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Chapter 1
 

Introduction and scope of this thesis

 



INBORN ERRORS OF METABOLISM 

Inborn Errors of Metabolism (IEMs) are a class of inherited genetic disorders caused by 
variants in genes coding for proteins that function in metabolism1. Genetic defects that 
disrupt a functional, conserved, area of the protein-encoding genome might lead to either 
loss, change or gain of protein function as classified by Hermann Muller (BOX I)2. IEMs 
mostly involve defects of enzymes, transporters, receptors, or complex molecules and 
organelles, which lead to disturbed homeostasis. As IEMs can affect a wide range of 
metabolic pathways, the biochemical and clinical presentations also vary widely but these 
patients often have early, severe onset3. Early diagnosis is essential for optimal outcome 
of children with an IEM, as disease severity and onset are influenced by environmental 
factors (e.g. dietary changes, infections and surgery) and treatment is possible for many 
inborn errors4-6. Knowledge on the pathophysiology of IEMs is essential for early detection 
and treatment. This starts with the identification of these rare IEMs and their underlying 
genetic defects. 

IEMs follow Mendelian inheritance patterns. The vast majority of IEMs are transmitted as 
autosomal recessive traits. These concern bi-allelic loss-of-function (LoF) defects which in 
a mono-allelic state only lead to an approximate 50% activity reduction and do not lead to 
relevant metabolic effects7. The paradigm that mono-allelic variants in enzyme-encoding 
genes are usually harmless is however changing, since more IEMs caused by these variants 
are being identified. Autosomal dominant inheritance in IEMs is rare, but occurs when a 
minor change in enzyme activity and metabolite concentration has a functional effect (e.g. 
familial hypercholesterolemia caused by a mono-allelic LoF defect of the LDL-receptor) or 
when the mutation leads to protein gain-of-function (GoF) (e.g. congenital hyperinsulinism 
caused by a mono-allelic GoF defect of the enzyme glutamate dehydrogenase which, 
by overproduction of ATP, opens the ATP-regulated insulin channel)3,7,8. IEMs can also be 
transmitted as mitochondrial trait from mother to child (e.g. maternally inherited disabetes 
and deafness) and as X-linked in either recessive manner mainly affecting hemizygous 
males (e.g. Barth syndrome) or dominant trait mainly affecting women as hemizygosity 
in males is lethal (e.g. chondrodysplasia punctate 2)3. De novo variants are an example 
of non-Mendelian genetic defects. These are not present in somatic cells of the parents, 
but occur in the germline during gametogenesis and can there-after follow Mendelian 
inheritance patterns. These variants are a source of rapid evolutionary change9. As they 
have not been exposed to negative selection, de novo variants are likely to be more 
deleterious than inherited variation and to cause a more profound disease presentation10,11. 
Polygenic causes of IEMs, another example of non-Mendelian inheritance, have not been 
identified yet. 
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BOX I - NATURE OF GENETIC MUTATIONS

Hermann J. Muller –geneticist and Nobel prize winner for physiology or medicine in 1946- coined 

the terms to classify genetic mutations based on the outcome of protein alterations2. These 

are divided into variants leading to protein loss-of-functions (LoF) (amorphic and hypomorphic 

variants) and gain-of-functions (GoF) (antimorphic, isomorphic, neomorphic and hypermorphic). 

Amorphic variants cause complete loss of protein expression or function by disrupted 

transcription (RNA null) or translation (protein null). Hypomorphic variants cause a partial loss 

of protein expression or function. Isomorphic mutations are nonsense and thereby keep the 

same function and expression. Antimorphic and neomorphic variants cause a change of protein 

function, either acting in opposition or a new function respectively. Hypermorphic variants lead 

to increased protein activity, either by increased expression, loss of inhibition, increased binding 

affinity or -very rarely- by increased intrinsic activity. 

IDENTIFYING NOVEL INBORN ERRORS OF METABOLISM 

Identification of new IEMs is of great importance for several reasons. First, it is important 
for early recognition and diagnosis of the patient and to create insight into the prognosis. 
Second, it creates awareness of these disorders which helps future recognition of 
undiagnosed patients with a similar biochemical and clinical phenotype. Third, it provides 
both knowledge about disease mechanism and normal physiology. IEMs that belong 
to the same biochemical pathway often have similar clinical features, are detected by 
the same diagnostic procedures and might benefit from a similar treatment. Drawing 
parallels between diseases within a biochemical pathway thus aids recognition of the 
consequences of malfunctioning on the clinical phenotype. The number of known IEMs has 
grown substantially in recent decades, together amounting to ~1000 individual conditions. 
The development of Next Generation Sequencing (NGS) (BOX II) and analytical chemical 
techniques (BOX III) greatly contributed to this growth. 

IDENTIFICATION OF PATHOGENIC GENETIC DEFECTS
Thus far, the underlying genetic defect of most IEMs have been elucidated by the 
“phenotype first approach” in which biochemical and clinical alterations point to candidate 
genes, which subsequently can be identified by targeted genetics. The introduction of 
NGS –particularly Whole Exome Sequencing (WES) and Whole Genome Sequencing 
(WGS)- has induced a shift towards a ‘genome first approach’ in which genetic variants 
are identified first, followed by detection of metabolic changes supporting pathogenicity12. 
Many recent examples can be found in literature. This approach is illustrated by a recent 
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paper describing the identification of bi-allelic variants in the MDH2 gene (encoding 
malate dehydrogenase) by WES in three unrelated patients with unexplained early 
onset severe encephalopathy13. Subsequent metabolic investigations revealed elevated 
substrate levels, confirming loss-of-function of malate dehydrogenase as a consequence 
of the MDH2 variants. The notion that the identification of novel IEMs also might provide 
additional information about gene function and its related pathway, is illustrated by the 
identification of variants in the GOT2 gene by WES in two patients with unexplained 
epilepsy and developmental delay. Metabolic analyses showed a loss-of-function as well 
as decreased serine levels, not only identifying the underlying genetic cause, but also 
unveiling that GOT2 is essential for serine biosynthesis14. Another example is the discovery 
of MCT1 loss-of-function mutations in patients with ketoacidosis, revealing that MCT1-
mediated ketone-body transport is needed to maintain acid–base balance15. WES can also 
contribute to the expension of the phenotypic spectrum, as is demonstrated in a study 
in which the combination of deep phenotyping and WES in probands with unexplained 
neurometabolic disease revealed previously unreported clinical features in patients with 
known pathogenic variants.16 

BOX II - NEXT GENERATION SEQUENCING

DNA sequencing is possible since 1977 by the introduction of Sanger sequencing, which has 

been the gold standard of DNA sequencing for several decades17. In 2000, the human genome 

was fully sequenced, providing a reference human genome for comparison to DNA sequences 

of patients18. The development of “Next Generation Sequencing” (NGS) techniques since 2005 

enables us to sequence multiple DNA fragments at the same time; in long read lengths; with 

improved scalability and cost19. Whole Exome Sequencing (WES) -first performed in 2009- is an 

untargeted NGS approach and is therefore highly effective in finding genetic variants throughout 

the whole exome, especially when combined with deep clinical phenotyping. It thereby enables 

the detection of de novo variants by parent-child trio analysis20,21. Whole Genome Sequencing 

(WGS) produces additional sequence information of introns (98.5% of the genome), which are 

non-coding regions with possible functional relevance. 

UNDERSTANDING PATHOPHYSIOLOGY FROM GENETIC DEFECT TO PHENOTYPE
As the newly developed genetic techniques have simplified the detection of variants, 
the challenge now lies in variant interpretation. This may be challenging, as a single 
enzyme may be able to catalyze more than one metabolic reaction (e.g. asparaginase 
also expresses glutaminase activity), may be composed of multiple subunits encoded by 
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different genes and may have isoforms encoded by other genes (e.g. human express 
two iso-enzymes of glutaminase, encoded by different genes located on different 
chromosomes, which both exist in two splice site variants)22,23. Furthermore, gene and 
protein expression can be either ubiquitous or tissue specific and thereby genomic 
defects can affect specific tissues and organs. There are different levels of evidence for 
causality. Detected variants can be prioritized by segregation patterns correlated with the 
clinical phenotype within a family or between multiple unrelated patients. Variants can 
additionally be prioritized by low allele frequency in healthy population variant databases 
such as GoNl, ExaC and gnomAD, and by the predicted deleterious effect at protein level 
by prediction software24-26. RNA analyses provide information about splicing and tissue 
expression. In silico analyses create insight into the predicted effect of the genetic defect 
on protein level. More conclusive information about protein function can be drawn from 
in vitro analyses in cells obtained from patients or cell transfected with the variant. Animal 
models expressing the genetic defect can also be valuable to create insight into causality 
and pathophysiology. Functional evaluation of a genetic variant by the study of metabolic 
consequences is essential for the interpretation of a variant and for additional insight into 
pathophysiology. With the current technical developments, this becomes more attainable.

Technical developments in analytical chemistry enable the simultaneous analysis of an 
increasing amount of metabolites with increasing sensitivity and specificity (BOX III). 
Targeted metabolomics enables the study of a selection of metabolites with high specificity 
and may therefore elucidate the metabolic consequences of a known pathogenic stimulus. 
Untargeted metabolomics provides a broad perspective of the metabolome of a body fluid 
or cell system and is therefore valuable to reveal the extensive metabolic consequences 
of a genetic alteration, without a priori knowledge, within only one assay. The potential 
value of untargeted metabolomics in disease recognition has convincingly been illustrated 
by a study in which application of direct infusion high resolution mass spectrometry 
(DI-HRMS) to a cohort of 42 patients with 23 IEMs led to the recognition of 22 IEMs in 
bloodspots27. In plasma, 19/21 IEMs were diagnosed in 38 patients. The value of DI-HRMS 
based metabolomics for interpretation of variants of unknown significance (VUS) was 
demonstrated in the same study, as it created insight into the metabolic consequences 
of a VUS which supported pathogenicity of the variant. Application of a ‘semi-untargeted’ 
metabolomics method, based on chromatography-MS and ‘semi-quantitative’ analyses 
by the addition of internal standards, to a cohort of 190 patients with 21 IEMs led to the 
retrospective diagnostics of 20 IEMs28. As untargeted metabolomics provides thousands of 
metabolites, a selection of candidate metabolites is needed for interpretation of the data. 
A panel of IEM-related metabolites developed to filter untargeted data obtained by ‘semi-
untargeted’ based on chromatography-MS, allowed the diagnosis of 42 out of 46 IEMs.29
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BOX III – MASS SPECTROMETRY BASED METABOLOMICS. Targeted metabolomics 

allows quantification of metabolites with high sensitivity and specificity. Usually, prior to mass 

spectrometric detection, a chromatographic step is included to separate the compounds in 

the sample. Molecules with the same masses (isobaric compounds) can be discriminated by 

their different retention times on the chromatographic column30. Untargeted metabolomics is a 

novel technology that provides an extensive profile of the metabolome by measuring masses 

of thousands of metabolites in a single experiment27,28,30. Untargeted metabolomics can be 

performed with and without a prior chromatographic step. In direct infusion high resolution MS 

(DI-HRMS), samples are directly introduced in the mass spectrometry. Advantages are: more 

metabolites can be detected, sample preparation is technically uncomplicated and only a very 

small amount of sample is needed (3mm ø for dried blood spot and 20µL for plasma)27. As 

identification of the metabolites by DI-HRMS is only based on m/z, this technique is less specific 

than targeted metabolomics. Targeted analysis therefore remains important to validate results 

from untargeted analyses. 

GLUTAMATE METABOLISM 

The current era, in which both state of the art in vitro and in vivo genetic techniques 
and analytical chemical technologies are progressing rapidly, offers great opportunities to 
detect new IEMs and to explore their downstream metabolic consequences. This thesis 
focuses on inborn errors in enzymes of glutamate metabolism. 

