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Abstract

Ornithine transcarbamylase (OTC) deficiency is an X-linked trait that accounts for nearly half of
all inherited disorders of the urea cycle. OTC is one of the enzymes common to both the urea
cycle and the bacterial arginine biosynthesis pathway; however, the role of OTC has changed over
evolution. For animals with a urea cycle, defects in OTC can trigger hyperammonemic episodes
that can lead to brain damage and death. This is the fifth mutation update for human OTC with
previous updates reported in 1993, 1995, 2002, and 2006. In the 2006 update, 341 mutations were
reported. This current update contains 417 disease-causing mutations, and also is the first report of
this series to incorporate information about natural variation of the OTC gene in the general
population through examination of publically available genomic data and examination of
phenotype/genotype correlations from patients participating in the Urea Cycle Disorders
Consortium Longitudinal Study and the first to evaluate the suitability of systematic
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computational approaches to predict severity of disease associated with different types of OTC

mutations.
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INTRODUCTION

Ornithine transcarbamylase (OTC, MIM# 311250, RefSeq NP_000522) is a mitochondrial
urea cycle enzyme that catalyzes the reaction between carbamyl phosphate and ornithine to
form citrulline and phosphate. OTC is essential for the conversion of neurotoxic ammonia
into non-toxic urea in mammals and other ureotelic animals (Fig. 1, (Brusilow and Horwich,
2001). In microbes and plants, OTC catalyzes the sixth step of arginine biosynthesis
(Glansdorff and Xu, 2006) while the function of OTC in animals that excrete nitrogenous
waste as either uric acid or ammonia remains to be elucidated.

The human OTC gene is located on the X-chromosome within band Xp21.1 (Lindgren et al.,
1984). Ten exons and nine introns spanning 73 kb comprise the human OTC gene with an
open reading frame of 1062 nucleotides (Horwich et al., 1984; Hata et al., 1986). The
precursor protein contains 354 amino acids and has a calculated molecular weight of 39.9
kDa. Upon import into the mitochondria, a 32 amino acid N-terminal leader sequence is
removed in two steps (Horwich et al., 1986). The mature OTC protein contains 322 amino
acids and has a calculated molecular weight of 36.1 kDa. The functional OTC is a
homotrimer; it has three-fold symmetry and three active sites, located at the interface
between the protein monomers (Shi et al., 1998). OTC is expressed in the liver, the only
organ that expresses all urea cycle enzymes, and in the intestinal mucosa. In the liver,
ammonia is converted into urea, while in the intestinal mucosa, where N-acetylglutamate
synthase, carbamylphosphate synthetase and OTC are also found, conversion stops at
citrulline, a precursor of arginine and an intermediate in NO-signaling (Brusilow and
Horwich, 2001).

OTC deficiency (OTCD) is the most common inherited defect of ureagenesis because the
OTC gene is located on the X-chromosome. OTCD accounts for about half of all urea cycle
defects (Brusilow and Horwich, 2001; Seminara et al., 2010). The estimated prevalence of
OTCD is one in 14,000 (Brusilow and Maestri, 1996), but more recent estimates based on a
review of national medical records and comparisons of newborn screening data with the
number of patients with urea cycle disorders indicate a prevalence of one in 62,000-77,000
(Dionisi-Vici et al., 2002; Keskinen et al., 2008; Balasubramaniam et al., 2010; Summar et
al., 2013). Most of the patients with OTCD are hemizygous males; approximately 20% of
female carriers of OTC mutations also present symptoms of OTCD (Maestri et al., 1996;
Maestri et al., 1998). The onset of OTCD symptoms is extremely variable. Heterozygous
females and males with partial defects in the OTC can present later in life and well into
adulthood, while hemizygous males with complete OTCD present with acute
hyperammonemia within the first week of life (Hudak et al., 1985; McCullough et al., 2000).
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Neonatal presentation usually correlates with the absence of liver OTC activity (Tuchman et
al., 1998) and null alleles (McCullough et al., 2000). Approximately 50% of patients with
partial OTCD present later in life or even in adulthood (Finkelstein et al., 1990; Tuchman
and Holzknecht, 1991). The clinical symptoms of OTCD result from the toxic effects of
ammonia on the brain and can include recurrent vomiting, a clinical picture resembling Reye
syndrome (Glasgow and Middleton, 2001), neurobehavioral changes or seizures. In addition
to elevated plasma ammonia, biochemical symptoms of OTCD include elevated plasma
glutamine, low or absent plasma citrulline and elevated urinary orotic acid, which
distinguishes OTCD from other proximal urea cycle disorders.

