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Abstract

Asparagine Synthetase Deficiency (ASD) is a recently described inborn error of metabolism
caused by bi-allelic pathogenic variants in the asparagine synthetase (ASNS) gene. ASD typically
presents congenitally with microcephaly and severe, often medically refractory, epilepsy.
Development is generally severely affected at birth. Tone is abnormal with axial hypotonia and
progressive appendicular spasticity. Hyperekplexia has been reported. Neuroimaging typically
demonstrates gyral simplification, abnormal myelination, and progressive cerebral atrophy. The
present report describes two siblings from consanguineous parents with a homozygous Arg49GIn
variant associated with a milder form of ASD that is characterized by later onset of symptoms.
Both siblings had a period of normal development before onset of seizures, and development
regression. Primary fibroblast studies of the siblings and their parents document that
homozygosity for Arg49GIn blocks cell growth in the absence of extracellular asparagine.
Functional studies with these cells suggest no impact of the Arg49GlIn variant on basal ASNS
mRNA or protein levels, nor on regulation of the gene itself. Molecular modelling of the ASNS
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protein structure indicates that the Arg49GIn variant lies near the substrate binding site for
glutamine. Collectively, the results suggest that the Arg49GIn variant affects the enzymatic
function of ASNS. The clinical, cellular, and molecular observations from these siblings expand
the known phenotypic spectrum of ASD.
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1 INTRODUCTION

1.1 ASNS protein structure and enzyme activity

Asparagine synthetase (ASNS) catalyzes the synthesis of asparagine and glutamate from the
substrates aspartate and glutamine [1, 2]. The common name of the protein highlights its
role in asparagine synthesis, but whether or not the enzyme activity impacts the cellular
levels of one or more of the other three reactants has not been investigated. Particularly for
neural tissue, the possible influence of ASNS activity on glutamate and aspartate levels must
be a key point of interest. ASNS expression among tissues varies considerably, with much
greater expression in the pancreas than most other tissues analysed [3]. However, ASNS
abundance in brain is similar to many other tissues in the body (http://www.proteinatlas.org/
ENSG00000070669-ASNS/tissue). The human ASNS gene is located at chromosome 7
region 7g21.3 [4, 5] and is 35 kb long with 13 exons [6]. ASNS expression is highly
regulated in response to a wide variety of cell stresses, primarily by increased transcription
[2]. Central among the genomic elements that control ASNS transcription is the C/EBP-ATF
response element (CARE) within the promoter [7]. Protein limitation or an imbalanced
dietary amino acid composition activate the ASNS gene through the GCN2-elF2-ATF4
pathway culminating with ATF4 binding to the CARE. Endoplasmic reticulum stress also
increases ASNS transcription through the PERK-elF2-ATF4 arm of the unfolded protein
response (UPR) [8].

The human ASNS enzyme is a 65 kDa protein that has two primary domains, termed the N-
and C- terminal domains (Fig. 1A). As there is no crystal structure of human ASNS reported
in the protein data base (PDB), an /in silico model based on the crystal structure of £. coli
asparagine synthetase B (PDB: 1CT), which shares 40% sequence homology with human
ASNS, is often used to highlight the main secondary structural features of the enzyme [9].
The N-terminal domain is composed of an antiparallel B-sheet core and contains the
glutamine binding pocket. Glutamine interacts with residues Arg49, Asn77, Glu97, and
Asp98 through hydrogen bonding (3.0, 3.0, 3.1, and 2.6 A, respectively) (Fig. 1B). In
contrast, the C-terminal domain consists of mainly alpha helices and binds ATP through
hydrogen bonds with residues Leu256, 116288, Asp295, Ser363, Gly364, Glu365, and
Asp401 (3.2, 3.1, 3.2, 3.0, 2.8, 3.3, and 3.4 A, respectively) (Fig. 1C). With the exception of
116288, which is a valine in E. coliand Drosophila melanogaster (UniProt ID: P22106 and
Q7KTWY, respectively), the ASNS residues in the glutamine and ATP binding pockets are
conserved between species, emphasizing their importance in the function of the enzyme.
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1.2 Mutations within the gene encoding ASNS cause Asparagine Synthetase Deficiency

(ASD)

Asparagine Synthetase Deficiency (ASD) was first described in 2013 on the basis of four
families with homozygosity or compound heterozygosity for missense mutations in ASNS
[10]. The affected individuals shared the features of severe encephalopathy, congenital
microcephaly, brain atrophy, early onset seizures, axial hypotonia, and severe appendicular
spasticity [10]. These features can be considered characteristic of the syndrome and are
shared by the subsequently reported patients. The vast majority of patients with ASD have
missense mutations.

