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Deficiency of Asparagine Synthetase (ASNSD, MIM 615574) is a very rare autosomal recessive 

disorder presenting with some brain abnormalities. Affected individuals have congenital 

microcephaly and progressive encephalopathy associated with severe intellectual disability and 

intractable seizures. The loss of function of the asparagine synthetase (ASNS, EC 6.3.5.4), 

particularly in the brain, is the major cause of this particular congenital microcephaly. In this 

study, we clinically evaluated an affected child from a consanguineous Emirati family presenting 

with congenital microcephaly and epileptic encephalopathy. In addition, whole-exome sequencing 

revealed a novel homozygous substitution mutation (c.1193A>C) in the ASNS gene. This 

mutation resulted in the substitution of highly conserved tyrosine residue by cysteine (p.Y398C). 

Molecular modeling analysis predicts hypomorphic and damaging effects of this mutation on the 

protein structure and altering its enzymatic activity. Therefore, we conclude that the loss of ASNS 

function is most likely the cause of this condition in the studied family. This report brings the 

number of reported families with this very rare disorder to five and the number of pathogenic 

mutations in the ASNS gene to four. This finding extends the ASNS pathogenic mutations 

spectrum and highlights the utility of whole-exome sequencing in elucidation the causes of rare 

recessive disorders that are heterogeneous and/or overlap with other conditions.
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 Introduction

Asparagine synthetase deficiency (ASNSD, MIM 615574) is a very rare severe neuro 

developmental disorder shown to be caused by mutations in ASNS gene. It has been 

suggested to classify ASNSD as an inborn error of non-essential amino acid synthesis 

(Ruzzo et al. 2013). This condition is characterized by congenital microcephaly, severely 

delayed psychomotor development, progressive encephalopathy, and cortical atrophy, 

associated with seizure or hyperekplexic activity (Ruzzo et al. 2013). Additional variable 

dysmorphic features include micrognathia, receding forehead and large ears. Axial 

hypotonia and cortical blindness can be seen as well (Ruzzo et al. 2013). To date, most of 

the reported patients had feeding difficulties and respiratory insufficiency, which led to early 

death in infancy (Ruzzo et al. 2013). The symptoms associated with this condition overlap 

with numerous other intellectual disability disorders such as serine deficiency syndromes, 

acute mitochondrial encephalopathy, neuronal ceroid–lipofuscinosis, and pyridoxine-

dependent seizure (Samson et al. 1994; Haltia 2003; de Koning and Klomp 2004; Stockler et 

al. 2011). A gene-trap mouse model for asparagine synthetase deficiency showed a milder 

phenotype compared to humans (Ruzzo et al. 2013). The overlapping clinical presentation 

includes learning and memory deficiency with structural brain abnormalities including 

reduced cortical thickness and enlarged ventricles. However, mutant mice do not have any 

motor abnormalities or seizures. Though asparagine is a non-essential amino acid, the 

existence of the syndrome suggests its deficiency is pathogenic, particularly for brain 

function.
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The ASNS gene maps to the cytogenetic band 7q21.3 and has a total of 14 spliced coding 

transcript variants with most variation occurring in the 5′ UTR regions. The gene encodes an 

asparagine synthetase enzyme (EC 6.3.5.4) involved in the synthesis of asparagine (Zhang et 

al. 1989; Ruzzo et al. 2013). ASNS enzyme catalyzes the transfer of ammonia from 

glutamine to aspartic acid to form asparagine (Zhang et al. 1989; Ruzzo et al. 2013). It has 

an approximate molecular weight of 64 KDa for most common transcripts. The asparagine 

synthetase is expressed in all mammalian tissues with particularly high expression levels in 

the adult brain (Ruzzo et al. 2013).

