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Expanded newborn screening detects patients with modest
elevations in citrulline; however it is currently unclear how
to treat these patients and how to counsel their parents.
In order to begin to address these issues, we compared the
clinical, biochemical, and molecular features of 10 patients
with mildly elevated citrulline levels. Three patients pre-
sented with clinical illness whereas seven came to attention
as a result of expanded newborn screening. One patient
presented during pregnancy and responded promptly to IV
sodium phenylacetate/sodium benzoate and arginine ther-
apy with no long-term adverse effects on mother or fetus.
Two children presented with neurocognitive dysfunction,
one of these responded dramatically to dietary protein
reduction. ASS enzyme activity was not deficient in all
patients with biallelic mutations suggesting this test cannot

exclude the ASS7 locus in patients with mildly elevated
plasma citrulline. Conversely, all symptomatic patients
who were tested had deficient activity. We describe four
unreported mutations (p.Y291S, p.R272H, p.F72L, and
p.L88D), as well as the common p.W179R mutation. In silico
algorithms were inconsistent in predicting the pathogenicity
of mutations. The cognitive benefit in one patient of protein
restriction and the lack of adverse outcome in seven others
restricted from birth, suggest a role for protein restriction
and continued monitoring to prevent neurocognitive dys-
function. © 2008 Wiley-Liss, Inc.
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INTRODUCTION

Argininosuccinate synthetase (ASS) catalyzes the
third step in the urea cycle, the conversion of
citrulline and aspartate into argininosuccinic acid
with the cleavage of ATP into AMP and PPi. Complete
deficiency of the enzyme results in classic citrulline-
mia. [McMurray et al., 1962; Su et al., 1982; Beaudet
et al., 1986] This disorder is typically associated
with elevations in citrulline above 1,500 uM and is
associated with significant long-term neurological
disability [Bachmann, 2003]. However it has been
recognized that some patients with milder deficiency
may present with later onset of learning disabilities,

in acute crisis in pregnancy [Ruitenbeek et al., 2003]
or as an incidental finding with good long term
follow up [Wick et al., 1973].

Expanded newborn screening for citrullinemia has
been introduced in most states in the US over the past
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15 years. In addition to classical ASS deficiency, more
modest elevations in citrulline are detected in
argininosuccinate lyase deficiency. Consequently
screening will detect “hypomorphic” or “Km
variants” of ASS deficiency as well as citrin deficiency
[Schulze et al., 2003; Rinaldo et al., 2004]. Several
investigators have evaluated the mutation spectrum
in patients with mildly elevated citrulline on new-
born screening [Haberle et al., 2003]. Some patients,
with confirmed mutations in ASS1, have remained
asymptomatic for extended periods. This raises the
question of what role, if any, therapy has for these
patients.

Froma clinical point of view it would be valuable to
distinguish patients with benign disease from those
who will require therapy and possibly suffer long-
term complications. In this series, we reviewed
the clinical presentation, genotype and biochemical
phenotype of patients diagnosed in our genetics
laboratory. Some of these patients were identified by
abnormal newborn screening, and others presented
with a metabolic crisis. We evaluate the benefit of
therapeutic strategies employed in these patients.

MATERIALS AND METHODS

Patients

Clinical samples from patients with elevated citrul-
line were referred to the Medical Genetics laborato-
ries at Baylor College of Medicine, Houston, Texas.
Clinical testing was performed as indicated. Research
testing was performed with the consent of parents
and the assent of the subject as appropriate. Hypo-
morphic Citrullinemia is defined in a patient with a
mean plasma citrulline levels of less than 1,000 uM or
a peak level of less than 1,500 pM, with enzymatic or
molecular data confirming ASS7 as the gene locus.
All research procedures were performed in compli-
ance with appropriate federal regulations and with
the approval of the Baylor College of Medicine
Institutional Review Board.

Enzymology

ASS enzyme assay was performed as previously
described [Su et al., 1982] with a reference range of
0.8—3.8 nmol/min per mg protein established in our
Laboratory over the past 25 years. The lower limit of
detection of this assay is 0.02 nmol/min per mg
protein reflecting approximately 5% activity. Citrul-
line incorporation was performed as previously
described [Su et al., 1982; Northrup et al., 1990].
Briefly, fibroblasts were incubated in minimal essen-
tial media without leucine or arginine but containing
YC-citrulline and *H-leucine. After incubation the
protein was precipitated and the 14C/3H ratio is
determined. If the patient has an enzyme deficiency,

the citrulline is not incorporated leading to a reduced
ratio.