1.3 Functional cellular consequences of a novel variant in the ASNS enzyme

The clinical and functional effects of a homozygous ASNS variant, Arg49Gln, a novel
variant shared by two siblings, are described within the current report. Functional studies on
fibroblasts from the two affected siblings and their parents revealed that fibroblasts from the
parents exhibited typical basal levels of ASNS mRNA or protein, and their ASNS genes
each responded appropriately to transcriptional induction by amino acid deprivation.
Fibroblasts from one of the two affected siblings expressed higher basal ASNS levels than
the other three family members tested, but this difference was not reflected in a change in
proliferation rate. Relative to either parent, proliferation of cells from both affected siblings
was severely suppressed in the absence of asparagine. Collectively, the results indicate that
the Arg49GIn variant blocks cell growth in the absence of sufficient extracellular asparagine,
which suggests that Arg49GiIn affects the enzymatic function of ASNS. Modelling the
location of the variant within the ASNS protein indicates that the affected residue may
disrupt protein structure in the substrate binding site for glutamine because of a loss of
hydrogen bonding.

2 MATERIALS AND METHODS

2.1 Exome sequencing and targeted mutation analysis

Using genomic DNA, the Agilent Clinical Research Exome kit was used to target the exonic
regions and flanking splice junctions of the genome. These regions were sequenced
simultaneously by massive parallel (NextGen) sequencing on an Illumina HiSeq 2000
sequencing system with 100 bp paired-end reads. For targeted mutation analysis, the relevant
portion of the gene of interest was PCR amplified and capillary sequencing was performed.
For both exome sequencing and mutation analysis, bi-directional sequence was assembled,
aligned to reference gene sequences based on human genome build GRCh37/UCSC hg19,
and analyzed for sequence variants using a custom-developed analysis tool (Xome
Analyzer). Capillary sequencing or another appropriate method was used to confirm all
potentially pathogenic variants identified in each sample. Sequence alterations were reported
according to the Human Genome Variation Society (HGVS) nomenclature guidelines.

2.2 Protein modeling

Given their 40% sequence identity, the human ASNS (Uniprot ID: P08243) protein model
was generated in SWISS-MODEL using the coordinates of the crystal structure of £. coli
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asparagine synthetase B (PDB: 1CT9) as a template [11-13]. The human ASNS sequence
was adapted to contain the Arg49GIn variant observed in patients with ASD. The molecular
graphics programs Coot [14] and PyMOL (PyMOL Molecular Graphics System, Version
1.5.0.4 Schrédinger, LLC) were then used to superimpose the human wild type and mutated
ASNS structures to analyze the effects of the Arg49GIn variant on protein structure and
predict the potential impact on enzyme activity and stability.

2.3 Fibroblast cell line generation and culturing

Fibroblast cell lines were generated from the two affected siblings and both parents. These
primary fibroblasts were cultured in high glucose Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 2 mM glutamine, 1X nonessential amino acids, 10% fetal
bovine serum, and ABAM (streptomycin, penicillin G, and amphotericin B). Fibroblasts
were seeded at a density of 1.5 x 10° per well in a 6-well plate, with three wells per
condition and time point for RNA isolation. For protein determination, cells were plated at 5
x 10° per 60 mm dish and for cell growth studies, cells were plated at 5 x 104 in 35 mm
dishes with 3 dishes per condition. To achieve a nutritional “basal state”, the culture medium
was changed to fresh medium 12-14 h before experimental treatment.

2.4 RNA isolation and quantitative RT-PCR

RNA was collected using TRIzol Reagent (Invitrogen) per the manufacturer’s protocol. A 1
ug sample of total RNA was converted to cDNA using the gScript cDNA synthesis kit
(Quanta Biosciences). To measure ASNS or glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA, real-time quantitative polymerase chain reaction (RT-PCR) was
performed using SYBR Green (Life Technologies) and a CFX-Connect Real-Time System
(Bio-Rad) following a protocol described previously [15]. Steady state mRNA was measured
using the following primers: ASNS; forward 5'-GGCGCTGAAAGAAGCCCAAGT-3" and
reverse 5'-TGTCTTCCATGCCAATTGCA-3" and GAPDH,; forward 5'-
TTGGTATCGTGGAAGGACTC-3” and reverse 5'-ACAGTCTTCTGGTGTGCAGT-3".

