 1955).
A second hypothesis is that because uric acid is an effective antioxidant, increased
serum uric acid levels could result in a longer life span and reduce the incidence
of age related cancer (Ames et al. 1981). More recently, a third hypothesis has
been put forward, in which the loss of UOX provided a mechanism to maintain
optimal blood pressure in ancestral hominoids that subsisted on a low-sodium,

low-purine diet (Watanabe et al. 2002). It should be noted that UOX activity was
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also lost, independently, in the bird and reptile lineage (Keilin 1959; Urich
1994a). The biological significance of UOX inactivation in these species has been
linked to water conservation and/or embryonic environment (Campbell,

Vorhaben, and Smith 1987).

Molecular studies focused on identifying the molecular basis of UOX inactivation
in hominoids uncovered specific inactivating nonsense and/or frameshift
mutations within this gene in all extant species included in this family of primates
(Wu et al. 1989; Yeldandi et al. 1991). However, no inactivating mutations were
found to be shared amongst all hominoids (Wu et al. 1989; Wu et al. 1992; Oda et
al. 2002). This finding and subsequent molecular dating are consistent with the
conclusion that UOX was inactivated twice in the hominoid lineage, once in the
common ancestor of humans and the great apes, and independently in the gibbon
lineage, with both inactivation events occurring ~10-15 million years ago (mya)

(Oda et al. 2002).

In birds and reptiles, UOX was presumably inactivated one time in the common
ancestor of those species, >200 million years ago, however the underlying
molecular basis for that inactivation has not yet been elucidated. In particular,
though it is well established that UOX activity is absent in the adult liver of birds

and reptiles (Remy, Richert, and Westerfeld 1951; Varela-Echavarria, Montes de
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Oca-Luna, and Barrera-Saldana 1988), there have been only cursory and
somewhat contradictory studies of the UOX protein and gene sequence in these
species. In particular, there is evidence for UOX transcripts and protein
expression in the chicken embryo (Ito et al. 1989) as well as UOX activity (Keilin
1959). One interpretation of these results is that, unlike hominoids, which do not
express the UOX protein (Varela-Echavarria, Montes de Oca-Luna, and Barrera-
Saldana 1988), birds and reptiles may in fact express a functional UOX protein
but only during a specific stage of embryonic development. Alternatively it may
be that the UOX protein is more broadly expressed in birds and reptiles but has
acquired subtle mutations that have specifically eliminated its purine catabolic

activity (Andersen et al. 2000).

In addition to the lack of basic knowledge regarding the evolutionary fate of UOX
in birds and reptiles, the fate of the purine catabolic genes downstream of UOX
has not been rigorously evaluated in either lineage. It has generally been assumed
that once UOX activity was lost in hominoids, and birds and reptiles, enzymes
downstream of UOX in the purine catabolic pathway would be rendered
dispensable, thereby resulting in their eventual inactivation (Keilin 1959). Under
this model, the genes downstream of UOX in the hominoid and bird and reptile
lineages would be expected to share a common fate-- loss of gene function. A

cursory description of the two immediate downstream enzymes, HIU hydrolase
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and OHCU decarboxylase, in human and chicken supported this view (Ramazzina
et al. 2006a). In contrast, another downstream gene, ALLC, has been retained,
and enzymatic activity has been detected in placental mammals (Vigetti et al.
2002; Vigetti et al. 2003). This finding indicates that gene loss may not be the
only possible fate of these downstream genes. In light of these results, we
decided to use the purine metabolic pathway as a model system in which to study
the effect of gene loss upon the evolution of genes downstream in an important

biological process.

Here we report the results of our study, the purposes of which were two-fold:

to elucidate the evolutionary fate of (i) the UOX gene in birds and reptiles and
(Hillier et al.) the downstream genes in the purine catabolic pathway in both
hominoids, and birds and reptiles. Our results demonstrate that gene loss is not the
exclusive fate of the downstream genes and show that a single gene loss event can
have long-reaching effects and long-term benefits, providing an expanded view of

the adaptive potential of gene loss.
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3.2 MATERIALS AND METHODS

3.2.1 Identification of orthologs encoding the purine catabolic pathway

A three-tiered strategy was used to identify the orthologs of the five known genes
in the terminal portion of the purine catabolic pathway. First, pre-computed
orthologs and the accompanying nucleotide and protein alignments were extracted

from the TreeFam database (http://www.treefam.org/) (Li et al. 2006) for 12

species [fugu (Takifugu rubripes), tetraodon (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), thesus monkey (Macaca mulatta), chimpanzee
(Pan troglodytes) and human (Homo sapiens)] and six genes/proteins [ XDH
(TF507706), UOX (TF323438), OHCU (323276), HIUase (TF300210), ALLN
(TF300759) and ALLC (TF324677)]. Second, in cases where a set of orthologs

were incomplete in TreeFam, the most recent Ensembl (http://www.ensembl.org)

(Hubbard et al. 2007) annotation and ortholog designations were used to compile
a complete set of orthologs for those species. Finally, homology searches
followed by manual gene annotation were used to scan for orthologs absent in the
combined TreeFam/Ensembl ortholog sets, as well as in the assembled genomes

of the anolis lizard (Anolis carolinesis, AnoCarl.0), accessed via the UCSC

genome browser (http://www.ucsc.genome.edu), zebra finch (Taeniopygia
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guttata) unassembled whole-genome reads shotgun reads

(http://www.ncbi.nlm.nih.gov), marmoset (Callithrix jacchus, Callithrix jacchus

2.0.1) and orangutan (Pongo pygmaeus abelii), which were downloaded from the
Washington University Genome Center (http://genome.wustl.edu/pub/). The
complete sets of orthologs were aligned with CLUSTALX (Jeanmougin et al.
1998a) and resulting alignments manually edited using the TreeFam alignments as

a guide. The sequence alignments are available from the authors upon request.

3.2.2 Classification of orthologs

The orthologs in each species were classified as a gene, a pseudogene, or absent.
An ortholog was classified as a gene if it had an open reading frame, was evolving
under purifying selection, and had a conserved intron/exon structure. An ortholog
was 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.

3.2.3 Sequence Evolution

To evaluate the rate of evolution in the purine catabolic genes, a maximum
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likelihood method was implemented using the "codeml" program in PAML (Yang
2003) to estimate the ratio of nonsynonymous (K,) to synonymous (Kj)
substitutions, 1. e. Ky/K;. The following phylogeny was used in all PAML
analyses: (((((((((Marmoset,(Rhesus,
(Gibbon,(Orangutan,(Gorilla,(Chimp,Human)))))),(Rat,Mouse)),(Dog,Cow)),Opo
ssum),Platypus),((Chicken,Zebrafinch),Anolis)),Xenopus),(((Fugu,Tetraodon),Sti
ckleback),Zebrafish)),Fly, Worm). For each gene set, the hypothesis that all
hominoid and all bird and reptile branches were evolving under the same
constraint was tested (PAML free model versus a model where the branches are
fixed). When this hypothesis was rejected the offending branches were excluded.
For the UOX, HIUase, OHCU, and ALLC genes, K./K; rate estimates for the
hominoid lineage were compared to the K,/Kj rate estimates for the other
vertebrates. Next, K,/K rate estimates for the bird and reptile lineage were
compared to the K,/K rate estimates for the other vertebrates. A likelihood ratio
test (LRT) was used to determine if the estimated K./Ks values were significantly
different (p < 0.01). Rate estimates within the hominoid and bird and reptile
lineages were then compared to a model where the K,/K; estimate was set to one
and a likelihood ratio test (LRT) was used to determine if the estimated K,/Kj

values were significantly different from one (p <0.01).
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3.2.4 Dating

A slightly modified method from Chou et al (2002) was used to date inactivation
of the UOX, HIUase and OHCU hominoid pseudogenes. This model assumes
that the null allele evolved under selective pressure similar to that of a closely
related functional ortholog prior to inactivation and then neutrally following
inactivation. We estimated the dates of inactivation independently for the
hominid lineage (including human, chimp, orangutan, gorilla (DDBJ AB07432)),
and gibbon (DDBJ AB(074394) lineage. Each inactivation estimate was
standardized using the Catarrhine primate divergence dates from Raaum et al.,
2004, by transforming the raw ratio t*/t (t*=estimated inactivation date,

t=divergence date), making the dating estimates comparable across lineages.

3.2.5 RNA isolation and Sequencing

Total RNA was isolated from ~100 mg of frozen zebra finch liver by
homogenization with TRIzol (Invitrogen) and first strand cDNA synthesis was
performed with the SuperScript First Strand Synthesis kit (Invitrogen). The
region spanning the predicted exon 2 to the 3'UTR was amplified by RT-PCR
using primers 5'-TGA TAC CTA CGG ACA CCA TAA AG-3"and 5'-TGA CAT
TTC CTC TCA TCT CTC ATC-3'. To amplify the 5' end of the gene 5' RACE

was carried out using the GeneRacer Core Kit (Invitrogen). The Gene Racer 5'
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primer and UOX specific reverse primer 5'-GAT GTG GGG AAC GCC ATC
CTC ATG-3' were used in the initial RT-PCR. Cycling conditions were: initial
denaturation of one cycle at 94C for 2 minutes, 5 cycles at 94C for 30s followed
by 72C for 1 minute, 5 cycles at 94C for 30s followed by 70C for 1 minute, 25
cycles with a denaturation temperature of 94C for 30s, an annealing temp of 65C
for 30s and an elongation temp for 72C for 1 minute. The final extension was at
72C for 10 minutes. 1/5 (5ul) of the initial PCR reaction was used as the template
for nested PCR using the GeneRacer 5' nested primer and the UOX specific
nested reverse primer 5'-GAC GTA CGC CAC TTG GCA AAA TGT TGT C-3..
The same cycle parameters were used as for the initial RT-PCR. In both cases, a
single PCR product was amplified and treated with Exonuclease I and Shrimp
Alkaline Phosphatase. The amplified PCR product was sequenced using the PCR
primers 5'-TGA TAC CTA CGG ACA CCA TAA AG-3'/5'-TGA CAT TTC CTC
TCA TCT CTC ATC-3' and in the case of the 5' RACE product, primers 5'-ACA
CTG ACA TGG ACT GAA GGA-3"and 5-TGG TGT CCG TAC GTA TCA
CAA-3'". Sequences for zebra finch UOX were assembled using the phred
software (Ewing et al. 1998) and have been deposited in GenBank (EU068002

and EU068003).



62

3.3 Results

3.3.1 Predicted gene content of the purine catabolic pathway in hominoids, birds

and reptiles

In order to determine the evolutionary fate of UOX and four downstream genes
(HIU hydrolase, OHCU decarboxylase, ALLN and ALLC) in hominoids and
birds/reptiles, genomic resources were used to determine the functional status of
each gene in a diverse sampling of vertebrates. In particular, genomic sequences
and annotation from 19 vertebrates, including 5 hominoids (human, chimpanzee,
gorilla, orangutan and gibbon), 2 birds (chicken and zebra finch), 1 lizard (anolis),
as well as species in which the pathway is truncated at ALLN (6 other placental
mammals: dog, cow, rat, mouse, marmoset, and rhesus monkey) and species in
which the purine catabolic pathway is not truncated downstream of ALLC (4 fish:
stickleback, fugu, tetraodon and zebrafish, and 1 amphibian: Xenopus tropicalis),
were searched to first determine if the purine catabolic genes were present or
absent in each species, and second, whether the genes that were found to be
present were likely functional or pseudogenes (see Methods). A summary of the
results of these analyses is presented in Fig. 3.1. In the succeeding paragraphs we

describe the specific findings for each gene.



63

Uox

UOX enzymatic activity is absent in hominoids, and birds and reptiles, but present
in all other vertebrates (Urich 1994a). We therefore expected to detect functional
copies of UOX in all sampled species except the hominoids and birds/reptiles.
Indeed, the fish, amphibian, and other placental mammal UOX orthologs were all
classified as functional genes (Fig 3.1). Moreover, as has been previously
reported, the hominoid UOX orthologs all contained 1 or more inactivating
mutations (Wu et al. 1992; Oda et al. 2002). They were found to be evolving at a
rate not significantly different than the Ka/Ks ratio of ~1 expected for an
inactivated gene ( Ka/Ks =0.87, p=0.71, Table 3.1) and were therefore
classified as pseudogenes (Fig 3.1). In contrast to the hominoids, no obvious
inactivating mutations were detected in the bird and reptile UOX genes.
Furthermore, the Ka/Ks ratio for the bird and reptile UOX lineages, though
significantly higher than for the control set of vertebrates, was significantly less
than 1 (Ka/Ks = 0.26, p <0.01, Table 3.1). Thus, while UOX activity as a purine
catabolic enzyme has been lost in birds and reptiles, these results suggest that the
UOX locus in birds and reptiles continues to encode a functional protein that is

evolving under purifying selection.
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Table 3.1 Estimation of Ka/Ks of coding sequence

Other Hominoid Bird & Reptile
Gene Vertebrates Ka/Ks #1 Ka/Ks #1
Ka/Ks Non Syn  Ka/Ks (p>0.01) Non Syn Ka/Ks (>0.01)
UoX 0.0807 579 189 0.8754° p=0.7083 602 193 0.2629* p<0.01
HIU 0.1180 133 38  0.8656™" p=0.7290" 148 44 0.2383 p<0.01
hydorlase
OHCU 0.1606 318 105 0.6042 p=0.1949  n/a n/a n/a n/a
decarboxylase
ALLC 0.1384 616 224 0.4844" p=0.0001 639 225 0.2274 p<0.01

* Indicates a Ka/Ks significantly different (p<0.01) from that of the other
vertebrates containing a functional purine catabolic gene.
* Indicates exclusion of orangutan lineage.