Sequencing

DNA was extracted from blood, liver, muscle, and
cultured skin fibroblasts as available, using a Pure-
gene kit according to the manufacturer’s instructions
(Gentra Systems Inc., Minneapolis, MN). The entire
coding exons and 50 bases of the flanking intron
regions of the ASS7 gene were PCR amplified,
followed by automated DNA sequencing in both
forward and reverse directions using gene specific
primers linked to M13 universal sequence primers.
The sequencing was performed on an ABI3730XL
automated DNA sequencer with Sequencing Analy-
sis Software v5.1 (Applied Biosystems, Foster City,
CA). DNA sequences were analyzed using Mutation
Surveyor version 2.6.1 (SoftGenetics, State College,
PA) and the Genebank sequence: NM_054012 was
used as the reference sequence. DNA mutation
numbering is based on the cDNA sequence with
+1 corresponding to the A of the ATG translation
initiation codon. For protein sequence information,
the initiation codon is codon 1. In all patients, DNA
extraction and sequencing were repeated to ensure
correct identification of mutations. Trans-configura-
tion of mutations was confirmed by sequence
analysis of parental DNA samples. The detection of
homozygous mutations was confirmed by parental
DNA analysis. In one case of apparently homozygous
mutations where only one parent was available (case
4), and in another where neither parent was available
(case 3), the locus was interrogated for intragenic
deletions as described elsewhere [Wong et al., 2008].

RESULTS

A total of 10 patients were identified with
hypomorphic citrullinemia. They are summarized
in Table I.

Patient 1, a 16-year-old female of mixed European
ancestry, presented at 15 years of age, 17 weeks
pregnant, with acute liver failure and hyperam-
monemic encephalopathy. She had a longstanding
history of unexplained learning difficulties and
behavioral problems. Plasma amino acids showed
a modestly elevated citrulline (480 puM, reference
range <42 pM) with an elevated glutamine. She
was aggressively treated with intravenous sodium
phenylacetate/sodium benzoate along with LV.
arginine. She responded promptly to therapy and
was instituted on a protein restricted diet with oral
supplementation of arginine and sodium benzoate.
Citrulline levels remained less than 500 pM during
pregnancy. She subsequently gave birth to an
unaffected infant who was neurologically normal
at 6 months of age. Her subsequent citrulline
levels have fluctuated around 1,000—1,500 puM.
Mutation analysis revealed compound heterozygosity



TABLE 1. Summary of Patient’s Biochemical Results, Mutations and Presentation

Cognitive

Citrulline enzyme activity/

Typical citrulline levels/

Mode of presentation development

Hyperammonemia

Mutation 2

Mutation 1

nM/min/mg protein

UM (24 hr NBS level)

Patient

Learning difficulties
Developmental

Hyperammonemic comma in pregnancy

Yes

Y291S

G390R
N/A

480-1,500
100—-200

Hyperammonemic, developmental delay,

Yes

N/A

0.03

delay
Now normal

seizures
Hyperammonemic, developmental delay

NBS
NBS
NBS
NBS
NBS
NBS
NBS

Yes

F72L
W179R
R272H

F72L

N/A
0.8
N/A

200-400
200-1,000
350-1,000
300-1,000

—_— o — — — —

No

W179R

G390R

W179R
L88I

No

No

N/A

R279X

No

188I

<1,000
235
200-400 (185)
100-200 (109)

No

N/A
G324S
S180N

N/A
V263M

0.4
0.5M

No

No

Q40L

N/A

mwm\owcocxg

NBS, expanded newborn screening; N/A, not available.
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for the previously reported ¢.1168G > A (p.G390R),
originally described in a cell line from a patient
with classical citrullinemia, [Kobayashi et al., 1990]
and a previously unreported mutation ¢.872A > C
(p.Y291S). It is predicted by Polyphen [Ramensky
et al., 2002] that the Y291S change is probably
damaging but by SIFT [Ng and Henikoff, 2006] to
be tolerated. Polyphen predicts the p.G390R to be
possibly damaging and SIFT predicts the change to
not be tolerated ASS enzyme activity was deficient in
skin fibroblasts (<0.02 nmol/min/mg, reference
range: 0.8—3.8 nmol/min per mg protein). Citrulline
incorporation was not performed.