This is the fifth mutation update for the human OTC gene (Tuchman and Plante, 1995;
Tuchman et al., 1998; Tuchman et al., 2002; Yamaguchi et al., 2006). In addition to 417
disease-causing mutations, this report contains information about natural variation in the
human OTC gene and the severity of disease associated with different types of OTC
mutations.

MUTATIONS AND POLYMORPHISMS IN THE OTC GENE

A total of 417 disease-causing mutations in the OTC gene, including 29 mutations reported
here for the first time, are listed in Table S1. Twenty-three of the newly reported mutations
were identified by the longitudinal study of urea cycle disorders (Batshaw et al., 2014).
Previously undetected chromosomal defects in intronic and regulatory regions of the OTC
gene can now be diagnosed due to advances in sequencing technologies. Fifty-two patients
with OTCD due to deletions, duplications or complex rearrangements involving OTC gene
have also been identified (Table S2). Of the identified disease-causing mutations reported
for OTC, the majority are amino acid replacements, followed by RNA splicing defects,
premature protein terminations and deletions (Table 1). Many sequence changes within the
OTC coding sequence result in more than one missense mutations of the same codon and
some, but not all, of these mutations occur within codons that overlap with CpG
dinucleotides on both strands (Fig. 2).

A complete loss of OTC function due to large deletions, frameshift and nonsense mutations
as well as missense mutations that abolish either enzymatic activity or folding of OTC is
known to cause neonatal onset disease in hemizygous males and symptoms of OTCD in
some heterozygous females (Tuchman, 1993; Tuchman et al., 1997; Tuchman et al., 2002;
Yamaguchi et al., 2006). Late onset disease in hemizygous males is caused by missense
mutations that retain some OTC activity but have destabilized protein or lower enzymatic
activity or decreased substrate affinity. A few female carriers of hypomorphic OTC alleles
can also present with symptoms of OTCD (Pinner et al., 2010). Disease presentation and
severity in OTCD patients with missense mutations were rationalized by assessing the
position and function of the affected amino acid in the OTC enzyme (Tuchman et al., 1997;
Tuchman et al., 2002). However, these studies did not attempt to find predictors of the
severity of OTCD based on the biochemical properties of mutant OTC. As patients
undergoing whole exome sequencing become more common, uncovering OTC variants is
only likely to increase, making it important to have an understanding of the relationship
between specific mutations and disease. Buried amino acids have more stringent steric
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restrictions in a folded protein, and examination of the degree of amino acid conservation,
and solvent accessibility of mutation sites identified in male and symptomatic OTCD
patients revealed that the largest numbers of missense mutations affect the most conserved
and least solvent exposed residues (Fig. 3A and C). In both symptomatic females and male
patients (Fig. 3B), the second most common missense mutations affect moderately
conserved residues that also have little solvent accessible surface (Fig. 3E — G). These
moderately conserved residues tend to be buried in the protein interior (Fig. 3F and G). Most
mutant OTC proteins found in patients with OTCD are predicted to be less stable that the
wild type (Fig. 4A and B) but the distributions of calculated differences in free energies
between mutant and wild type OTC differed between the two methods for calculation used
here (Fig. 4C and D). Most symptomatic females had missense mutations that were highly
destabilizing to the mutant protein while there was a paucity of such mutations in males with
late onset OTCD (Fig. 4D).