HIU hydrolase

HIU hydrolase was classified as a functional gene in all the fish, amphibian, and
other placental mammals (Fig 3.1 and Table 3.1). In the hominoids, where
presumably the purine catabolic function of HIU hydrolase is no longer required,
a mixed pattern of functional and pseudogenized genes was observed (Fig 3.1).
Specifically, in orangutan, no inactivating mutations were observed (Table 3.2).
Furthermore, the Ka/Ks ratio for the orangutan lineage was significantly different
from the rest of the hominoids, being significantly less than 1 (Ka/Ks=0.001,
p=0.01), suggesting that orangutan HIU hydrolase may still be functional.
However, based on the presence of inactivating mutations in human, chimpanzee
and gibbon (Table 3.2) as well as Ka/Ks ratios that were not significantly different

than 1 in all hominoid lineages except orangutan (Ka/Ks = 0.87, p = 0.73, Table
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3.1), HIU hydrolase was classified as a pseudogene in the other four hominoids
(Fig. 3.1 and Table 3.2). Among the birds and reptiles, HIU hydrolase was
classified as a functional gene with a Ka/Ks ratio of 0.24, which was significantly
different than 1 (p <0.01, Table 3.1), was evolving at the same rate as the control
set of vertebrate orthologs. Thus, for the most part HIU hydrolase appears to be
genetically deteriorating in the hominoids while being actively retained in the bird

and reptile genomes.

Table 3.2 Inactivating mutations in the hominoid HIU hydrolase genes

Species Mutation

1A>G 2T>C 163 179del’ 234 235del® 315 331del’
Human - + + - +
Chimp + + - - -
Orangutan - - - - -
Gorilla - - - - -
Gibbon - + - + -

(+) Mutation present; (-) Mutation absent

*Mutations based on coordinates from mouse HIU hydrolase coding sequence
(GenBank Accession No. NM_029821).

® Fourteen basepair frameshift deletion leads to an early stop at codon 67.
‘Leads to early stop at codon 107

4 Fourteen basepair frameshift deletion.

OHCU decarboxylase

As was observed for UOX and HIU hydrolase, functional copies of OHCU
decarboxylase were inferred to be present in the sampled fish, amphibian and

other placental mammalian genomes (Fig. 3.1). Within the hominoids, a single

inactivating mutation, a 1-bp deletion at position 244 (relative to the mouse
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protein coding sequence in GenBank Ac.# NM_001039678) that leads to a
premature stop codon, was detected in the gibbon OHCU decarboxylase. In
addition, all the hominoid orthologs were found to be evolving at a rate not
significantly different than 1 (Ka/Ks = 0.6, p =0.19, Table 3.1). As such, OHCU
decarboxylase was classified as a pseudogene in all hominoids (Fig. 3.1). We
were unable to detect OHCU decarboxylase in the bird and reptile genome
assemblies and so classified the gene as absent in those species (Fig. 3.1). It is
possible that the absence of this gene in the birds and reptiles could be due to
extensive genetic degeneration or deletion, or it could simply be due to gaps in the
current genome assemblies for these species. Nevertheless, there was no evidence
for the presence of a functional OHCU decarboxylase gene in the genomes of the

hominoids or in birds and reptile.



67

uox HlUase  OHCU
decarboxylase

Fish
(n=4)

Xenopus

Anolis

—— Chicken

——— Zebrafinch

Other Placental
mammals (n=4)

Marmoset

Rhesus

Gibbon

Orangutan

Gorilla

Chimp

AN I
ANANEN AN
NN [ () |
DOOOOOO OO . 2
HEEEEEEEN [ WEN

Human

‘ ‘ ‘ ‘ ’ ‘ . Gene Z Pseudogene I:' Absent

500 400 300 200 100 0 Mya

Figure 3.1 Gene content of the purine catabolic pathway in vertebrates.

The tree on the left represents the accepted vertebrate phylogeny with divergence
dates (millions of years ago, Mya) (Kumar and Hedges 1998b). The species
included in each category are fish (stickleback, fugu and tetraodon_and zebrafish),
an amphibian (frog), a reptile (anolis lizard), two birds (chicken and zebra finch),
and placental mammals, including the hominoids (gibbon, gorilla, orangutan,
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. Genes were classified as
functional if they had an open reading frame, were evolving under purifying
selection, and had a conserved intron/exon structure. Genes were classified as
pseudogenes if the protein coding sequence was truncated by early nonsense
mutations. When no ortholog could be identified the gene was classified as
absent.
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ALLN

Functional ALLN genes were inferred to be present in the fish and amphibian
lineages (Fig. 3.1). In contrast, ALLN was not detected in the genomes of the
hominoids or other placental mammals (Fig. 3.1). As ALLN activity was
presumably lost in the common ancestor of placental mammals > 100 million
years ago, the lack of a detectable ALLN locus in these genomes likely reflects
the degeneration and/or complete deletion of the inactivated ALLN locus in this
lineage’s distant past (Keebaugh and Thomas, 2009). Similarly, ALLN was not
detected in the bird and reptile genomes. However, as with the lack of a detectable
OHCU decarboxlase locus in the birds and reptile, this could reflect elimination
of this locus from the genome or missing data in the current genome assemblies

for these species.

ALLC

As expected, functional ALLC genes were inferred to be present in the fish and
amphibian genomes (Fig. 3.1). In addition, functional ALLC genes were found in
all placental mammals, including the hominoids. Thus, as has been reported
previously in a smaller subset of mammals (Vigetti et al. 2003), though ALLN,
the immediate upstream enzyme in the purine catabolic pathway, has been absent

from the genome of placental mammals for >100 million years, ALLC has been
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retained in the genome despite being despensible as a purine catabolic enzyme.
Lastly, a functional ALLC gene was inferred to be present in the anolis lizard, but
was absent from the two bird genomes. This variability within the birds and
reptile as to the status of ALLC could reflect a true difference between these
species, or once again could be the result of missing data in the bird genome

assemblies.

3.3.2 Timing of the gene inactivation events in the hominoid lineage

Loss of UOX activity has been inferred to have occurred twice in the hominoid
lineage, once in the gibbon lineage ~10 mya and once in the lineage leading to
humans and the great apes ~15 mya (Oda et al. 2002). Assuming that the loss of
UOX was the evolutionary force that precipitated the inactivation of HIU
hydrolase and OHCU decarboxlase, we predicted that those genes would have
begun to evolve neutrally at a time point that post-dates the inactivation of UOX.
To test this hypothesis, we re-estimated the timing of the UOX inactivation events
using the method described in Chou et al. 2002 and calibrated the date according
to accepted divergence between hominoids and Old World monkeys (23 mya)
(Raaum et al. 2005). Similar to what was reported previously, we estimated the
inactivation of UOX in the gibbon lineage to have occurred ~13.1 mya and in the

human and great ape lineage ~12.9 mya. Because of the small coding region of
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HIU hydrolase, only a very limited number of synonymous and nonsynonymous
sites were available for analysis, and thus we were unable to generate a similar
estimate for the inactivation of this gene. However, the lack of an inactivating
mutation common to all hominoids (Table 3.2), and the observation that the
orangutan HIU hydrolase may still be evolving under purifying selection,
suggests that the inactivation of HIU hydrolase in the other hominoids likely post-
dates the UOX inactivations. In the case of OHCU decarboxylase we were able to
generate independent estimates for the inactivation of this gene in each lineage,
which ranged from ~4.8-12.6 million years ago. These estimates are consistent
with the hypothesis that the degeneration of this gene began after the loss of
UOX. Thus, the qualitative and quantitative estimates of the inactivation of HIU
hydrolase and OHCU decarboxyase support the prediction that the loss of UOX
likely triggered the genetic deterioration of the immediate downstream genes in

the hominoid purine catabolic pathway.

3.3.3 Molecular characterization of the bird and reptile UOX loci

Different conclusions regarding the existence of a UOX gene in bird genomes
have been reported in the literature (Przylecki and Rogalski 1927; Remy, Richert,
and Westerfeld 1951; Varela-Echavarria, Montes de Oca-Luna, and Barrera-

Saldana 1988; Ito et al. 1989). Our initial characterization of the loci in chicken,
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zebra finch and anolis lizard were consistent with the presence of a functional
gene being encoded by the UOX locus (Fig. 3.1 and Table 3.2). In addition, ESTs
mapping to UOX exons 2-8 were detected in chicken, further supporting the
conclusion that this locus encodes a functional gene (Fig. 3.2A). To infer the 5’
end of the UOX gene in birds and confirm the transcription of this gene in another
species, we performed 5° RACE and RT-PCR on cDNA generated from adult
zebra finch liver total RNA. Sequencing of the resulting amplicons confirmed the
transcription of exons 2-7 and detected a novel first coding exon that is also
conserved in chicken. In chicken, this novel exon one encodes a predicted start
codon and 3 additional amino acids (Fig. 3.2A). In particular, unlike the first exon
of other UOX orthologs that are adjacent to exon 1 of DNASEB2, the first exon in
zebra finch mapped upstream of the entire DNASEB?2 locus (compare Fig. 3.2A
and 3.2B). Finally, in the process of sequencing the zebra finch UOX partial
cDNAs we identified 5 single-nucleotide polymorphisms in the protein coding
portion of this gene. As would be expected for a functional gene evolving under
purifying selection, the majority of these polymorphisms were synonymous (n =
4) while just 1 nonsynonymous polymorphism was observed. Thus, our analyses
of the UOX transcripts in zebra finch were consistent with a functional protein
being encoded by this locus, albeit one that contains a novel, protein coding first

€xon.
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Figure 3.2 Intron/exon structure of UOX

(a) Intron/exon structure of bird UOX. Chicken ESTs indicated the potential for
transcription of the bird UOX pseudogene. The 5' prime end and exon 1 of bird
UOX were identified via sequencing (EU068002) and found to be located
upstream of another gene, DNASE2B. (b) Intron/exon structure of mammalian
UOX. In the rat (shown) and other mammals, the UOX 5 prime region and exon
1 do not span the region containing Dnase2b (Lander et al.).

3.4 Discussion

It is well established that UOX activity was lost twice independently in the

hominoid lineage and, most likely, once in the common ancestor of birds and
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reptiles (Urich 1994a; Oda et al. 2002). Here we have shown that, in contrast to
the hominoid UOX genes, which have accumulated obvious inactivating
mutations and are evolving neutrally as is expected for non-functional
pseudogenes, the bird and reptile genomes contain a UOX locus associated with
all the signatures of an active gene. Though a previous study had reported
evidence for the transcription of UOX and expression of the UOX protein in the
chicken embryo (Przylecki and Rogalski 1927; Ito et al. 1989), it has been widely
accepted that UOX activity was lost in the bird and reptile lineage > 200 million
years ago (Urich 1994a). In light of the detection of cDNA sequences
corresponding to the UOX locus in adult chicken and zebra finch livers reported
here but lack of UOX enzymatic activity in this tissue reported previously
(Varela-Echavarria, Montes de Oca-Luna, and Barrera-Saldana 1988) we propose
a scenario similar to that of Anderson et al., 2006. The most likely explanation is
that the bird and reptile UOX gene acquired one or more mutations that led to the
loss of the enzymatic activity associated with purine catabolism but escaped the
fate of becoming a pseudogene. Because there is one report of UOX activity in
chicken embryos (Przylecki and Rogalski 1927), we can not rule out that the
mutations accounting for the loss of enzymatic activity may be further restricted
to the protein isoforms expressed in the adults. Future experiments that assay
recombinant bird and reptile UOX proteins will be needed to distinguish between

these hypotheses.
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Similar to the differential fate of the UOX locus in hominoids versus birds and
reptiles, the inferred evolutionary fate of the genes downstream of UOX often
varied between, and sometimes within, these clades. Overall, the results suggest
that the HIU hydrolase and OHCU decarboxylase genes in hominoids are in the
early stages of inactivation, likely beginning to genetically deteriorate after the
loss of UOX activity. One exception to this finding was the HIU hydrolase gene
in orangutan, which was classified as being functional. However, this result may
simply reflect a very recent shift from gene to pseudogene in this lineage that
cannot be detected by our methods. Within the birds and reptiles, no pseudogenes
were detected in the purine catabolic pathway: each gene was classified as either
functional or absent. Due to the incomplete nature of the genome assemblies of
the birds and reptiles, the absence of any particular gene could reflect a true
deletion from the genome as might be expected for an old pseudogene or could
simply be an artifact of an incomplete genome assembly. However, because > 200
million years have elapsed since UOX activity was lost in birds and reptiles, we
can confidently conclude that the classification of HIU hydrolase as functional in
the birds and reptiles and the classification of ALLC as a functional gene in the
reptile indicates that these two genes have been actively maintained in the
genome, despite elimination of the requirement for these genes to function as

enzymes in the purine metabolic pathway. Similarly, ALLC has been actively
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maintained in the mammalian genome despite the inactivation of the upstream

enzyme, ALLN (Vigetti et al. 2002; Vigetti et al. 2003).

An obvious question arises from the observation that UOX and its downstream
genes were retained in birds and reptiles following an inactivation event
truncating the purine catabolic pathway. Why have genes that are no longer
required to function as purine catabolic enzymes been retained in the genome?
Analogous to empirical data demonstrating that inactivation is the most likely fate
for a duplicate gene due to loss of functional constraint (Lynch and Conery 2003),
the most likely fate of a gene that has been freed of functional constraint by an
inactivating mutation (either within the gene itself, or by a proximal mutation
inactivating a pathway member upstream such as the UOX inactivation) is also
inactivation (Tanaka, Tateno, and Gojobori 2005). Some duplicate genes,
however, are retained in the genome due to the acquisition of a new function
(neofunctionalization) (Ohno 1970; Proulx and Phillips 2006), the partitioning of
the ancestral functions (subfunctionalization) (Hughes 1994; Force et al. 1999) or
both (He and Zhang 2005). Similarly, it is possible that once a gene acquires an
inactivating mutation or is rendered obsolete by a proximal mutation in a
pathway, it can acquire previously ‘forbidden’ mutations that could result in the
acquisition of a new beneficial function, thereby resulting in its retention in the

genome. Alternatively, in cases where a gene has more than one function, a
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mutation may abrogate one but not all the associated functions. Thus, a partially
inactivated gene could be retained in the genome because it still encodes another
function(s). Likewise, genes that are rendered obsolete by a proximal mutation in
a pathway may simply be retained because they have one or more other functions
(Tanaka, Tateno, and Gojobori 2005). Furthermore, the reduction in functional
constraint on such genes could foster the acquisition of secondary mutations that
optimzie the remaining function(s) of the gene. We therefore propose that the
bird and reptile UOX locus and the genes downstream of pathway truncating
mutations have been retained in the genome because they had a pre-existing
important function outside of purine metabolism, or, because after becoming

obsolete as purine catabolic enzymes they have acquired a novel function.