2.5 Protein isolation and immunoblotting

Fibroblasts were washed with PBS and lysed using 300 uL of RIPA buffer (50 mM Tris-HCI
pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.5% sodium deoxycholate, 0.1% SDS, and 1% triton
X-100) supplemented with Pierce Protease and Phosphatase Inhibitor Mini Tablets
(ThermoFisher Scientific). Immunoblotting was performed as described previously [7].
Monoclonal anti-ASNS primary antibody [16] and anti-mouse-HRP secondary antibody
(Santa Cruz Biotechnology) were used. Bound antibody was detected using Pierce ECL
Western Blotting substrate (ThermoFisher Scientific).

2.6 Cell growth and ASNase challenge

Fibroblasts were plated at a density of 50,000 cells per 35 mm dish. After 24 h, the cells
were incubated in control DMEM medium or DMEM containing 0.1 U/ml £. coliL-
asparaginase (ASNase) for an additional 24, 48, or 72 h, with fresh enzyme provided each
24 h. At the end of the incubation, the cells were collected by treatment with 0.25% trypsin.
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The number of cells per dish was established by counting using a hemocytometer. Each
sample was counted twice.

3 RESULTS

3.1 Case reports

Proband-1—At the time of this report, proband-1 is a 7-year old Emirati male with
intractable epilepsy, microcephaly, and severe global developmental delay. His parents are
first cousins, and he has one affected sibling and six unaffected siblings. Proband-1 was born
at term following a pregnancy complicated by a maternal febrile upper respiratory infection
requiring hospitalization. His birth weight was 3.4 kg and head circumference was 34 cm
(10t to 25 percentiles). He had an uneventful neonatal course and normal development in
early infancy. There were no medical concerns until his first seizure at six mo of age. He was
started on phenobarbital, but continued to have up to five seizures a day. Seizures were right
hemi-clonic or generalized tonic clonic, with no clear trigger. Given the lack of response to
phenobarbital, he was switched to valproic acid and was seizure free for 3 mo. When
seizures recurred, he was subsequently trialed on one or a combination of carbamazepine,
topiramate, levetiracetam, clonazapem, clobazam and lamotrigine. At presentation to our
center at the age of 5 years, he was having generalized tonic seizures with some asymmetry,
at times followed by a clonic phase. Seizure frequency improved on restarting valproic acid,
from multiple seizures a week to one seizure every 1-2 weeks. His seizure duration was
typically longer than 5 min, frequently requiring rectal diazepam rescue. He later developed
a possible new seizure type with staring and loss of tone, but this was not captured on
electroencephalogram (EEG) to be confirmed. Notable EEG observations include
continuous generalized slowing with lack of posterior dominant rhythm and anterior-
posterior gradient, lack of normal sleep architecture, multifocal epileptiform discharges that
became more abundant with time, and on one occasion a photoparoxysmal response.

The growth parameters of proband-1 started to gradually plateau at 25 mo of age, at which
time his head circumference was less than the 3™ percentile. Now, at age seven years, his
height is at the 15t-3"d percentile, weight is less than 1t percentile, and head circumference
is less than 15 percentile (Z score —3.5). His developmental trajectory, while initially
normal, began to plateau around the onset of his seizures at six mo with speech regression at
one year of age after he lost the few words he had learned. He had gross motor delays; he sat
independently after two years of age, pulled to stand at 2.5 years, and began walking when
he was almost three years. He remained non-verbal and did not use any signs. He had no eye
contact and poor social interaction. He experienced periods of regression over his course
with worsening head control, gait, and vocalization, which he partially recovered over time.
A formal neuropsychological evaluation was consistent with severe intellectual disability,
lack of basic communication and life-care skills, and self-harming behaviours. Magnetic
resonance imaging demonstrated possible cerebral atrophy and delayed myelination at 3
years of age. Magnetic resonance spectroscopy demonstrated a lactate peak.

At present, he has marked global developmental delay and behavioural dysregulation,
including hyperactivity and self-harming behaviours. He has poor fine motor skills, although
he is not overtly ataxic. He cannot utilize a pincer grasp. His gait remains unsteady and
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wide-based, with more recent regression and imbalance. He has oropharyngeal dysphagia
and is gastric tube dependent. He is not overtly dysmorphic. He was found to have a type 2
laryngeal cleft, which was surgically repaired. He also has mild astigmatism, intermittent
exotropia (status-post repair), and reduced visual acuity in the range of 20/130, attributed to
cortical visual impairment.

