© The American Society of Gene & Cell Therapy

original article

AAV2/8-mediated Correction of OTC Deficiency
Is Robust in Adult but Not Neonatal Spf*" Mice

Sharon C Cunningham’, Afroditi Spinoulas’, Kevin H Carpenter?3, Bridget Wilcken?3, Philip W Kuchel*

and lan E Alexander'3

'Gene Therapy Research Unit, Children’s Medical Research Institute and The Children’s Hospital at Westmead, Wentworthville, New South Wales,
Australia; ?Biochemical Genetics, The Children’s Hospital at Westmead, Westmead, New South Wales, Australia; *Discipline of Paediatrics and
Child Health, University of Sydney, Sydney, New South Wales, Australia; *School of Molecular and Microbial Biosciences, University of Sydney,

Sydney, New South Wales, Australia

Ornithine transcarbamylase (OTC) deficiency, the most
common urea cycle disorder, is associated with severe
hyperammonemia accompanied by a high risk of neuro-
logical damage and death in patients presenting with the
neonatal-onset form. Contemporary therapies, including
liver transplantation, remain inadequate with consider-
able morbidity, justifying vigorous investigation of alter-
nate therapies. Clinical evidence suggests that as little as
3% normal enzyme activity is sufficient to ameliorate the
severe neonatal phenotype, making OTC deficiency an
ideal model for the development of liver-targeted gene
therapy. In this study, we investigated metabolic correc-
tion in neonatal and adult male OTC-deficient Spfe" mice
following adeno-associated virus (AAV)2/8-mediated
delivery of the murine OTC complementary DNA under
the transcriptional control of a liver-specific promoter.
Substantially supraphysiological levels of OTC enzymatic
activity were readily achieved in both adult and neonatal
mice following a single intraperitoneal (i.p.) injection,
with metabolic correction in adults being robust and life-
long. In the neonates, however, full metabolic correction
was transient, although modest levels of OTC expression
persisted into adulthood. Although not directly testable
in Spf*" mice, these levels were theoretically sufficient to
prevent hyperammonemia in a null phenotype. This loss
of expression in the neonatal liver is the consequence
of hepatocellular proliferation and presents an added
challenge to human therapy.
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INTRODUCTION

The development of safe and effective strategies for liver-targeted
gene delivery promises to open a host of therapeutic possibilities.
This reflects the complex functions of the liver, which include
intermediary metabolism of carbohydrates, lipids, and amino
acids, the biosynthesis of plasma proteins and bile acids, and the
detoxification of toxic metabolites and xenobiotics.! Among con-
temporary vector systems, those based on adeno-associated virus

(AAV) show the most immediate promise for liver-targeted gene
therapy based on phenotype correction studies in small**® and
large animal models,"'~* and initial use in human clinical trials.'*'*
Further progress toward successful human therapy requires an
increased understanding of host-vector interactions, preferably
in disease-specific contexts.

Ornithine transcarbamylase (OTC) deficiency, the most
common of the urea cycle disorders, exemplifies the challenge of
treating genetic metabolic liver disease by gene therapy and is an
ideal model disease. Trace or undetectable enzyme activity results
in severe neonatal hyperammonemia associated with a high risk
of death, and significant morbidity in those treated early enough
to survive the newborn period. Current treatments are inad-
equate, with liver transplantation the only option for long-term
survival. Risk-benefit analysis of experimental intervention is
therefore favorable. Moreover, patients with as little as 3% normal
OTC activity in the liver have a less severe, more readily managed
phenotype,'® suggesting that the gene transfer threshold required
for therapeutic benefit is likely to be achievable.

To date, several studies have been performed in OTC-deficient
mouse models using adenoviral and more recently recombinant
AAV (rAAV) vectors.”-2 Initial poor results with early generation
adenoviral vectors'” have been partially addressed by using more
recently developed “gutless” and helper-dependent constructs,
which have reduced cytotoxicity, but have not overcome limita-
tions imposed by considerable intrinsic immunogenicity.'">" In
the only study reported to date using rAAV, treatment of adult
OTC-deficient mice was investigated using vectors pseudo-
serotyped with the type 7, 8, and 9 capsids.?’ Promising metabolic
correction was achieved, albeit at high vector doses, and declin-
ing therapeutic efficacy was observed beyond 250 days. The type 8
capsid proved most effective although the maximal OTC activities
achieved were subphysiological.