Glutamate is an amino acid involved in many metabolic pathways (Figure II)31,32. It is best 
known for its role as the most abundant excitatory neurotransmitter in the central nerve 
system32,33. As such, glutamate is important for signal transduction, induction of axon 
myelination, synaptic plasticity and regulation of respiratory volume, frequency and rhythm 
in the respiratory center of the brain32,34. It is furthermore the precursor of GABA, a major 
inhibitory neurotransmitter31,32. In addition to its function as a neurotransmitter, glutamate 
fulfills several functions as both substrate and product of various metabolic reactions (Figure 
II). It plays an important role in energy metabolism, as it fuels the mitochondrial citric acid 
(TCA) cycle through α-ketoglutarate31,35. By conversion of glutamate into α-ketoglutarate 
via aminotransferases (mediating the transfer of amino nitrogen to and from glutamate), 
other amino acids are produced. These have their own biological functions and are used 
as building blocks for protein and nucleotide synthesis36. Glutamate is also the precursor of 
the anti-oxidant glutathione, synthesized via the ɣ-glutamyl cycle, but paradoxically induces 
oxidative stress when present in excess37,38. It thereby plays an important role in redox 
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capacity. Glutamate can be converted into glutamine. Glutamine and glutamate together 
are key players in ammonia detoxification. By capturing ammonia and forming glutamine, 
glutamate serves as a nontoxic inter-organ carrier towards the liver. In the liver, glutamate 
provides the urea cycle with intermediates to detoxify ammonia39. Glutamine is acquired for 
NAD+

 synthesis, which is important for electron transfer to maintain redox homeostasis40. In 
addition, glutamine is a source of other amino acids, proteins and nucleotides36,41,42. 

Disturbed glutamate-glutamine homeostasis is known to be detrimental. Glutamate 
excitotoxicity is associated with neurodegenerative and psychiatric disorders and 
epilepsy37,43. Glutamate excitotoxicity is the process in which excessive activation of 
glutamate receptors leads to oxidative stress, causing cell toxicity and cell death and 
decreased plasticity37. The excessive activation of glutamate receptors is either caused 
by increased glutamate release (by injury, ischemia, hypoglycemia or inflammation), by 
decreased glutamate uptake by defective transporters, or by glutamate receptor defects 
leading to ongoing activation37,44. The extensive metabolic consequences of glutamate 
excess are intensively studied in the field of oncology, in which GLS overexpression 
causes glutamate excess. However, many other cellular processes are changed in cancer 
cells, impeding the study of the metabolic consequences of isolated glutamate excess45.

FIGURE II: glutamate is involved in a variety of metabolic pathways, including GABA metabolism, 

the TCA cycle, amino acid synthesis, the ɣ-glutamyl and -urea cycle and the interconversion with 

glutamine by the enzymes glutamine synthetase (GS) and glutaminase (GLS).
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Glutamate deficiency has not been described in a human condition and its effects are 
unknown. Glutamine excess has been associated with cerebral edema and subsequent 
encephalopathy, but only in the context of hyperammonemia46. The isolated consequences 
of glutamine excess are therefore more difficult to predict. 

Several enzymes are involved in glutamine-glutamate homeostasis, but two enzymes play 
pivotal roles: glutamine synthetase (GS) and glutaminase (GLS) (Figure II). GS converts 
glutamate into glutamine and is ubiquitously expressed47. GLS catalyzes the deamination 
of glutamine into glutamate and ammonia and exists in two isoforms: GLS which is present 
in two splice variants KGA and GAC and is mainly expressed in kidney and brain; and 
GLS2, ubiquitously expressed with the highest expression in the liver22,48. In the brain, 
glutamate homeostasis is regulated by the glutamine-glutamate shuttle, providing 
glutamate recycling. Glutamate is excreted by neurons into synapses, where it plays its 
role as a neurotransmitter by binding to glutamate receptors on the post synaptic cell. 
It is then actively taken up again by glutamate transporters into astrocytes, where it is 
converted into glutamine by glutamine synthetase (GS). Subsequently, it is transported to 
neurons and converted into glutamate by glutaminase (GLS) to repeat the cycle49.

Despite the important roles of GS and GLS for securing glutamate and glutamine 
homeostasis, relatively little is known about the clinical and metabolic consequences 
of errors in these enzymes. As both glutamine and glutamate are involved in a variety 
of metabolic pathways, disturbed homeostasis is expected to have extensive –but hard 
to predict- downstream metabolic consequences. GS deficiency has been described in 
3 patients with lethal neonatal epilepsy50. It is postulated that GS deficiency, leading to 
glutamine deficiency, both results in hyperammonemia and defective NAD+ synthesis, 
disturbing redox homeostasis51. Further studies show that decreased GS enzyme activity 
provokes increased GS protein expression as a compensatory mechanism, providing the 
information that GS protein expression is regulated by its own kinetics52. Defects of GLS 
have not been identified in human conditions, however GLS knockout mice show reduced 
neuronal glutamate release, reduced respiration and early death53. The early death might 
play a contributing role to the fact that GLS defects have not yet been identified. The 
clinical and extensive metabolic consequences of GLS defects -either loss-of-function 
and hyperactivity- therefore remain unknown. Inborn errors of other enzymes in glutamate 
metabolism are described and cause a wide variety of biochemical and clinical phenotypes, 
depending on the function of the affected pathway downstream from the defect. 
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SCOPE OF THIS THESIS

The research presented in this thesis describes the identification two novel inborn 
errors of glutamate metabolism, caused by opposing defects in GLS. It focuses on the 
pathophysiology of these novel IEMs from genetic defect, metabolic alterations to clinical 
phenotypes. In addition, other enzymatic defects of glutamate metabolism are reviewed. 
This research comprises novel knowledge about the regulation of glutamate metabolism 
and provides starting points for improvement of disease identification in the era of 
metabolomics and genomics.

In Chapter 2 we describe the identification of a novel IEM, caused by autosomal recessive 
GLS loss-of-function variants in two families with neonatal epilepsy, respiratory insufficiency 
and death. This was achieved through a “genome first approach”, in which WES identified 
the variants in the GLS gene, which co-segregated within the family, and targeted 
metabolic analyses confirmed loss-of-function. In Chapter 3 we describe the identification 
and pathology of a de novo GLS hyperactivity variant in a patient with infantile cataract 
and profound developmental delay. This variant was identified by trio WES, allowing 
identification of a de novo heterozygous variant followed by clinical and metabolic analyses 
which revealed a hypermorphic nature of the genetic defect. The pathophysiology was 
furthermore studied by analyses of oxidative stress parameters and of cataract in a 
zebrafish model. In Chapter 4 we further elucidate the downstream consequences of GLS 
hyperactivity on the metabolome by untargeted metabolomics with DI-HRMS. We thereby 
create additional insight into the pathophysiology of GLS hyperactivity and illustrate the 
great possibility of this state of the art technique to provide an overview of the broad 
metabolic consequences of a single genetic alteration. In Chapter 5 we review all reported 
inborn errors of enzymes of glutamate metabolism and provide an overview of their 
clinical and biochemical characteristics. By drawing phenotypic and biochemical parallels, 
we attempt to create insight into the clinical effect of disturbed glutamate metabolism. In 
Chapter 6 we describe the newly developed microscopic method used in chapter 3 to 
accurately visualize the zebrafish lens. We improve and extend the experimental tools 
to study the effects of genetic defects on the lens. In Chapter 7 we discuss the novel 
knowledge that can be extracted from the research described in this thesis, with the focus 
on the (patho)physiology of glutamate metabolism and the bench-to-bed side translation 
towards diagnostics and treatment.
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Identification of a Loss-of-Function Mutation

in the Context of Glutaminase Deficiency and 

Neonatal Epileptic Encephalopathy

 



ABSTRACT

QUESTION
What is the consequence of glutaminase deficiency?

FINDINGS
This study of 2 families with 4 affected children used exome sequencing followed by 
functional analysis to show that biallelic loss-of-function pathogenic variants in the 
glutaminase gene GLS lead to early neonatal refractory seizures, respiratory failure, 
structural brain abnormalities and cerebral edema, and death within weeks after birth.

MEANING
Based on these results, it is hypothesized that glutaminase deficiency disturbs glutamine-
glutamate homeostasis and leads to neonatal lethal epileptic encephalopathy and 
respiratory insufficiency; this emphasizes its importance for respiratory regulation, 
neurotransmission, and survival.
This study uses exome sequencing and genetic evaluation to explain the shared condition 
of 4 children from 2 unrelated families who were affected by refractory epileptic seizures, 
respiratory failure, brain abnormalities, and death in the neonatal period.

IMPORTANCE
The identification and understanding of the monogenic causes of neurodevelopmental 
disorders are of high importance for personalized treatment and genetic counseling.

OBJECTIVE
To identify and characterize novel genes for a specific neurodevelopmental disorder 
characterized by refractory seizures, respiratory failure, brain abnormalities, and death 
in the neonatal period; describe the outcome of glutaminase deficiency in humans; and 
understand the underlying pathological mechanisms.

DESIGN, SETTING, AND PARTICIPANTS
We performed exome sequencing of cases of neurodevelopmental disorders without a 
clear genetic diagnosis, followed by genetic and bioinformatic evaluation of candidate 
variants and genes. Establishing pathogenicity of the variants was achieved by measuring 
metabolites in dried blood spots by a hydrophilic interaction liquid chromatography method 
coupled with tandem mass spectrometry. The participants are 2 families with a total of 
4 children who each had lethal, therapy-refractory early neonatal seizures with status 
epilepticus and suppression bursts, respiratory insufficiency, simplified gyral structures, 
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diffuse volume loss of the brain, and cerebral edema. Data analysis occurred from October 
2017 to June 2018.

MAIN OUTCOMES AND MEASURES 
Early neonatal epileptic encephalopathy with glutaminase deficiency and lethal outcome.

RESULTS 
A total of 4 infants from 2 unrelated families, each of whom died less than 40 days after birth, 
were included. We identified a homozygous frameshift variant p.(Asp232Glufs*2) in GLS in 
the first family, as well as compound heterozygous variants p.(Gln81*) and p.(Arg272Lys) 
in GLS in the second family. The GLS gene encodes glutaminase (Enzyme Commission 
3.5.1.2), which plays a major role in the conversion of glutamine into glutamate, the main 
excitatory neurotransmitter of the central nervous system. All 3 variants probably lead to 
a loss of function and thus glutaminase deficiency. Indeed, glutamine was increased in 
affected children (available z scores, 3.2 and 11.7). We theorize that the potential reduction 
of glutamate and the excess of glutamine were a probable cause of the described 
physiological and structural abnormalities of the central nervous system.

CONCLUSIONS AND RELEVANCE 
We identified a novel autosomal recessive neurometabolic disorder of loss of function 
of glutaminase that leads to lethal early neonatal encephalopathy. This inborn error of 
metabolism underlines the importance of GLS for appropriate glutamine homeostasis and 
respiratory regulation, signal transduction, and survival.

- 25 -

IDENTIFICATION OF A LOSS-OF-FUNCTION MUTATION IN THE CONTEXT OF GLUTAMINASE DEFICIENCY AND 
NEONATAL EPILEPTIC ENCEPHALOPATHY



INTRODUCTION

Epileptic encephalopathies are a large and heterogeneous group of disorders. Genetic 
factors are assumed to be causative in most cases.1-4 In outbred populations, frequent 
causes of severe epileptic encephalopathy are de novo heterozygous genetic variants.5-7 
However, autosomal recessive inheritance is common, especially for metabolic disorders.8 
Identification and characterization of genetic causes of neurodevelopmental disorders 
is essential to enable counselling of relatives regarding prognosis and recurrence 
risk. Understanding the pathological mechanisms is an essential basic knowledge for 
developing and enabling personalized and specific treatment.