In light of these findings we propose a new model where, in addition to the direct
benefits associated with inactivation (Olson 1999), a single gene loss may
indirectly allow downstream genes to evolve via optimization of a secondary
ancestral function, acquisition of a novel function, or both (Figure 3).
Additionally, it is possible that gene inactivation removes the functional
constraint imposed by direct protein-protein interactions. These proteins are then
free to accumulate formerly 'forbidden' mutations in the same manner as the
downstream genes. In summary, our results suggest that the evolutionary

significance of gene loss can extend beyond the inactivated gene itself by altering
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the evolutionary potential of many genes in the genome. How often this potential
byproduct of gene loss contributes to evolutionary process is unknown and will

require further investigation.

DOWNSTREAM:

Inactivation

UPSTREAM:

Inactivation
Optimization of a
— - — second function

Novel Function

-

Figure 3.3 An expanded model of gene loss.

A single gene loss event removes the functional constraint
imposed on the downstream genes, allowing them to be
substrates of adaptive evolution. These genes can then become
inactivated or evolve by optimizing a pre-existing second
function, acquiring a novel function, or both. Colored blocks
represent protein function/s or expression pattern/s. Empty
boxes represent loss of protein function or expression pattern.
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4 Gene duplication and inactivation in the HPRT-gene family'

'This chapter has been published: Keebaugh, Alaine C., Robert T. Sullivan, NISC
Comparative Sequencing Program, and James W. Thomas. 2007. Gene

duplication and inactivation of the vertebrate HPRT-gene family. Genomics
89(1): 134-42.
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4.1 INTRODUCTION

Gene duplication is thought to play a critical role in adaptive evolution (Ohno
1970). Duplicate genes can improve the fitness of an organism by an increase in
gene dosage, creating new genes with new functions by neofunctionalization
(Ohno 1970), improving upon the function of a single ancestral gene by
subfunctionalization (Hughes 1994), or by a combination of one or more of these
mechanisms (He and Zhang 2005). Conversely, gene inactivation is also thought
to be important for adaptive evolution (Ohno 1970; Olson 1999). For example,
loss of function alleles can confer resistance to infectious disease in humans and

mice (reviewed in (Olson 1999; Guenet and Bonhomme 2003)).

Among vertebrates, gene inactivation appears to be a recurring theme in the
purine metabolic pathway. Though purine metabolism is an ancient and
fundamental biological process, differential loss of enzymes in this pathway have
led to variation in the end product of purine metabolism within vertebrates (Urich
1994b), and hypotheses have been put forward as to the adaptive advantage these
gene loss events might confer. For example, because hominoids, birds and
terrestrial reptiles lack a functional urate oxidase gene, the end product of purine
metabolism in these species is uric acid. In the case of hominoids, it has been

argued that since uric acid is an effective antioxidant, high levels of uric acid in
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plasma may be a contributing factor to an increase in human lifespan and decrease
in the incidence of age-related cancer (Ames et al. 1981). Due to the similarity in
chemical structure to stimulants such as caffeine, it has also been debated whether
an increase in uric acid plasma levels might be important for the increased
cognitive abilities of hominoids (Haldane 1955; Orowan 1955). Though loss of
function mutations in the purine metabolic pathway cause several human diseases
(Boss and Seegmiller 1982), null alleles of two genes in this pathway, adenosine
monophophosphate deaminase 1 and 3 (AMPD1 and AMPD3), are segregating at
frequencies up to 19% in human populations (Ogasawara et al. 1987; Morisaki et
al. 1992). Strikingly, heterozygotes for the AMPD1 null allele have been reported
to be associated with better clinical outcomes after congestive heart failure (Loh
et al. 1999) and are less likely to die of cardiovascular failure once diagnosed with
coronary artery disease than are control patients (Anderson et al. 2000). Thus, not
only has loss of gene function modified the purine metabolic pathway in the
distant past, but it also may be a mechanism by which contemporary human
populations are adaptively evolving. Here we have focused on elucidating the
history of gene duplication and gene loss of the purine salvage enzyme,

hypoxanthine phosphoribosyltransferase 1 (HPRT1, EC 2.4.2.8), in vertebrates.

HPRTI is widely conserved across eukaryotes and prokaryotes and has a central

role in the generation of purine nucleotides through the purine salvage pathway.
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HPRTT1 is a phosphoribosyl transferase domain (pfam00156) containing protein
that catalyzes the conversion of hypoxanthine to inosine monophosphate (IMP)
and guanine to guanosine monophosphate (GMP) via the transfer of the 5-
phosphoribosyl group from 5-phosphoribosyl 1-pyrophosphate (PRPP). HPRT1 is
an X-linked gene in placental mammals and marsupials (Graves et al. 1979),
whereas in other vertebrates, such as chicken, it is located on an autosome
(Fukagawa et al. 1999). In humans, HPRT1-deficiency results in one of three
disorders, the most severe of which is Lesch-Nyhan disease (LND, OMIM
300322). LND patients exhibit hyperuricemia, neurological dysfunction and self-
injurious behavior, and although there is a good correlation between the level of
HPRT]1 activity and the severity of the disease, the etiology of the neurological
phenotypes has yet to be established (Jinnah and Friedmann 2001b). In contrast,
HPRT1-deficiency in the mouse does not lead to the neurological dysfunction or

self-injurious behavior seen in humans (Hooper et al. 1987; Kuehn et al. 1987a).

To date, studies of the HPRT duplication events in vertebrates have primarily
focused on mammalian processed pseudogenes, which are likely the result of
relatively recent retrotranspositions of the HPRT1 messenger RNA. Though in at
least one instance an HPRTI gene duplicate derived from a retrotransposition
event was shown to encode a protein (Noyce, Conaty, and Piper 1997), until

recently no other functional paralogs of HPRTI had been described (Nicklas
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2005). Using a bioinformatic approach, Nicklas (Nicklas 2005) found an
uncharacterized gene on human chromosome 10 with 68% amino acid identity to
HPRT]1 and a similar intron-exon structure, called phosphoribosyl transferase
domain containing protein 1 (PRTFDC1), which is likely an ancient paralog of
HPRTI. Here we report the systematic characterization of the vertebrate HPRT-
gene family, including the gene duplications and gene inactivation events that
have led to the extant variation in HPRT-gene family content across vertebrates,
and discuss the potential importance of this variation for the development of a

genetic model of LND.

4.2 METHODS

4.2.1 Targeted mapping and sequencing

A BAC-based targeted mapping and sequencing approach was used to sequence
chromosomal segments containing HPRT-gene family members. Briefly, genomic
libraries were screened as described in (Kellner et al. 2005) to identify bacterial
artificial chromosome (BAC) clones containing the HPRTI or PRTFDCI loci.
Selected clones were shotgun sequenced and then refined by comparative-grade
finishing efforts to produce high-quality sequence in ordered and oriented contigs

(Blakesley et al. 2004).
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4.2.2 Database searches for additional HPRT-gene family members

Additional HPRT-gene family genomic loci were identified in public genomic

databases, NCBI (http://www.ncbi.nlm.nih.gov) and the UCSC Genome Browser

(http://www.genome.ucsc.edu), by sequence similarity to known HPRT1 and
PRTFDCI proteins. Full-length cDNAs were also identified by sequence
similarity searches to the NCBI and TIGR (http://www.tigr.org/tdb/tgi/) gene and
EST databases. The source of each gene sequence is listed in Supplementary

Table 4.1.

4.2.3 Genomic sequence annotation and analysis

The intron-exon structure of each gene was inferred by cDNA-genomic (Spidey,
(Wheelan, Church, and Ostell 2001)) and/or genomic-genomic (BLASTZ,
(Schwartz et al. 2003)) alignments. For HPRT-gene family members where no
cDNAs were available, interspecies alignments were used to infer the predicted
open reading frame, protein and gene structure. The repetitive element content of
each locus was determined with RepeatMasker (http://www.repeatmasker.org),
and supplemented with species-specific repeat libraries for armadillo, bat,

elephant, opossum, platypus and rabbit from
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(ftp://ftp.ebi.ac.uk/pub/databases/ensembl/encode/repeat_libraries/). The repeat

masking process was performed on species lacking a repetitive element database
using the repetitive element library from the most closely related species

available.

The annotated size of the individual gene loci was defined as the distance between
the start and stop codons. In cases where the first exon was missing from the
genomic assembly, interspecies alignments were used to identify the most 5’
intron 1 sequence available and subsequently used to estimate the locus size. To
measure the gene-genome size correlations, genome size estimates were based on
whole-genome sequence assemblies, the Animal Genome Size Database

(http://www.genomesize.com), and the literature (Redi et al. 2005) (see

Supplementary Table 4.2).

4.2.4 Protein domain analysis

The domain content of each predicted protein was inferred by comparison to the
cdd.v2.06 protein domain database with the NCBI conserved domain search tool

(Marchler-Bauer and Bryant 2004).
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2.2.5 Phylogenetic analysis

The inferred amino acid sequences were aligned with ClustalX (Jeanmougin et al.
1998b) and the resulting alignments were manually edited and used to estimate
the maximum parsimony, maximum likelihood and neighbor joining phylogenies
with Phylip (version 3.64) under the default parameters. For maximum likelihood
and neighbor joining analyses the amino acid substitution matrix of D.T. Jones,
W.K. Taylor, and J.M. Thornton was used (Jones, Taylor, and Thornton 1992).
Bootstrap support was established from 1000 pseudo-replicate data sets. The
protein alignments were converted to nucleotide alignments with CodonAlign

(http://www.sinauer.com/hall/). Heuristic tree searching was preformed on the

nucleotide alignments under maximum parsimony, maximum likelihood and
Bayesian analysis. Maximum parsimony was implemented in Phylip (version
3.64). For maximum likelihood analysis, the program TREE PUZZLE (version
5.2) (Schmidt et al. 2002) and the tree searching algorithm, quartet puzzling, was
used to estimate the maximum likelihood tree using the GTR+I'+I model of
substitution . For both maximum parsimony and maximum likelihood, bootstrap
support was established from searches on 1000 pseudo-replicate data sets. Tree
searching was also implemented in MrBayes (version 3.1) (Ronquist and
Huelsenbeck 2003). Model parameters were estimated under the GTR+I'+I model
and the default priors used. Four chains were run simultaneously for 3,000,000

generations, with trees sampled every 1000 generations. After discarding the first
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1500 sampled trees (“burn-in"), 1500 replicates were used to obtain clade
credibility. For each method, MP, ML and Baysian only nodes with greater than
50% bootstrap support were resolved. A majority rules consensus tree was
constructed from the three methods using the “consense” program in Phylip.
Branch lengths were then computed in the program “baseml” in PAML (version
3.14) (Yang 1997). For all tree building methods gaps were excluded from the
analysis and the Ciona intestinalis HPRT gene was used as the outgroup. Finally,
a maximum-likelihood method implemented by the “codeml” program in PAML
was used to estimate the rates of evolution at nonsynonymous (XK,) and
synonymous (Kj) sites in the coding sequences. Likelihood ratio tests were used

to compare models in which the number of K,/ K, rates varied within the tree.

4.2.6 Sequencing the mouse PRTFDCI exons

Genomic DNA from wild-derived inbred mouse strains was purchased from The
Jackson Laboratory and used as templates to individually PCR amplify the
PRTFDCI exons. PCR amplicons were then isolated, sequenced and compared to
the C57BL/6J genomic sequence. The panel of genomic DNA included: M. m.
domesticus, WSB/EiJ; M. m. musculus, CZECH1/E1); M. m. molossinus,

MOLC/RkJ; M. m. castaneous, CAST/EiJ; M. spretus, SPRET/EiJ; M. spicilegus,
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PANCEVO/Ei]; Mus caroli/EiJ; and Mus pahari/Ei]. The sequences of the

primers used to amplify each mouse PRTFDC1 exon are available upon request.

4.2.7 Molecular dating of the mouse PRTFDCI inactivation event

The method described in (Chou et al. 2002) was used to date the inactivation of
the mouse PRTFDCI ortholog and assumes a model in which prior to inactivation
the null allele was evolving under similar selective pressure as closely related
functional orthologs, and then neutrally after inactivation. In the case of the
inactive mouse PRTFDCI allele, the mouse lineage K, would be expected to
equal fyk(t —t;) + k t;, where fy = K,/K; (in the rat + rodent lineages), k = neutral
mutation rate [the average dS of the mouse + rodent and rat + rodent lineages / ¢t =
the time since the MRCA of mouse and rat (the average dS of the mouse and rat
lineages / k)], and ¢; = the time since PRTFDC| inactivation. To derive the values
necessary to solve for #;, we used codeml from the PAML software package to
analyze alignments of the coding region excluding the positions corresponding to
the 5-bp frameshift insertion and nonsense codon in the mouse PRTFDCI gene
between mouse, rat, human and opossum. Using the estimate of 88 MYA as the
time since the MRCA of rodents and human (Springer et al. 2003), we solved the

equation for #; = [((mouse lineage K,) / k) — fat] / (1 — fy) with the values ¢, =
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[((0.0674) / (((0.3665 + 0.4773) / 2) / 88 x 10%) — ((0.0723) (((0.0570 + 0.1679) /

2)/4.794 x 10°))]/ (1 — 0.0723) = 13.3 MYA.

4.3 RESULTS

4.3.1 Compilation of the HPRT-gene family data set

Initial database searches comparing the human HPRT1 protein to a variety of
vertebrate genomes revealed the presence of up to four HPRT homologs. As the
first step toward resolving the evolutionary relationships and history of the
vertebrate HPRT-gene family, we used targeted mapping and sequencing, and
database searches to systematically assemble a large collection of these genes
from a diverse panel of vertebrates (see Supplementary Table 4.1). In particular, a
BAC-based targeted mapping and sequencing approach was used to identify 20
HPRT-gene family members from 15 species. The sequences of 33 additional
HPRT-gene family members were also identified from publicly available genomic
and/or EST and cDNA databases. In total, 53 predicted or known cDNA
sequences from 28 species and 44 genomic sequences from 25 species were

collected for characterization of the vertebrate HPRT-gene family.
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4.3.2 Phylogeny of the HPRT-gene family

Initial sequence comparisons and gene distributions among the collection of
HPRT-family members was consistent with the expected widespread distribution
of HPRTI, as well as PRTFDC1, suggesting an ancient origin for both genes.
However, no more than one HPRT-gene family member could be detected in the
genomes of three invertebrates, C. intestinalis, C. elegans, and D. melanogaster,
further suggesting that PRTFDC1 might have originated as the result of a
duplication event involving the HPRT locus just prior to the most recent
common ancestor (MRCA) of vertebrates. In addition, while in general two
functional HPRT-gene family members were found in tetrapod genomes, up to
four HPRT-gene family members were detected in fish, indicative of additional

gene duplications or losses.