In this study, the murine OTC (mOTC) complementary DNA
was inserted into an AAV2/8 vector system under the transcrip-
tional control of a strong liver-specific promoter. The ability of
this vector to correct OTC deficiency was investigated in adult
and neonatal Spf®" mice, over a range of vector doses (5 x 10'°
to 1.5 x 10" vector genomes (vg) per mouse). The impairment
of urea cycle function in these mice is sufficient to cause elevated
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urinary orotic acid, but not hyperammonemia. Robust and stable
correction of urea cycle function, evaluated by measurement of
urinary orotic acid levels and the rate of ureagenesis, was achieved
in adult mice with supraphysiological levels of enzyme activity
up to 17-fold above wild-type values at the highest dose. Highly
efficient transduction of the liver in neonatal mice was also dem-
onstrated; however, correction of orotic aciduria was transient
and the initial peak in transgene expression declined in the first
weeks of life. Nevertheless, OTC activity remained significantly
above levels in untreated Spf*" mice into adulthood. Although not
directly testable in existing OTC-deficient mouse models, which
exhibit a mild phenotype, this residual level of OTC activity is
likely to be sufficient to prevent hyperammonemia in the context
of an OTC null phenotype.

a kd
Actin N S - s - -36
MOTC e e FEVEE® 55
Dose (vg) 0 5x10"° 15x10" 15x10"
wt Spfsh
b 1500 17x

-
™
3]
o

1,000 1

a
o
(=]

OTC activity
(umol citrulline/mg protein/hour)
n ~
[ w
o o

2.4x
—

Dose (vg) 0 5x10"°  1.5x10"
wt Spfash

1.5x 10"

C 4,000/
3,500 1

© 3,000

Urinary orotic acid
umol/mmol creatinine
- n N
(%)) o [4))

o o o
o o o

= 1,000 ¢
500 1

0 -
Dose (vg) 0 5x10"°  1.5x10"
wt Sprh

1.5x10"

Figure 1 Robust correction of OTC deficiency and orotic aciduria in
adult Spfe" mice. Adult male Spf®" mice were injected intraperitone-
ally with 5 x 10 (n = 5), 1.5 x 10" (n = 6), or 1.5 x 10'? (n = 3)vg of
rAAV2/8-LSP1-mOTC, and 2 weeks later liver and urine were collected for
analysis. Wild-type (n = 7) and untreated Spfe" (n = 6) mice were included
as positive and negative controls. (a) Western analysis of liver lysates
(30pug protein per lane) from control and vector-treated mice. Actin was
included as a loading control. Molecular weight markers are shown (kd).
(b) OTC activity in liver lysates from control and vector-treated mice.
Fold differences compared to wild-type activity are indicated. (c) Urinary
orotic acid normalized against creatinine from control and vector-treated
mice. Error bars represent mean + SEM. OTC, ornithine transcarbamylase;
Spfeh, OTC-deficient; vg, vector genome; wt, wild-type.
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These data confirm the promise of rAAV-mediated gene
transfer for the treatment of metabolic liver disease and high-
light the added challenge of targeting the developing liver where
hepatocellular replication is associated with loss of episomal
vector genomes.”**

RESULTS

Robust correction of urea cycle function

in adult Spf*" mice

Correction of urea cycle function was investigated in adult male
OTC-deficient (Spf*") mice following intraperitoneal (i.p.) injec-
tion of an AAV2/8 vector encoding mOTC under the transcrip-
tional control of a liver-specific promoter. In an initial dose-finding
experiment, cohorts of mice were injected with vector over a
30-fold dose range. Western blot analysis of liver harvested 2 weeks
later revealed surprisingly effective gene transfer with substantially
supraphysiological levels of OTC expression achieved at all but the
lowest vector dose examined (Figure 1a). Remarkably, at the highest
vector dose examined, OTC protein was over-expressed ~40-fold.
Corresponding OTC enzymatic activity at the lowest, middle, and
highest vector doses were 0.6-, 2.4-, and 17-fold, respectively, above
control OTC activity in wild-type mice (Figure 1b). Significantly,
orotic aciduria, characteristic of untreated Spf** mice, was normal-
ized at all vector doses tested (Figure 1c).