Patient 2 is a 13-year-old female, the only child
of non-consanguineous parents. She presented
with mild developmental delay and an episode of
decreased consciousness with hyperammonemia
(200 uM, reference range: <50 pM) at 21 months of
age. Plasma amino acids showed a modestly elevated
citrulline (200 pM). ASS activity in skin fibroblasts
was indistinguishable from zero (0.03 nmol/min/
mg). Citrulline incorporation was normal. Mutation
testing was not performed. She was treated with
sodium benzoate 8 g/day in three divided doses and
moderate protein restriction. Her citrulline levels
remained between 100 and 200 puM. This patient
continued to have significant neurocognitive diffi-
culties. Her most recent neuropsychiatric testing was
performed as part of the urea cycle rare disease
clinical research network (RDCRN) longitudinal
study. It revealed defects in attention and independ-
ence with a full scale IQ of approximately 50. She also
suffered from seizures and disabling tremors.

Patient 3 is an 8-year-old male with a family
history of significant psychological problems in his
biological mother and possible consanguinity. He
presented at 3 years of age for evaluation of mild
global developmental delay. Laboratory investi-
gation revealed a significantly elevated ammonia
(170 uM, normal range <50 uM). His citrulline levels
have fluctuated from 200 to 400 uM over the
following years. Dietary protein restriction was
initiated at the time of diagnosis. This resulted in a
significant improvement in school performance and
he is maintained on his protein recommended daily
allowance [National Academy of Science, 2002/
2005]. He has maintained grade appropriate level
in a mainstream school. DNA testing revealed
a previously unreported homozygous ¢.216C > G
(p.F72L) mutation. Polyphen analysis predicts this
variant to be benign but SIFT predicts that it is not
tolerated. Enzyme analysis and citrulline incorpo-
ration have not been performed to confirm the
pathogenicity of this variant. Sequencing of
SLC25A13 (Citrin) was normal. Parental DNA was
notavailable for analysis; however no deletions were
detected at either locus.

Patient 4 is a 2-year-old male. He was born at
term to parents of Mexican ancestry who are first
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cousins. Newborn screening revealed an isolated
elevated citrulline (192 pM, reference range <35 puM)
with no argininosuccinic acid on Illinois expanded
newborn screening. With a presumptive diagnosis
of citrullinemia, the patient was started on a low
protein diet and arginine supplementation. Citrulline
levels have ranged between (548—986 uM), sugges-
tive of mild citrullinemia. The patient has never had
an episode of hyperammonemia. Enzyme analysis
revealed activity at the lower limit of normal
(0.8 nmol/min/mg) with normal citrulline incorpo-
ration. Mutation analysis of the ASS7 gene demon-
strated a homozygous, previously reported ¢.535T > C
(p.W179R) mutation [Haberle et al., 2003]. SIFT
predicts that this mutation is not tolerated [Ng and
Henikoff, 2006] and Polyphen concludes that
it is probably damaging. Sequencing of SLC25A413
(Citrin) was normal. Paternal DNA was not available
for analysis, however no deletions were detected at
either locus. Given the patient’s mild phenotype, low
normal ASS activity, and the mild metabolic pheno-
type of previously ascertained patients with the same
mutation, dietary restriction was relaxed. The patient
has remained clinically well with normal growth and
development.

Patient 5 is a 1-year-old male whose parents
originate from two different parts of India. He
presented with an elevated citrulline of 1,000 pM
on expanded newborn screening. He had been
modestly protein restricted and had normal develop-
ment. His citrulline levels have fluctuated between
350 and 1,000 pM. Mutation analysis of the ASS7 gene
demonstrated a heterozygous, previously described
mutation ¢.1168G > A (p.G390R) [Kobayashi et al.,
1990]. A heterozygous, previously unreported mis-
sense variant ¢.815G > A (p.R272H) was also found.
This missense mutation is at the same codon as
a previously reported mutation (p.R272C) and is
predicted by Polyphen to be possibly damaging and
by SIFT to not be tolerated. Enzyme analysis and
citrulline incorporation have not been performed.