In this study, we describe pathogenic alterations in the K-type mitochondrial glutaminase 
(GLS; Enzyme Commission 3.5.1.2) encoded by GLS that is ubiquitously expressed, 
with a particularly high expression in the brain.9 Glutaminase plays a pivotal role in the 
production of glutamate, the main excitatory neurotransmitter in the central nervous 
system, including the brain stem respiratory center.10-12 In the respiratory center, respiratory 
volume, frequency, and rhythm are regulated by information from chemoreceptors and 
mechanoreceptors mediated by glutamatergic signal transduction.13 In addition, glutamate 
induces myelination of axons. It furthermore fuels the mitochondrial citric acid (tricarboxylic 
acid) cycle through α-ketoglutarate, thereby regulating energy metabolism, which is 
important for the high energy demands of the brain.14,15 Glutamate is produced by GLS from 
glutamine, an important ammonia detoxifier and a building block of proteins, and a source 
of other amino acids, purines, and pyrimidines. Here, we describe 4 individuals from 2 
families with biallelic GLS loss-of-function variants, who clinically presented with neonatal 
respiratory failure, status epilepticus with suppression bursts, and early death.

METHODS

ETHICAL APPROVAL
All analyses were performed in concordance to the provisions of the German 
Gene Diagnostic Act (Gendiagnostikgesetz) and the General Data Protection Act 
(Bundesdatenschutzgesetz). The testing was done as part of routine clinical care. The 
project was approved by the ethics committee of the University of Leipzig, Germany in 
accordance with the Declaration of Helsinki.16 Written informed consent of all examined 
individuals or their legal representatives was obtained after advice and information about 
the risks and benefits of the study was given.
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EXOME SEQUENCING
We performed 2x100bp exome sequencing on a HiSeq4000 platform (Illumina) after library 
preparation with SureSelectXT (Agilent Genomics) and enrichment with SureSelect All 
Human Version 6 (60Mb; Agilent Genomics). In one family, we performed single-exome 
sequencing of 1 affected child (coverage of ×10 at 98.7% of the targeted sequences). In 
the other family, we performed trio-exome sequencing; coverage of ×10 was achieved in 
98.8% of targeted sequences in the affected infant: 98.7% in 1 parent and 99.1% in the other 
parent. Validation of the findings and segregation of the variants were performed with 
Sanger sequencing for all available family members.

VARIANT PRIORITIZATION
Analysis of the raw data was performed using the software Varfeed (Limbus Medical 
Technologies) and the variants were annotated and prioritized using the software Varvis 
(Limbus Medical Technologies). To identify previously described variants, we compared 
our findings with the Human Gene Mutation Database and ClinVar.17,18 Candidate variants 
were prioritized based on phenotype, family history, inheritance, minor allele frequency, 
effect on protein function, in silico prediction tools, gene and variant attributes, and the 
published literature.

BLOOD SPOT ANALYSES AND METABOLIC MEASUREMENTS
Glutamine and glutamate concentrations were measured in dried blood spots by a 
hydrophilic interaction liquid chromatography method coupled with tandem mass 
spectrometry (Xevo TQ; Waters). This method is based on a previously described method 
for amino acid analysis in plasma, with slight modifications.19

STATISTICAL ANALYSIS
To correct for spontaneous in vitro conversion of glutamine into glutamate, concentrations 
were converted to z scores based on 10 control blood spots obtained on the same day 
and stored under the same circumstances. z Scores greater than 2 were considered 
significant. Data analysis occurred from October 2017 to June 2018.
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RESULTS

FAMILY 1
One affected infant (Figure 1A) was a child of consanguineous, healthy parents. The infant 
was born by cesarean section. Apgar scores were 6, 5, and 7 at 1, 5, and 10 minutes, 
respectively, with limited spontaneous respiration and marked muscular hypotonia. 
The infant initially improved with short-term ventilation via facemask and oxygen 
supplementation. However, shortly after birth, respiration became insufficient. In addition, 
myoclonic jerks were noted. The infant was transferred to the neonatal intensive care 
unit and sedated, incubated, and artificially ventilated. Within the next few hours, focal 
seizures intensified and spread and eventually also included tonic-clonic seizures of all 
limbs. The infant was cardiorespiratory stable on the ventilator. Seizures were refractory 
to lorazepam, levetiracetam, sodium benzoate, valproic acid, pulse steroid therapy, and a 
trial of dextromethorphan given on suspicion of nonketotic hyperglycinemia. Temporary 
remission of seizures was achieved when starting phenobarbital and initiating a 3-day 
thiopental-induced coma. However, after discontinuation, seizures reoccurred within 1 
day. Similarly, a continuous infusion of ketamine was started and led to a seizure-free 
interval of 2 days, but this medication then lost its effect even after the dose was increased 
to 5 mg/kg/h. Physical examinations revealed an inadequate reaction to external 
stimuli, muscular hypotonia, absence of sucking reflex, and uncoordinated movements. 
There were no dysmorphic features. Results of the metabolic newborn screening were 
unremarkable. Repeated attempts to wean the infant from the ventilator were unsuccessful. 
Electroencephalography revealed long-lasting suppressed activity that was interrupted 
by short, high-amplitude Θ activity, meeting the criteria of persistent burst-suppression 
patterns. Magnetic resonance imaging (MRI) showed a simplified frontal gyral pattern 
with an anterior-to-posterior gradient and deep and subcortical white matter involvement 
(Figure 1A). A follow-up MRI later showed gliosis, especially in the frontal deep white 
matter, caused by brain parenchymal destruction, as well as marked volume loss of the 
initially normal-appearing basal ganglia, corpus callosum, thalami, brainstem, and vermis, 
all possibly because of direct destruction and secondary network injury (Figure 1B-E). On a 
diffusion-weighted magnetic resonance image, extensive vasogenic cerebral edema was 
seen, especially in the deep white matter and corpus callosum, which was interpreted as 
being caused by the seizure activity. Therapy was discontinued in agreement with the 
parents, and the infant died. At that time, the diagnosis remained unknown. Another infant 
of the family had died after a similar disease course. A summary of the phenotype is given 
in the Table.
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FIGURE 1. Magnetic Resonance Images of Affected Children. A, A magnetic resonance image 

(MRI) shows simplified gyral patterns and destruction over time in axial T1 weighted image of the 

affected infant in family 1, including an anterior-to-posterior gradient and deep and subcortical white 

matter involvement on day 1. B, Gliosis and volume loss of the basal ganglia and thalami, as well as a 

- 29 -

IDENTIFICATION OF A LOSS-OF-FUNCTION MUTATION IN THE CONTEXT OF GLUTAMINASE DEFICIENCY AND 
NEONATAL EPILEPTIC ENCEPHALOPATHY



pronounced white matter involvement. C and D, Sagittal T2-weighted images shortly after birth and 

later, with reduction of an initially normally constructed brainstem, vermis, and corpus callosum, with 

a prominent cisterna magna also depicted. E, A trace map of a diffusion-weighted image with a high 

signal at the splenium, pointing to vasogenic edema. F, An axial T1-weighted image of an affected 

child of family 2, with a simplified gyral pattern of the frontal lobes and white matter involvement of the 

corticospinal tracts at the level of the posterior limb of the internal capsule.

FAMILY 2
An affected infant of this family (Figure 1B) was a child of nonconsanguineous, healthy 
parents. Pregnancy had been largely uneventful until the last month. During delivery at full 
term, pethidine was administered, and meconium-stained amniotic fluid and a pathological 
cardiotocography were noticed. Apgar scores were 2, 7, and 7 at 1, 5, and 10 minutes, 
respectively, with limited spontaneous respiration and marked muscular hypotonia. The 
infant improved with respiratory support. However, when respiratory support was withheld, 
the infant exhibited Cheyne-Stokes respiration and was therefore transferred to the 
intensive care unit. There, the infant was sedated, incubated, and artificially ventilated. 
Low arterial blood pressure was treated with catecholamine, dopamine, and adrenaline. 
Additionally, diabetes insipidus was suspected because of high diuresis, for which a trial of 
desmopressin was administered. At day 2, the infant developed focal seizures, with variably 
combined asymmetric tonic movements, irregular eye movement, clonus of the eyelid 
and the upper and the lower extremities, and myoclonic jerks. Electroencephalography 
revealed long-lasting suppressed activity that was interrupted by short, high-amplitude 
Θ activity, a pattern consistent with suppression bursts. Seizures were refractory to 
phenobarbital, phenytoin, pyridoxine, midazolam, and topiramate. A physical examination 
revealed muscular hypotonia with absence of movements against gravity and absence of 
reflexes. There were no dysmorphic features. An MRI of the brain revealed a simplified 
gyral pattern of the frontal lobes and white matter involvement (Figure 1F), similar to that 
of the other affected infants. Treatment was stopped, and the infant died. The diagnosis 
remained unknown.

Another infant in the family showed a similar clinical presentation of neonatal respiratory 
failure and status epilepticus with suppression bursts. On delivery, the infant had no 
spontaneous respiration, and Apgar scores were 4, 5, and 7 at 1, 5, and 10 minutes. 
Respiratory support improved circulation, but hypoventilation and apnea persisted. 
Within hours, myoclonic seizures were noted with a burst-suppression pattern on 
electroencephalography, which failed to respond to various antiepileptic drugs. An MRI of 
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the brain revealed a simplified gyral pattern, particularly in the frontal lobes. The infant died 
after treatment was discontinued. The Table presents a summary of the phenotype.

TABLE. Genetic and Clinical Descriptions of Affected Offspring
Family 1 Family 2

Characteristic 1 2 1 2

Genomic position (hg19) Not tested chr2:191765378 chr2:191766752 and 
chr2:191746051

chr2:191766752 and 
chr2:191746051

Human Genome Variation 
Society DNA referencea

Not tested c.695dup c.815G>A/c.241C>T c.815G>A/c.241C>T

Protein alteration Not tested p.(Asp232Glufs*2) p.(Arg272Lys)/p.(Gln81*) p.(Arg272Lys)/p.(Gln81*)

Zygosity Not tested Homozygous Compound 
heterozygous

Compound 
heterozygous

Length at birth20

Length, cm Unknown 49 47 47

Percentile Unknown 25th 1st 1st

Weight at birth20

Weight, g Unknown 3040 2990 3000

Percentile Unknown 43rd 8th 11th

Head circumference at birth20

Circumference, cm Unknown 36.5 Unknown 32

Percentile Unknown 90th Unknown 1st

Apgar scores

1 min Unknown 6 2 4

5 min Unknown 5 7 5

10 min Unknown 7 7 7

Respiratory dysfunction Respiratory 
insufficiency

Respiratory 
insufficiency         and 
ventilation support

Respiratory insufficiency, 
ventilation support, 
and Cheyne-Stokes 
respirations when 
support was withheld

Respiratory 
insufficiency, 
hypoventilation, apnea, 
and ventilation support

Seizures

Description Similar 
course to 
affected 
sibling

Focal cerebral 
seizures within 10 
min after birth

Focal seizures at day 
2, followed by variably 
combined asymmetric 
tonic movements, 
irregular eye movement, 
clonus of the eyelid and 
the upper and the lower 
extremities, and single 
myoclonic jerks

Myoclonic seizures of 
the mouth at day 1

Response to therapy Similar to 
affected 
sibling

Refractory Refractory Refractory

Muscular tonus Unknown Muscular hypotonia Muscular hypotonia Muscular hypotonia
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TABLE CONTINUED. Genetic and Clinical Descriptions of Affected Offspring
Family 1 Family 2

Characteristic 1 2 1 2

Electroencephalographic 
results

Unknown Burst-suppression 
patterns

Burst-suppression 
patterns, ictal
pattern: variable focal 
onset and variable 
morphologic features, 
often superimposed by 
rhythmic α/β activity