In addition to disease-causing mutations, 44 rare sequence variants (MAF < 1%) have been
found in the OTC gene (Table S3). In previous reports, 12 of these SNPs were considered to
be polymorphisms (non-disease causing) because they have been found through screens of
healthy individuals ((Hata et al., 1988; Matsuura et al., 1993; Tuchman and Plante, 1995;
Plante and Tuchman, 1998; Climent and Rubio, 20023, b; Tanaka et al., 2005). The
remaining 32 rare SNPs were found through querying the 1000 Genomes project and
NHLBI Exome Variant Server (ESP6500S1-V2); 18 rare SNPs have been found in
heterozygous females and are predicted to affect either splicing of the OTC mRNA or
function of the OTC enzyme (Kumar et al., 2009; Adzhubei et al., 2010; Schwarz et al.,
2010) suggesting that female carriers of these alleles might be predisposed to OTCD.
Eighteen common polymorphisms (MAF = 1%) have been found in the regulatory region,
within exons and in the introns in close proximity of intron/exon boundaries (Table 2).
Allele frequencies of the majority of common polymorphisms that were found through
population screens by individual researchers (Tuchman and Plante, 1995; Plante and
Tuchman, 1998; Azevedo et al., 2002a; Azevedo et al., 2002b; Climent and Rubio, 20023;
Azevedo et al., 2003) are similar to those reported in the doSNP, 1000 Genome project and
NHLBI Exome Variant Server. Two variants, rs73196229 (c.299-8A>T) and rs1800326 (c.
387-7G>A), however, appear to differ in populations of healthy individuals (1000 Genomes
projects, ESP6500S1-V2 and Azevedo et al(Azevedo et al., 2002a). and among patients
suspected of OTCD (Tuchman and Plante, 1995; Plante and Tuchman, 1998; Climent and
Rubio, 2002a). It is possible that these two variants may affect splicing of the OTC mRNA
and result in symptoms of OTCD.

CLINICAL, DIAGNOSTIC, AND BIOLOGICAL RELEVANCE

Mutations that completely abolish either OTC mRNA production and processing or OTC
enzymatic activity manifest with acute neonatal onset hyperammonemia. Individuals with
sequence variants that allow residual OTC activity can present with hyperammonemia at any
point in life, while others remain asymptomatic. In patients with late onset OTCD, acute
hyperammonemia can be triggered by a high protein meals (Ben-Atri et al., 2010; Thurlow et
al., 2010; Cavicchi et al., 2014), fasting (Marcus et al., 2008), infections (McGuire et al.,
2013), invasive medical procedures (Chiong et al., 2007; Hu et al., 2007; Bezinover et al.,
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2010), chemotherapy (Lipskind et al., 2011; Cavicchi et al., 2014), or other environmental
insults that result in increased protein catabolism and ammonia production (Seminara et al.,
2010). Missense mutations that cause partial OTCD reduce OTC enzymatic activity or
stability while mutations in the vicinity of consensus splice sites can potentially affect
MRNA processing and result in decreased abundance of the OTC enzyme. Large phenotypic
heterogeneity is observed among patients with hypomorphic OTC alleles, even among
members of the same family. This is likely due to environmental factors and genetic
modifiers, which are poorly understood at present. A better understanding of the correlation
between genotype and phenotype of OTCD is needed to interpret the effects of OTC
sequence variants discovered through sequencing of whole exomes and genomes and could
be achieved by studying natural history of OTCD (Batshaw et al., 2014).

GENOTYPE AND PHENOTYPE OF PATIENTS IN THE LONGITUDINAL
STUDY OF OTCD

We wanted to determine whether the severity of OTCD, measured by disease onset,
biochemical markers and intellectual outcomes, could be correlated with changes in the
OTC protein that can be calculated and/or predicted from the known three dimensional
structure of the OTC trimer (Ding and Dokholyan, 2006; Yin et al., 2007a, b; Adzhubei et
al., 2010). A total of 398 participants with OTCD and their asymptomatic relatives have
been enrolled in the longitudinal study of urea cycle disorders for the study of natural history
of OTCD. Gender, disease onset and liver transplant status have been recorded for each
participant. The OTC genotypes were determined for 293 study participants (197 females,
80 males and 16 deceased patients without gender information). Table S4 lists the
participants’ gender, onset of their disease and whether they received a liver transplant. In
addition to the study participants listed in Table S4, six asymptomatic males and 88
asymptomatic females as well as six males and 12 female study subjects with unknown
disease onset have been enrolled in the longitudinal study of OTCD. Participants in the
study are examined regularly; biomarkers of liver function are measured at each visit
(Batshaw et al., 2014); neuropsychological evaluations of study participants are performed
when they are six months, four, eight, 15 and 18 years old and once in adulthood (Weisbren
et al., 2014). Of the 293 participants with a known genotype, 18 participants have large
deletions of the whole or parts of OTC gene while remaining 275 have either point
mutations or small insertions and deletions. The majority of participants, 66 male and 140
female, have missense mutations, 26 participants (3 male and 23 female) have nonsense
mutations, 11 participants (2 male and 9 female) have frameshift mutations and 14 (5 male
and 9 female) have mutations that affect splicing. Three female participants have mutations
within their stop codon that result in extending of the OTC protein and one male patient has
a 9 bp in frame insertion that results in the insertion of three amino acids in the OTC protein.
Many point mutations occur repeatedly and they are in codons that either contain or overlap
with CpG dinucleotides (Fig. 5).