To resolve the evolutionary relationships of the HPRT homologs and estimate the
timing of gene duplications or gene losses events in vertebrates, we first
constructed a consensus tree using the amino acid sequences from our collection
of functional HPRT-gene family members (Supplementary Fig. 4.1). Based on
this protein consensus tree, the genes within the HPRT-gene family can be
categorized into three groups: (1) HPRT1, which contains previously
characterized HPRT1 genes as well as newly identified genes from all of the

vertebrate lineages sampled; (2) PRTFDC1, which also contains genes from all
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the vertebrate lineages sampled and up to two genes (PRTFDCla and
PRTFDCI1b) from some species of fish, including fugu, tetraodon and trout; and

(3) HPRTIL, which is exclusively comprised of genes from fish.

Though the analysis of the amino acid sequences showed strong support for three
distinct groups of genes within the vertebrate HPRT-gene family, the branching
order within the groups was not well resolved. To better elucidate the
evolutionary relationships between the genes within each group, we also
constructed a concensus tree from the nucleotide sequence of the protein coding
regions of each functional gene (Fig 4.1). As was observed in the protein tree, the
phylogeny based on the nucleotide sequences strongly supported the HPRT,
PRTFDCI and HPRTIL gene groups. In addition, the branching order within each
group and clustering of fish, amphibian, bird and alligator, and mammalian genes
were consistent with the expected species phylogeny (Kumar and Hedges 1998a).
Thus, the phylogeny of the HPRT-gene family indicates that gene duplication(s)
prior to the MRCA of vertebrates and within the fish lineage are the primary basis
for the expansion of the HPRT-gene family into three distinct groups and current
taxonomic distribution. The inferred timing of duplications within the HPRT-gene
family therefore coincide with timepoints hypothesized to be associated with

large-scale duplications in the vertebrate lineage (Vandepoele et al. 2004).
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Figure 4.1 Phylogeny of the HPRT-gene family.
The nucleotide sequence of the protein coding portion of each HPRT-gene family
member was used to build a consensus tree using Bayesian, maximum parsimony
(MP) and maximum likelihood (ML) methods. Major nodes are labeled with the
percent bootstrap support for the Bayesian, MP and ML methods, respectively.
The branch lengths were estimated by ML and represent substitutions per site.
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4.3.3 Genomic structure of the HPRT-gene family

Vertebrate orthologs display a high degree of conservation of intron-exon
structure (Thomas et al. 2003). In contrast, the size and repetitive element content
of orthologous introns tend to be strongly correlated with the genome size and
repetitive element content of the individual species, and thus can be quite
divergent (Vinogradov 1999; Thomas et al. 2003). In order to characterize and
compare the HPRT-gene family at the genomic level, we inferred the intron-exon
structure and intronic sequence composition of 44 HPRT-family members from

25 species (see Methods).

In support of their common evolutionary history, the intron-exon structures of the
genes within the HPRT-gene family were found to be conserved across the entire
family. Specifically, the genomic organization of each HPRT-gene family
member consists of nine coding exons, of which only exons 1, 3 and 4 were
observed to vary in size (Fig. 4a). However, this conserved gene structure was
limited to vertebrates. For example, the HPRT homolog in C. intestinalis is an
intronless gene, while the C. elegans homolog contains three introns. Thus, the
conserved intron-exon structure within this gene family likely represents an

ancestral genomic organization that predates the MRCA of vertebrates.
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In contrast, the intron size and composition was found to be highly divergent
between the HPRT-gene family members, and there was a clear correlation
between genome size and the total size of the HPRTI (+*=0.65), PRTFDC]
(r*=0.86) and HPRTIL (*=0.99) loci, with the genes from the ‘large’ mammalian
genomes spanning the greatest chromosomal intervals and the orthologs from the
‘small’ puffer fish genomes the least (Fig. 4b and Supplementary Table 4.2).
Similarly, the observed repetitive element content of the HPRT1, PRTFDC1, and
HPRTIL loci were also consistent with available genome-wide averages and
variation across species (Lander et al. 2001b; Aparicio et al. 2002; Waterston et

al. 2002; Gibbs et al. 2004; Hillier et al. 2004; Jaillon et al. 2004) (Fig. 4b).

Interestingly, there was an unusual pattern of relative intron size between the
HPRTI and PRTFDCI intraspecies paralogs. Within the mammals and birds, the
PRTFDCI loci were 2.1- to 3.5-fold larger than the HPRT loci. However, with
the exception of zebrafish which had a PRTFDCI1/HPRT]I size ratio of 2.8, the
other fish and amphibian paralogous gene pair size ratios were between 1.1-1.2
(Fig. 4b). While conservation of local variation in the rate of DNA gain and loss
at the PRTFDCI and HPRTI loci could account for this difference in amniotes,
surprisingly the size differential was not evenly distributed across the locus.
Instead the size difference mapped primarily to a single intron, intron 3, which

was 3.6- to 11.2-fold larger in PRTFDCI compared to HPRTI. The length
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variation between the paralogous third intron in PRTFDC1 and HPRTI accounted
for 44-91% of the overall size differences, which in all cases was significantly
higher than expected (p-values < 1e-25, df = 1, ) test) if all the paralagous
introns had expanded/contracted proportionally. Thus, while the evolution of the
vertebrate HPRT-gene family introns was strongly correlated with genome-wide
properties, within the amniotes, intron 3 was associated with an unusual pattern of
evolution, perhaps consistent with a signature of differential selection influencing

intron size within that clade.
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Figure 4.2 Genomic structure and sequence composition content of the
HPRT-gene family loci.

(a) The consensus intron-exon structure of the vertebrate HPRT-gene family
consists of nine-coding exons. Variation in exon length (*) was noted for exon 1
(18, 21, 27, 30, 33, 45, 48, 51 or 60-bp), exon 3 (184 or 181-bp in the fugu and
tetraodon PRTFDCla genes) and exon 4 (66 or 63-bp in the fugu and tetraodon
HPRTIL genes). (b) Genomic sequence composition of the HPRT1, PRTFDC1
and HPRTIL loci.
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4.3.4 Predicted enzymatic activity

The only function associated with the HPRT-gene family is the ancient enzymatic
role of HPRT1 as a phosphoribosyltransferase in the purine salvage pathway.
Analysis of the domain content within the HPRT-gene family predicted that all of
the family members contain a phosphoribosyl transferase domain (pfam00156). In
addition, HPRT1, PRTFDCI and HPRTIL proteins overall are quite similar, with
the average percent identity between intraspecies HPRT1-PRTFDCI1, HPRT1-
HPRTIL and PRTFDC1-HPRTIL paralogs equal to 65%, 75% and 56%,
respectively. We therefore sought to ascertain whether or not each gene family
member had likely retained or lost the known enzymatic function of HPRT1.
Specifically, we hypothesized that the genes within the HPRT'I group would have
retained the ancestral enzyme activity, while the others might have divergent
function(s). To test this hypothesis, we compared the amino acid sequence of each
gene at eleven conserved residues that flank or are near the active site and are
presumed to be especially critical for HPRT function (Craig and Eakin 2000). As
expected, the HPRT] orthologs with experimentally validated HPRT activity,
such as those from human and chicken, had no amino acid substitutions at the
eleven conserved positions. Moreover, the eleven critical amino acids were
completely conserved in all the HPRTI genes sampled, consistent with the
hypothesis that those proteins have retained the ancestral function in the purine

salvage pathway. In contrast, none of the PRTFDC1 or HPRTIL proteins showed
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conservation at all eleven critical sites, suggesting that each of those proteins had
lost the ancestral HPRT enzymatic activity (Supplementary Table 4.3). Thus, the
predicted enzymatic function, or lack thereof, was consistent with our

phylogenetic classification of the HPRT-gene family.

4.3.5 Evolutionary rates in the HPRT-gene family

Because the proteins encoded by the PRTFDCI and HPRTIL genes are predicted
to have lost their ancestral HPRT enzymatic activity, it is likely that these
duplicate genes have been retained in the genome by virtue of evolving a new
function, and thus that distinct selective forces have acted on the HPRT],
PRTFDCI and HPRTIL genes. The rate at which a gene has evolved can be
inferred by calculating the ratio of nonsynonymous (K,) to synonymous (Ks)
substitutions, i.e. K,/Ks. By applying a maximum-likelihood method to the
nucleotide-based phylogeny shown in Figure 4.1 (see Methods), we estimated the
K./K; rate ratio for each of the three groups of genes and found that the HPRT
genes had the slowest rate of evolution, K,/K; = 0.024, HPRTIL an intermediate
rate, K,/Ks = 0.053, while PRTFDC1 displayed the highest rate of evolution,
KJ/Ks =0.098. A comparison between a model in which each of the three groups
had a distinct K,/K value versus a model in which all three groups had the same

K, /K, value indicated that the observed differences in the rate of evolution
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between the three groups was significant (2A/ = 125.83, df = 2 p-value = 4.74x 10
*%). Further tests directly comparing the K./K; rates between all possible pairs of
the three gene groups also supported the hypothesis that there was significant
variation in the rate of evolution between these groups (p-values < 0.003, data not
shown). Thus, while all three gene groups were found to be evolving under strong

purifying selection, each group was associated with a distinct rate of evolution.

Having discovered evolutionary rate differences between the three groups of
genes, we sought to determine if significant changes in the rate of evolution could
be detected within the large sets of HPRTI and PRTFDCI genes. A systematic
comparison of the rates of evolution between genes from the major taxonomic
clades, i.e. tetrapods versus fish, and then a series of pairwise comparisons within
tetrapods between placental mammals (eutherians), marsupials, birds and
amphibians did not reveal any significant variation in the rate of evolution within
the set of PRTFDC1 genes. However, analogous comparisons with the HPRT
genes were able to partition this group by taxonomy and evolutionary rate into
two distinct clusters; the eutherians, K,/Ks = 0.052, and the remaining tetrapods
and all fish, K,/K = 0.015 (2Al = 37.68, df = 1, p-value = 8.34x10™'°). Thus,
while these results suggest that the rate of evolution of the PRTFDCI genes has

been fairly uniform, the rate variation detected among the HPRT genes is a
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potential signal of a recent relaxation of selection, or positive selection, on

HPRT1 in the eutherian lineage.

4.3.6 Inactivation of PRTFDCI1 in mouse

A mouse PRTFDC1 locus was readily identified on mouse chromosome 2 at the
predicted position within a large block of conserved synteny with the human, rat,
dog and chicken genomes (Waterston et al. 2002; Gibbs et al. 2004; Hillier et al.
2004; Lindblad-Toh et al. 2005). However, closer examination of the coding
sequence revealed that the mouse PRTFDCI gene was inactive. Specifically, the
predicted mouse PRTFDCI open reading frame inferred from interspecies
alignments to the assembled C57BL/6J genome was disrupted by three
independent mutations: a missense mutation in the first exon that eliminates the
start codon, a frameshift mutation in exon 2 caused by a 5-bp insertion that leads
to an early stop codon and truncation of three-quarters of the protein, and a
nonsense mutation in exon § that eliminates the final eleven amino acids.
Furthermore, while interspecies genomic and cDNA alignments were consistent
with a conserved intron/exon structure, including consensus splice acceptor and
donor sites, no mouse ESTs or cDNAs representing a PRTFDCI mRNA were

identified by thorough searches of public databases. In contrast, 147 and 38 ESTs



100

or cDNAs have been assigned to the human and rat PRTFDC1 UniGene (Schuler

1997) clusters, respectively.

Because PRTFDC1 is predicted to be functional in rat and all other mammals
surveyed, we hypothesized that the inactive allele observed in the inbred
C57BL/6] strain had arisen in the mouse lineage since the MRCA of mice and
rats. In order to more precisely time the inactivation event, we sought to
determine if PRTFDCI was also inactive in other mouse species by PCR
amplifying and sequencing the coding exons of the PRTFDCI gene from a
diverse panel of wild-derived mice (see Methods). At least one inactivating
mutation in the PRTFDCI gene was observed in all eight strains surveyed (Table
4.1), suggesting that the inactive PRTFDC1 allele predates the MRCA of all the
species of Mus represented in our sample. We also used the method described in
(Chou et al. 2002) to date the emergence of the inactive PRTFDCI allele (see
Methods). In this case, based on an empirically determined divergence time
between mouse and rat of 23.5 million years, we estimate that the inactivation of
the mouse PRTFDCI allele occurred 13.3 MY A. Thus, the most parsimonious
explanation for these results is that the PRTFDCI gene was inactivated in the
mouse lineage after the divergence from the MRCA of mouse and rat. The

inactive allele then became fixed in an ancestral population prior to the
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divergence of the Mus lineages present in all laboratory and wild-derived strains

of mice.

Table 4.1 Inactivating mutations in the mouse PRTFDCI gene.

Mutation®

Mouse Strain 1A>G 131 132insACCAC  619C>T
C57BL/6J + + +
WSB/EiJ n.a. - +
CZECHI/Ei) + + +
MOLC/RkJ + + +
CAST/El + + +
SPRET/EiJ + + -
PANCEVO/Ei] + n.a. -
Mus caroli/E1) n.a. +° +
Mus pahari/El) n.a. - +

(+) indicates the mutation was present, (-) that the mutation was
absent, and (n.a) that sequence was not available.

“ The position of the mutations are based on coordinates from the
human PRTFDCI coding sequence (GenBank Ac# NM 020200) and
the inferred mutation by comparison to the predicted rat coding
sequence (GenBank Ac# XM 214518).

® The mutation in Mus caroli/EiJ is 131_132insACCCCAC.

4.4 DISCUSSION

As aresult of a combination of important properties including enzymatic function
in the purine salvage pathway, the development and subsequent widespread use of
HPRTI as a somatic cell genetic marker, and clinical significance of HPRT1-

deficiency in human disease, HPRT1 is perhaps one of the best characterized
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genes in the human genome. Here we have reported for the first time a systematic

study of the evolution of the HPRTI locus and HPRT-gene family in vertebrates.