Burst-suppression pat-
terns with generalized 
rhythmical discharges

Brain magnetic resonance 
imaging

Time of examination, days 
postbirth

Unknown 0 and 30 3 3

Results Unknown At birth, simplified 
frontal gyral pattern 
with an anterior to 
posterior gradient 
and deep and 
subcortical white 
matter involvement; 
on follow-up, gliosis, 
volume loss of 
the initially normal 
appearing basal 
ganglia, corpus 
callosum, thalami, 
brain stem and ver-
mis, and vasogenic 
cerebral edema

Simplified gyral pattern 
of the frontal lobes and 
white matter involve-
ment

Severe demyelination; 
calcium
spots and recess of the 
fibers in the subcortical 
white matter

Dysmorphic features Unknown No No No

Medications administered Unknown Sterofundin, hydro-
cortisone, ampicillin, 
cefotaxim, tobra-
mycin, aciclovir, lora-
zepam, levetiraceta-
me, phenobarbital, 
thiopental, vitamin 
B-6, pyridoxal 5 
phosphate, calcium-
folinate, ketamine, 
vigabatrin, steroid, 
lacosamid, and 
valproic acid

Clamoxyl, garamycin, 
dopamine, adrenaline, 
desmopressin, pheno-
barbital, phenytoin, 
pyridoxine, midazolam, 
and topiramate

Levetiracetam, pheno-
barbital, vigabatrin, vita-
min B-6, and phenytoin

Abbreviations: EEG, electroencephalogram; MRI, magnetic resonance imaging.a NM_001256310.1

GENETIC RESULTS
Whole-exome sequencing (WES) revealed in 1 infant in family 1 a homozygous frameshift 
variant in GLS (NM_001256310.1; chr2:191765378, c.695dup, p.[Asp232Glufs*2]). Sanger 
sequencing confirmed the variant, and both parents are heterozygous. There was no 
material available from the other affected infant.
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In family 2, trio WES revealed compound heterozygous variants in GLS: NM_001256310.1; 
chr2:191746051, c.241C>T, and p.(Gln81*) inherited from 1 parent and chr2:191766752, 
c.815G>A, and p.(Arg272Lys) from the other parent. Sanger sequencing confirmed the 
variants, and each parent was found to be heterozygous for 1 of the variants. Also, we 
found that 3 of 4 healthy children in the family were heterozygous for 1 variant, while a 
fourth was homozygous for the wild type.

All 3 variants were absent from all publicly available databases, including GnomAD (last 
accessed March 8, 2018).21 The truncating variants probably lead to RNA nonsense-
mediated decay.22 In any case, translation would not result in a catalytically competent 
protein; Arg272 is conserved across evolution from lampreys to vertebrates (Figure 2A), 
and in silico prediction tools like MutationTaster (MutationTaster probability value, 0.999 on 
a scale of 0 to 1), PolyPhen-2 (score, 0.995 on a scale of 0 to 1), and Combined Annotation 
Dependent Depletion (raw Phil’s Read Editor [PHRED] score [University of Washington 
Genome Center], 34 on a scale of 1 to 40) suggest a pathogenic outcome of the variant.25-27 

Available structural information28 suggests that Arg272 plays a role in stabilization of the 
protein fold and may thereby reduce the amount of active GLS (Figure 2B and Figure 2C).

METABOLIC ASSAY
To confirm loss of function of GLS as a consequence of the genetic variants, a mass 
spectrometry–based method was developed to measure glutamine and glutamate in 
stored Guthrie cards from the newborn period of all of the children of family 2, parallel to 
segregation analyses. Spontaneous in vitro conversion of glutamine into glutamate during 
storage was observed and corrected by comparing with control blood spots obtained on 
the same day and stored under the same conditions. Glutamine levels were significantly 
increased in the affected individuals (z scores = 3.2 and 11.7) compared with healthy control 
neonates (z scores of siblings in family 2: 0.5, 0.4, 2.0, and 0.2), underlining GLS loss of 
function (Figure 2D and Figure 2E). Notably, glutamine was borderline elevated in 1 sibling 
in family 2 (z = 2.0), but not in the other siblings, including a sibling sharing the same 
genotype. Glutamate levels, which remained relatively stable during storage, did not differ 
between the affected individuals and control participants (z scores = 0.7 and −0.8; Figure 
2F and Figure 2G); z scores of siblings in family 2 were −0.7, −0.5, −1.9, and −0.6.
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FIGURE 2. Molecular Modeling of Missense Variant in GLS and Glutamine and Glutamate 

Analyses in Guthrie Cards of Family 2. A, Multiple sequence alignment reveals conservation of 

Arg272 (marked red) throughout evolution across several species (https://genome.ucsc.edu; human 
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hg19 [Genome Reference Consortium human build 37]). B, Structure of GLS, including the N-terminal 

loop (gray), based on pdb entry 3ss3. C, Glutamate (green) taken from pdb entry 3ss5 to indicate the 

location of the active site, with Arg272 and Glu374 shown and a detailed view of the environment 

of Arg272. The backbone amid Arg272 is engaged in a hydrogen bond with Gly167 and oriented 

parallel to the side chain of Arg169, both localized in the N-terminal lobe with water. Parts B and C 

were generated with moscript and raster 3D.23,24 Concentration of glutamine D and glutamate E in 

Guthrie cards and z scores of glutamine F and glutamate G in Guthrie cards of the children of family 

2 (black squares), calculated from the mean and standard deviation of 10 control participants for 

each measurement obtained at the same day and stored under the same conditions (white dots) and 

expressed as z scores. 

DISCUSSION

We describe 4 children in 2 unrelated families with overlapping phenotypes of 
lethal neonatal-onset respiratory failure and refractory suppression-burst epileptic 
encephalopathy. While there were no obvious malformations or organic anomalies, brain 
MRIs within days of birth showed a simplified gyral pattern with an anterior-to-posterior 
gradient and deep and subcortical white matter involvement. Genetic analyses revealed 
a homozygous truncating variant of GLS in family 1; in family 2, there were 2 compound 
heterozygous variants, a truncating and a missense variant, in GLS. Molecular modeling 
suggests that the missense variant influences GLS enzyme stability and results in a loss of 
function. In support of this concept, metabolic analysis on dried blood spots obtained from 
the newborn screening revealed increased glutamine levels in both affected children of 
family 2. The increase of glutamine levels in a healthy sibling was borderline (z score = 2) 
and thus much less than 2 affected siblings (z scores = 11.7 and 3.2, respectively). This 
mild elevation of glutamine may be because of technical artifacts or to a minor influence 
of the mutation on the biochemical values but not on the clinical presentation. Similar 
phenomena are observed in other metabolic disorders, such as phenylketonuria.29

The highly overlapping phenotype of the affected children in both families, as well as 
the comparable genetic findings, implicate a biallelic loss-of-function variants in GLS 
that leads to a novel metabolic disorder of early neonatal, refractory, and lethal epileptic 
encephalopathy.

The GLS loss of function seems to have profound consequences for both construction and 
maintenance of brain structures. Although the glutamate levels in the dried blood spots 
were normal, this does not exclude decreased glutamate levels in the brain, as has been 
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shown in knockout mouse model.30 The GLS gene is highly expressed in the brain and 
has a pivotal role in creating glutamate abundance in the brain, contrary to the systemic 
circulation, in which glutamine is the most abundant amino acid.31,32 

Brain MRIs of the affected children of both families showed simplified gyral patterns. An 
affected child of family 1 was followed up after 1 month, revealing cerebral vasogenic edema 
and destruction of initially normal appearing basal ganglia, corpus callosum, thalami, brain 
stem and vermis. Cerebral edema might be because of glutamine accumulation, which 
is associated with cerebral osmotic, thus cellular edema.33,34 However, the observed 
vasogenic (rather than cellular) edema in the white matter is also a known consequence of 
ongoing epileptic activity.35 Subsequent damage of the white matter tracts results in gliosis 
formation, which was seen in this infant in the follow-up MRI.36 

Decreased glutamate levels may also contribute to the pathogenic brain morphology. 
As glutamate induces myelin synthesis, decreased glutamate levels are likely to result in 
white matter involvement, probably explaining the unmyelinated corticospinal tract at the 
level of the thalami seen in the affected children.37

The normal glutamate levels in dried blood spots might be explained by uptake from 
the diet and the numerous enzymes that metabolize glutamate.36 These enzymes might 
have corrected the glutamate deficiency created by GLS loss of function, pointing to the 
importance of maintained glutamate levels.

The GLS loss of function has severe consequences on brain physiology. Glutamate 
facilitates signal transduction in the brainstem respiratory center, where respiratory volume, 
frequency, and rhythm are regulated immediately after birth.13 Respiratory dysfunction in 
the affected children is therefore likely a consequence of GLS loss of function. A GLS 
knockout mouse model supports this observation, because these mice also develop 
respiratory dysfunction.30 This mouse model shows that GLS deficiency leads to reduced 
neuronal glutamate release, reduced chemosensitivity to carbon dioxide, hypoventilation, 
and a decreased tidal volume. This is in line with the respiratory phenotype of the affected 
children, which is characterized by hypoventilation, apnea, and Cheyne-Stokes respiration. 
It cannot be fully excluded that respiratory dysfunction is secondary to epilepsy. However, 
in the knockout mouse model, respiratory dysfunction was observed, and the authors did 
not report seizures.30

The observed refractory epilepsy of the affected children may be the consequence of 
glutamate deficiency caused by GLS loss of function. Disturbed glutamine-glutamate 
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shuttling is a known cause of epilepsy.38,39 Another known mechanism of epilepsy is 
mitochondrial dysfunction via energy depletion.40 Glutamate deficiency likely leads to a 
decreased tricarboxylic acid cycle flux because there is less α-ketoglutarate supply, and 
it might therefore lead to mitochondrial dysfunction. Interestingly, another inborn error of 
glutamate metabolism with mitochondrial dysfunction has been associated with neonatal 
epileptic encephalopathy and suppression bursts. This defect is caused by biallelic variants 
in mitochondrial glutamate carrier 1 (GC1, encoded by SLC25A22), which lead to reduced 
mitochondrial glutamate transport and oxidation.41,42

Interestingly, patients with different defects in the glutamate-metabolizing pathway show 
clinical parallels and differences. Patients with a SLC25A22 defect present similarly with 
very early neonatal severe intractable myoclonic seizures, muscular hypotonia, and 
epileptic encephalopathy.41,42 There is no known effective treatment, and children with this 
condition either die within 1 to 2 years after birth or survive in a persistent vegetative 
state. Deficiency of glutamine synthetase (Enzyme Commission 6.3.1.2), which performs 
the reverse reaction of GLS, has been reported in 3 individuals. As expected, these 
patients presented biochemically with decreased glutamine concentrations, rather than 
increased concentrations, in the brain, plasma, and urine.39,43 Additionally, they exhibited 
hyperammonemia, which was absent in our patients. Nevertheless, despite the contrasting 
biochemical phenotype, these patients also exhibited neonatal encephalopathy, seizures, 
respiratory failure, and early death. However, glutamine synthetase–deficient individuals 
did not show suppression bursts on electroencephalographic examination.

Interestingly, in all described disorders affecting glutamate metabolism, disturbed 
glutamate homeostasis leads to a severe neurological phenotype. Under physiological 
circumstances, homeostasis of glutamine and glutamate in the brain is strictly regulated by 
the glutamine-glutamate shuttle. Glutamate is excreted by neurons into the synaptic cleft 
as a neurotransmitter and absorbed by astrocytes, where it is converted into glutamine by 
glutamine synthetase. Glutamine is then transported toward neurons and again converted 
into glutamate by glutaminase to restart signal transduction.38,44 It is therefore not surprising 
that disturbed glutamate homeostasis, either by defective synthesis in both directions or 
by defective transport, is detrimental for neurological functioning.