Several measures of mutation severity were used to assess whether certain types of
mutations are associated with neonatal or late onset OTCD. A majority of both male and
female study subjects had OTCD due to missense mutations (Table 3). The second largest
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group of study participants had defects that resulted in the complete loss of functional OTC
enzyme. One male study subject with late onset OTCD had a mutation in a consensus splice
site that would have been expected to result in a neonatal presentation, which could not be
determined whether the late onset was due to partial splicing of the RNA or due to somatic
mosaicism (Table 3). The severity of missense mutations was assessed using conservation
and solvent accessible area of the replaced amino acid, calculated destabilization of mutant
proteins and their SIFT and PolyPhen2 scores (Figs. S1-S3). Most missense mutations
found in males with neonatal OTCD and females with late onset OTCD were found to be
replacements of highly conserved amino acids, while males with late onset disease and
asymptomatic males and females had replacements of less conserved residues (Fig. S1A and
B). Most mutated residues were either completely or nearly completely buried in the protein
interior (Fig. S1C). Mutant OTC proteins in all study subjects were predicted to be less
stable than the wild type by the machine learning method (Fig. S2A), whereas force field
calculations predicted that 41 mutant proteins found in asymptomatic females and 30 mutant
proteins found in females with late onset OTCD would be more stable than the wild type
(Fig. S2B). Additionally, five mutant OTC found in males with neonatal onset OTCD, four
mutant proteins found in males with late onset OTCD and one mutant found in an
asymptomatic male were predicted to be more stable than the wild type (Fig. S2B). Tools
such as SIFT and PolyPhen2 that have been used in genomics studies to predict effects of
sequence variants on protein function rely on protein conservation and force field
calculations based on existing three-dimensional structure (Cheng et al., 2006; Ding and
Dokholyan, 2006; Yin et al., 20073, b). Tradeoffs where increased protein stability reduces
enzyme activity have been experimentally explored in T4 lysozyme by Shoichet and
colleagues (Shoichet et al., 1995). This leads to experimentally testable hypotheses
regarding changes in enzyme stability for these mutations. Most missense mutations found
in study subjects were correctly predicted to affect function of the OTC by both SIFT and
PolyPhen2; however, amino acid replacements R26Q, D41G, A135E, E239D and A152V
were not predicted to affect OTC function by either tool (Fig. S3). Computational tools to
evaluate the effect that sequence variants have on protein function are still not reliable, but
improvements in this area are necessary as the ability to detect new OTC variants will
increase with the adoption of genomics approaches.

Neuropsychological Outcomes in Patients with OTCD

In addition to disease onset, the disease severity in participants of the longitudinal study of
the OTCD was evaluated using results of neuropsychological tests, number of
hyperammonemic episodes and biomarkers of liver dysfunction. Most female study subjects
have average or above average 1Q (Fig. 6A). In male participants, earlier disease onset is
associated with poorer neurocognitive outcomes (Fig. 6B). These data are consistent with
the recent report of neurocognitive outcomes in patients with urea cycle disorders, including
OTCD (Seminara et al., 2010; Weisbren et al., 2014).