Phylogenetic analysis indicated that the vertebrate HPRT-gene family consists of
three groups of genes: HPRTI, which encodes proteins with predicted or known
HPRT activity; and PRTFDCI and HPRTIL, which arose as the result of the
duplication of the HPRTI locus. In particular, we favor a model in which a gene
duplication of the HPRT! locus prior to the MRCA of vertebrates some ~450
MY A gave rise to PRTFDCI. Subsequent duplication of the PRTFDC] locus in
the fish lineage followed by the differential retention or loss of the gene
duplicates then led to the observation that some fish genomes have two PRTFDCI
genes, while others have only one. Both of these interpretations are compatible
with the whole-genome and/or other large-scale duplication events hypothesized
to have occurred prior to the MRCA of vertebrates and subsequently in a common
ancestor of just the ray-finned fish (Vandepoele et al. 2004). In contrast, though
the HPRTIL was only found in fish, the position of the HPRT'IL orthologs within
the tree suggests an origin prior to the divergence of fish and tetrapods. Thus,
HPRTIL may have arisen as the result of a duplication event prior to the MRCA
of vertebrates, but was subsequently lost in the tetrapod lineage. Alternatively,
HPRTIL may have arisen more recently by duplication in the fish lineage, but the

tree-building methods we used here did not faithfully reconstruct the true history
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of this gene. Nonetheless, our findings indicate that three ancient duplication
events resulted in the expansion of the vertebrate HPRT-gene family into three

groups: HPRT1, PRTFDCI, and HPRTIL.

All members of the vertebrate HPRT-gene family share a common intron-exon
structure, suggesting that the extant genomic organization of these genes has been
conserved over a cumulative evolutionary timescale of several billion years. In
contrast, the intron length and composition of orthologs within each of the three
gene clades were highly divergent and representative of genome-wide differences
between the species. Intraspecies comparisons of paralogous HPRT and
PRTFDCI loci revealed a clear difference in the size of the introns of these genes
that was primarily restricted to intron 3 in mammals and birds. Though the length
of paralogous introns is not tightly correlated (Yandell et al. 2006), the general
conservation of the length variation of HPRTI/PRTFDCI intron 3 across
mammals and birds is perhaps suggestive of selection acting at the level of

genomic size (Vinogradov 2004).

The function(s) of the PRTFDC1 and HPRTIL genes are unknown, but like
HPRT]1, both the PRTFDC1 and HPRTIL proteins contain a phosphoribosyl
transferase domain. However, comparison of the amino acid composition at

conserved sites critical for HPRT enzymatic activity predicted that all PRTFDC1
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and HPRTIL proteins have lost this ancestral function. In addition, the ability to
select for the presence or absence of HPRT activity, for example in human and
chicken cell lines which also contain the PRTFDCI gene, provides indirect
experimental evidence that the function of PRTFDCI1 is not redundant with
HPRT! in this regard. Therefore, PRTFDC1 and HPRTIL have likely been
retained in the genome by virtue of acquiring a new and yet to be determined

function as predicted by the neofunctionalization model (Ohno 1970).

Similar to most protein coding genes, the members of the HPRT-gene family
were found to be evolving under strong purifying selection (K,/Ks < 0.1) (Gibbs et
al. 2004). Significant variation in the rate of protein evolution was observed
between the three groups of genes as well as among the HPRTI genes. In
particular, the eutherian HPRT genes were found to be evolving at an elevated
rate relative to other tetrapods and fish, and likely also to the ancestral rate of
evolution. One potential cause of the observed elevated rate is the position of
HPRTI on the X chromosome in eutherians compared to its autosomal linkage in
most other vertebrate genomes. However, though not statistically significant, it
should be noted that the marsupial HPRT1 genes, which are also X-linked
(Graves et al. 1979), were evolving at a slower rate than their eutherian orthologs

(Ko/Ks = 0.02 versus K,/Ks = 0.052, 2Al = 1.52, df = 1, p-value = 0.08). Thus,
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other factors are also likely involved in this observed difference in evolutionary

rate of eutherian HPRT1 orthologs.

Finally, we detected a recent gene inactivation event specific to the Mus lineage in
PRTFDCI. Without any knowledge regarding the function of this gene,
hypotheses regarding the basis of the fixation of the PRTFDC1 null allele in mice
are limited to general mechanisms, including genetic drift, hitchhiking, or positive
selection. Regardless of the means by which PRTFDC] function was lost in the
mouse lineage, the inactivation and fixation of this null allele is strikingly
reminiscent of the presumably adaptive gene inactivations that have occurred in
the vertebrate purine metabolic pathway. While the potential selective advantage
the loss of PRTFDC1 function did or did not confer to an ancestral population of
mice can not be directly tested, we propose that the lack of PRTFDCI1 activity in
the mouse is a strong genetic candidate for the phenotypic difference between
HPRT-deficient humans and mice. In particular, we hypothesize that the presence
of PRTFDCI is required for the manifestation of the severe neurological
phenotypes observed in HPRT-deficient humans, which are absent in HPRT-
deficient mice. In other words, the progression of the neurological symptoms is
dependent on the mis-regulation of PRTFDCI either by the absence of direct
protein-protein interactions with HPRT1, or indirectly, for example via the

increased levels of PRPP in HPRT-deficient cells which have been shown to up-
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regulate the activity of other phosphoribosyl transferase domain containing
proteins (Jinnah and Friedmann 2001b). Our model therefore has two testable
hypotheses: (1) that HPRT-deficiency in any other mammal will likely result in a
neurological phenotype; and (2) that the reintroduction of an active copy of
PRTFDCI into HPRT-deficient mice will lead to a neurological phenotype, and

thus a genetic model for LND.

In conclusion, a comparative genomics approach was used to determine a detailed
evolutionary history of the HPRT-gene family in vertebrates. The series of
‘evolutionary alleles’ (Xue and Noll 1996) for the HPRTI and PRTFDC1 genes
reported here in the form of genomic clones and sequences from a diverse set of
vertebrates will provide invaluable resources for future experimental studies
designed to dissect and compare the function of these genes, particularly in light

of their evolutionary history and role in human disease.
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5 Initial characterization of a novel mouse model for Lesch-Nyhan Disease’

'A portion of this chapter is in preparation for publication.
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5.1 Introduction

The enzyme, hypoxanthine phosphoribosyltransferase, HPRT1, has a central role in the
recycling of purine nucleotides through the purine salvage pathway (Figure 5.1).
Mutations to HPRT result in Lesch-Nyhan Disease (LND, OMIM 300322), an X-linked
disorder with an incidence of 3/million persons. Patients with LND exhibit severe
developmental and neurological abnormalities such as testicular atrophy, hypotonia,
dysarthria, mental retardation, and compulsive aggressive self-injurious behavior (Jinnah
and Friedmann 2001a). Furthermore, these patients exhibit a 70-90% loss of dopamine in
the basal ganglia (Lloyd et al. 1981). The mechanism by which HPRT! deficiency leads
to the neurobehavioral abnormalities and the dopamine loss seen in LND patients is not

well understood.

. IMP PP,
Hypoxanthine PRPP
o
HO HO I
o Lo HN N
g 9 0N 0-f-0-p-oH LIy i
HN~ ?f\é, + HO-P-O 1\ / o o SN N HO-P-0-P-OH
| ' 5 OH |
| S— oH G o OH OH
N HO  OH HO—p-0"( N4

HO' OH

GMP PP;
Guanine PRPP

7 %
HO HO 0 o, Ao
] P A’ -P-0-P-OH
Q o ; wo-b-o"~ VY + HO
Q O\ .O-p-0-p-OH "X 7Y T, S on
+ Ho—p-0" '\ /] o o OH S N

i = W
g OH Ho' “OH 1,
NS e

Figure 5.1 Catalytic role of HPRTI in purine salvage.

HPRTI catalyzes conversion of hypoxanthine to inosine monophosphate (/MP) and
guanine to guanosine monophosphate (GMP) via transfer of the 5-phosphoribosyl group
(PPi) from 5-phosphoribosyl 1-pyrophosphate (PRPP).
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In order to gain a better understanding of the neurological consequences of HPRTI-
deficiency, animal models have been developed through both pharmacological (Lloyd et
al. 1981; Minana and Grisolia 1986; Nehlig, Daval, and Debry 1992) and gene
manipulation methods (Hooper et al. 1987) (Kuehn et al. 1987b). Of the pharmacological
models developed, some do not directly block HPRT1 activity but rather illicit self-
injurious behavior by means of neonatal dopamine loss in rats. (Breese et al. 1984).
While some of the pharmacological models do display an "enhanced behavioral
sensitivity" to amphetamines, none address the full spectrum of LND phenotypes. In the
mouse genetic models of LND, subtle differences in brain dopamine levels were
observed and they did recapitulate the biochemical hallmarks of human patients (Finger
et al. 1988; Dunnett et al. 1989; Jinnah, Gage, and Friedmann 1991; Jinnah, Langlais, and
Friedmann 1992; Jinnah et al. 1994; Jinnah et al. 1999); however, they do not display any
of the neurobehavioral disorders or testicular atrophy seen in human patients (Finger et
al. 1988; Jinnah, Gage, and Friedmann 1991; Jinnah, Langlais, and Friedmann 1992).
Thus, the current animal models for LND remain incomplete and the etiology of HPRTI-
deficiency in the nervous system and testes remains largely unknown. To date there is no

treatment for the neurological aspects of LND.

Since the initial HprtI-gene knockout models were developed, several groups have tried
to make better, more "humanized" models for LND by accounting for genetic differences
in purine metabolism between humans and mice. Unlike mice and other mammals,
humans lack an enzyme downstream of HPRT] in the purine metabolic pathway called

urate oxidase (UOX) (Keilin 1959; Wu et al. 1992). UOX is an interesting candidate
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because loss of UOX exacerbates the accumulation of uric acid. It was hypothesized that
these increased levels of uric acid were associated with the neurobehavioral phenotypes
(Henderson 1968). This isn't likely the case. Treatment of LND patients with uric acid
degrading drugs has no influence on the development of neurobehavioral abnormalities
(Marks et al. 1968). Additionally, it has been reported that Hprt1/Uox double mutants do
not develop neurological or behavioral phenotypes (Jinnah and Friedmann 2001a).
Another genetic candidate tested was APRT, another salvage enzyme of purine
metabolism. It was hypothesized that, compared to humans, mice were more reliant on
Aprt than Hprtl for purine salvage. However, Hprtl/Aprt double mutants do not
represent a better model than the initial Hprt/ knockout (Wu and Melton 1993a; Engle et

al. 1996).

UOX and APRT are clearly not the only genetic differences between mice and man.
However, prior to the availability of whole genome sequences, insufficient genetic
information was available to identify and characterize genetic differences between
vertebrates on a large scale. Recently, an HPRTI paralog in humans was briefly
described, PRTFDCI (Nicklas 2006). Subsequently, PRTFDCI was further
characterized among vertebrates through a large-scale comparative genomics study of the
HPRTI gene family (Keebaugh, Sullivan, and Thomas 2007), where PRTFDC1 was
shown to have emerged from a duplication event of HPRT] prior to the diversification of
vertebrates. Interestingly, PRTFDC1 was found to be functional in all vertebrates

surveyed except the mouse. Keebaugh et. al. hypothesized PRTFDC1 as a candidate
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genetic difference accounting for the disparity in phenotypes between Hprtl-deficient

mice and man (Keebaugh, Sullivan, and Thomas 2007).

Currently, the function of PRTFDC1 is unknown and the only function associated with
HPRT1 is its ancient enzymatic role in purine metabolism. It is not likely that PRTFDCI
has redundant enzymatic activity with HPRT1 because loss of HPRT function can be
selected for in human cell lines, which contain a functional PRTFDC1 locus. PRTFDCI
is a member of the phosphoribosyl transferase domain containing family and thus is
predicted to bind PRPP. In HPRTI-deficient cells PRPP is elevated and leads to the up-
regulation of all other characterized proteins in this gene family (n=8). Homology
modeling of PRTFDC1 from the HPRTI crystal structure also supports the prediction that
PRTFDCI binds PRPP and identified a fixed difference between vertebrate HPRT1 and
PRTFDCI, D137G, which is hypothesized to result in PRTFDCI binding a different base
than does HPRT (guanine and hypoxanthine; see Figure 5.1). PRTFDCI has also been
identified as a potential tumor suppressor gene (Suzuki et al. 2007; Cai 2007). It is likely
that PRTFDC1 has retained the phosphoribosyl transferase domain containing activity
and the ability to bind PRPP but has acquired a novel function that is coupled to purine

metabolism via an interaction with PRPP.

Until recently HPRTI was not known to physically interact with any other protein.
Homology modeling predicts that PRTFDCI and HPRTI proteins can directly interact
through the formation of heterotetramers and yeast 2-hybird studies have detected an

interaction between PRTFDCI and HPRTI (Rual et al. 2005). Additionally, both genes
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are ubiquitously expressed in human, indicating that while PRTFDC1 and HPRTI genes
likely have divergent functions, they do have broad and overlapping expression patterns.
Thus, PRTFDCI and HPRTI may be able to regulate one another through direct protein-
protein interactions or indirect regulatory interactions. Furthermore, lack of Pritfdcl in
mouse represents an excellent candidate gene that contributes to the lack of LND like
phenotypes in Hprtl-deficient mice. Thus, we further hypothesize that the presence of
PRTFDCI in humans enhances or is required for the phenotypes associated with the loss
of HPRTI and LND, whereas the absence of PRTFDCI in mice acts to suppress those

phenotypes.