To further confirm correction of urea cycle function, the
rate of ureagenesis was measured in vivo 28 days after injection
of Spf *" mice with the intermediate vector dose. Consistent with
the levels of OTC expression achieved, the rate of conversion of
stable-isotope (**N)-labeled ammonium chloride to plasma urea
was normalized to wild-type levels (Figure 2).

Restoration of physiological levels of OTC activity
within 7 days of vector delivery

Given the potential clinical benefit of rapid correction of urea
cycle function in OTC deficiency, the rate of onset of OTC expres-
sion was then examined. Adult male Spf*" mice were injected
with 1.5 x 10" vg, the lowest dose to achieve physiological OTC
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Figure 2 Normalization of ureagenesis in adult Spf*" mice. Adult
male Spfeh mice were injected intraperitoneally with 1.5 x 10'"vg, and 1
month later vector-treated Spfeh (n = 5), control untreated Spf*" (n = 7),
and wild-type (n = 9) mice were challenged with 4mmol/kg of *NH,CI.
The isotopic abundance (atom % excess) of '°N urea in plasma was deter-
mined 20 minutes later. Error bars represent mean + SEM. OTC, ornithine
transcarbamylase; Spf", OTC-deficient; wt, wild-type; vg, vector genome.
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expression levels in initial studies, and OTC activity analyzed at
intervals up to 2 weeks. By 2 days, OTC activity was measurably
higher than untreated Spf®" mice and by 7 days exceeded wild-
type activity levels (Figure 3). Between 3 and 7 days the rate of
increase in OTC activity was maximal and close to linear, but
subsequently slowed appreciably reaching approximately twofold
physiological levels by 14 days postinjection.
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Figure 3 Onset of OTC activity following vector delivery. Adult male
Spfeh mice were injected intraperitoneally with 1.5 x 10'"vg, and OTC
enzyme activity determined in liver harvested at 1, 2, 3, 5, 7, and 14
days postinjection (n = 3-5 mice per time-point). Upper and lower hori-
zontal lines represent liver OTC activity levels in wild-type and Spfe",
respectively. Error bars represent mean + SEM. Spfe" OTC-deficient;
wt, wild-type; OTC, ornithine transcarbamylase; vg, vector genome.
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Life-long correction of orotic aciduria

after a single vector dose

Having achieved robust and rapid correction of urea cycle
function, the durability of this effect was next examined over
an extended time-frame, following delivery of 5 x 10" or 1.5 x
10" vg/mouse, using urinary orotic acids levels as a surrogate
measure of urea cycle function (Figure 4a). Mice injected with
1.5 x 10"vg showed normalization of orotic aciduria within
1 week and stable correction for life (18-22 months postinjec-
tion). Mice receiving 5 x 10'°vg corrected gradually over a 2-3
week period, maintained wild-type values for 6 months and sub-
sequently showed a small but relatively stable increase in urinary
orotic acid content.