Hyperammonemic Episodes in Patients with OTCD

Because declining neurocognitive outcomes correlated with the number of
hyperammonemic episodes (Weisbren et al., 2014), we examined whether the type of
mutation in study subjects correlated with the number of hyperammonemic episodes they
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experience. The majority of study subjects, who were grouped by gender and disease onset,
did not report illness or hyperammonemic episodes during their participation in the
longitudinal study (Fig. 7A — C). Mutations found in study subjects were classified as loss of
function (LOF), which includes small and large deletions of the parts or entire OTC gene,
nonsense mutations and sequence changes within consensus splice sites, amino acid
replacements and variants in OTC introns, which presumably decrease efficiency but do not
abolish splicing of the OTC mRNA. There was no correlation between the number of
hyperammonemic episodes and either the type of mutation or the length of participation in
the study among males with neonatal OTCD who did not receive a liver transplant (Fig. 7D).
Examples from this group include two study subjects with LOF mutations, each of whom
only had one hyperammonemic episode, while a study subject with what is considered a
hypomorphic OTC allele had the most episodes (Fig. 7D). The number of hyperammonemic
episodes in male study subjects with late onset OTCD due to amino acid replacements
correlated with the length of their participation in the longitudinal study (Fig. 7E). One male
participant with mutation in the consensus splice site, which is considered to be a LOF
mutation, and two study subjects with mutations in OTC introns experienced no
hyperammonemic episodes (Fig. 7E). The patterns of correlation between the number of
hyperammonemic episodes and the length of participation in the study differed in male study
subjects with neonatal and late onset OTCD; this could be because males with neonatal
OTCD, which is considered to be more severe than late onset disease, leave the study before
they have a chance to experience many hyperammonemic episodes. Female study subjects
with late onset OTCD due to amino acid replacements and LOF mutations also tended to
have more hyperammonemic episodes that correlated with the length of participation (Fig.
7F).

Liver Damage in Patients with OTCD

Some patients with OTCD experience liver damage evidenced by elevated plasma alanine
aminotransferase (ALT) and prolonged coagulation time resulting in increased international
normalized ratio (INR) (Burlina et al., 2006; Mustafa and Clarke, 2006; lhara et al., 2013;
Gallagher et al., 2014). Among female study subjects who did not receive liver transplant,
two with neonatal onset OTCD, 25 with late onset OTCD and 12 asymptomatic participants
had mildly elevated plasma ALT when they joined the study (Fig. 8A). Five female
participants with late onset disease had moderately elevated ALT and one asymptomatic
study subject had severe elevation of plasma ALT when they joined the study (Fig. 8A).
Mildly elevated plasma ALT was also present in three male study subjects with neonatal
onset OTCD and six male participants with late onset OTCD when they joined the study
(Fig. 8B). Mildly elevated INR was present in four female subjects with late onset OTCD
and one asymptomatic female while one female with late onset OTCD and one
asymptomatic female had moderately elevated INR when they joined the study (Fig. 8C).
Two male study subjects with neonatal onset disease had mildly elevated INR and one male
with late onset OTCD had moderately elevated INR when they joined the study (Fig. 8D).
None of the patients described here had liver transplants. When both baseline ALT and INR
were measured, study subjects who had elevated plasma ALT when they joined the study
did not have elevated INR and vice versa. In females with symptoms of OTCD, mildly to
moderately elevated baseline INR and plasma ALT was present in 3.3% (1 out of 30) and
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36.7% (11 out of 30) of participants with LOF mutations, respectively, and 6.8% (4 out of
59) and 40.7% (24 out of 59) of study subjects with missense mutations, respectively (Fig.
S4A and B). In asymptomatic female study subjects, elevated plasma ALT at baseline was
present in 18.8% (3 out of 16) and 16.9% (11 out of 65) of participants with LOF mutations
and amino acid replacements, respectively, while 4.7% (2 out of 43) of participants with
amino acid replacements had elevated INR at baseline (Fig. S4C and D). Mildly to
moderately elevated INR and mildly elevated plasma ALT at baseline were found in 12.0%
(3 out of 25) and 30.9% (13 out of 42) male study subjects with OTCD due to amino acid
replacements (Fig. S4E and F). Asymptomatic male study subjects had normal INR and
plasma ALT when they joined the study. Subjects with severe (LOF) or mild (amino acid
replacements) OTCD showed similar elevations in INR and plasma ALT, suggesting that
factors other than the type of OTC allele determine whether OTCD will be accompanied
with liver dysfunction. Additionally, male and female study subjects had similar incidences
of OTCD with mildly elevated plasma ALT (30.9% and 33.9%, respectively), suggesting
that both genders are equally susceptible to liver dysfunction associated with OTCD. If liver
damage is cumulative, and females with OTCD live longer, they may be at greater risk for
detectable liver damage as they age.