Patient 6 is a 10-month-old asymptomatic male
who presented with an elevated citrulline on Texas
expanded newborn screening (24 hr citrulline
382 uM, 2nd screen 911 puM, upper limit of normal
180, reflex plasma amino acids 981 at 11 days of age).
He was modestly protein restricted with dietary
supplementation of Cyclinex. He had normal devel-
opment. Mutation analysis of the ASS7 gene demon-
strated a heterozygous ¢.535T > C (p.W179R) and
heterozygous ¢.853C > T (p.R279X) mutation in this
patient. Enzyme analysis and citrulline incorporation
had not been performed.

Patient 7 is a 1-year-old asymptomatic child of non-
consanguineous parents from India. She presented
with an isolated elevated citrulline on newborn
screening. She was modestly protein restricted and
had no significant neurocognitive difficulties. Muta-
tion analysis revealed a previously unreported

homozygous mutation ¢.262C>G (p.L88I). SIFT
predicts this to not be tolerated, but Polyphen
predicts that it is probably benign. Enzyme analysis
for ASS was deficient on skin fibroblasts (<0.02 nmol/
min/mg) confirming the deleterious nature of
this mutation. Citrulline incorporation was not
performed.

Patient 8 is a 1-year-old Caucasian female
who presented with a “slightly elevated” citrulline
on expanded newborn screening (Pediatrix, now
StepOne newborn screening). Reflex plasma amino
acids revealed a citrulline of 236 uM at 2 weeks of age.
She remained asymptomatic with normal glutamine
and no hyperammonemia on a modestly protein
restricted diet. Enzyme analysis for ASS was low on
skin fibroblasts (0.4 nmol/min/mg). Citrulline incor-
poration and gene sequencing was not performed.

Patient 9 is a 4-year-old male who presented with
an elevated citrulline on Wisconsin newborn screen-
ing [185 UM at 48 hr; 385 puM at 6 days of age (cutoff
85 uM)]. ASS enzyme assay performed in Amsterdam
revealed reduced activity (5 U, control range 26+/
—9 U), citrulline incorporation was not performed.
Mutation analysis performed at UKM, Munster,
Germany showed compound heterozygosity for
two previously described mutations. The p.V263M
mutation has been described in mildly affected
patients [Haberle et al., 2003] whereas the p.G324S
is associated with classical citrullinemia [Kobayashi
et al., 1990]. Polyphen predicts the p.V263M variant
to be benign and the p.G324S to be probably
damaging but SIFT predicts both mutations would
not be tolerated. He remained cognitively intact and
asymptomatic on his recommended daily allowance
of protein, [National Academy of Science, 2002/2005]
with 100 mg/kg/day of arginine supplementation.

Patient 10 is a 6-month-old female male who
presented with an elevated citrulline on Wisconsin
newborn screening [101 pM at 48 hr; 109 uM at 7 days
of age (cutoff 85 uM)]. Reflex plasma amino acids
indicated an isolated elevated citrulline of 185 uM
Sequencing showed compound heterozygosity for
p.Q40L and p.S180N. The p.Q40L mutation has
previously been reported in patients with hypomor-
phic or mild citrullinemia [Haberle et al., 2003]
whereas the p.S180N has been reported in patients
with classical citrullinemia [Kobayashi et al., 1990].
SIFT predicts both of these mutations to not be
tolerated. Polyphen predicts both the p.Q40L and
the p.S180N mutations to be probably damaging.
The patient remained asymptomatic on her recom-
mended daily allowance of protein (1.8 g/kg/day,
[National Academy of Science, 2002/2005]) with
100 mg/kg/day of arginine supplementation.

DISCUSSION

Distinction of primary ASS deficiency from citrin
deficiency in patients presenting with modestly
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elevated citrulline levels on newborn screening is
essential because the treatment for these conditions
is divergent. As citrin deficiency is associated with a
normal ASS activity in skin fibroblasts [Kobayashi
etal., 1993], we hypothesized that enzymatic testing
may allow segregation of these conditions. Although
three of the six patients we could evaluate had
deficient ASS activity and two others had activity
below the normal range, one had normal activity.
Therefore ASS enzyme testing, in isolation, cannot be
used to exclude mutations in ASS7 as the cause of
elevated citrulline. However, since both sympto-
matic patients, with enzyme data available, were
deficient and the patients with residual activity have,
to date, remained asymptomatic, normal ASS
enzyme activity may indicate a good prognosis.
Conversely, with one asymptomatic patient with no
detectable activity, the absence of activity does not
mandate a poor outcome. However, with such a
limited number of patients this pattern needs to be
confirmed in other patients.