Measurement of OTC activity in liver lysates from represen-
tative mice in each treatment group at 2 weeks, 12, and 18-20
months postinjection revealed an initial decline in OTC activity
between 2 weeks and 12 months, but relatively stable persistence
of transgene expression thereafter (Figure 4b). Notably, mice
receiving 1.5 x 10" vg retained supraphysiological levels of OTC
activity throughout life despite the early decline in expression. This
result is entirely consistent with the life-long correction of orotic
aciduria observed at this vector dose. Even in mice that received
the lower dose of 5 x 10vg, OTC expression levels remained
three- to fivefold above those of untreated Spf*" mice, which was
clearly sufficient to maintain substantially reduced urinary orotic
acid levels.
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Figure 4 Life-long correction of orotic aciduria and underlying OTC deficiency in adult Spf*" mice. Adult male Spf" mice were injected
intraperitoneally with vector doses shown to provide short-term correction (Figure 2), and urinary orotic acid levels followed up to 22 months. Liver
OTC activity was also examined at 2 weeks, 12, and 18-20 months postinjection. (a) Urinary orotic acid levels in pre- and postinjection urine samples
from wild-type (n = 10), untreated Spfe (n = 8), and Spf" mice injected with 5 x 10'°vg (n=6) or 1.5 x 10" vg (n = 4). (b) OTC enzyme activity in
liver lysates from representative wild-type (n = 1-6), untreated Spf®" (n = 1-6), and Spfe" mice injected with 5 x 10'°vg (n=1-5) or 1.5 x 10""vg (n =
1-6). Error bars in a and b represent mean + SEM. OTC, ornithine transcarbamylase; Spf*", OTC-deficient; vg, vector genome; wt, wild-type.
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Figure 5 Transient correction of OTC activity and orotic aciduria in
neonatal Spfe" mice. Neonatal male Spf®" mice were injected intraperi-
toneally with 3 x 10'"vg at 1.5 days of age, and liver and urine harvested
for analysis at intervals up to 8 weeks of age. (a) OTC enzyme activity in
liver 2, 3, 4, and 8 weeks postinjection in wild-type, untreated Spfe", and
vector-treated Spf®" mice. (b) Corresponding urinary orotic acid levels,
normalized against creatinine, from wild-type, untreated Spfe’, and
vector-treated Spfe" mice collected weekly, from weaning at 3 weeks.
Error bars in a (n = 3-6) and b (n = 3-19) represent mean + SEM. The
significance of the difference between vector-treated and untreated
Spfeh mice was calculated by the nonparametric Mann-Whitney U test.
Asterisks indicate P<0.05. OTC, ornithine transcarbamylase; Spfe" OTC-
deficient; vg, vector genome; wt, wild-type.

No mice required culling due to the development of liver
tumors, although small well-circumscribed tumors were observed
in a proportion of mice culled for experimental purposes after 18
months of age. Frequencies were 20% for wild-type mice, 25% for
Spf** mice, and 10% for vector-treated Spf*" mice, consistent with
a background rate of tumor formation with increasing age in the
mouse strain used.

Transient correction of orotic aciduria in neonatal
OTC-deficient Spf*" mice

Ultimately, success in treating the severe neonatal form of OTC
deficiency will require efficient and persistent gene transfer soon
after birth. The efficiency of gene transfer and resultant reduc-
tion in orotic aciduria was therefore investigated following vector
delivery to male Spf™" mice at 1.5 days of age. Supraphysiological
levels of enzyme activity were observed 2 weeks postinjection,
but declined rapidly through 4 weeks before showing evidence
of stabilization at levels approximately twofold above untreated
Spf*" control values (Figure 5a). Corresponding urinary orotic
acid levels, measured from the time of weaning at 3 weeks, were
markedly reduced at early time-points, but increased slowly
through to early adulthood (Figure 5b), stabilizing at values inter-
mediate between untreated Spf®" and wild-type levels.
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Figure 6 Distribution of OTC transgene expression across the hepatic
lobule. OTC enzyme activity was examined in liver sections (5 pm) from
wild-type, untreated, and vector-treated Spf®" mice using an in situ his-
tochemical staining method. Cells expressing OTC stain brown with an
intensity that correlates with the level of enzymatic activity. Sections
from (a) wild-type and (b) untreated adult Spfe" mice. (c) Liver section
from an adult mouse injected (i.p.) with 1.5 x 10"vg and harvested
1 month later. Note higher intensity OTC staining around the central
vein. (d) Counterstaining with an antibody to glutamine synthetase
antibody to unequivocally identify the central veins. Liver sections from
Spfeh mice injected (i.p.) at 1.5 days and harvested (e) 2 and (f) 8 weeks
postinjection. Note appearance of clusters of OTC-expressing cells.
Bar = 100um. i.p., intraperitoneally; OTC, ornithine transcarbamylase;
Spfeh, OTC-deficient; vg, vector genome; wt, wild-type.