Proband-1 had previous extensive genetic testing. Chromosomal microarray showed no
genomic imbalance, but did demonstrate regions of homozygosity encompassing 6% of the
genome consistent with known history of consanguinity. Previously performed plasma
amino acids were normal. We arranged for repeat cerebral spinal fluid (CSF) metabolic
studies and discovered that the CSF asparagine level was borderline-reduced at 3.8 pumol/Il
(reference range 3.8-7.9 pmol/l). Fasting plasma amino acids performed concurrently with
the lumbar puncture demonstrated an asparagine level of 38 umol/I (reference range 17-88
pmol/l).

Proband-2—~Proband-2, the sister of Proband-1, presented for evaluation at 2.5 years of
age due to moderate global developmental delay, hypotonia, and epilepsy. She was three kg
at birth following a full term, uncomplicated pregnancy. She underwent an EEG at two days
of life, because of the known history of epilepsy in her brother, and this EEG was normal by
report. At 6 mo of age her head circumference was just under the 3'd percentile. She had her
first witnessed seizure at 6 mo, described as full body shaking and facial cyanosis, similar to
her brother. There was no clear tonic component to that seizure. She was started on
levetiracetam and had a one-year seizure-free period, with a breakthrough seizure followed
by another seizure-free period of nearly one year. At 2.5 years of age, generalized tonic
clonic seizures recurred. Occasionally there was eye deviation to the right with more
pronounced right-sided clonic activity. Despite the addition of zonisamide and later
lamotrigine, she had daily seizures with eye deviation and extremity twitching, with around
10 seizures per month characterized as tonic clonic, frequently requiring diazepam rescue.
With a recent increase in lamotrigine, her frequency improved to 1-2 seizures per week. Her
EEG at three years of age showed continuous generalized slowing with lack of posterior
dominant rhythm and absent anterior-posterior gradient and sleep architecture, with
multifocal and generalized spikes. She did not undergo photic stimulation and no seizures
were captured.

As with proband-1, there were no concerns about her development until the seizure onset
after which she noticed to have a plateau, followed by global delays. In terms of gross motor
skills, she sat at one year of age and started walking at age two. She developed good eye
control, and used some non-verbal cues to communicate. Her initial development was
delayed; she sat at one year of age and started walking at age two. A battery of
developmental testing at age three, on Scales of Independent Behaviour-Revised, found that
her development was equivalent to a 1-year old. Bayley Scales of Infant and Toddler
Development demonstrated a cognitive composite score of 55 (0.1%, age equivalent of 13
mo), language composite score of 59 (0.3%, age equivalent of 12-17 mo), and a motor
composite score of 55 (0.1%, age equivalent levels of 13-18 mo). She had not exhibited
regression, but had very slow progression of developmental milestones. On physical exam at
age four years, her head circumference was at the 3 percentile, height was at the 77t
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percentile, and weight was at the 58t percentile. She was non-dysmorphic. She had mild
axial and limb hypotonia, with brisk deep tendon reflexes in the lower extremities. Her gait
was unsteady and wide-based. Dermatologic observations include ichthyosis and chronic
paronychia.

Proband-2 had limited genetic and metabolic testing, but normal electrolytes and liver
function was observed. Urine organic acids showed a trace increase in lactate and pyruvate.
Plasma amino acids were normal, with an asparagine level of 93 umol/l. She did not undergo
CSF amino acid testing. Chromosomal microarray showed several large regions of
homozygosity, encompassing greater than 11% of the genome. Magnetic resonance
imagining showed marginally prominent ventricles and basal cisterns in the brain.

3.2 Exome sequencing and mutation analysis

For proband-1, exome sequencing was initially done through a clinical diagnostic laboratory.
It demonstrated a homozygous variant ¢.146G>A (p.Arg49GIn) in the ASNS gene
(transcript NM_183356; chromosome 7:97498323). Targeted variant analysis revealed that
Proband-2 was homozygous for the same variant as her brother. Both patients were enrolled
in The Manton Center for Orphan Disease Research, Gene Discovery Core under informed
consent governed by the Institutional Review Board of Boston Children’s Hospital. Research
laboratory-based sequencing was done to confirm the results and test other family members.
Sequencing for the ASNS gene was done for the five of the six unaffected siblings of the
probands and none were homozygous for the suspected pathogenic variant in ASNS, but
rather heterozygous carriers or non-carriers. The parents were confirmed to be heterozygous
carriers. Consistent with a rare, recessive mutation, only one allele is present in the EXAC
database (http://exac.broadinstitute.org/variant/7-97498323-C-T) for a frequency of of
8.24e-6 and two alleles are reported in the gnomAD database (http://
gnomad.broadinstitute.org/variant/7-97498323-C-T) for a frequency of 7.21e-6. The variant
was deemed likely pathogenic by various /n silico methods including Polyphen-2
(genetics.bwh.harvard.edu/pph2), SIFT (sift.jcvi.org), PROVEAN (provean.jcvi.org) and
MutationTaster (mutationtaster.org).