This inborn error of metabolism underlines the importance of GLS for appropriate 
glutamine-glutamate homeostasis and respiratory regulation, neurotransmission, and 
survival. It is quite possible that different variants in GLS may lead to milder phenotypes 
(e.g. ones caused by hypomorphic mutations). Independent reporting of additional affected 
individuals would delineate the phenotype and its correlation with the genotype.
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LIMITATIONS
This study describes the findings of 2 families and 4 affected individuals. Further cases are 
necessary to further delineate the phenotype and describe its full spectrum. The functional 
analyses in this study were limited to dry blood spots. Analyses in cell lines may lead to 
deviating findings and are necessary to better understand the pathological mechanisms 
and suggest therapeutic approaches.

CONCLUSIONS
In conclusion, we describe a novel autosomal recessive cause of lethal neonatal-onset 
respiratory failure and epileptic encephalopathy caused by biallelic loss-of-function 
variants in GLS. We describe a novel autosomal recessive disorder of lethal neonatal-
onset respiratory failure and epileptic encephalopathy caused by biallelic loss-of-function 
variants in GLS.
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ABSTRACT

Loss-of-function mutations in glutaminase (GLS), the enzyme converting glutamine into 
glutamate, and the counteracting enzyme glutamine synthetase (GS) cause disturbed 
glutamate homeostasis and severe neonatal encephalopathy. We report a de novo 
Ser482Cys gain-of-function variant in GLS encoding GLS associated with profound 
developmental delay and infantile cataract. Functional analysis demonstrated that 
this variant causes hyperactivity and compensatory downregulation of GLS expression 
combined with upregulation of the counteracting enzyme GS, supporting pathogenicity. 
Ser482Cys-GLS likely improves the electrostatic environment of the GLS catalytic site, 
thereby intrinsically inducing hyperactivity. Alignment of +/−12.000 GLS protein sequences 
from >1000 genera revealed extreme conservation of Ser482 to the same degree as 
catalytic residues. Together with the hyperactivity, this indicates that Ser482 is evolutionarily 
preserved to achieve optimal- but submaximal- GLS activity. In line with GLS hyperactivity, 
increased glutamate and decreased glutamine concentrations were measured in urine 
and fibroblasts. In the brain (both grey and white matter), glutamate was also extremely 
high and glutamine was almost undetectable, demonstrated with magnetic resonance 
spectroscopic imaging at clinical field strength and subsequently supported at ultra-high 
field strength. Considering the neurotoxicity of glutamate when present in excess, the 
strikingly high glutamate concentrations measured in the brain provide an explanation 
for the developmental delay. Cataract, a known consequence of oxidative stress, was 
evoked in zebrafish expressing the hypermorphic Ser482Cys-GLS and could be alleviated 
by inhibition of GLS. The capacity to detoxify reactive oxygen species was reduced upon 
Ser482Cys-GLS expression, providing an explanation for cataract formation. In conclusion, 
we describe an inborn error of glutamate metabolism caused by a GLS hyperactivity 
variant, illustrating the importance of balanced GLS activity.
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INTRODUCTION

The amino acid glutamate is best known for its role as excitatory neurotransmitter, but also 
serves as a substrate for other key metabolites including the anti-oxidant glutathione.1–3 
Glutamate homeostasis is mainly warranted by two enzymes: glutamine synthetase (GS; 
EC 6.3.1.2) and glutaminase (GLS; EC 3.5.1.2). GS converts glutamate into glutamine and 
is ubiquitously expressed.4 GLS catalyzes the deamination of glutamine into glutamate 
and ammonia and exists in the following two isoforms: GLS, which is present in two splice 
variants kidney-type glutaminase (KGA) and GAC, which is mainly expressed in kidney and 
brain; and GLS2, which is ubiquitously expressed with the highest expression in the liver.5,6 
Inborn errors of metabolism are usually due to severe loss-of-function of the involved 
enzymes, hence recessive inheritance. In line, a disturbed equilibrium of glutamate and 
glutamine was described in patients with GS deficiency, clinically resulting in glutamine 
deficiency, neonatal epilepsy and early death.7 Recently, GLS loss of function has been 
described to cause lethal epileptic encephalopathy and glutamine excess in two families.8 
The description of patients with spastic ataxia and optic atrophy harboring bi-allelic 
hypomorphic variants in GLS suggests a phenotypic spectrum -presumably depending 
on the degree of residual activity- that is yet to be uncovered.9 Theoretically, glutamate 
homeostasis can also be disturbed by hyperactivity of either enzyme. This option is 
commonly disregarded as there are only few examples of genetic variants that induce 
enzyme hyperactivity, glutamate dehydrogenase (GDH) and IDH2 gain of functions.10,11 
These examples indicate that a heterozygous variant is sufficient to induce overall enzyme 
hyperactivity. 

In this study, we characterize a de novo hypermorphic heterozygous GLS variant found in 
a patient with infantile onset cataract, skin abnormalities, profound developmental delay 
and intracerebral glutamate excess. This new inborn error of metabolism illustrates the 
importance of regulated GLS activity for lens transparency and brain function.

RESULTS

CLINICAL DESCRIPTION
In a female patient, bilateral cataract was diagnosed at the age of 3 months after the 
parents noticed decreased eye contact and loss of the red light reflex of the pupils on 
photos (Fig. 1A and Supplementary Material, S1). The proband is the first child of healthy 
non-consanguineous parents of Dutch descent (Fig. S1A) as indicated by family history 
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and single nucleotide polymorphism (SNP)-array. Gestation and delivery were uneventful. 
After lens extraction and replacement, eye contact unexpectedly remained absent. By the 
age of 8 months, delayed development was noted, along with a relative decrease of the 
head circumference from 0 standard deviations (SD) to −2 SD. She developed recurrent 
dermatological abnormalities on her extremities, cheeks and ears without pruritus, 
characterized as erythematic subcutaneous nodules of ∼1 cm (Fig. 1B). Histopathological 
analysis of these lesions showed deep perivascular and periglandular lymphohistiocytic 
infiltrates and pronounced leukocytoclasia at the surface of the dermis and focal vacuolar 
alterations, hyperkeratosis and parakeratosis of the epidermis. A dermatological diagnosis 
remained inconclusive. Over time, the girl lost the ability to make meaningful sounds 
and the ability to sit. She developed profound axial hypotonia leading to kyphoscoliosis. 
Upon arousal she exhibited uncontrolled motoric agitation and self-injurious behavior. 
Development remained slow paced. At the most recent follow up at the age of 11 years, 
she was able to use gestures  for communication, to understand verbal single component 
instructions and to steer her own wheelchair.

IDENTIFICATION OF THE SER482CYS-GLS DE NOVO VARIANT
Extensive diagnostic workup unexpectedly revealed extremely low glutamine levels 
and high glutamate levels in both cortex and white matter as detected consistently with 
quantitative brain proton magnetic resonance spectroscopy (MRS) and magnetic resonance 
spectroscopic imaging (MRSI) at 1.5Tesla (Fig. 1C and Supplementary Material, S1B) and 
recently also shown at 7Tesla (Fig. 1D and Supplementary Material, S1C). Interestingly, 
cerebrospinal fluid and plasma levels were unaffected (Supplementary Material, Table S1). 
Brain MRI at the age of 16 months showed delayed myelination (Fig. 1E). Analyses of stored 
urine samples similarly showed low concentrations of glutamine and high concentrations 
of glutamate (Fig. 1F and Supplementary Material, Table S1). The diagnosis remained 
enigmatic until trio-based whole-exome sequencing (WES) revealed a heterozygous 
de novo GLS missense variant (NC 000002.11:g.191 795182C > G). Analysis of WES data 
using recessive filters yielded no rare homozygous damaging variants. The analysis for 
compound heterozygosity (including correctness of segregation in parents) yielded two 
genes hit by rare and possibly damaging variants, but based on gene function, absent links 
with human disease and the high prevalence within the healthy population, these variants 
were considered as unlikely to contribute to the phenotypes of the patient (supplementary 
results). The conservative mutation in GLS from serine to cysteine at position 482 NP 
055720.3:p.(Ser482Cys) was confirmed by Sanger sequencing (Fig. 1G, supplementary 
results). GLS mediates the conversion of glutamine into glutamate; therefore, this genetic 
change could only be explained if the encoded protein would be hyperactive.
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SER482CYS-GLS LEADS TO GLS HYPERACTIVITY
The effect of the Ser482Cys-GLS variant on the activity of the GLS enzyme was assessed in 
fibroblasts from the patient by quantification of intracellular glutamine and glutamate. The 
GLS variant indeed resulted in an increased intracellular glutamate/glutamine ratio (Fig. 
2A and B and Supplementary Material, S2A). To validate enhanced catalytic activity of the 
GLS variant, a HEK293 cell model with inducible expression of Ser482Cys-GLS (KGA, the 
long splice variant) was generated. Induction of Ser482Cys-GLS again strongly increased 
the glutamate/glutamine ratio while induction of wildtype GLS had no effect (Fig. 2C and D 
and Supplementary Material, S2B). Inhibition of GLS with CB-839 resulted in normalization 
of glutamate and glutamine concentrations in both fibroblasts and HEK293 cells, providing 
additional evidence that the Ser482Cys-GLS variant leads to GLS hyperactivity.

GLS HYPERACTIVITY LEADS TO METABOLIC COMPENSATORY MECHANISMS
Protein expression of both GLS splice variants KGA and GAC in patient fibroblasts was 
decreased -rather than increased- compared to controls, ruling out that increased GLS 
activity was due to increased protein availability. Conversely, the observed downregulation 
of GLS protein expression suggests it served as a compensatory mechanism aiming at 
normalizing glutamine and glutamate concentrations (Fig. 2B). In support, introduction of 
Ser482Cys-GLS in HEK293 cells also evoked decreased GAC expression levels (Fig. 2D 
and Supplementary Material, S2C). Furthermore, CB-839-induced GLS inhibition restored 
GLS expression. GLS expression could also be restored by normalization of glutamate 
levels through depletion of extracellular glutamine, pointing to glutamate as a regulator 
of GLS expression (Fig. 2D). Finally, the observation that protein levels of the reciprocal 
enzyme GS increased upon expression of Ser482Cys-GLS -an effect that could also be 
reversed through CB-839-mediated GLS inhibition (Fig. 2B and D)- underlines that cellular 
efforts were aimed at normalizing glutamine and glutamate concentrations.
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FIGURE 1. Identification of a GLS de novo variant in a patient with bilateral infantile cataract. (A) 

Photographs of the eyes of the patient at different ages depict a decrease in light reflex, indicating 

the formation of cataract before the age of 3 months. (B) Dermatological manifestation of erythematic 

nodules of ∼1 cm, here on the dorsum of the foot. (C) Glutamine and glutamate concentrations 

assessed by MRS (1.5 Tesla, both STEAM, TR/TM/TE 6000/30/20 ms and PRESS, TR/TE 3000/30 ms) 

in the parietal cortex and white matter of the patient at the age of 2 and 3 years. The normal range, 

+/− 2 SD from mean based on control values of children between 2 and 5 years of age35 is depicted 

in grey. Data represent concentrations in single-voxel MRS (o) and in multiple voxels from MRSI (x). 

(D) Maps of glutamine (middle panel) and glutamate (right panel) levels in the brain of the patient at 

the age of 14 years (lower row) and a control (top row), generated from 2D MRSI acquisitions (7 T, 

pulse-acquire, matrix 44x44, 0.5x0.5x1.0 cm3, TR/TE 300/2.5 ms) overlaid on anatomical magnetic 
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resonance images (left panel). (E) Magnetic resonance imaging of the patient at the age of 16 months, 

revealing delayed myelination. The transverse T1-weighted image (left) shows the myelinated cerebral 

white matter as white. The FLAIR (middle) and T2-weighted (right) images have a lack of contrast 

between cerebral hemispheric white matter and cortex, indicating that myelination is incomplete. 