To directly test the hypothesis that PRTFDC] is an enhancer/suppressor of LND we have
generated Hprtl-deficient mice carrying the human PRTFDC] locus. This more
humanized model of LND will allow us to characterize the expression profile and
interactions of PRTFDC] relative to HPRTI and LND. As a means towards this end, we
have characterized various aspects of this transgenic mouse model including (i) viability
and fertility phenotypes, (Hillier et al.) protein expression, (iii) transcript profile, and (iv)

potential molecular interactions between Hprtl and Tg" 74!+

, establishing a basic body
of knowledge for the PRTFDC1 gene and its potential interactions with HPRT1 and

LND. While there is no evidence for indirect regulatory interactions between Hprtl and
Tg""*!* there is evidence for a direct interaction between these two proteins. The

relationship between this physical interaction and LND is not yet clear; however,

behavioral testing is currently underway.
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5.2 Methods

5.2.1 Identification and characterization of a human PRTFDC1 BAC clone.

The human BAC clone, RP11-12907, was identified based on gene location in the
human genome and validated by restriction-enzyme fingerprint analysis and PCR. The
BAC restriction-enzyme fingerprints matched the virtual DNA digests of the
corresponding sequence from human chromosome 10. PCR amplification of sequences
from the 5° and 3’ flanks, and introns 1 and 7 of the PRTFDC1 gene were also consistent
with the expected composition of the human PRTFDCI BAC. PCR amplification of
sequences included regions from the 5’ (F: 5'-TCTGTGTGCAGTGTTACCTGTG-3"; R:
5'-CAAACCAACTGAAAGAGGTTCC) and 3’ (F: 5'-
ACAGATGGTTGGTTCACTTTCC-3"; R: 5'-GAGGCAGGTTTCATAGGTGAAC-3")
flanks as well as within introns 1 (F: 5'-TCTCCTGGGATCAGAGTAGACC-3"; R: 5'-
ACATCAAGTCCTAAGCGAGAGG-3") and 7 (F:5'-
CTGAAGTCTGCCTATGCAAGTG-3"; R:5-TGTTCTCTAGGGCTTCCTCATC-3') of
the PRTFDCI1 gene. Cycle conditions were 94°C for 5 minutes followed by 35 cycles of
94°C for 30s, 58°C for 30s, and 72°C for 1 minute, followed by a final 7-minute

extension at 72°C.

5.2.2 Generation of the Tg"™™ """ transgenic mouse.

The BAC RP11-129007 was linearized with PI-Scel, gel isolated, and agarase treated.

The Emory Mouse Transgenic Core (http://corelabs.emory.edu/home.cfm#tmc)

performed pronuclear microinjections of our BAC-transgene into fertilized FVB eggs. To
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genotype the mice according to the presence/absence of the PRTFDCI transgene, crude
DNA preps from tail clips were taken at day 14 and the PCR primers from the initial

validation step were used to screen for transgenic founders.

5.2.3 Breeding & genotyping strategy.

In order to recapitulate the human disease genotype, an active PRTFDCI gene must be
introduced into the Hprtl-deficient mouse genome. The current Hprtl-deficient mouse is
in the C57BL/6J background; thus, our breeding strategy was to cross Tg" 7! Hprt 1™
mice in the FVB background to Prtfdcl™’ Hprt1™” mice in the C57BL/6J background.
Furthermore, in order to minimize the effect that transgene integration site might have on
any observed phenotypes, two independent transgenic lines were generated, L9 and L13.
Once in the C57BL/6J background (F5 generation), males from L9 and L13 were bred
with Prtfdcl w0 Hprtl'/ " females, Hprtl b-m3 (Jackson Laboratories)(Hooper et al. 1987), to
produce Tg" """ Hprt " and Prefdel” Hprtl ° (Table 5.1). In addition, Tg""7#!*"
Hprt1™ males were bred to Prefdcl™ Hprtl™" females, Hprt1™™ (Jackson
Laboratories), to produce Tg" ™! Hprt 1" and Prefdc1”’ Hprt1™ males. The
T ipre1™”, Prifde1”’ Hprt1™, and Prifde1”’ Hprt1™ provide important controls
in the phenotype analysis. The PRTFDCI transgene was followed by PCR (see validation
step) and the Hprtl allele was genotyped following a modified protocol as described in
(McEwan and Melton 2003). Briefly, a multiplex PCR flanking the HprtI breakpoint
was used to amplify both the deleted Hprt/ gene and the wildtype Hprtl gene. In total,
we characterized the phenotypes of six genotypes [ 1: Prtfdc’/o Hprtl 2. Przfdc‘/ " Hprtl

70 3-4: Tg" "0 Hpre 1™ (i.e. both transgenic lines), and 5-6: Tg” ™! Hpre1 7 (i.e.
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both transgenic lines)] from four different crosses to assess the effect of PRTFDCI
expression on Hprtl-deficient mice.

Table 5.1

5.2.4 Gross phenotyping.

Litters were closely monitored on the day of birth and thereafter until weaning to measure
the number of pups that 1) die before weaning, 2) fail to feed, as indicated by a lack of
milk in the stomach, 3) are clearly runted, and 4) do not walk or have difficulty moving.
Dead pups were tail clipped and genotyped. Genotype frequencies were calculated under
a chi-square distribution. Tg""*"*’Hprt1”” males from both transgenic lines (> 8 weeks
of age; n=3/line) were mated with wild-type C57BL/6J females to determine if male

TgPrtfdc] +/0 Hprt ] /0 mice were fertile.

5.2.5 Tissue collection.

Following euthanization by CO, inhalation, brain, testis and liver were collected at pO0,
p28 and 7 week-old male mice representing six genotypes [1: Prefdc”’ Hprtl ™, 2: Prifdc
" Hprt1 ™, 3-4: Tg""*" Hpre1™ and 5-6: Prifdel™ Tg" ™" Hpre1 7). Tissues

were immediately frozen on dry ice and stored at -80°C until RNA and protein extraction.
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5.2.6 Protein analysis.

Ice-cold RIPA buffer was added to frozen tissue at 3mL per gram. Tissues were
homogenized and incubated on ice for 30 minutes. Lysate was centrifuged at
approximately 12,000 rpm for 30 minutes at 4°C. Lysate was collected and protein
concentration determined by Bradford assay. Protein (40ug) was loaded into a 12%
polyacrylamide gel and separated by SDS-polyacrylamide electrophoresis. Protein was
transferred to a nitrocellulose membrane (New England Biolabs, Inc.). Membranes were
blocked in 5% non-fat dry milk and 0.2% Tween20. Membranes were incubated with
primary antibody for 1 hour at room temperature (Prtfdc1: Proteintech Group; Hprtl & f-
actin: Santa Cruz Biotechnology). Antibody binding was visualized using HRP-linked
IgG secondary antibody (Jackson ImmunoResearch Laboratories, Inc.). Immunoreactive
bands were visualized via chemilumescence (New England Biolabs, Inc.) on film
(Hyperfilm-ECL Amersham, Arlington Heights, IL). Films were analyzed using the

Kodak Imaging Software (version 4.0).

5.2.7 Expression studies.

Total mouse RNA from brain, was prepared using the RNeasy Lipid tissue Mini Kit
(Quiagen, Hilden, Germany) according to the manufacture's recommendations for whole
brain. Briefly, RNeasy Lipid Tissue Kits integrate phenol/guanidine-based sample lysis,
designed to facilitate lysis of fatty tissues and inhibit RNases, and silicon membrane
purification of total RNA. Total mouse RNA from testis and liver was prepared from
Trizol (Invitrogen) according to manufacture's recommendations. cDNA was

synthesized from Sug of total mouse RNA or human RNA (Clontech Laboratories, Inc.,
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Mountain View, CA and US Biologicals, Swampscott, MA) using Superscript II reverse
transcriptase (Invitrogen) primed with oligo(dT) according to manufacture's
recommendations. Two cDNA's were synthesized for each RNA extraction and four
replicate quantitative reverse-transcription PCRs (qQRT-PCR) were completed for each
cDNA. Relative transcript abundance was measured using qRT-PCR on a Roche
LightCycler V3 for three mouse genes (Acth: NM_007393.1 , RPol2a: NM_009089.2,
and Hprtl: NM_013556.2) and four human genes (AC7B: NM_001101.3, RPOL2a:

NM _000937.2, HPRT1: NM_000194.2 and PRTFDCI: NM_020200.5). Gene specific
primers were purchased from SABiosciences (http://www.sabiosciences.com/) and
validated for amplification of only a single product of the correct size and high PCR
efficiency. SyberGreen (Invitrogen) reactions were preformed in 20ul volumes according
to manufacture's recommendations. Cycle conditions were 95°C for 10 minutes followed
by 45 cycles of 95°C for 15s, 60°C for 60s and a final 40s extension at 72°C. A
dissociation curve was run to ensure that only a single product was amplified. To control
for efficiencies of RNA extraction and cDNA synthesis, we regressed the inverse of each
critical threshold value (1/Cr) from the qRT-PCR against the corresponding '1/ Ct'
measure for two internal control genes, Actb and RPol2a. Relative expression was
measured as the fold change in expression, 2°*“™) RT-PCR was preformed on cDNA's
from both lines at 7 weeks to detect residual expression of PRTFDCI and Hprtl. Primers
used for amplification of PRTFDC1 were F: 5'-GTCTTCCCTTCCCGCGTTCC-3' and R:
5'-GCTTCCCAAGTACAGGCGTAAA-3'. Primers used for Hprtl amplification were F:
5'-GCTGGATTACATCAAAGCACTG-3"and R: 5'-

CAAGGGCATATCCTACAACAAAC-3'. Cycle conditions were 94°C for 5 minutes
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followed by 35 cycles of 94°C for 30s, 58°C for 30s, and 72°C for 1 minute, followed by

a final 7-minute extension at 72°C.

5.2.8 Statistical analysis.

Analysis of variance (ANOVA) using regression residuals of 1/Ct was preformed to test
for genotype effects with sequential Bonferroni corrections (Rice 1989). Using raw Cr
values provided similar results. Differences in expression levels were considered
significant when the p-value was less than 0.05, relative to both control genes, Actb and

RPol2a.

5.3 Results

5.3.1 Relative Transcript Abundance in Human.

Preliminary analyses of public expression databases indicate that PRTFDC] is broadly
expressed in humans (http://www.ncbi.nlm.nih.gov/geo/; data not shown). To refine the
expression profile of PRTFDCI in different tissues of relevance to LND, we
characterized the normal expression profile of PRTFDCI relative to HPRT! in a broad
panel of human tissue with an emphasis on brain and testis (Figure 5.2). We found
PRTFDCI to be expressed higher than HPRT in all brain tissues, including fetal whole
brain. While previous studies have yielded mixed reports as to the levels and pattern of
HPRT expression in the brain (ref), we found that HPRT1 transcript abundance
(normalized to ACTB and RPOL2a) in the substantia nigra and cortex was significantly

different than the putamen, caudate nucleus, cerebellum and whole brain. Similarly,
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PRTFDCI transcript abundance (normalized to ACTB and RPOL2a) in the cortex was
significantly different from that of the putamen, caudate nucleus, cerebellum, substantia
nigra and whole brain. These differences, while significant, were subtle. In contrast to
brain, HPRTI was expressed higher than PRTFDC] in testis and no difference in
expression was seen in adult and fetal liver. While the patterns of PRTFDCI and HPRT]
expression varied between tissues and at different time points in development, the results
are consistent with a ubiquitous pattern of expression.
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Figure 5.2 Transcript profiles of PRTFDCI and HPRTI in human tissue.
Relative transcript abundance of HPRT (black) and PRTFDC1 (white) is shown per
10,000 ACTB molecules. * Indicates a significant difference (p<0.05) in expression
between human brain sub-regions, including whole brain.

5.3.2 Generation of the PRTFDCI transgenic mouse.

In order to generate mice expressing PRTFDC1, a BAC clone containing the human

locus (Fig 5.3) was identified and used to generate transgenic mice by pronuclear
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injection. Four transgenic founders were identified, and confirmed to express human
PRTFDCI transcripts by RT-PCR. In addition, initial qRT-PCR studies indicated that all
four lines expressed PRTFDCI at similar levels. Furthermore, we observed no skew in
PRTFDCI transmission (n=99/line), where we expected PRTFDC1 to be transmitted to
50% of the offspring (nwwi=417 individuals genotyped at postnatal day 14). No gross
phenotypes were observed in transgenic carriers. As there were no observable
differences between the transgenic lines, we arbitrarily picked two lines for detailed

characterization.
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Figure 5.3 Chromosomal location and genotyping assay for human PRTFDCI BAC
clone.

The position of the sequenced human BAC clone (RP11-2907 (GenBank Acc.
ALS512598) is shown relative to human chromosome 10 (NCBI Build #17) and the
PRTFDCI locus. This BAC contains significant amounts of sequence 5' and 3' of
PRTFDCI1 but does not contain any other genes. The arrows indicate the direction of
gene transcription. Tall and short rectangles indicate coding exons and UTRs,
respectively.

5.3.3 Gross phenotyping.

Because LND is an X-linked recessive disorder that primarily affects males, we have
focused our phenotype analysis on the male mice. Given that LND patients display

developmental motor delay within the first year of life, never learn to walk, and have low
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birth weights and a slow growth curve (Jinnah and Friedmann 2001a), we expect those
phenotypes to manifest post-natally as a general failure to thrive. To assess this
phenotype in Tg""*"* Hprr'? offspring, Tg""“* Hprt*"” males were mated with
Prtfdcl 0 Hprt‘/’ females (Table 5.1). Transmission of the PRTFDC1 transgene was
normal for lines 9 and 13 in Hprtl-deficient males (p=0.32 and 0.78, respectively; Table
5.1). Furthermore, we did not see any evidence of pups that (1) died before weaning, (2)
failed to feed, (3) were clearly runted, and (4) did not walk or had difficulty moving.
Thus, Tg""* Hprt1”” mice were no different with respect to their ability to thrive as

compared to their Prefdcl™ Hprt1™ littermates.

Table 5.1 PRTFDCI transmission frequencies in Hprtl-deficient males.
TgP}‘[f([(‘I +/0 le‘t] +/0 X Pl’l‘fdcl_/() le’l‘] -/-

TgPr{fb’(- 10 port] -/0 Prifdel”™ Hprt1™
Line 9 81 o4

Line 13 103 107

In addition to basic viability, because male LND patients undergo testicular atrophy and
fail to advance to puberty, we set up breeding tests for n=3 Tg""“* Hprt1”" males from
each transgenic line to determine if they were fertile. All of the males tested sired

offspring; thus, Tg”7**" Hprt1”” males are both viable and fertile.

5.3.4 Protein analysis.

Protein expression was analyzed in brain, testis and liver via western bolt (Figure 5.2).