3.3 Modelling of the Arg49GIn ASNS variant

A model of human ASNS incorporating the ASD-associated variant Arg49GIn was produced
using the £. coli ASNS-B crystal structure as a template. In the wild type ASNS structure,
residue Arg49 is expected to be stabilized through hydrogen bonds with proximal residues
Val53, Asp54, and Pro55 (2.9, 2.7, and 2.8 A, respectively) (Fig. 2A). The Arg49GIn
variant, effectively shortening the side chain, results in the loss of these hydrogen bonds and
the GIn49 mutant residue is only stabilized by a single hydrogen bond with the carbonyl
oxygen of Gly58 (3.2 A) (Fig. 2B, 2C). This loss of interactions has the potential to
destabilize the loop between the two predominant B-sheets of the N-terminal domain. It is
particularly important to note that the Arg49 residue is located in the glutamine binding
pocket (Figs. 1B, 3A). Although the GIn49 variant residue may maintain a weak hydrogen
bond with the carbonyl oxygen of the glutamine substrate (3.8 A), the disease-associated
variant is predicted to decrease the binding affinity for glutamine, potentially reducing
catalytic activity (Fig. 3B, 3C).
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3.4 ASNS mRNA, as well as protein expression and stability is unaffected by the Arg49GIn

variant

The ASNS gene is subject to transcriptional up-regulation by amino acid limitation of cells
that triggers an adaptive program called the amino acid response (AAR) [2, 17]. Deprivation
of the intracellular content for any amino acid will activate the AAR pathway, and if the
ASNS gene is functional, the AAR will increase the steady state ASNS mRNA content. To
test for the responsiveness of the ASNS gene in the fibroblasts of the affected children and
their parents, cells were incubated in medium lacking the essential amino acid histidine for
up to 24 h (Fig. 4). ASNS mRNA was increased within each cell line with qualitatively
similar time kinetics. The fold increase was similar for three of the four individuals, with
Proband-1 being about half of that observed for the other three. Upon analysis of the data,
this difference may be the result of the basal level of ASNS mRNA being about 4-fold
higher in Proband-1 (basal real-time PCR crossing point cycle values: Proband-1 = 24,
Proband-2 = 26, mother = 26, father = 26). Given that both siblings harbor the same
mutation, it is not likely that this difference for Proband-1 represents a mutation-associated
change in gene transcription or mRNA stability. It is more likely that this expression level is
a function of this particular cell line isolate. Overall, the results indicate that regulation of
the ASNS gene and mRNA stability are unaffected by the genomic c. 146G>A mutation.
The higher basal mMRNA level of Proband-1 was also reflected in higher basal protein
content (Fig. 4B). However, the expected increase in ASNS protein abundance following
activation of the AAR for 24 h was similar for all family members tested. Thus, the
Arg49GIn variant within the protein did not appear to significantly affect synthesis or
stability. Collectively, the mRNA and protein data support the interpretation that the
mutation does not alter the regulated expression or absolute abundance of ASNS mRNA or
protein.

3.5 Asparagine depletion increases ASNS expression in cells with the Arg49GIn variant

Activation of the AAR by depletion of the essential amino acid histidine indicated that
transcriptional regulation of the ASNS gene was intact (Fig. 4). If the Arg49GIn variant
causes a significant loss of ASNS activity, asparagine may become an essential amino acid
for those cells. As in childhood acute lymphoblastic leukemia, in which the leukemic cells
lack sufficient ASNS activity [18], loss of an extracellular asparagine source would trigger
the AAR. To determine if asparagine depletion activated the ASNS gene, mRNA content
was measured after treatment of the cells with 0.1 U/ml of the enzyme L-asparaginase
(ASNase), which rapidly degrades extracellular asparagine, and subsequently, the
intracellular level as well [19, 20]. Consistent with the hypothesis that cells with the
Arg49Gin variant do not synthesize sufficient asparagine for cellular homeostasis, ASNase
treatment resulted in an induction of ASNS mRNA levels in fibroblasts from either sibling
(Fig. 5A). In contrast, the parental fibroblasts showed little or no change in ASNS mRNA
following ASNase exposure. Measurement of ASNS protein abundance with or without
ASNase treatment produced similar results in that ASNS protein content was increased by
asparagine depletion in both affected siblings, whereas there was no induction of protein
content in the cells from either parent (Fig. 5B). Collectively, the data document that
Arg49GIn homozygous cells induce ASNS expression when challenged with asparagine
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limitation, whereas it appears that asparagine synthesis in heterozygous cells is sufficient
even when the extracellular supply is limited.