So far, only three pathogenic mutations are known to be responsible for asparagine 

synthetase deficiency, all from a single report on the role of human ASNS gene (Fig. 2. A–

C) (Ruzzo et al. 2013). In the present study, we report the use of whole-exome sequencing to 

identify a novel homozygous mutation (c.1193A>C/p.Y398C) in an Emirati child exhibiting 

congenital microcephaly with epileptic encephalopathy and psychomotor delay, consistent 

with the diagnosis of asparagine synthetase deficiency.

 Patient and methods

 Ethics statement

This study has been approved by Al-Ain Medical Human Research Ethics Committee 

according to the national regulations (protocol number 10/09). The parents in this family 

provided an informed written consent form prior to research and publication.

 Patient

We ascertained one consanguineous family from the United Arab Emirates (UAE) with one 

affected child (Fig. 1A. Patient V-1) exhibiting congenital microcephaly with epileptic 

encephalopathy and severe psychomotor delay. Peripheral blood samples were collected 

from members of this family in EDTA tubes after obtaining informed written consent. 

Genomic DNA was extracted using the Flexigene DNA extraction kit (Qiagen Gmbh, 

Germany) following the manufacturer’s instructions, and was available on the proband and 

the mother.

 Whole-exome sequencing and variant analysis

The DNA samples of both the mother and the affected child were investigated by whole-

exome sequencing (WES). The Agilent SureSelect Human All Exome 50 Mb Kit was used 

as exome enrichment probe sets according to the manufacturer’s protocol (Agilent, Inc. 

USA). Genomic DNA libraries were prepared according to the manufacturer’s instructions 

(Illumina, San Diego, CA). Briefly, genomic DNA was fragmented in a Bioruptor 

(Diagenode). These fragments were ligated to the Illumina multi-PE-adaptor followed by 

PCR amplification. Captured DNA libraries, of 100–base pair sequencing length, were 

sequenced with HiSeq2000 instrument (Gnirke et al. 2009). The exome reads obtained were 

aligned to the reference human genome (hg19) and annotated SNPs were mapped to dbSNP 

v131, v132 and 1,000 Genomes. Depth of sequencing was 60X±16 (SD) per exome. Genetic 

variants were delineated with the GATK software for both SNPs and INDELs (DePristo et 

al. 2011). Each aligned exome was assessed for sufficient quality with the following 
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parameters: number of SNPs called in each lane (average~26,000), accuracy, depth of 

coverage, and error rate per read position. Only exomes of high quality were analyzed 

further using simultaneously our locally “sequencing analysis pipeline” and “potential 

disease-causing variants filtering and prioritization pipeline” (Dixon-Salazar et al. 2012). 

Based on autosomal recessive inheritance, SNPs and INDELs present in stretches of 

homozygosity, as determined by either linkage analysis or publicly available homozygosity 

mapping software (Homozygosity Mapper) were identified (Seelow et al. 2009). Selected 

variants were cross compared to the Genome Variation Server (http://gvs.gs.washington.edu/

GVS/) and SIFT (http://sift.jcvi.org/) databases to determine single-nucleotide evolutionarily 

constraints and conservation scores (GERP, PhastCons), protein damage prediction 

determinations (Polyphen2), and relationship of variants to OMIM classifications (Cooper et 

al. 2010). Potential disease-causing variants were validated using in-house “potential 

disease-causing variants validation pipeline” (Dixon-Salazar et al. 2012).

 Sanger DNA sequencing

Probable disease-causing variants detected by WES were confirmed using Sanger 

sequencing method. Primers for potential variants were designed using Primer3 version 

0.4.0 (http://primer3.ut.ee/). Direct sequencing was carried out to validate the segregation of 

these variants within this family and to further confirm the absence of these variants in large 

cohort of healthy, ethnically matched control individuals. Amplified PCR products were 

purified and sequenced using the BigDye Terminator kit v3.1 (Applied Biosystems, USA) 

on a 3130xl Genetic Analyzer System (Applied Biosystems, USA). DNA chromatograms 

were inspected and analyzed based on cDNA sequence in accordance with the GenBank 

entry NM_133436.3 using the Sequencing Analysis® 5.3 software (Applied Biosystems, 

USA) and ClustalW2 algorithms (http://www.ebi.ac.uk/Tools/msa/clustalw2/).