Higher transgene expression in the perivenous

region of the hepatic lobule

Urea cycle enzymes are most highly expressed in the periportal
region of the hepatic lobule, a phenomenon known as metabolic
zonation. The distribution of transgene activity across the hepatic
lobule was therefore examined in liver sections using an in situ
histochemical staining protocol. Wild-type mice displayed
the expected periportal pattern of endogenous OTC expres-
sion (Figure 6a), while little or no OTC activity was detected
in untreated Spf*" mice (Figure 6b). In contrast, liver sections
harvested from adult mice 1 month after injection with 1.5 x 10" vg
showed liver-wide OTC transgene expression with the highest
levels of OTC activity in hepatocytes located in the perivenous
region of the hepatic lobule (Figure 6c), which was definitively
identified by counterstaining with an antibody against glutamine
synthetase (Figure 6d). Liver sections harvested 2 weeks after
neonatal delivery of vector also displayed widespread OTC trans-
gene expression (Figure 6e), but with no obvious bias toward the
perivenous regions of the hepatic lobule. By 8 weeks postinjection,
there was a significant loss of transgene-positive cells and clusters
of high-expressing cells (2-6) were observed (Figure 6f).
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DISCUSSION

In this study, we set out to investigate the therapeutic efficacy and
durability of rAAV?2/8-mediated liver-targeted gene delivery in adult
and neonatal OTC-deficient Spf** mice. In adult mice, a single i.p.
injection of vector at a dose of 1.5 x 10! vg/mouse resulted in rapid
and life-long phenotype correction. This was initially accompanied
by restoration of liver-wide OTC enzyme activity to between two-
and threefold above physiological levels. By 12 months, OTC
activity had declined by ~50%, but remained supraphysiological
and relatively stable thereafter up to 18-20 months. Remarkably, at
the tenfold higher vector dose of 1.5 x 10"*vg/mouse, OTC activity
levels 17-fold above physiological were achieved. Even at a threefold
lower dose of 5 x 10" vg/mouse, the resultant OTC activity reached
~60% of physiological levels and was sufficient to completely
normalize urinary orotic acid content for at least 6 months and
subsequently hold levels close to normal values. Efficient trans-
duction of neonatal Spf*" mouse liver was also demonstrated,
although correction of orotic aciduria was transient and initial
supraphysiological levels of OTC activity rapidly declined in the
first 4 weeks of life before stabilizing just above those of untreated
mice. Importantly, however, this level of persistence of OTC trans-
gene expression was sufficient to hold urinary orotic acid levels at
intermediate values into adulthood.

These results contrast with a previous study examining the
efficacy of rAAV2/7, 2/8, and 2/9 vectors in the livers of OTC-
deficient Spf and Spf®" mice.”® At vector doses of 1 x 10'vg per
mouse, given by direct intraportal injection, OTC enzyme activity
was increased to between 19 and 51% of wild-type values with
rAAV2/8 and 2/9 vectors being most effective. Urinary orotic acid
levels normalized slowly over at least 28 days and remained at
wild-type levels for up to 250 days before rising back into the path-
ological range. We achieved better than equivalent results with a
20-fold lower vector dose (5 x 10'°vg per mouse), and persistently
supraphysiological OTC activity with robust life-long correction
of orotic aciduria from 7 days post-treatment at a six- to sevenfold
lower vector dose (1.5 x 10" vg per mouse).