3.6 Fibroblasts from the affected siblings require extracellular asparagine for proliferation

ASNase is used clinically to treat childhood acute lymphablastic leukemia because the
leukemic cells do not express sufficient ASNS protein [18, 21]. However, cells with
sufficient functional ASNS activity will continue to grow despite the loss of an extracellular
source of the amino acid. For example, it was shown previously that fibroblasts from a
compound heterozygous ASD patient (Gly289Ala, Thr3371le) were suppressed in their
growth in response to asparagine depletion [22]. To test for the effect of the Arg49GIn
variant on cell function, fibroblasts from all four family members were plated for 24 h and
then transferred to culture medium depleted of asparagine by addition of 0.1 U/ml ASNase
to the medium (Fig. 6). The results show that for the heterozygous parental cells the
response to asparagine depletion of the medium was a modest reduction in growth. In
contrast, the cells from both affected siblings exhibited little or no growth when challenged
with asparagine limitation. For comparison, we have shown previously that unrelated, wild
type human fibroblasts show little or no reduction in growth in medium containing 0.1 U/ml
ASNase [22]. The present results clearly demonstrate that homozygotes expressing the
Arg49GIn variant do not have sufficient ASNS activity to maintain cell proliferation.

4 DISCUSSION

4.1 Asparagine synthetase

The ASNS protein is composed of two domains that contribute to the overall reaction. The
N-terminal domain generates glutamate and ammonia by hydrolysis of glutamine, while the
C-terminal domain catalyzes an ATP-dependent activation of the aspartate side-chain
carboxyl group and transfer of the ammonia to the aspartate to form asparagine and
glutamate [1]. Human tissues express ASNS to varying degrees, but asparagine is considered
a ‘non-essential’ amino acid as even in the absence of dietary intake sufficient amounts can
be generated from the amino acid precursors glutamine and aspartate via ASNS. With the
exception of the very high levels of ASNS expression in the pancreas [3], ASNS abundance
in brain is similar to many other tissues in the body (http://www.proteinatlas.org/
ENSG00000070669-ASNS/tissue). In young children, the CSF concentration of asparagine
has been reported to be only 8-13% of the level in plasma [23, 24]. Thus, asparagine
transport across the blood brain barrier becomes a consideration and may represent a
limiting factor in the absence of sufficient brain ASNS enzymatic activity.

4.2 Asparagine Synthetase Deficiency

ASD is a recently described inborn error of metabolism, typically presenting congenitally
with microcephaly and severe, often medically refractory epilepsy. In most of the previously
reported cases, development has been severely impaired from birth. Tone is abnormal with
axial hypotonia and progressive appendicular spasticity, and there may be hyperekplexia.
Neuroimaging typically demonstrates gyral simplification, disturbed myelination,
pontocerebellar hypoplasia, and progressive cerebral atrophy. Prior studies have identified
15 unique variants within ASNS, most of which arise from missense mutations [10, 22, 25—
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31]. Patients with missense mutations and those with one missense mutation and one frame-
shift or deletion seem to share the classic characteristic features of ASD [27, 30]. Although
patients with missense mutations vary from mild to severe in the ASD spectrum, the lone
patient described with a homozygous nonsense mutation exhibited a severe phenotype, with
microcephaly detected prenatally, and at birth the head circumference was at -3 standard
deviations [27]. He had cerebral atrophy, simplified gyral pattern, and hypoplasia of
cerebellum and pons. He died at 6 weeks from status epilepticus. One case of an attenuated
form of this disorder with onset at 9 mo of life has been described previously [10]. In this
report, we describe two additional cases of a hypomorphic form of this disorder with
infantile onset. The probands in this study had later onset features and achieved more
developmental progress than most cases previously reported.