A number of participants in the longitudinal study of OTCD had normal liver function when
they joined the study but subsequently developed symptoms of hepatic dysfunction. Most
study subjects with symptoms of liver dysfunction had mildly elevated plasma ALT (Table
S5). One male study subject with neonatal onset OTCD, five female participants with late
onset OTCD and three asymptomatic female participants had moderately elevated plasma
ALT at least once during their participation in the study (Table S5). Four study subjects, a
male with neonatal onset OTCD and three females with late onset OTCD, had severely
elevated plasma ALT at least once during their participation in the study (Table S5). A
majority of study subjects who experienced elevated INR al least once during participation
in the study had moderately elevated INR, while one female participant with late onset
OTCD and three asymptomatic females had severely elevated INR (Table S6). A number of
study subjects, one male and two females with neonatal onset OTCD, five males and eight
females with late onset disease and two asymptomatic females, had both elevated INR and
plasma ALT during their participation in the study. Some study subjects with most elevated
markers of liver dysfunction had hyperammonemic episodes while others did not. A male
study subject with neonatal onset OTCD who had severely elevated ALT and moderately
elevated INR experienced two hyperammonemic episodes during two years of participation
in the study. Of the three female study subjects with late onset OTCD and severely elevated
plasma ALT, one had moderately elevated INR and experienced one hyperammonemic
episode in four years of participation in the study, one had normal INR and one
hyperammonemic episode in five years and one had normal INR and no hyperammonemic
episodes during five years of her participation in the study. Of the four female study subjects
with severely elevated INR, one had no hyperammonemic episodes during five years of her
participation in the study and other three are asymptomatic carriers of OTC mutations. This
suggests a complex relationship between health of the liver and its ability to maintain
normal ammonia levels in the blood.
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MOLECULAR DIAGNOSTIC STRATEGIES

OTCD is presently most often diagnosed by sequencing 10 OTC exons and their intron/exon
boundaries due to the non-invasive nature of collecting leukocytes for DNA isolation and
improvement and decreasing costs of sequencing technology. Advances in comparative
genome and oligonucleotide hybridization techniques led to improvements and increases in
diagnosing OTCD due to large deletions, duplications or rearrangements in the OTC gene
(Arranz et al., 2007; Jakubiczka et al., 2007; Deardorff et al., 2008; Wong et al., 2008;
Shchelochkov et al., 2009; Balasubramaniam et al., 2010; Quintero-Rivera et al., 2010).
With these methods, OTCD can be confirmed at molecular level in 80%—-90% of patients
with clinical symptoms of the disease (Yamaguchi et al., 2006; Shchelochkov et al., 2009).
As the use of next-generation sequencing becomes standard practice, we expect additional
disease-causing mutations will be found in previously unexamined OTC gene regulatory
regions as well as in the OTC introns enabling confirmatory molecular diagnoses for most, if
not all, patients with clinical symptoms of OTCD. Another consequence of the wide use of
whole exome and genome sequencing will be identification of OTC sequence variants in
patients who may or may not have clinical symptoms of OTCD.

FUTURE DIRECTIONS

As sequencing of whole exomes and genomes becomes common clinical practice, OTC
variants will be found in patients who do not and may never present with symptoms of
OTCD. Interpretation of this clinically important incidental information is relevant because
mutations in the OTC gene put patients at risk of developing hyperammonemia, which can
have devastating consequences if left untreated, and are associated with nonverbal learning
disability (Gyato et al., 2004; Kim et al., 2014), appear to be associated with liver
dysfunction (Burlina et al., 2006; Mustafa and Clarke, 2006; Ihara et al., 2013; Gallagher et
al., 2014), and have implications for family planning. Bioinformatic tools can be used to
evaluate whether sequence variants in introns either disrupt splicing through creating new
splice sites or decrease splicing efficiency of OTC mRNA. Predicting effects of sequence
variants in regulatory regions of the OTC gene requires detailed understanding of the
regulation of expression of the OTC gene. Enzymatic activity assays have been performed
from livers obtained after transplantation, from deceased patients, and biopsy tissue;
however, these typically are from liver homogenates with only a few examples where OTC
was purified (Snodgrass, 1968; Pierson et al., 1977; Kalousek et al., 1978). Biochemical
characterization of human OTC has been relatively limited as numerous factors can
confound interpretation. Levels of normal OTC fluctuate with dietary protein intake, illness,
and other environmental changes (Klein et al., 2008; McGuire et al., 2013; McGuire et al.,
2014). We have previously characterized several OTC mutations based on the enzyme
kinetics of purified recombinant human protein expressed in E. coli (Morizono et al., 19974a;
Morizono et al., 1997b). Limitations of this approach were poor purification efficiencies for
some mutant proteins. An affinity column with an immobilized bisubstrate analog of
carbamylphosphate and ornithine, N-(phosphonoacetyl)-L-ornithine (PALO) was used. For
mutations that affect substrate binding, the PALO affinity column approach was not
effective. Simply using affinity tags does not discriminate between soluble trimers and small
OTC aggregates that normally occur even when expressing wild type OTC. Expression,