As expected, we were able to detect a band for PRTFDC1 (26 kDa) using a PRTFDCI1
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polyclonal antibody in genotypes Tg” /" Hprt1™” and Tg" ™™ Hpre1”” but we did
not detect a band for genotype Prifdcl”’ Hprtl™. Antibody for PRTFDCI cross-reacted
with HPRT1 (23.4 kDa), which was detected in genotypes Prtfdcl 0 Hprtl " and
Tg"”"*"*"0 Hpre 1™, HPRT1 protein was not detected in genotype Tg™"““/* Hprt17°.
The same pattern of HPRT1 protein presence/absence was detected using an HPRT1
monoclonal antibody (data not shown). Unexpectedly, comparison of the relative levels
of PRTEDC]1 between the genotypes Tg”"*"*"" Hprt1"" and Tg"”"*"*" Hprt 17’ indicated
that PRTFDCI1 levels were lower in the absence of HPRT1 versus when HPRT1 was
present. Specifically, a 4-fold decrease in PRTFDC1 expression was observed in the
absence of HPRT1 in brain for transgenic line 9 (Figure 5.4) and 2-fold decrease was
observed in line 13 (data not shown). Similarly, a 1.5 fold decrease was observed in
testis in both lines (data not shown). There was no difference in PRTFDC1 expression

between genotypes in liver (data not shown).
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Figure 5.4 HPRT1 and PRTFDCI1 protein expression in line 9.

Western blots from line 9, 7 week brains were prepared and probed with anit-PRTFDCI
as described. Lane 1, Tg"%!*" Hprt17°; 1ane 2, Tg"7!*" Hprt1™; lane 3, Prefdel
“Hprt1'°. The molecular weight (kDa) of the marker is indicated to the left and protein
reactivity to the right. B-ACTIN (43 kDa) was detected in all genotypes and used as a
control to quantify PRTFDC1 and HPRT1 expression.

5.3.5 Relative Transcript Abundance in Transgenic Mice.

Given the difference in PRTFDCI protein levels in the presence and absence of HPRT],
we were interested in looking at transcript levels of both Hprtl and Prtfdcl. In both
transgenic lines, we measured relative transcript levels of Hprtl and Prtfdcl across age-
matched brain, testis and liver at pre- (p0), and post- (p28 and 7 weeks) sexual maturity
(Figure 5.5). We compared Prtfdcl expression in the presence/absence of Hprtl
(T Hppe 17 vs. T Hpre17%) and Hprtl expression in the presence/absence
of Prifdel (Tg"™* " Hprt 1" vs. Prifde1”” Hprel™). In total, 70 pair-wise comparisons
between genotypes in various tissues and developmental stages were preformed,
including tissues where the change in PRTFDCI protein expression was observed (see

Figure 5.5). Four significant differences (p<0.05) were detected: Prtfdcl expression in
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L13 7 week and p28 brain, Prtfdcl expression in L9 p28 testis, and Hprtl expression in
L13 p28 testis. These significant differences were not replicated across lines. Thus, no

reproducible differences were observed in the level of Hprtl or Prtfdcl transcripts.
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Figure 5.5 Transcript profiles of Prtfdcl and Hprtl in mouse tissues.
Relative transcript abundance of Prtfdcl (white) and Hprtl (black) per 10,000 Actb

molecules in the Tg"”"*"*"" Hprt1"” mouse. No differences were observed between

genotypes or transgenic lines.

While it is generally difficult to compare transcript levels across species, an important
aspect of modeling human biology in mouse is determining if the model recapitulates the
human expression patterns. In brain, the primary tissue affected by LND, no obvious
differences in Prtfdcl and Hprtl expression patterns were observed between the

transgenic mouse (Tg”"*"** Hprt1*’) and human.
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5.4 Discussion

Despite decades of research, the pathophysiology of LND remains unknown. Animal
models are currently available, however each is limited in its utility for studying the
neurological aspects of this disease. A null Hprtl allele was previously created at the
HPRT1I locus in mouse (Hooper et al. 1987). Given that mice do not have a functional
Prtfdcl allele, Hprtl-deficient mice do not have the same genotype as HPRT-deficient
humans. To test the hypothesis that the absence of PRTFDC1 in mouse acts to suppress
the phenotypes associated with LND, we have generated a more humanized Hprt!-

deficient mouse carrying the human PRTFDCI allele.

Hprtl-deficient male mice carrying the human PRTFDCI allele do not display any
obvious phenotypic abnormalities with respect to viability and fertility when compared to
littermates (Tg™ " Hprt17? vs. Tg"™*° Hpre1™°, Prifdel”’ Hprt1™, and Prifdel™
Hprtl 0y, Currently, behavioral studies are underway to detect any neurological
phenotype associated with this new model. Specifically, three key aspects associated
with the neurobehavioral abnormalities of LND are being assessed. The altered
dopamine system of the basal ganglia is being assessed via administration of an
amphetamine that promotes dopamine release. Second, compulsive self-injurious
behavior is being measured by stereotypy. And, finally, aggression is being evaluated by
resident-intruder aggression tests. This battery of behavioral experiments will test
whether the presence of PRTFDC1 modifies the neurobehavioral phenotype in Hprtl-

deficient mice. One limitation of the gross phenotyping and behavioral experiments is
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that they have only been carried out in males heterozygous for the presence of Prefdcl.
There could be a dosage dependent effect. Increasing the dosage (i.e. Tg”7**'*) could
affect the phenotype. Furthermore, our analysis does not provide information on how
Prtfdcl expression affects the female phenotype. Future experiments could include

males homozygous for the presence of Prifdcl as well as the full complement of females.

PRTFDCI was expressed in all tissue types analyzed, as seen in human. It is unclear if
the levels of expression are comparable across species. Furthermore, the genotype (i.e.
the presence and absence of either Prtfdcland Hprtl) did not have any significant effect
on transcript levels of Prtfdcl or Hprtl. A key assumption in studying mRNA
expression is that it is informative in the prediction of protein expression (Chen et al.
2002; Greenbaum et al. 2003). Transcript levels, however, did not accurately reflect the
amount of protein in all tissues. Specifically, PRTFDC1 protein expression decreased in
the absence of HPRT1 in brain and testis, the two tissues affected by LND.

These results indicate that transcriptional regulation is not the mechanism accounting for
the observed differences in PRTFDCI1 expression but rather suggest that translational

processes control the expression of PRTFDCI.

While the mechanism by which HPRT1 influences PRTFDC1 mean protein levels
remains to be elucidated, different biological mRNA and protein degradation rates might
affect mRNA and protein correlations (Guo et al. 2008). Conceivably, direct protein-
protein interactions between HPRT1 and PRTFDC1 may act to stabilize PRTFDCI by

increasing its half-life. Formation of an HPRT1-PRTFDCI1 heterotetramer, as supported
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by homology modeling, is a potential mechanism for this stability. It is possible that the
loss of an interaction with a functional HPRT1 protein leads to the mis-regulation of
PRTFDCI and manifestation of the clinically relevant phenotypes associated with LND.
Recently, there have been numerous studies exploring the relationship between mRNA
and protein expression. The results from studies have been largely inconsistent in both
yeast (Futcher et al. 1999; Gygi et al. 1999; Greenbaum et al. 2003) and human
(Anderson and Seilhamer 1997; Chen et al. 2002; Lichtinghagen et al. 2002; Guo et al.
2008), suggesting that gene expression at the transcriptional and translational levels are
more likely to be discordant for genes involved in development, regulation, and disease.
Of outstanding interest is to determine if the same pattern of PRTFDC1 expression is
observed in human brain and testis. One potential avenue for progress lies in comparing
protein expression from wildtype human cell lines and matched HPRT1-deficient patient

cell lines.

The utility of this new animal model for studying the etiology of LND is promising. In
addition to the negative correlation seen in PRTFDCI1 protein expression in the presence
and absence of HPRT1, preliminary behavioral studies in line 9 have identified an
increased trend toward aggression and stereotypy in Tgpr’fd”] 0 Hprtl "’ mice. This
behavioral phenotype is more representative of the neurobehavioral phenotype seen in
patients with LND as compared to the other mouse genetic animal models of LND
developed to date. Thus, this more humanized model potentially represents a new and

improved model for studying the neurobehavioral syndrome of LND.
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Previous studies in HprtI-deficient mice provide indirect evidence for an underlying
abnormality of catecholaminergic function in the brains of Hprt/-deficient mice, which is
analogous to the abnormalities of dopamine function seen in patients with LND (Lloyd et
al. 1981). The idea is that the neurobehavioral phenotype seen in LND patients may be
the result of over stimulation of supersensitive dopaminergic receptors in the basal
ganglia (Breese et al. 1984; Casas-Bruge et al. 1985; Goldstein et al. 1986). LND patients
show a 70-90% reduction (Lloyd et al. 1981), while HPRT1-deficient mice show only a
19-45% reduction in basal ganglia dopamine (Dunnett et al. 1989; Jinnah, Langlais, and
Friedmann 1992; Jinnah et al. 1999). Changes in dopamine receptor sensitivity do not
occur unless tissue dopamine levels are reduced by more than 80% (Zigmond et al. 1990)
and this fact may account for the absence of dopamine receptor sensitivity (and
neurobehavioral dysfunction) in HprtI-deficient mice as compared to LND patients. One
possibility is that PRTFDCI acts as a modifier in the threshold effect seen with
dopaminergic loss and neurobehavioral dysfunction. Future experiments could address
this hypothesis by measuring dopamine levels in the basal ganglia to determine if the
presence of Prtfdcl could further reduce basal ganglia dopamine in HprtI-deficient mice.
In anticipation of this study we have collected tissues from the basal ganglia (nucleus
accumbems and caudoputamen) and olfactory bulb for each of the six genotypes

(n=8/genotype).

The two hypotheses discussed, (i) mis-regulation of PRTFDCI1 via post-translational
modification and (Hillier et al.) dopamine hypersensitivity, are not mutually exclusive

and one can easily imagine a situation where HPRT-deficiency leads to post-
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translational modification of PRTFDC1 which in turn alters the dopamine system of the
basal ganglia. If basal ganglia dopaminergic neuronal loss is key to the development of
this pathway, PRTFDCI1 may be acting as a modifier in the threshold effect seen with
dopaminergic loss and neurobehavioral dysfunction. While we still have a long way to
go in characterizing the usefulness of this model and the etiology of LND, therapeutics
targeting down-regulation of PRTFDC1 might prove be clinically efficacious, if shown to

be safe in humans.

Gene loss has been hypothesized to play a role in adaptive evolution (Olson 1999). While
the significance, if any, of the loss of PRTFDCI in the mouse is unknown the difference
in gene content it caused between humans and mice has the potential to provide a striking
example of how gene loss can act as a disease modifier. Furthermore, this hypothesis
highlights the importance of considering gene content differences when modeling human

disease in other species.
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6 Discussion
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6 Discussion

Independent gene inactivation events have truncated the purine catabolic pathway and as
a consequence the end product of purine catabolism varies amongst vertebrates.
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 the loss of
ALLN and the hominoids, whose end product is uric acid due to the loss of UOX (Keilin
1959; Urich 1994a). Information regarding the end product of this pathway in marsupials
and monotremes, however, is limited and it is possible that purine catabolism proceeds
further in these mammals than it does in the placental mammals. In order to infer the
likely functional content of the purine catabolic pathway in the marsupials and
monotremes, we compared the gene content in the terminal portion of the purine
metabolic pathway in a marsupial and a monotreme to a diverse set of vertebrates in
chapter 2. We found that unlike other mammals, the marsupial and monotreme encode
the full complement of purine catabolic genes. This analysis identified that loss of ALLN
is specific to the placental mammals and represents a previously undetected genetic
difference distinguishing marsupials/monotremes from placental mammals. These results
suggested that marsupials and monotremes have end products of purine catabolism
comparable to that of fish and amphibians and thus represent a third class of mammals.
Biochemical studies that measure and compare the levels of intermediate metabolites in
the purine catabolic pathway in urine from marsupials and monotremes will ultimately be
required to test this hypothesis. The presence of glyoxylate and urea in the urine would

confirm that marsupials and monotremes are distinct from the other mammals. Loss of
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ALLN in placental mammals is intriguing; while fixation could have been due to drift, it
might also have led to a phenotypic innovation distinct to placental mammals, such as the
placenta. One potential way to test the biological significance of this loss would be to
alter the mouse genome to include the full complement of genes assumed to have been

present in the mammalian ancestor.

Chapter 2 highlights the significance of gene loss in shaping interspecies differences in
purine catabolism and reveals novel insights into the importance of gene loss during
mammalian evolution. Under the "less is more hypothesis" gene loss is proposed as
playing a role in adaptive evolution by conferring an immediate and direct benefit under
certain environmental conditions. However, the potential consequence of gene loss on
the fate of other genes, connected by function, is poorly understood. In chapter 3 we used
the purine metabolic pathway as a model system in which to explore this question and
present a new model of adaptive gene loss. Under this model, a single gene loss event
removes the functional constraint imposed on the downstream genes and affords them the
opportunity to optimize a secondary ancestral function, acquire a novel function, or both.
These results broaden the view of adaptive gene loss, demonstrating that a single gene
loss event can have long-term, indirect consequences on the adaptive potential of many
genes in a pathway like purine catabolism. While these results show that gene loss, like
gene duplication, can provide the raw material for evolutionary innovation, they do not
provide a quantitative measure of the contribution of this process to evolution. Like
purine metabolism, the VB6 pathway has experienced multiple, independent gene loss

events (Tanaka, Tateno, and Gojobori 2005). It would be interesting to determine the
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frequency at which downstream genes have been retained following gene loss in various

metabolic pathways like purine and VB6 metabolism.

Gene duplication has also led to interspecies differences with respect to the salvage
portion of purine metabolism. Phylogenetic analysis in chapter 4revealed that ancient
vertebrate-specific gene duplication events resulted in expansion of the vertebrate HPRT-
gene family. Specifically, our findings indicated that duplication of the HPRT1 locus
gave rise to PRTFDCI1 about 450MY A and subsequent duplication events specific to the
ray-finned fish likely gave rise to HPRT1L and a second copy of PRTFDC1. Both of
these interpretations are compatible with the whole-genome and/or other large-scale
duplication events hypothesized to have occurred prior to the MRCA of vertebrates and
then subsequently in the MRCA of the ray-finned fish (Vandepoele et al. 2004). One
confounding factor to this interpretation was the position of HPRT1L in the tree, which
suggested an origin prior to the divergence of fish and tetrapods. Thus, an alternative
interpretation is that HPRT1L emerged from a duplication event of HPRT1 prior to the
diversification of vertebrates and was subsequently lost in the tetrapod lineage. Sequence
comparisons indicated that both PRTFDC1 and HPRTIL lost their ancient enzymatic
function associated with purine metabolism and thus were retained due to the acquisition

of a novel function/s as predicted by the neofunctionalization model.