 Protein structure modelling analysis

To evaluate the effect of p.Y398C mutation on the protein structure and/or function, 

homology model of ASNS was constructed by MODELLER program version 9.10 (Eswar et 

al. 2006). The amino acid sequence of human ASNS protein was obtained from UniProt 

(accession # P08243) and structure closest to the sequence was searched using PDBe 

webserver (https://www.ebi.ac.uk/pdbe/). The crystal structure of asparagine synthetase B of 

E. coli (Protein Data Bank code: 1CT9) showed best sequence identity and was used as 

template for the construction of human ASNS protein model (Larsen et al. 1999). The 

alignment of human ASNS and E.coli ASNB was carried out by Clustalw2 (http://

www.ebi.ac.uk/Tools/msa/clustalw2/). The model which had lowest energy and least Cα 

RMSD value with respect to the template structure was selected. The stereo-chemical 

properties of this model were evaluated using PROCHECK program version 3.5.4 

(Laskowski et al. 1993). Evaluation of steric clashes in the side chains was performed. The 

ligand binding sites on ASNS model were identified by superimposing the model and the 

template using the software Chimera (Yang et al. 2012). Residue Y398 was mutated to 

cysteine in the ASNS model using mutagenesis wizard of PYMOL software (The PyMOL 

Molecular Graphics System, Version 1.5.0.4 Schrödinger, LLC). All graphic representations 

of ASNS model and corresponding mutated protein were generated using PYMOL software.
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 Results

 Clinical data

We evaluated a five year old male child (Fig. 1A. individual V-1), from a consanguineous 

Emirati family, who suffered from primary microcephaly, severe psychomotor delay, cortical 

blindness and intractable seizures (Fig. 1B to D). The healthy parents were first cousins (Fig. 

1A). The child was born at 39 weeks gestation by spontaneous vaginal delivery after an 

uncomplicated pregnancy. His birth weight, length and head circumference were 3.1 kg (<10 

centile), 51 cm (<10 centile) and 29.5 cm (−10SD), respectively (Table 1). On the first day 

of life he developed myoclonic movements. The seizures responded well to conventional 

treatment (Phenobarbitone). EEG showed abnormal background activity with low amplitude 

and frequent interictal bilateral multifocal spike slow wave activity. During his early infancy 

he was noticed to have spasticity with exaggerated deep tendon reflexes of both upper and 

lower extremities, severe microcephaly, with no dysmorphic features and unremarkable 

other systemic examination. He did not acquire any developmental milestones, never 

recognized his mother and never vocalized. His parents noted lack of response to any visual 

stimuli since birth and ophthalmological examination revealed bilateral pale optic discs. His 

lack of visual response was attributed to cortical blindness. Metabolic screening revealed 

normal results including liver and renal function tests, complete blood count, blood gas 

analysis, ammonia, serum lactate, plasma urea, electrolytes, minerals including calcium, 

magnesium and phosphate, urine amino acids and urine organic acids. Plasma amino acids 

were normal, including the aspargine level. Cranial MRI showed decreased cerebral volume 

and atrophy/hypoplasia with thin corpus callosum, simplified gyral pattern with massive 

ventriculomegaly. In addition, there was reduced volume of pons, cerebellar hypoplasia, 

Blake’s pouch cyst, and cerebellar folia atrophy (Fig. 1. B–D). Currently, the patient is 

admitted in long-term care institute, bedridden in encephalopathic state, on tracheostomy 

ventilation, percutaneous endoscopic gastrostomy (PEG) tube feeding, and multiple anti-

convulsion medications.