J Genet Genomics. Author manuscript; available in PMC 2016 May 20.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Caldovic et al.

Page 10

purification and characterization of mutant OTC from bacteria are very labor intensive.
Enzyme activities have been measured from crude mammalian cell culture lysates in which
mutant or wild type OTC was expressed (Nishiyori et al., 1997; Kogo et al., 1998; Augustin
et al., 2000; Kim et al., 2006). These approaches can sometimes provide additional
information such as OTC mutations that affect mitochondrial targeting and processing
(Mavinakere et al., 2001) but are inappropriate for obtaining detailed enzyme kinetics. High
throughput functional assays in vitro or in cultured cells will still be needed to confirm and
validate predicted effects of detected variants. Advances in genome editing will provide the
ability to engineer mutations and examine their effects in vivo using animal models. The
current computational approaches are imperfect, but help identify regions in the protein and
mutations that may benefit from further functional characterization. Mutations in which the
in silico predictions differ from experimental measurements can provide the basis for
generating new hypotheses about the structure and function relationships within OTC, and
also help with refining prediction algorithms.

Another challenge associated with finding OTC sequence variants, found using standard or
next generation sequencing methods, is prediction of severity of disease in people with those
sequence changes. We have documented that most participants with OTCD enrolled in the
longitudinal study did not experience episodes of elevated plasma ammonia whereas some
had dozens of hyperammonemic episodes. Additionally, there was no correlation between
type of mutation and severity of disease measured by either number of hyperammonemic
episodes or liver dysfunction in patients with late onset OTCD. This suggests that complex
relationship between genetic and environmental factors affects disease outcome and better
understanding of these factors can improve our ability to avoid devastating consequences of
hyperammonemia. Genome wide association studies (GWAS) could be used to identify
genetic modifiers of OTCD but the small number of patients available for such studies will
require development of new computational and statistical methods to analyze the data.
International collaborations among consortia that study natural histories of OTCD and other
urea cycle disorders (Seminara et al., 2010; Batshaw et al., 2014; Summar et al., 2014) will
help overcome the limited number of subjects available for such GWAS. These studies of
the natural history of OTCD are also likely to identify environmental factors that contribute
to the variability of OTCD presentation. Encouraging the development of international
patient registries and standardization of reporting will be essential next steps in refining our
understanding of factors that contribute to the severity of rare diseases such as OTCD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Schematic of a hepatocyte highlighting the various enzymes, transporters, and metabolites of
the urea cycle.

Shown in yellow is a mitochondrion containing the proximal enzymes N-acetylglutamate
synthase (NAGS), carbamylphosphate synthetase 1 (CPS1), ornithine transcarbamylase
(OTC), and the ornithine transporter (ORNT) and citrin transporters. Citrulline is transported
out of the mitochondrion, and converted by argininosuccinate synthetase (ASS),
argininosuccinate lyase (ASL), and arginase | (ARG1) to produce urea and regenerate
ornithine that is reutilized by OTC.
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Fig. 2.
Missense and nonsense mutations in OTC and their overlap with CpG dinucleotides. The

number of different missense and nonsense mutations that cause OTCD was plotted against
their codon number. Blue symbols, missense mutations. Orange symbols, nonsense
mutations. Gray bars, codons that overlap with CpG dinucleotides on sense and antisense
strands.
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Fig. 3.
Conservation and solvent accessible area of amino acids affected by missense mutations in
patients with OTCD.