The pathophysiology of ASD is not yet known. One hypothesis is that CNS asparagine
deficiency in utero may limit neuronal proliferation resulting in congenital microcephaly and
gyral simplification in severe cases. However, it is clear from our probands and the literature
that there is also a progressive neurodegenerative component to this disorder that is at least
partially independent of the neurocognitive effects of the epilepsy itself and treatment with
anticonvulsants. Based on the fasting levels of CSF asparagine in proband-1, it is probable
that the pathophysiology of this disorder extends beyond mere CNS asparagine deprivation.
Although the diet can be supplemented with asparagine, it does not easily pass the blood
brain barrier and a decrease in ASNS catalytic activity in the brain is presumed to cause the
disease phenotype [10, 22, 25]. As mentioned, in healthy children the CSF asparagine
concentration is only one tenth that of the plasma level, and a few patients with ASD have
reduced CSF asparagine levels [10, 23]. It is more likely that disease in ASD results from a
disruption of the delicate amino acid balance within the CNS. This interpretation is
supported by the recent report of worsening seizures in a patient with ASD treated with
dietary asparagine supplementation [32]. Elevating the circulating asparagine level may also
perturb amino acid homeostasis in the brain, and many other tissues, as increased asparagine
would compete for plasma membrane transport [33]. There have been few reports of
biochemical analyses in ASD, including CSF and plasma asparagine levels. In two of the
four cases that reported CSF asparagine values, they were undetectable [reviewed in 31]. In
addition, 50% of patients previously described had low asparagine in blood. It is clear from
previous studies and those described here that asparagine levels in CSF and blood are not
reliable biomarkers for this disorder, in contrast to low respective fasted amino acid levels
observed for serine and glutamine deficiency syndromes [34, 35]. However, asparagine
values may still be meaningful if they are very low or undetectable.

4.3 Fibroblast growth in culture

Expression from the ASNS gene from either the heterozygotic parents or the Arg49GIn-
containing siblings appeared to be unaffected by the mutation in that steady state mRNA and
protein was increased following activation of the AAR by either incubation in histidine-
deficient medium or asparagine depletion of the medium by ASNase treatment. These
results indicate that transcription from the gene, translation from the mRNA as well as
MRNA and protein turnover all appear to be largely unaffected by the Arg49GIn variant.
However, the growth of fibroblasts from both siblings was significantly suppressed by
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culture in asparagine-depleted medium, suggesting that these cells do not contain sufficient
ASNS enzymatic activity to maintain proliferation. In contrast, growth of cells from the
heterozygotic parents was only mildly slowed. In a previous report, investigation of
fibroblasts from parents of an ASD patient with compound heterozygosity (Gly289Ala,
Thr3371le) documented that cells from the father (Gly289Ala) exhibited little or no
suppression of growth at 0.1 U/ml ASNase, and cells from the mother (Thr337lle) were
more sensitive to this level of asparagine depletion of the medium [22]. Both of those
variants are predicted to be located near the ATP binding site of the enzyme.

4.4 Novel ASNS variant near the glutamine binding site

Although past investigations of ASD patients have revealed variants near the ATP binding
site, the amino acid substitutions were predicted to affect ATP binding indirectly. This report
describes the first discovery of a variant that is located within the substrate pocket for
glutamine. Based on the structural model for human ASNS, the mutated residue, Arg49GIn
variant is likely to directly alter glutamine binding through hydrogen bonding (Figs. 2C,
3C). Future analysis will be required to determine if there is a relationship between the
Arg49GIn variant and the fact that the two probands described in the present study had later
onset features and achieved more developmental progress than most cases previously
reported.

5 CONCLUSIONS

This study illustrates an expanded phenotypic spectrum for ASD to include later infantile
onset and greater developmental progress. Diagnosis for this inborn error of metabolism
remains challenging and relies on molecular diagnosis, because a reliable biochemical
diagnosis has not yet been identified. A clinical suspicion for this disorder may be based on
phenotype, but with the level of current knowledge most cases will probably be diagnosed
through exome sequencing. Diagnostic laboratories should include the ASNS gene in
screening panels for patients with brain malformations, epilepsy, microcephaly and
intellectual disability that reflect the entire phenotypic ASD spectrum. The pathophysiology
for this disorder is still not known, but may be more complex than simple CNS asparagine
deficiency. We hypothesize that ASD results in disease by dysregulating the delicate
metabolic balance within the CNS. The /n utero effects of ASD suggest that a possible
disease modifying therapy for this disorder may be difficult.
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Highlights

Asparagine synthetase (ASNS) is an enzyme that catalyzes the
interconversion of glutamine and aspartate to asparagine and glutamate.