Better myelinated structures, including corpus callosum and internal capsule, have a lower signal. (F) 

Urinary excretion of glutamate and glutamine, presented as ratios on a logarithmic scale in the urine 

of the patient (black dots) compared to controls (white dots). (G) DNA Sanger sequencing trio analysis 

shows the Ser482Cys-GLS de novo variant in the patient, which is absent in the unaffected parents. 

The underlined sequence indicates the nucleic acid change causing the substitution of the amino acid 

serine for cysteine.

SER482 FUNCTIONS AS A HIGHLY CONSERVED INTRINSIC RESTRICTOR OF GLS 
ACTIVITY
Ser482 is located near the catalytic site of GLS, but does not have an identified role in 
the catalytic process itself.12 Alignment of +/− 12.000 GLS protein sequences from >1000 
genera revealed that Ser482 is a residue with an extremely high degree of evolutionary 
conservation (conservation score, >0.98) along with residues directly involved in the 
catalytic process (Fig. 2E). The Ser482Cys substitution is absent in healthy populations 
in the databases GoNL13, gnomAD14, ClinVar15 and ExAC16 and is expected to be tolerated 
without overall disturbances of the protein fold. Interestingly, substitution by cysteine 
-containing a sterically more demanding and less polar thiol group than serine- changes 
the electrostatic environment of Tyr466, one of the catalytic residues that protonates 
glutamine and thereby accelerates deamination into glutamate. This change is likely to 
enhance the propensity for proton donation and thereby to increase the speed of the 
reaction (Fig. 2F and Supplementary Material, S3).

GLS HYPERACTIVITY DECREASES REDOX BUFFER CAPACITY
Oxidative stress is a known consequence of glutamate excess and a common cause of 
cataract and neuronal injury.17,18. In HEK293 cells expressing Ser482Cys-GLS, clearance of 
a sub-lethal pulse of hydrogen peroxide was impaired with normal basal reactive oxygen 
species (ROS) levels (Fig. 3). This indicates that Ser482Cys-GLS results in a lower capacity 
for ROS scavenging.
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FIGURE 2. Impact of Ser482Cys-GLS on enzyme activity, expression and structure. (A–C) Glutamate 

and glutamine values measured with UPLC-MS/MS, expressed as the ratio of glutamate/glutamine in (A) 

fibroblasts of three controls (white) and the proband expressing Ser482Cys-GLS (black) and (C) HEK293 

cells stably transfected with an EV (checked), wild-type GLS (white) or Ser482Cys-GLS (black). Cells 

containing the variant were untreated (highlighted) or treated with 0.1, 0.5, 1 or 10 μM CB-839. Data 

represent the mean of biological triplicates with standard deviations. ∗P < 0.05 (ANOVA, Tukey’s test); 
∗∗P < 0.01 (ANOVA, Tukey’s test); ns indicates not significant. (B–D) Western blots of both GLS splice 

variants -KGA and glutaminase C (GAC)- and GS. (B) In fibroblasts of three controls and the patient 

expressing Ser482Cys-GLS, the latter treated with CB-839 corresponding to panel a. The mean of the 

expression levels in control fibroblasts is arbitrarily set at 1. (D) In HEK293 cells stably transfected with 
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an EV, wild-type GLS (Wt) or Ser482Cys-GLS (KGA), the latter treated with CB-839 (corresponding to 

panel c) or deprived from glutamine to normalize glutamate concentrations (glu=). Expression levels in 

cells expressing wild-type GLS are arbitrarily set at 1. Results are normalized to actin or glyceraldehyde 

3-phosphate dehydrogenase (GADPH). Analyses performed on the same blot are delineated. (E) 

Conservation analysis of GLS, in which residues with conservation scores from 0 to 0.98 are represented 

by a color gradient from yellow to red and the most conserved residues (>0.98) are represented in black. 

These residues are clustered around the catalytic site and most of them are directly involved in the 

catalytic reaction: Ala339 (0.994), Lys481 (0.992), Asn335 (0.991), Lys289 (0.990), Ser286 (0.990), Tyr414 

(984), Tyr466 (0.986) and Asn388 (0.983). Among these is Ser482 (0.983), indicated by the asterisk 

symbol. Glutamine is shown in green ball-and-stick representation. Glycine and proline residues—often 

conserved for pure structural reasons—were omitted and are shown in light grey. (F) Zoom-in on the 

catalytic site of GLS in complex with glutamine (green) shows that Ser482 (magenta) is located near 

the catalytic site. The deamination reaction of glutamine is initiated by a nucleophilic attack of Ser286 

on Cδ of glutamine (red arrow) and is accelerated by Tyr466 via protonation (black arrows indicate 

proton transfer). The electrostatic environment of Tyr466 is determined by the hydroxyl-group of Ser482 

(yellow dotted line). Hydrogen bonds are shown by dotted black lines. Supplementary Material, Fig. S3 

provides additional insight into the enzymatic reaction and the possible consequences of the Ser482Cys 

substitution. Figures are based on pdb entry 3vp0 and were generated with molscript36 and raster3D37.

SER482CYS-GLS INDUCES LENS OPACIFICATION
To explore the causal relationship between Ser482Cys-GLS expression and cataract, we 
examined the effect of this variant in developing zebrafish embryos. Lens transparency at 
5 days post fertilization (dpf) in zebrafish embryos injected with Ser482Cys-GLS cDNA was 
compared to that in control embryos injected with wild-type GLS or uninjected embryos 
(Supplementary Material, Fig. S4A). Of the embryos expressing the Ser482Cys-GLS variant, 
34 (72%) of 47 developed structural opacities in the lens, which were not observed in any 
of the control embryos (Fig. 4A–C and Supplementary Material, S4B–D). GLS inhibition 
with CB-839 from 6 h post fertilization (hpf) resulted in profoundly decreased formation 
of structural opacities in the lens of the Ser482Cys-GLS zebrafish embryos (Fig. 4D and 
Supplementary Material, Fig. S4E).

DISCUSSION

We characterize a de novo heterozygous, hyperactive GLS variant found in a patient with 
infantile onset cataract, skin abnormalities, profound developmental delay and intracerebral 
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glutamate excess. The increased conversion of glutamine into glutamate observed upon 
introduction of this variant provides a compelling explanation for the strikingly elevated 
glutamate levels in cerebro and -in view of the central role of glutamate in brain functioning 
likely explains the developmental delay. Furthermore, zebrafish studies unexpectedly 
reveal that introducing the hypermorphic GLS variant induces lens opacities. Together 
with the observations that the lens opacities are amenable to GLS inhibition, this supports 
a role for GLS activity in cataract formation.

Inborn errors of metabolism are usually due to bi-allelic or mono-allelic loss-of-function 
variants with few exceptions. Of these, hyperinsulinism-hyperammonemia syndrome 
is caused by increased sensitivity of the enzyme GDH to allosteric activation and D-2-
hydroxyglutaric aciduria is caused by a neomorphic function of the enzyme IDH219,20. The 
variant described here truly increases enzymatic activity (Supplemental discussion) likely 
due to an improved electrostatic environment of the GLS catalytic site. To the best of our 
knowledge, this nature of hypermorphic gain of function in which activity is intrinsically 
increased by improvement of the catalytic machinery has not been described before. 
Although rare by nature, it is possible that the current paradigm- heterozygous variants 
in enzyme encoding genes are usually harmless- hampers identification of comparable 
disease causing hypermorphic variants in enzyme encoding genes.

The cellular efforts, aimed at counteracting the effects of the hyperactive enzyme by 
decreasing GLS protein availability while increasing the reciprocal enzyme GS, underline 
that increased GLS activity is detrimental. Our data underline the observation by Krebs 
in 1935 that glutamate acts as a sensor for GLS regulation and reveal that glutamate not 
only affects GLS enzyme kinetics but also its expression. The extremely high degree 
of conservation of the hypermorphic residue across >1000 genera -comparable only 
to residues directly involved in the enzymatic conversion of glutamine into glutamate- 
suggests that the serine residue serves as a built-in restrictor, ensuring submaximal activity 
rather than maximal enzyme activity of GLS.

A point of interest is the observation that the ratio between glutamate and glutamine was 
increased in brain and urine, while it remained unaltered in CSF and plasma. We postulate 
that this discrepancy is explained by the degree to which glutamine and glutamate levels 
are controlled by GLS. Tissues with abundant expression of GLS -neurons and kidney- are 
mainly under GLS control.6 The relative importance of GLS within the brain is illustrated 
by a high glutamate/glutamine ratio (2:1) in normal population.21. GLS overactivity may be 
masked in other tissues in which GLS is only one of several players- including GS- that 
together regulate glutamine and glutamate levels. The reduced importance of GLS in 
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plasma is reflected by the significantly lower ratio of glutamate/glutamine (1:15).22 Further 
supporting this hypothesis, the ratio is even lower (∼1:100) in CSF, which is produced by 
choroid plexus from plasma by glial cells that are known to have high GS expression.4,22. 
The striking contrast between CSF and brain could be regarded as a cautionary note: CSF 
should not be readily regarded as a proxy for the brain.

FIGURE 3. ROS levels and redox buffering capacity. HEK293 cells were transfected with wild-type 

GLS or Ser482Cys-GLS, with and without exposure to H2O2, measured with flow cytometry, using 

CM-H2DCF-DA. (A) Histograms of non-induced (−dox, black) and induced (+dox, grey) cells, showing 

the shift in CM-H2DCF fluorescence intensity after induction with doxycycline and exposure to 50 

μM H2O2, Data are normalized to total cell counts and are representative for biological triplicates. 

(B) Ratio of the median CM-H2DCF fluorescence intensities of cells induced with doxycycline over 

uninduced cells. Data present the mean of biological triplicates with  standard errors of the mean. ∗P 

< 0.05 (ANOVA, Tukey’s test); ns indicates not significant.

Under physiological conditions, glutamate is important for redox homeostasis as it is the 
precursor of the anti-oxidant glutathione.2. Glutamate excess, however, is associated 
with oxidative stress, a common cause of cataract and neuronal damage.17,18 We show 
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that GLS hyperactivity indeed leads to decreased capacity for redox buffering, which 
can result in oxidative stress. We therefore postulate that glutamate excess contributes 
to the ophthalmologic phenotype of our patient. In the aqueous humor -nourishing the 
lens- glutamate concentrations are strictly regulated and even kept low by metabolism 
and transport.23 Exposure to glutamate causes cataract in chick and rat embryos.17,24,25 
In line with the phenotype of the affected patient, zebrafish expressing Ser482Cys-GLS 
develop lens opacities, which could be largely prevented by GLS inhibition. Interestingly, 
neurons and lens cells are both of ectodermal origin, as is the skin, and share similarities 
in expression and regulation of glutamate receptors, supporting the notion that disturbed 
glutamate homeostasis not only affects the brain, but also skin and lens.26 Glutamate 
excitotoxicity has been associated with epilepsy, numerous neurodegenerative diseases, 
self-injury and agitated behavior.18,27 The measured glutamate excess in the brain of our 
patient might therefore provide a plausible explanation for the self-injury behavior and 
developmental delay of our patient.