A: Conservation scores of amino acids affected by missense mutations found in females
(green, n=73) and males with either neonatal (red, n = 66) or late onset (blue, n = 57)
OTCD. B: Frequency distribution of conservation scores of the amino acids affected by
missense mutations that cause OTCD. C: Solvent accessible areas of amino acids affected
by missense mutations found in females and males with either neonatal or late onset OTCD.
D: Frequency distribution of the solvent accessible areas of amino acids affected by
missense mutations that cause OTCD. E-G: Scatter plots of conservation scores vs. solvent
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accessible areas of amino acids affected by mutations that cause OTCD in female patients
(E) and male patients with either neonatal (F) or late (G) onset OTCD.
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Destabilization of the OTC protein by amino acid replacements found in patients with

OTCD.

A: Calculated difference between stability of mutant and wild type OTC using support
vector machines. B: Calculated difference between wild type and mutant OTC using force
fields. C: Frequency distribution of AAG values calculated using support vector machines.
D: Frequency distribution of AAG values calculated using force fields. Red, males with
neonatal onset OTCD (n = 87). Blue, males with late onset OTCD (n = 70). Green, females

with OTCD (n = 95)
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Fig. 5.
Recurrent mutations found in participants enrolled in the longitudinal study of OTCD.

Number of study subjects with each missense and nonsense mutation and their overlap
between affected codons and CpG dinucleotides on sense and antisense strands of the OTC
coding region were plotted for each codon of the OTC open reading frame. Blue symbols,
positions of missense and nonsense mutations in the OTC coding sequence. Gray bars,
codons that overlap with CpG dinucleotides on sense and antisense strands.
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Fig. 6.
Neurocognitive outcomes in female and male participants of the longitudinal study of

OTCD.

A: 1Q scores of the neonatal onset females (dark purple), late onset females (light purple),
asymptomatic females (lavender) study subjects. B: 1Q scores of the neonatal onset males
(navy), late onet males (light blue), asymptomatic males (cyan) study subjects. Error bars
represent median and interquartile ranges. Normal 1Q ranges are shown in grey.
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Fig. 7.
Hyperammonemic and illness episodes experienced by the participants in the longitudinal
study of the OTCD.

Distribution of reported illness (gray) and hyperammonemic (cyan) episodes by the male
study subjects with either neonatal onset (A) or late onset (B) OTCD and female study
subjects with late onset OTCD (C). Frequency of hyperammonemic episodes reported by
male study subjects with either neonatal onset (D) or late onset (E) OTCD and female study
subjects with late onset OTCD (F) due to missense (blue), loss of function (orange) or
intronic (magenta) mutations.
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Fig. 8.

Bi%markers of liver damage in participants of the longitudinal study of OTCD.

Baseline values of plasma ALT in female (A) and male (B) study subjects; baseline INR
values in female (C) and male (D) study subjects. Plasma ALT activities of 35-105 U/L and
40-120 U/L were considered mildly elevated in females and males, respectively. Plasma
ALT activities of 105-175 U/L and 120-200 U/L were considered moderately elevated in
females and males, respectively. Plasma ALT activities above 175 and 200 U/l were
considered severely elevated in females and males, respectively. INR values between 1.2
and 1.5 were considered mildly elevated, while values between 1.5 and 2.5 were considered
moderately elevated. Gray areas indicate normal ranges of plasma ALT and INR values.
Neonatal onset females (dark purple), late onset females (light purple), asymptomatic
females (lavender), neonatal onset males (navy), late onset males (light blue), asymptomatic
males (cyan)
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Table 1

Types of mutations that cause OTCD.

Mutation type Number of
mutations

Missense 264
Nonsense 39
Frame shift 40
In frame indels 1
Splice site errors 60
Extending® 2
Regulatory 1

Disease presentation
Neonatal 163
Late 87
Female 144
No information 23

Total 417
New mutations identified through UCDCP 23

Page 25

a . . - . A . .
Extending mutations are sequence changes within the OTC translation termination codon that extend the OTC open reading frame and protein.

b

UCDC, Urea Cycle Disorders Consortium.
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