Mutations in the human ASNS gene lead to an inborn error of metabolism
termed Asparagine Synthetase Deficiency (ASD) that typically presents
congenitally with microcephaly and severe, often medically refractory,
epilepsy.

In this report two siblings are described who express a new ASNS variant,
Arg49Gin, that is characterized by later onset of overt symptoms.

Homozygosity for Arg49GIn blocks cell growth in the absence of
extracellular asparagine.

Molecular modeling of the ASNS protein structure indicates that the
Arg49GiIn variant lies near the substrate binding site for glutamine.
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Fig. 1.

M?)del of human ASNS protein structure. A human ASNS protein model was generated
utilizing the crystal structure of £. coliasparagine synthetase B (PDB: 1CT9) as a template
and then adapted to contain variants observed in patients with ASD, as described in the
Methods section. (Panel A) N-terminal (light grey) and C-terminal (dark grey) domains with
the substrate glutamine (purple) and the product AMP (orange) shown as sticks. (Panel B)
Glutamine binding pocket illustrating glutamine hydrogen bonds. (Panel C) ATP/AMP
binding pocket with AMP binding shown. Hydrogen bonds are represented as black dashes
and the distance of each is shown in angstroms (A).
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Pr?:)posed role of residue 49 in human ASNS. (Panel A) Hydrogen bonding between wild

type R49 and proximal residues. (Panel B) Predicted hydrogen bond between Q49 mutant
and G58. (Panel C) Overl ay of wild type R49 and mutant Q49 residues. Hydrogen bonds
are represented as black dashes and the distance of each is shown in angstroms (A).
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Glutamine binding site within the human ASNS model. (Panel A) Glutamine binding pocket

in the N-terminal domain of wild type ASNS showing hydrogen bonds. The glutamine
substrate is shown in purple. (Panel B) Predicted alteration in glutamine binding for the

Arg49GIn mutant of ASNS. (Panel C) Overlay of wild type R49 and mutant Q49 residues in
glutamine binding pocket. Hydrogen bonds are represented as black dashes and the distance

of each is shown in angstroms (A).
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Fig. 4.
The Arg49GIn variant does not alter ASNS gene expression, nor does it change ASNS

mRNA or protein metabolism. Skin fibroblasts from the parents and both probands were
maintained in culture and then incubated in control DMEM medium or DMEM lacking the
single amino acid histidine. After incubation for the indicated period of time, total RNA and
protein was isolated. Real-time quantitative PCR was performed to measure steady state
MRNA levels for ASNS and GAPDH (Panel A). The relative abundance of mRNA
compared to time zero is plotted. The data are the averages * standard deviations of three
determinations within an experiment. Each experiment was repeated at least once to verify
qualitative reproducibility. Where not visible, the standard deviation bars are contained with
in the symbol. For protein analysis, immunoblots were performed using antibodies specific
for ASNS and GAPDH, as described in the Methods section (Panel B). Each sample was
tested at least twice to assess reproducibility of the results and a representative blot is shown.
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Fig. 5.

Li?niting extracellular asparagine causes up-regulation of the ASNS gene in the proband
cells. Skin fibroblasts from the parents and both probands were maintained in culture and
then incubated in control DMEM medium or DMEM containing 0.1 U/ml of ASNase to
deplete extracellular asparagine. After incubation for the indicated period of time, total RNA
and protein was isolated. Real-time quantitative PCR was performed to measure steady state
MRNA levels for ASNS and GAPDH (Panel A). The data are the averages + standard
deviations of three determinations within an experiment. Each experiment was repeated at
least once to verify qualitative reproducibility. Where not visible, the standard deviation bars
are contained within the symbol. For protein analysis, immunoblots were performed using
antibodies specific for ASNS and GAPDH, as described in the Methods section (Panel B).
Each sample was tested at least twice to assess reproducibility of the results and a
representative blot is shown.
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Fig. 6.
Grgowth of cells expressing the Arg49GIn ASNS variant is supressed. Fibroblasts from the
parents and both probands were maintained in culture and then plated at 50,000 cells per 35
mm dish with three dishes per condition. After a 24 h adaption period, the cells were
transferred to control DMEM medium or DMEM containing 0.1 U/ml of ASNase. The
medium was replaced every 24 h. After incubation for the indicated period of time, cells
were harvested and the cell number per dish counted as described in the Methods section.
The cell number for each condition was determined twice and representative data are
illustrated as the averages + standard deviations for each condition and time point. Where
not visible, the standard deviation bars are contained within the symbol.
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