Interestingly, other defects affecting glutamate homeostasis lead to neurological 
phenotypes as well. Under physiological circumstances, homeostasis of glutamine and 
glutamate in the brain is strictly regulated by neuronal GLS and astrocytic GS via the 
glutamine–glutamate shuttle.4 GLS loss-of-function variants lead to a phenotypic spectrum. 
The first description was of a late-childhood onset disease, including optic atrophy and 
spastic ataxia.9 Recently, bi-allelic loss-of-function variants in GLS were described to 
cause lethal, neonatal onset encephalopathy characterized by respiratory failure, status 
epilepticus and early death within weeks after birth.8 These patients had simplified gyral 
patterns and showed destructions of initially normal-appearing brain structures. Both the 
reported hiccups during pregnancy and the simplified gyral patterns on imaging suggest 
the damage has its onset prenatally. Given the truncating mutations present in the latter 
phenotype, it is tempting to speculate a dose effect relationship explaining the phenotypic 
spectrum. This inborn error -together with GLS hyperactivity- illustrates the importance of 
proper GLS activity for both brain physiology and morphology.

Deficiency of GS -performing the reversed reaction of GLS- results in decreased glutamine 
levels but normal glutamate levels and hyperammonemia. This has been reported in three 
individuals who exhibited neonatal encephalopathy, seizures and respiratory failure and 
early death.28. The absence of epilepsy in our patient with GLS hyperactivity despite 
increased glutamate levels on brain MRSI is unexpected as glutamate excitotoxicity 
is considered a critical factor in the initiation of epileptic seizures.29 Seizures can be 
provoked by either increased glutamate release into the synaptic cleft or decreased 
reuptake or recycling from the synaptic cleft, which implies that glutamate levels in the 
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synaptic cleft of our patient are unaffected despite overall brain glutamate abundance. 
The phenotypic neurological spectrum of these patients shows the importance of strictly 
regulated glutamate homeostasis for neurological functioning.

 

FIGURE 4. Lens opacity of zebrafish expressing Ser482Cys-GLS. Representative images of the 

lenses of 5 dpf zebrafish embryos of (A) uninjected (n=30) or injected with vectors containing (B) 

wild-type GLS cDNA (n=28) or (C) Ser482Cys-GLS cDNA KGA isoform (n=47). (D) Zebrafish embryos 

expressing Ser482Cys-GLS were treated with 10 μM CB-839 from 6 hpf (n=10). Opacities in the lens 

are indicated with arrows. See Supplementary Material, Fig. S4 for all images. Images were obtained 

with a fluorescence microscope. Linear image editing was performed.

A limitation of our study is that only a single patient with a hyperactive variant in GLS 
could be identified. Hyperactive variants are extremely uncommon, especially in a 
well-conserved catalytic area like in GLS. Intolerance to loss of function in GLS is likely 
high, meaning that mutations will likely be lethal. These factors contribute to a limited 
patient pool. While definite pathogenic conclusions are considered difficult based on 
evidence from unique subjects, when adequately studied, these cases can be regarded 
as experiments of nature and provide invaluable insights. Such is the case here, were 
we provide strong evidence that GLS hyperactivity causes a new metabolic disorder of 
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glutamate metabolism. Our study furthermore provides insight into the regulation of GLS 
activity and illustrates the importance of appropriate GLS activity for human brain function, 
skin and lens transparency.

MATERIALS AND METHODS

CLINICAL PHENOTYPING, DIAGNOSTICS AND EXOME SEQUENCING
Clinical phenotyping was performed and diagnostic tests were requested by metabolic 
pediatricians, clinical geneticists, ophthalmologist, neurologists and dermatologist. Amino 
acids analyses in urine were performed on a Biochrom30 analyzer. In the brain, these were 
determined with quantitative MRS and MRSI at 1.5Tesla at the age of 2 and 3 years and with 
MRSI at 7Tesla at the age of 14 years. Genetic analysis was performed by trio-based whole-
exome sequencing and Sanger sequencing. See supplementary methods for details.

GLS ACTIVITY
GLS activity was determined in patient fibroblasts and in human embryonic kidney 293 
(HEK293) cells stably transfected with either wild-type or Ser482Cys-GLS (KGA isoform) 
or an empty vector (EV), in absence or presence of different concentrations of the 
allosteric GLS inhibitor CB-839.30 GLS activity was defined as the formation of glutamate 
from glutamine, quantified by ultra-performance liquid chromatography tandem mass 
spectrometry.31 Protein expression was assessed by Western Blot.

CONSERVATION ANALYSIS
Sequences homologous to human GLS from the non-redundant protein collection at 
National Center for Biotechnology Information were aligned in SeaView.32 Obvious partial 
sequences as well as all protein data bank (pdb) sequences were removed, which resulted 
in about 12.000 sequences. The consensus were determined in JalView33 and fraction 
of the modal residue in a column were used for generating a color gradients, which was 
mapped onto the GLS structure as a measure of conservation (consensus score).

REACTIVE OXYGEN SPECIES
ROS-levels were quantified by flow cytometry (BD FACSCaliburTM) as previously described 
in wild-type GLS or Ser482Cys-GLS transfected HEK293 cells34.

ANIMAL MODEL
Zebrafish (Danio rerio) embryos were microinjected at the 1-cell stage with DNA constructs 
coding for wild-type or Ser482Cys-GLS (KGA isoform). Uninjected zebrafish embryos were 
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used as controls. The embryos were kept under standard laboratory conditions, either 
in the absence or in the presence of the GLS inhibitor CB-839, prior to assessment of 
glutamine and glutamate concentrations and lens opacity at 5 dpf.

STATISTICS
Statistical analyses were performed by ANOVA, post-hoc Tukey’s test using International 
Business Machines Statistical Package for the Social Sciences (IBM SPSS) statistics 21.

STUDY APPROVAL
The proband’s parents provided written informed consent for all aspects of the study. 
Zebrafish experiments were carried out in accordance with the guidelines of the Animal 
Experimentation Committee of the Royal Netherlands Academy of Arts and Sciences.
For more detailed information, see supplementary materials and methods.

ACKNOWLEDGEMENTS
We are grateful for the contribution of the patient’s family to this study. We would like 
to thank Willem Hoefakker, Birgit Schiebergen-Bronkhorst, Ans Geboers, Mirjam van 
Aalderen, Annique Claringbould, Elise Meijer and Lida Lughthart for their great technical 
assistance. We also thank Sahar Nassirpour and Paul Chang for providing assistance in 
reconstructing the 7Tesla MRSI data. This work was funded by ODAS (2014-1) stichting and 
Erfelijke Stofwisselingsziekten Nederlands taalgebied.

SUPPLEMENTARY METHODS

CLINICAL PHENOTYPING, DIAGNOSTICS AND EXOME SEQUENCING
Clinical phenotyping was performed and diagnostic tests were requested by metabolic 
pediatricians, ophthalmologists, neurologists and clinical geneticists. 

Amino acid analyses in urine of the patient were performed on a Biochrom30 (Cambridge, 
UK) amino acid analyzer at age 10 and 11 year. These were compared to reference values 
and values of control urines which were stored for the same amount of time. 

Amino acid analyses in fibroblasts were performed by UPLC-MS/MS (Waters, Manchester, 
UK) using stable isotope-labeled internal standards as described by Prinsen et al.36 

Brain metabolites in cerebral white and grey matter were measured with single voxel proton 
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magnetic resonance spectroscopy38 at a field strength of 1.5 Tesla (Vision and Sonata, 
Siemens, Erlangen) at the age of 2 and 3 years (STEAM localization, repetition time (TR) 
6000ms, mixing time (TM) 30ms, echo time (TE 20ms)), and with proton magnetic resonance 
spectroscopic imaging39 at the age of 3 years (PRESS localization, voxels: 10x10x15 m3 TR/
TE 3000/30ms). Concentrations were quantified with LCModel, and compared with control 
values of children between 2 and 5 years of age.35,40

Glutamate and glutamine in 2 slices in the brain were again determined at the age of 14 
years by MRSI. High resolution MRSI data of the brain was acquired at a 7 Tesla MR scanner 
(Philips) using a crusher coil (MR Coils) inserted into a 32 channel head coil (Nova).41 We 
performed a pulse-acquire MRSI experiment using the crusher coil for lipid suppression 
at the skull, and a CHESS water suppression sequence in which the three water-selective 
pulses were replaced by subject specific spectral spatial RF pulses.42 MRSI data was 
acquired using a 44x44 matrix (voxels: 5x5x10 mm3, TR/TE 300/2.5 ms, acquisition time: 
7:36 minutes). These data were processed using a custom data processing tool (FIDGET). 
An over-discretized SENSE reconstruction and B0 correction was used to reduce extra-
cranial lipid signal contamination and to improve the SNR and metabolite line-shape.43, 

44 Furthermore, eddy current and zero-order phase correction using low resolution water 
reference data was performed.45 Post-processing steps included prediction of the missing 
FID information (between excitation and signal readout) using a backward linear prediction 
autoregressive algorithm and residual water peak removal using Hankel Lanczos (HLSVD) 
method.46, 47 After post-processing, data was fit using LCModel. Patient results were 
compared to those taken from a healthy control subject (27yrs old, male). 

Exome sequencing and bioinformatic analyses for the proband, siblings and both parents 
were performed as described previously.48 Trio-based whole-exome sequencing to an 
average of 116x, 117x and 98x-fold depth coverage on the target region for index, father 
and mother was performed in order to identify the causal mutation. A de novo model 
was considered the most likely because of unrelated healthy parents. The de novo GLS1 
variant was confirmed by Sanger sequencing. The proband’s parents provided written 
informed consent for all aspects of the study.

CELL CULTURE AND STABLE CELL TRANSFECTION
Stably transfected cell lines were generated by transfecting HEK293 T-REx Flp-in host cell 
lines with plasmids containing wildtype KGA (the long splice variant of GLS1), Ser482Cys-
KGA, or an empty vector (mCherry) according to the manufacturer’s instructions (Invitrogen, 
Carlsbad, California). For plasmid preparation, the Ser482Cys cDNA sequence was 
obtained by site-specific mutagenesis (QuikChange II XL, Agilent, Santa Clara, CA, USA) 
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of the wildtype KGA sequence in pcDNA5/FRT/TO TOPO containing a hybrid CMV/TetO2 
promoter for regulated expression (Life Technologies, Waltham, MA, USA). Cells were 
cultured at 37ºC in 5% CO2. Fibroblasts were cultured in HAM nutrient mixture F12 with 
HEPES and HEK293 cells in DMEM-GlutaMax high glucose with pyruvate supplemented 
with 200 µg/ml hygromycine (Roche, Mannheim, Germany). Medium was supplemented 
with 10% heat-inactivated fetal bovine serum, 100 U/ml penicillin, 0.1 mg/ml streptomycin and 
2 mM L-glutamine (obtained from Gibco by Life Technologies, Waltham, MA, USA, unless 
stated otherwise). GLS vectors in HEK293 cells were induced with 2 µg/ml doxycycline. 
Cells were frequently tested for mycoplasma.

GLS ACTIVITY ASSAY 
GLS activity was assessed as the formation of glutamate from glutamine in HEK293 cells 
transfected with Ser482Cys-GLS1 and compared to control cell lines containing wildtype 
GLS1 or mCherry. Cells were incubated with 0 µM, 0.1 µM, 0.5 µM, 1 µM and 10 µM CB-
83930 (Selleckchem, Houston, USA) for 15 hours and collected in methanol (Sigma-Aldrich, 
Steinheim, Germany). To establish normalization of intracellular glutamate concentrations 
in a separate assay, HEK293 cells were cultured in glutamine-free medium for 15 hours 
(Sigma-Aldrich, Steinheim, Germany). Supernatants were evaporated with nitrogen and 
reconstituted in 1 ml of methanol. Glutamine and glutamate concentrations were determined 
by UPLC-MS/MS using stable isotope-labeled internal standards as described by Prinsen 
et al.31 TargetLynx application manager was used for quantification of the amino acids. 
Two separate assays were performed in biological triplicates. The data was corrected for 
total protein. Protein quantification was performed in lysis buffer containing 1% Triton X-100 
(Sigma-Aldrich, Steinheim, Germany), 50 mM Tris (Roche, Mannheim, Germany), 150 mM 
NaCl and protease inhibitor (Roche, Mannheim, Germany), by the use of Pierce BSA assay 
kit (Thermo Fisher Scientific, Waltham, MA, USA) in biological and analytical triplicates. 
Statistical analyses were performed by ANOVA, post-hoc Tukey’s test using IBM SPSS 
statistics 21. 