 Whole-exome sequencing revealed a homozygous missense mutation in ASNS gene

Whole-exome sequencing has revealed a total of 3 potential disease-causing variants as 

illustrated in Table 2. One of the detected variants was a homozygous single nucleotide 

substitution (c.1193A>C) in exon 11 of the ASNS gene (Table 2). The depth of coverage for 

this mutation was showed high reliability of sequencing. Sanger sequencing validated the 

segregation of this substitution within the studied family showing that both parents and 

siblings were carriers of c.1193A>C substitution (Fig. 2B). This substitution leads to a novel 

missense mutation changing a tyrosine residue at position 398 by cysteine (p.Y398C). The 

tyrosine residue (Y398) is highly conserved across different species (Fig. 2C). In addition, 

prediction analyses using (SIFT, polyphen2, mutation taster) showed that this substitution is 

probably damaging (SIFT score 0, polyphen2 score 0.997 and mutation taster score 0.999). 

Moreover, the c.1193A>C/p.Y398C was not detected in large controls samples from the 

same ethnic group nor reported in the exome variant database (http://gvs.gs.washington.edu/

GVS/).
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 Molecular modeling suggested that the mutation will result in dramatic changes to the 
structure and enzymatic activity of the asparagine synthetase

We performed computational modeling to predict the structure of ASNS protein and evaluate 

the effect of Y398C mutation. From all the structures in RCSB protein data bank, the crystal 

structure of asparagine synthetase B (ASNB) of E. coli showed the highest E value (1e−70) 

with 37.8 % sequence identity. Moreover, the protein showed a complete overlap on human 

ASNS protein sequence. Therefore, we selected this structure to be used as template for the 

construction of the present model. The overlap of model and template using chimera 

revealed the corresponding AMP and glutamine binding site on ASNS protein. In E. coli 
residues Arg49, Asn74, Glu76, and Asp98 form the glutamine binding pocket and Val 272, 

Leu 232, Ser346 and Gly 347 bind the AMP moiety (Larsen et al. 1999). The ClustalW2 

alignment of E. coli ASNB and ASNS shows that glutamine and AMP binding residues are 

highly conserved (Sup Fig. S1). Among all the ligand binding residues, only residue Val232 

of the AMP binding site in ASNB from E.coli was substituted by Isoleucine in 

corresponding position (residue 287) in human ASNS model (Sup Fig. S1). The model 

revealed that similar to E. coli ASNB structure, human ASNS protein is divided into distinct 

N and C-terminal regions (Fig. 2D-a). The N-terminal is rich in beta-strands and has 

glutamine binding site while C-terminal possesses AMP-binding site. The two active sites 

are separated by a distance of 19 Å. It also has a long helix of 29 residues (384–413) similar 

to the 27 residue long helix in E. coli ASNB protein. This helix is slightly distorted at 

residues 397–400 (LYLF) (Fig. 2D-b). Y398 lies in the interface of N and C-terminal motif 

of the protein and forms hydrogen bonds with R137 of N-terminal domain (Fig. 2D-c). The 

identified mutation (p.Y398C) will disrupt this hydrogen bonding interaction which is 

important for domain-domain interaction thereby impairing the catalytic function of ASNS 

protein.

 Discussion

A recent report has implicated ASNS gene in an autosomal recessive form of a neuro 

developmental condition (Ruzzo et al. 2013). The manifestation of this condition is 

exclusively neurological abnormalities and includes congenital microcephaly, delayed 

psychomotor development, progressive encephalopathy and early onset of seizure (Ruzzo et 

al. 2013). As Mendelian pathogenic mutations are frequently exonic, it has been shown that 

exome-sequencing is an important tool in genetic research by screening efficiently many 

coding regions (Biesecker et al. 2011). In this study, we report the use of whole-exome 

sequencing to identify a novel missense mutation affecting the ASNS gene as responsible for 

asparagine synthetase deficiency in an Emirati child with early onset encephalopathy. 