Among mammals, we identified an inactivation event of PRTFDCI specific to the mouse
lineage. In light of its conservation in all other vertebrate lineages surveyed, the adaptive

significance for the likely fixation of this null allele is intriguing. Fixation of the null
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PRTFDCI allele in the Mus lineage was demonstrated by sequencing of nine wild
derived inbreed strains. Because inbreed strains are not representative of the genetic
variation seen in the natural population, it is possible that the null allele is not fixed,
however, this is highly unlikely given the broad geographic range of the species sampled
and level of divergence. Future studies could sample more individuals from wild
populations to provide further evidence for this fixation event. Moreover, this
inactivation event represents a new genetic difference between humans and mice and we
propose PRTFDCI1 as a candidate genetic difference contributing to the phenotypic

disparity seen between HPRT-deficient mice and LND patients.

While HPRT1-deficiency in humans leads to Lesch-Nyhan Disease, HPRT1-deficient
mice do not develop the neurobehavioral abnormalities seen in LND patients. It has long
been hypothesized that genetic differences between humans and mice account for this
phenotypic disparity. We developed a genetic mouse model to experimentally evaluate
the role of PRTFDCI1 as a candidate genetic difference in contributing to this difference
in phenotype in chapter 5. At a gross phenotypic level, the mouse model did not
recapitulate the human phenotype. At the molecular level, the results provide evidence
for a direct interaction between HPRT1 and PRTFDC1 in the brain and testis, the two
tissues affected by the disease. It will be of interest to determine if these protein
expression patterns also occur in human tissues. The relationship between PRTFDC1
and the neurobehavioral abnormalities associated with LND, however, has not yet been

fully evaluated in this transgenic model. Behavioral studies are in progress to determine
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if the presence of PRTFDCI, in both the presence and absence of HPRT1, has a

behavioral phenotype.

In addition to the neurobehavioral phenotype associated with LND, abnormalities of
dopamine function have also been observed in LND patients (Lloyd et al. 1981). Itis
hypothesized that over stimulation of supersensitive dopaminergic receptors in the basal
ganglia result in the neurobehavioral phenotype of LND patients (Breese et al. 1984).
While HPRT1-deficient mice have reduced basal ganglia dopamine, their reduction is not
as severe as that seen in human patients and thus they do not experience dopamine
receptor sensitivity (Lloyd et al. 1981). It is possible that PRTFDCI acts as a modifier in
the threshold effect seen with dopaminergic loss and neurobehavioral dysfunction. While
the dopamine system of the basal ganglia in our transgenic model is being assessed via
behavioral studies, testing of such a 'threshold effect' is beyond the scope of this
dissertation. Future studies, however, could experimentally measure the effect of
PRTFDCI on dopamine levels, in both the presence and absence of HPRT1, to determine

if the presence of PRTFDCI1 further reduces basal ganglia dopamine in mouse.

Loss of PRTFDCI1 in mouse has the potential to provide a striking example of how
considering gene content differences between humans and mice resulting from gene loss
can be critical when modeling human disease in other species. There is a precedent for
creating an improved mouse model of human disease in cases where the gene of interest
has recently been inactivated. Like PRTFDCI, cholesteryl ester transfer protein (CETP)

was recently inactivated in the rodent lineage (Ha and Barter 1982). To test whether or
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not CETP was associated with atherosclerosis, transgenic mice expressing human CETP
were developed (Lie et al. 2001). In this case the presence of CETP was shown to make
the mice more susceptible to atherosclerosis and to be a better model of human disease
(Lie et al. 2001). As previously mentioned, other genetic differences between human and
mouse have been considered with respect to HPRT1-defcieint mice, for example loss of
UOX in human. If PRTFDCI is shown to modify susceptibility to LND it may be useful
to generate HPRT1/UOX double knockout mice carrying a functional PRTFDCI locus.
The extent to which a "more humanized" model will be informative is unclear and this

may represent an even better model for understanding the etiology of LND.

In conclusion, the data presented in this dissertation establishes an evolutionary picture of
how gene duplication and gene loss have shaped the purine metabolic pathway and the
potential importance of those events with respect to modeling human disease. In the
broader context, the results reported contribute to an expanded model of adaptive gene
loss, and directly assess the significance of one particular gene loss event with respect to

modeling a human disease.
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Supplementary Table 1. Sources of HPRT-gene family genomic and cDNA sequences.

Species Gene Genomic cDNA
Human (Homo sapiens) HPRTI WGA, hgl7 NM 000194
Human (Homo sapiens) PRTFDCI WGA, hgl7 NM_ 020200
Marmoset (Callithrix jacchus) HPRTI AC148367, AC148366  Predicted
Marmoset (Callithrix jacchus) PRTFDCI AC155198 Predicted
Galago (Otolemur garnettii) HPRTI AC148730 Predicted
Galago (Otolemur garnettii) PRTFDCI AC154057° Predicted”
Rabbit (Oryctolagus cuniculus) HPRTI AC148374 Predicted
Rat (Rattus norvegicus) HPRTI WGA, m3 XM 217584
Rat (Rattus norvegicus) PRTFDCI WGA, m3 XM 214518
Mouse (Mus musculus) HPRTI WGA, mm7 NM 013556
Mouse (Mus musculus) PRTFDCI WGA, mm7 Predicted*
Bat (Rhinolophus ferrumequinum) HPRTI AC148443 Predicted
Bat (Rhinolophus ferrumequinum) PRTFDCI AC154166 Predicted
Dog (Canis familiaris) HPRTI WGA, canFam2 Predicted
Dog (Canis familiaris) PRTFDCI WGA, canFam2* Predicted”
Armadillo (Dasypus novemcinctus) HPRTI AC151455 Predicted
Elephant (Loxodonta africana) HPRTI AC154077 Predicted
Wallaby (Macropus eugenii) HPRTI AC154070 Predicted
Opossum (Monodelphis domesticata) HPRTI WGA, monDoml Predicted
Opossum (Monodelphis domesticata) PRTFDCI WGA, monDoml Predicted
Platypus (Ornithorhynchus anatinus) HPRTI AC148426 Predicted
Chicken (Gallus gallus) HPRTI WGA, galGal2 AJ132697
Chicken (Gallus gallus) PRTFDCI WGA, galGal2 Predicted
Turkey (Meleagris gallopavo) HPRTI AC148422 Predicted
Turkey (Meleagris gallopavo) PRTFDCI AC155203° Predicted”
Zebra finch (Taeniopygia guttata) HPRTI AC148572 Predicted
Zebra finch (Taeniopygia guttata) PRTFDCI AC151212 Predicted®
Emu (Dromaius novaehallandae) PRTFDCI AC155221 Predicted
Alligator (Alligator mississippiensis) HPRTI AC149026° Predicted”
Xenopus tropicalis HPRTI WGA, xenTrol CR760889
Xenopus tropicalis PRTFDCI WGA, xenTrol BX715188
Xenopus laevis HPRTI n.a. CK798518
Xenopus laevis PRTFDCI n.a. BC077960
Zebrafish (Danio rerio) HPRTI WGA, danRer3 BC046003
Zebrafish (Danio rerio) PRTFDCI WGA, danRer3" BC047173
Zebrafish (Danio rerio) HPRTIL WGA, danRer3 BC071336
Catfish (Ictalurus punctatus) HPRTI AC154053 Predicted
Catfish (Ictalurus punctatus) PRTFDCI n.a. CB940771
Rainbow trout (Oncorhynchus mykiss) ~ HPRTI n.a. BX076136
Rainbow trout (Oncorhynchus mykiss) ~ PRTFDCla n.a. BX084317, BX084316
Rainbow trout (Oncorhynchus mykiss) ~ PRTFDCI1b n.a. BX875181
Medaka (Oryzias latipes) PRTFDCIb n.a. TC37910"
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Stickleback (Gasterosteus aculeatus) HPRTI AC148363 Predicted
Stickleback (Gasterosteus aculeatus) HPRTIL n.a. CD507371
Tetraodon nigroviridis HPRTI WGA, tetNigl CR641420
Tetraodon nigroviridis PRTFDCla WGA, tetNigl Predicted
Tetraodon nigroviridis PRTFDCIb WGA, tetNigl CR701223
Tetraodon nigroviridis HPRTIL WGA, tetNigl Predicted
Fugu (Takifugu rubripes) HPRTI WGA, frl Predicted
Fugu (Takifugu rubripes) PRTFDCla WGA, frl Predicted
Fugu (Takifugu rubripes) PRTFDCIb WGA, fr1° Predicted
Fugu (Takifugu rubripes) HPRTIL WGA, frl Predicted
Southern puffer (Spheroides nephelus)  HPRTI AC153754 Predicted
Ciona (Ciona intestinalis) HPRTI WGA, cil Predicted

The GenBank accession numbers for genomic sequences generated by the authors are indicated in bold-type. Other
genomic sequences were obtained from whole-genome assemblies (WGA, version), or additional GenBank records.
Where applicable, the GenBank accession number is also listed for each cDNA. n.a. = not available.

*Missing exon 1.

® Missing exon 5.

¢ The fugu whole-genome shotgun reads ti437971708 and ti436367218 were used to extend the fr1 assembly.
Inactive.

“Low quality genomic sequence manually examined (ti 650756902) to resolve coding region disparity.
"TIGR Gene Indices record.



8.2 Supplementary Table 2

Supplementary Table 2. Gene and genome sizes.

Gene size Genome size
Species Gene (bp) (x 10° bp)
Human hsHPRTI 39766 2.9°
Marmoset cjHPRTI 42471 3.4°
Galago ogHPRTI 46606 n.a.
Rabbit ocHPRTI 42688 3.1°
Mouse mmHPRTI 32891 2.6%
Rat rmHPRTI 31395 2.7%
Bat rfHPRTI 37205 2.2°
Dog ¢fHPRTI 37197 2.4°
Armadillo dnHPRTI 35233 53¢
Elephant laHPRT1I 28343 n.a.
Opossum mdHPRTI 28133 3.5°
Wallaby meHPRTI 26603 n.a.
Platypus 0aHPRTI 16113 3.0°
Alligator amHPRT]I 23729 2.4°
Chicken ggHPRTI 14029 1.1°
Turkey mgHPRTI 15984 1.5°
Zebra finch tgHPRTI 15021 1.2°
X. tropicalis xtHPRTI 15095 1.6°
Zebrafish drHPRTI 8702 1.6°
Catfish ipHPRT]I 8892 1.0°
Stickleback gaHPRTI 4301 0.6
Tetraodon tnHPRT] 4403 0.3?
Fugu trHPRTI 3666 0.4°
S. puffer snHPRTI 3234 0.5°
Human hsPRTFDC1 102732 2.9
Marmoset ¢jPRTFDCI 92140 3.4°
Galago 0gPRTFDC1 96771 n.a.
Mouse mmPRTFDC] 97147 2.6*
Rat rnPRTFDCI 103706 2.7°
Bat rfPRTFDCI 87477 2.2°
Dog ¢/PRTFDCI 92128 2.4°
Opossum mdPRTFDCI 97617 3.5°
Chicken ggPRTFDCI 44357 1.1°
Turkey mgPRTFDC|1 41395 1.5°
Zebra finch tgPRTFDCI 41385 1.2°
Emu dnoPRTFDCI 45673 1.6°
X. tropicalis xtPRTFDCI 16875 1.6°
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Zebrafish drPRTFDCI1 24789 1.6%
Tetraodon tnPRTFDCla 3920 0.3?
Tetraodon tmPRTFDC1b 4184 0.3?
Fugu trPRTFDCla 3380 04*°
Fugu trPRTFDC1b 3912 0.4°
Zebrafish drHPRTIL 10122 1.6*
Tetraodon tnHPRTIL 2554 0.3?
Fugu trHPRTIL 2666 0.4°

n.a. = not available.

“Based on whole-genome sequence.
b Average of the genome size estimates from the Animal Genome Size Database

(http://www.genomesize.com).
“Redi et al, J Heredity, 2005 96:485-493.
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8.3 Supplementary Table 3

Supplementary Table 3 Amino acid substitutions in the HPRT critical sites

Critical sites

Gene Leu-67 Gly-69 Ser-103  Tyr-104 Glu-133  Asp-134 Asp-137 Lys-165 Gly-189 Asp-193  Arg-199
hsPRTFDC1 - — — — — — Gly* — _ —
¢jPRTFDCI - - - - - - Gly* - - -
0gPRTFDC1 - - - — — — Gly* — . —
rnPRTFDC1 - - — - — - Gly* — - — -
rfPRTFDC1 - - — - — - Gly* — — _
¢fPRTFDCI - - — - - — Gly* — — — _
mdPRTFDC1 - - — - — — Gly* — - _
ggPRTFDC1 - - - — — - Gly* — — — —
mgPRTFDC1 - - - - — — Gly* — — —
tgPRTFDC1 - - - — - _ Gly* _ B B
dnoPRTFDC1 - - - - — — Gly* — — —
xtPRTFDC1 — — Cys" — — — Asn — _ _
xIPRTFDC1 - - Cys" - — — Asn — — .
drPRTFDC1 - - — - — Ala® — - - _
ipPRTFDC1 - - - — — Ala® — — — _
omPRTFDCla - - - - - Ala® - - — .
omPRTFDC1b - Ala - - - Ala® — - — —
olPRTFDC1b - - - — - Gly* Gly* — — — —
mPRTFDCla - - — - — Ala® - - — _
tnPRTFDC1b - - - - - Ala® Gly* - - — .
trPRTFDCla - - - - - Ala* — — _
trPRTFDC1b - - - - — Ala® Gly* — — . .
drHPRTIL - - - - - - Glu - — —
tmHPRTIL - - - — — - Glu — — _
trHPRTIL - - - - - - Glu - — —
gaHPRTIL — — — — — — Glu — — —

‘—’ indicates no amino acid substitution.
 Radical substitution.
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8.4 Supplementary Figure 4
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Supplementary Figure 1. Protein phylogeny of the HPRT-gene family.
Alignments of the amino acid sequences of the functional HPRT-gene family members

was used to build maximum likelihood, neighbor joining and maximum parsimony trees.
The consensus tree from of those three methods along with bootstrap support values from
each method at the major branch points separating the three groups of genes is shown

here.
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