Our lab has previously shown in one patient a
“Km” variant in trans with a null variant is sufficient to
lead to detectable but reduced citrulline incorpo-
ration [Kobayashi et al., 1991] Additionally, those
with 5-10% residual activity have normal citrulline
incorporation [Su et al., 1982]. In these cases with
less elevated citrulline, we have been able to show
normal citrulline incorporation. This suggests that
citrulline incorporation might be a useful clinical test
for distinguishing hypomorphic patients from those
with a more severe deficiency but will require further
evaluation.

Our sequence data is consistent with another large
series, [Haberle et al., 2003] in that the ¢.535T >C
(p.W179R), is the most common mutation in our
patients (three of the 16 alleles), but previously
undescribed missense changes are more prevalent.
Compounding the difficulty created by large num-
bers of undescribed mutations, we see a significant
discrepancy between the predictions of two com-
monly used in-silico tools with enzymatic data and
each other. Neither of these tools usefully distinguish
hypomorphic mutations from classical mutations.
This difficulty in predication is consistent with other
disease loci [Tchernitchko et al., 2004] and suggests
that enzymatic evaluation is necessary, especially in
the context of undescribed mutations.

The prompt response to dietary therapy in Patient 3
is encouraging and suggests that a modestly protein
restricted diet should be considered in all such
patients to ensure optimal development. However, it
is possible that not all children with this condition
require dietary restriction as a good neurocognitive
development was previously described in three of
four patients in two families with the p.W179R
mutation without dietary restriction [Haberle et al.,
2003]. Although it is not clear if Patient 2’s poor long-
term outcome is as a result of damage sustained prior

to diagnosis, we demonstrate that even with optimal
dietary management subsequent to diagnosis, not all
children will have a good long-term neurological
outcome, and therefore prognosis must be guarded.

The documentation of a normal pregnancy
outcome in a patient presenting in pregnancy is
encouraging for the long-term reproductive options
of this class of patients and is consistent with the
recently documented report of two pregnancies in
patients with ASS deficiency [Enns et al., 2005; Potter
et al., 2004]. Interestingly, one of these patients with
IVS15-1G > C and p.K310Q, mutations in ASS7, had
deficient ASS activity and citrulline incorporation in
our laboratory suggesting a more severe deficiency.
However these patients’ outcomes are in marked
contrast to the three previously reported patients
diagnosed in pregnancy with ASS deficiency. One
patient with p.R86H and p.G390R mutations deve-
loped fulminant hepatic failure 8 months into
pregnancy, underwent a pregnancy termination
and died 5 months later. The other two patients also
had significant adverse effects in pregnancy [Keiko
Kobayashi, personal correspondence; Ito et al,
2004]. What is unclear, at this point, is why pregnancy
seems to precipitate such crisis. It can be hypo-
thesized that these patients have sufficient residual
ASS activity for normal clinical functioning but the
increased metabolic stress of early pregnancy, or
more likely mild pregnancy associated liver disease,
tip the patients below the critical minimal function to
maintain adequate functioning.

To our knowledge this is the first reported use of
nitrogen scavenging drugs (sodium phenylacetate/
sodium benzoate) in pregnancy. The prompt
response to therapy and the good long-term out-
come of both mother and child is encouraging.
However, more studies will be required before
this therapy can be confidently recommended in
pregnancy.

In conclusion residual ASS enzyme activity on
fibroblasts may be normal in children with hypo-
morphic citrullinemia. We therefore recommend
clinical sequencing of ASS7 and SLC25A413 in
patients presenting with elevated citrulline on new-
born screening. ASS enzyme activity may be a useful
tool in predicting long-term outcome and is neces-
sary for interpreting functional effects of sequence
variants. It therefore continues to have a role in the
diagnosis of this disorder. Protein restriction and
continued monitoring is warranted to prevent neuro-
cognitive dysfunction.
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