Congenital microcephaly was apparent at birth, intractable seizures developed in the first 

few weeks of life and the child had severe psychomotor delay. All investigations including 

full metabolic work up were normal, including normal asparagine levels. Lumbar puncture 

for CSF asparginase levels is technically impossible because of the severe scoliosis resulting 

from his neurological condition. The diagnosis was eventually established by WES 

identifying the mutation in the ASNS gene. This was also the case with the previously 

reported patients (Ruzzo et al. 2013), so that at the present time molecular diagnosis is the 

best approach for this condition diagnosis. Screening for mutations in the ASNS gene should 
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be included in the investigations of a child with congenital microcephaly and early onset 

encephalopathy. Our patient shares most of the clinical features with the reported cases such 

as progressive microcephaly, epileptic encephalopathy and psychomotor delay as 

summarized in Table 1. Interestingly, these neurological manifestations was observed in 

cases with serine and glutamine deficiencies diseases (Häberle et al. 2012; van der Crabben 

et al. 2013). It has been shown that an oral supplementation of L-serine in cases with serine 

deficiency seems to be an effective treatment of intractable seizures by improving the white 

matter volume on MRI in these patients (de Koning et al. 2000; De Koning et al. 2002; de 

Koning 2006). Therefore, dietary asparagine supplementation, particularly at early stage, 

might help to alleviate the neurological complications by preventing neuronal damage and 

provide the brain with the deficient amino acid.

At the molecular level, only three variants were predicted to be deleterious after exome 

variants prioritization (Table 2). The first variant was detected in the OPRL1 gene (c.

754C>T) leading to premature termination codon p.R252*. Knockdown of this gene in mice 

causes onset and persistence of posttraumatic stress disorder (Andero et al. 2013). In human, 

two variants in this gene were associated with vulnerability to develop opiate addiction 

among Caucasians (Briant et al. 2010). A frame shift variant (p.A189Pfs*39) in this gene 

was listed in the exome variant Server database with a frequency of 3/1988 for homozygous 

alleles and 5/1988 for heterozygous alleles. Another variant (p.Val271Glyfs*55) has been 

reported in 1,000 genomes database (rs147012148) but no frequency was determined. 

Therefore, the nonsense mutation detected in our patient is less likely to be pathogenic. The 

second variant is a missense mutation c.204G>C in the PIGR gene which was predicted to 

be possibly pathogenic. This gene is a member of the immunoglobulin superfamily that has 

been associated with nephropathy in Japanese patients (Obara et al. 2003). Hence, the PIGR 
gene is less likely the cause of this condition based on its function in inflammation and 

tumour genesis (Ai et al. 2011; Ocak et al. 2012). The third variant is an additional 

homozygous missense mutation identified in exon 11 of the ASNS gene. This mutation 

affects a tyrosine residue that is highly conserved among different species (Fig. 2C). To date, 

only three homozygous missense mutations have been reported in four families from 

different ethnic backgrounds (Fig. 2A-c) (Ruzzo et al. 2013). Molecular modeling suggested 

that this mutation might alter the function/or structure of the asparagine synthetase domain 

(Fig. 2A-c). This conclusion was based on modeling the structure of the human ASNS 

mutant protein using as template the closest homologue asparagine synthetase (ASNB) from 

E.coli. This showed a complete overlap over the core regions, while variations at the 

extremities can be observed. The protein is highly conserved and the present model is 

appropriate for the analysis of p.Y398C mutation. The generated model showed that residue 

Y398 forms hydrogen bonds with R137 which mediates the N and C-domain interaction of 

the protein (Fig. 2D-b,c). ASNS catalyzes ammonia transfer from glutamine to aspartic acid 

via a β-aspartyl-AMP intermediate. In the present model, the glutamine binding site in the 

N-terminal region and the AMP binding site in the C-terminal region are separated by 

approximately 19 Å. Therefore the coordination between the two sites is brought about by 

tunnel/channel formed by residues within the protein. Thereby, the interaction of residue 