The significantly greater therapeutic efficacy of our vector
is likely to be the consequence of promoter selection. We used
the apolipoprotein E/human ol-antitrypsin enhancer/promoter
combination,'>'***" as opposed to the human thyroid hormone
binding globulin promoter, and also included a woodchuck post-
transcriptional regulatory element. Notably, in a previous study
exploiting the apolipoprotein E/human ol-antitrypsin enhancer/
human promoter combination, we demonstrated a preference for
higher levels of transgene expression in the perivenous region of the
hepatic lobule.* This finding has particular significance in the con-
text of this study, as urea cycle function is most active in the peripor-
tal regions of the hepatic lobule, a phenomenon known as metabolic
zonation.”*” Thus, more efficient correction of OTC deficiency is
likely to be achievable than reported here by incorporation of pro-
moter enhancer elements of equivalent transcriptional activity that
express more highly in the periportal zones. Another difference in
our study was the use of the i.p. route for vector delivery as opposed
to the direct intraportal route used in the earlier study. No direct
comparison of these delivery routes has yet been reported, although
intuitively the direct intraportal route might be expected to be more
efficient, making our current results all the more remarkable.
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Although the therapeutic efficacy obtained in adult mice
is impressive, our results in neonatal mice raise a number of
important questions directly relevant to human therapy. The severe
form of OTC deficiency presents in the neonatal period where the
durability of gene transfer will be influenced by hepatocellular
proliferation occurring as a consequence of liver growth. In a pre-
vious study, we observed highly efficient AAV?2/8-mediated trans-
duction of the neonatal mouse liver followed by a dramatic drop in
the number of transgene-expressing hepatocytes over the first few
weeks of life due to loss of episomal vector genomes.* A basal level
of stably transduced hepatocytes (5-8%) remained, however, pre-
sumably due to vector integration. Results obtained in this study,
including the observation of clusters of OTC-expressing cells in
adult mice treated as neonates, are entirely consistent with these
observations. Importantly, the residual levels of OTC expression
persisting into adulthood were at least twofold above the levels
found in untreated Spf*" mice (~7% of wild-type) and sufficient
to reduce urinary orotic acid levels. In affected male infants, as
little as 3% normal OTC activity is sufficient to prevent persistent
hyperammonemia and to confer a less severe phenotype.' It is
therefore conceivable, but not directly testable in the Spf*" mouse
model, that the modest levels of stable OTC expression achieved
in this study following neonatal delivery would be adequate to give
long-term correction of hyperammonemia. Further studies are
required to definitively resolve this question. The need for vector
readministration in human infants is likely to depend on whether
the proportion of stably integrated rAAV genomes is sufficient to
maintain clinically useful phenotype amelioration as episomal
vector genomes are progressively lost in concert with liver growth.
In any case, because liver growth proceeds at a much slower rate in
human infants* compared to mice,* near complete loss of episomal
vector genomes would be predicted to take several years.

In summary, we have shown that AAV2/8-mediated transgene
delivery is an extremely powerful tool for life-long correction of
OTC deficiency in the adult mouse, but is less robust in neonatal
mice where substantial loss of transgene expression occurs in con-
cert with liver growth. Successful treatment of human neonates
with severe OTC deficiency is likely to need to accommodate
this challenge, either by vector readministration or by achieving
adequately high levels of gene transfer upon initial treatment to
ensure that the fraction of vector genomes that undergo integra-
tion is sufficient to maintain phenotype correction.

MATERIALS AND METHODS

Cell culture. Human embryonic kidney 293 cells® were maintained in
Dulbeccos modified Eagle medium (Gibco, Invitrogen, Grand Island, NY)
supplemented with 10% (vol/vol) fetal bovine serum (JRH Biosciences,
Lenexa, KS) and 1% (wt/vol) L-glutamine (Gibco, Invitrogen), and
maintained at 37 °C in a humidified 5% CO,-air atmosphere.

Virus production and purification. The 1,065-base pair coding sequence of
mOTC (Genbank accession no. M17030), with optimized Kozak sequence,
was inserted downstream of the apolipoprotein E/human o.1-antitrypsin
enhancer/promoter elements in pLSP1eGFP* as an EcoRI/EcoRV frag-
ment replacing the eGFP transgene to produce pLSP1-mOTC. This vec-
tor construct was used to produce rAAV2/8-LSPImOTC. The vector was
pseudo-serotyped with the AAV8 capsid using p5E18-VD2/8 (courtesy
of James M. Wilson, University of Pennsylvania) and packaged by triple
transfection of human embryonic kidney 293 cells with pLSP1-mOTC,
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p5E18-VD2/8, and adenoviral helper plasmid pXX6 (courtesy of Jude
Samulski, University of North Carolina) by calcium phosphate/DNA
coprecipitation. Vector particles were purified from cell lysate by standard
CsCl gradient centrifugation® and vector genomes were titered by real-
time quantitative PCR as previously described® with modifications.**

Animals. All animal care and experimental procedures were evaluated and
approved by the Children’s Medical Research Institute and The Children’s
Hospital at Westmead Animal Care and Ethics Committee. Breeding pairs
of Spf*" mice (C57BL/6/C3H-F1 background) were obtained from The
Jackson Laboratory (Bar Harbor, ME). All injections were administered
via the i.p. route at 1-2 days (neonatal) or 8-12 weeks (adult) of age.