Y398 with R137 forms a direct link between C-terminal and N-terminal domains and may 

form part of the tunnel that bridges the N and C-terminal of ASNS protein. Consequently, 
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mutation of residue Y398 by cysteine will disrupt this interface and may impede the 

connection between the two active sites. As a result, this substitution will lead to the loss of 

ASNS activity and therefore is most likely the cause of asparagine synthetase deficiency in 

the studied patient. Furthermore, it has been shown that the loss of the ASNS function 

results in accumulation of aspartate and glutamate in the brain leading to in increased 

excitability, seizure activity, and neuronal damage (Ruzzo et al. 2013). The discovery of 

pathogenic mutations is important for adopting effective prevention and therapeutic 

approaches that might minimize the burden of genetic conditions particularly in Arab 

population (Al-Gazali and Ali 2010; Schuurs-Hoeijmakers et al. 2012; Akawi et al. 2013; 

Reiff et al. 2014).

In conclusion, we report a novel pathogenic cause of asparagine deficiency in a child with 

congenital microcephaly and early onset encephalopathy which expands the spectrum of 

ASNS mutations and supports the relevance of next-generation sequencing diagnosis 

approaches for autosomal recessive conditions.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Pedigree and MRI pictures of a patient with asparagine synthetase deficiency. a. Pedigree 

showing one affected Emirati patient with asparagine synthetase deficiency. Circles and 

squares denote females and males respectively, filled symbols represent affected members, 

diagonal symbols indicate individuals with undesignated sex, double lines denote 

consanguineous marriage, Roman numbers indicate the generation number until their 

offspring, Arabic numbers depict participants in this study, star symbols represent the index 

patient. b to d. MRI pictures showing decreased cerebral volume and atrophy/hypoplasia. b. 

Midline sagittal with thin corpus callosum (arrows), reduced volume of pons (arrowhead), 

cerebellar hypoplasia and Blake’s pouch cyst (asterisk). c. Simplified gyral pattern (arrow), 

massive ventriculomegaly (asterisk, and cerebellar folia atrophy (arrowhead). d. Decreased 

cerebral volume and ventriculomegaly (asterisk). Arrow in 2D highlights that thalamus, 

which is relatively dark suggesting lack of edema
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Fig. 2. 
Schematic representation and molecular analysis of ASNS gene. a-(a to b) genomic 

organization of the ASNS gene. a to c. Protein representation of functional domain of the 

asparagine synthetase enzyme along with the corresponding position of all reported 

mutations. The identified mutation in this study is underlined b. Chromatograms of DNA 

sequence changes in the ASNS gene. A homozygous c.1193A>C mutation was identified in 

the affected child, which results in the substitution of p.Y398C. Both parents are carrier for 

this mutation. c. Schematic representation of amino acid sequence alignment of p.Y398C in 

different orthologues. c to a Alignment conversation was compiled using T-coffee online 

website (http://tcoffee.crg.cat/). C to b Logo was generated using WebLogo 

(weblogo.berkeley.edu) (Crooks et al. 2004). d. Humanized model of ASNS protein. a The 

cartoon representation shows that the protein is divided into distinct N-terminal domain 

(represented in yellow color) and C-terminal domain (represented in red color). The 

glutamine (represented as sticks in magenta color) is bound in N-terminal domain while 

AMP (represented as sticks in blue color) is bound in C-terminal domain. The cyan spheres 

represent the site for cation binding. b The protein consists of a long helix (represented in 

green color) which is distorted in the middle. Y398 (blue sticks) lies on this long helix and is 

at the interface of N-and C-terminal domain. R137 (blue sticks) lies in N-terminal domain 

and is within hydrogen bonding distance of Y398. c Representation of R137 and Y398 
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hydrogen bonding indicating that it is a key residue between the domain-domain interactions 

which contains the two active sites of the enzyme
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