Measurement of urinary orotic acid. Urine was collected for orotic acid
analysis by placing mice on a wire mesh over Whatman filter paper for
a 24-hour period. Urine-soaked filter paper was air-dried and then 10
circular punches (3 mm in diameter) were randomly sampled from each
paper. Urine was eluted in 300 pl of water/sample at room temperature for
3 hours, and 50 ul of each sample transferred to a 96-well polypropylene
v-base plate (Nunc, Rosklide, Denmark). An internal standard (100 pmol/l
stock of stable isotope-labeled 1,3-"*N, orotic acid; Cambridge Isotope
laboratories, Andover, MA) was added to each sample (50 ul/well).
Samples were analyzed for orotic acid levels using liquid chromatography/
tandem mass spectrometry by multiple reaction monitoring on a Quattro
Micro (Waters Australia, Rydalmere, Australia) using the transitions
155.1 > 111.1 and 157.1 > 113.1 for native and stable isotope-orotic acid,
respectively. Ionization suppression was minimized by a short chro-
matographic separation using a 150mm x 2.1mm C18 column (Grace
Davison, Baulkham Hills, Australia) and 50% acetonitrile:water mobile
phase. Results were standardized against creatinine levels, measured by
the modified Jaffe reaction.

Measurement of ureagenesis. Mice were administered excess nitrogen in
the form of stable-isotope (**N)-labeled ammonium chloride, similar to
experiments described previously.* The mice were fasted for 3 hours before
receiving 4 mmol/kg of "NH,Cl (Cambridge Isotope Laboratories, Andover,
MA) by i.p. injection. Heparinized blood was collected by tail incision
20 minutes after injection, and the plasma analyzed for the % of ['*N] iso-
tope enrichment of urea by gas chromatography/mass spectrometry.®

OTC enzyme activity analyses. OTC enzyme activity was assayed in
liver lysate as described previously.*® Distribution of OTC activity across
the hepatic lobule was analyzed in frozen liver sections as described.*
Briefly, thin slices of liver were fixed in 4% (wt/vol) paraformaldehyde,
cryoprotected in 10-30% (wt/vol) sucrose, and frozen in OCT. Sections
(5um) were incubated in two changes of a lead nitrate-containing reaction
buffer for 10 minutes each, washed with distilled water then reacted with
ammonium sulfide solution for 1 minute followed by further washing.

Western blot analysis. Proteins in liver lysates (30ug per lane) were
separated on sodium dodecyl sulfate-polyacrylamide gel electrophoresis®
through a 4% stacking and 12% separating gel. The proteins were trans-
ferred overnight to a nitrocellulose membrane, blocked in 5% (wt/vol)
skim milk, and 0.05% (vol/vol) Tween-20 in phosphate-buffered saline,
and probed with rabbit antihuman OTC antibody (1/500 dilution; cour-
tesy of Nick Hoogenraad, La Trobe University, Melbourne, Australia)
and rabbit anti-actin antibody (1/250 dilution; Sigma Chemical, St Louis,
MO). Bound primary antibody was detected with goat anti-rabbit IgG
(1/20,000 dilution; BioRad, Hercules, CA) and SuperSignal West Pico
Chemiluminescence Substrate (Pierce, Rockford, IL).

Immunohistochemistry. For detection of glutamine synthetase, fro-
zen liver sections (5um) were permeabilized in methanol, blocked in
phosphate-buffered saline containing 10% (vol/vol) fetal calf serum and 10%
(vol/vol) goat serum, and reacted with a rabbit polyclonal anti-glutamine
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synthetase primary antibody (1/150 dilution; Abcam, Cambridge, UK).
Bound primary antibody was detected with an Alexa Fluor 594 goat anti-
rabbit IgG secondary antibody (1/1,000 dilution; Invitrogen, Carlsbad,
CA) and images captured using an Olympus BX50 fluorescent microscope
(Olympus, Center Valley, PA) and the ProgRes CapturePro 2.6 software
(Jenoptik Laser, Jena, Germany).
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