CONSERVATION ANALYSIS
Sequences homologous to human GLS from the non-redundant protein collection at NCBI 
were aligned in SeaView.32 Obvious partial sequences as well as all pdb sequences were 
removed which resulted in about 12.000 sequences. The consensus were determined 
in JalView33 and fraction of the modal residue in a column were used for generating a 
color gradients which was mapped onto the GLS structure as a measure of conservation 
(consensus score). 
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WESTERN BLOTTING
Proteins were separated by a 4-12% Bis-Tris gel (Thermo Fisher Scientific, Waltham, MA, USA) 
and transferred to a PVDF membrane (Merck, Darmstadt, Germany). For detection of GLS 
isoforms, a rabbit monoclonal antibody against KGA (Thermo Fisher Scientific, Waltham, MA, 
USA, 5H6L15s) in a 1:2500 dilution and a rabbit polyclonal antibody against GAC (Proteintech, 
Manchester, United Kingdom ,19958-1-AP) in a 1:500 dilution were used. For detection of GLS, 
a mouse monoclonal antibody (Biosciences, United Kingdom, 610518) in a 1:5000 dilution was 
used. For loading controls, antibodies against GAPDH (Merck, Darmstadt, Germany, MaB374) 
or actin (Sigma-Aldrich, Steinheim, Germany, A5060) were used. Blots were developed in 
ECL prime blocking reagent (GE Healthcare Life Sciences) by the ImageQuant Las400 or 
Odyssey Imaging System (Li-cor Biosciences) and quantified with ImageJ. 

ROS MEASUREMENTS
ROS-levels were quantified by flow cytometry (BD FACSCaliburTM) as previously described.34 
Wildtype GLS1 or Ser482Cys-GLS1 transfected HEK293 cells (induced and uninduced with 
doxycycline for 15 hours) were loaded for 10 minutes with 5 µM CM-H2DCFDA (Thermo 
Fisher Scientific, Waltham, MA, USA). Part of these cells was challenged with 50 µM H2O2. 

Propidium iodide (PI) (Life Technologies, Waltham, MA, USA) was used to detect dead 
cells which were discarded from analyses (<5% in all samples) performed by BD CellQuest 
Pro Software AnalysisTM. CM-H2DCF fluorescence was measured in the FL-1 channel on a 
logarithmic scale. Ten thousand cells per condition were measured and the median CM-
H2DCF fluorescence was used to quantify ROS levels. 

ZEBRAFISH HUSBANDRY, DNA INJECTIONS AND PHENOTYPE ASSESSMENT
Tübingen Longfin (TL) zebrafish (Danio rerio) were maintained in standard laboratory 
conditions. Embryos were microinjected at the 1-cell stage with approximately 10 pg circular 
plasmid DNA of the GLS1 (KGA) constructs in presence of 25ng/ml Tol2 transposase mRNA. 
For the constructs, the Ser482Cys-GLS1 (KGA) cDNA sequence was obtained by site-
specific mutagenesis (QuickChange II XL, Agilent, Santa Clara, CA, USA) of the wildtype 
GLS1 sequence in pCR8/GW/TOPO (Life Technologies, Waltham, MA, USA). The middle 
entry vectors were then used in a multi-site Gateway reaction (ThermoFisher Scientific, 
Waltham, MA, USA) together with pE5’-ubi, p3E-IRES-EGFPpA and as destination vector 
pDestTol2pA3 to obtain  expression constructs. Zebrafish were kept under either standard 
conditions or in water supplemented with 100 µM CB-839. At 5 days post fertilization (dpf), 
approximately ten 5 dpf zebrafish larvae per condition were anaesthetized in a solution of 
16 mg/ml Tricaine (MS22) in E3 medium and mounted in 0.25% agarose (w/v) prepared in E3 
to image the lens. Images were acquired using a Leica AF7000 fluorescence microscope 
equipped with a Leica DFC365FX camera, 20x NA 0.4 objective, Leica EL6000 External 
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light source and a Leica A4 filter cube (BP340-380/400/BP450-490) (Leica Microsystems, 
Wetzlar, Germany). The Leica LAS-AF software was used to capture the images. The 
acquired images were linearly edited with ImageJ 1.47v and Adobe Photoshop CS6 
version 13. Amino acid measurements were performed in biological triplicates, each 
sample containing six 5 dpf zebrafish larvae, as previously described.31 Experiments were 
carried out in accordance with the guidelines of the Animal Experimentation Committee of 
the Royal Netherlands Academy of Arts and Sciences (KNAW).

STUDY APPROVAL
The proband’s parents provided written informed consent for all aspects of the study. 
Zebrafish experiments were carried out in accordance with the guidelines of the Animal 
Experimentation Committee of the Royal Netherlands Academy of Arts and Sciences (KNAW).

SUPPLEMENTARY RESULTS

BIOCHEMICAL AND INFECTIOUS WORKUP
Serological analyses were negative for known causes of intrauterine infections 
(TORCHES). Electrolytes, glucose, C-reactive protein, erythrocyte sedimentation rate, 
alkaline phosphatase, gamma glutamyltransferase, ASAT, ALAT and arterial blood gas 
analyses were normal. Hematological analyses were normal. In fibroblasts, respiratory 
chain complex activities were normal at age 3 years 4 months.

METABOLIC DIAGNOSTIC WORKUP
Metabolic analyses in plasma revealed mild elevations of ammonia (44-92 µmol/L, ref. 
<35 µmol/L) and lactate (2.6-3.5 mmol/L, ref. <2.2 mmol/L), which were more pronounced 
during an oral glucose tolerance test, as well as low to low-normal glutamine levels (301-
377 µmol/L, ref. 333-857 µmol/L) (table S1). In plasma, acylcarnitine profile, amino acids, 
transferrin iso-electric focusing, very long chain fatty acids, phytanic acid, pristanic acid and 
cholesterol intermediates were all normal. These measurements were regularly performed 
from age 4 months until present. 

In urine, organic acids, creatine, guanidinoacetic acid, oligosaccharides, glycosamino-
glycans, bile salts and alcohols, sialic acid, purines and pyrimidines were normal. Polyol 
levels were initially increased, however without a consistent pattern and normalizing over 
time. Amino acids -except for glutamine and glutamate concentrations (Supplementary 
Table 1)- were normal.
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TABLE S1. Glutamine and glutamate concentrations in plasma, urine and cerebrospinal fluid (CSF) 

of the patient expressing the Ser482Cys-GLS1 variant. 
7 months 1 year 1.5 years 3 years 10 years 11 years

GLUTAMINE

Urine
(µmol/mmol
creatinine)

33 (62-165)↓ 9 (20-112)↓ 9 (20-112) ↓
35 (20-112)
30 (20-112)

Plasma
(µmol/l)

301 (402-776)↓ 358 (457-857)↓ 377 (457-857)↓ 339 (333-809)

CSF
(µmol/l)

385 (333-358)

GLUTAMATE

Urine
(µmol/mmol
creatinine)

32 (0-9)↑ 6 (0-9)
10 (0-9)
8 (0-9)

Plasma
(µmol/l)

76 (17-69)↑ 44 (17-69) 34 (17-69) 37 (17-69)

CSF
(µmol/l)

3 (<8.3)

The arrows indicate values below (↓) and above (↑) the age-related reference values.22, 49

Cerebrospinal fluid analysis at age 2 years revealed normal levels of amino acids, 
oligosaccharides, polyols, 5-methyltetrahydrofolate, homovanillic acid, 5-hydroxy-
indoleacetic acid, 3-O-methyldopa, free and total GABA and amino acids including 
glutamine and glutamate.

MRS revealed -additional to the deviant glutamine and glutamate concentrations- reduction 
of N-acetylaspartate (NAA) and relative elevation of alanine and lactate (Figure S1c).
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FIGURE S1. Diagnostics in the patient with a de novo Ser482Cys-GLS1 variant. (A) The pedigree of 

the family of the proband (Ser482Cys). Squares and circles indicate males and females respectively. 

+ wildtype allele. Both parents and the two sisters of the proband are clinically healthy. (B) MRSI 

(1.5T, PRESS, TR/TE 3000/30 ms. Spectra are from an individual voxel of 1.5 cm3) of parietal cortex 

(upper panel) and parietal white matter (lower panel) of the patient (age 3 years, left) and a control 

subject (age 7 years, right). Glutamate is elevated and glutamine nearly absent in both cortex and 

white matter of the patient. NAA was slightly reduced in both tissues. In cortical spectra doublets 

of alanine (centered at 1.47 ppm) and lactate (centered at 1.33 ppm) are clearly visible in the patient. 

Ins=myo-inositol Cho=choline; Cr=creatine; Gln=glutamine; Glu=glutamate; NAA=N-acetylaspartate; 

Ala=alanine; Lac=lactate. (C) MRSI (7T, pulse-acquire, 44x44 matrix, 0.5x0.5x1 cm3, TR/TE 300/2.5 ms) 

of the grey matter of the patient (age 14 years, black) and a control subject (age 27 years, grey) 

acquired in the transverse plane. Spectra -located in a volume of approximately 9.5 cm3 located within 

the longitudinal fissure- were averaged. Elevated glutamate levels are evident in patient spectrum 

at 2.3 ppm (upper panel), which is confirmed via fitted concentration values derived with LCModel 

(middle panel). In accordance with S1-c, glutamine levels were nearly absent in patient versus control 

according to the LCModel glutamine fit (lower panel).

A

B C
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GENETIC WORKUP 
Karyotyping showed normal female 46XX and CGH array showed no abnormalities. FISH 
del7q11 was normal and no defective variants were found in the RAB3GAP-1 gene and 
the 15q11-q13 genetic region, rendering Williams syndrome, Warburg microsyndrome 
and Angelman syndrome unlikely. WES detected 10050 SNPs. A de novo model was 
considered the most likely because of unrelated healthy parents. Biological parenthood 
was confirmed. Using a de novo inheritance model, 8 putative de novo mutations 
were tested by Sanger sequencing, of which one could be validated. This mutation at 
NC_000002.11:g.191795182C>G [hg19] results in the cDNA change NM_014905.4:c.1445C>G 
in the GLS gene. The consequence is a missense change of a serine to a cysteine at 
position 482 (NP_055720.3:p.(Ser482Cys). Non-consanguinity of the parents was indicated 
by family history and SNP-array. Analysis of WES data using recessive filters yielded no 
rare homozygous damaging variants. The analysis for compound heterozygosity (including 
correctness of segregation in parents) yielded two genes hit by rare and (possibly) 
damaging variants, namely DNAH7 (rs370625854 and rs144112024, both missense variants 
predicted as possibly damaging by Polyphen) and MMP20 (rs61753770 and rs140213840, 
probably damaging missense (Polyphen) and essential splice, respectively). DNAH7, Dynein 
axonemal Heavy Chain 7, has not been linked to human disease. MMP20 is associated 
with autosomal recessive enamel defects. For both genes one of the two variants has 
been observed homozygously in apparently health people (Exac database). Together, we 
considered these variants as unlikely to contribute to the phenotypes of the patient.

SUPPLEMENTARY DISCUSSION 

Our study shows that the Ser482Cys-GLS1 variant leads to increased catalytic activity of the 
GLS enzyme. This can be further explained by available structural information of the GLS 
enzyme.12 The Ser482Cys substitution could impinge catalysis in several ways. As cysteine 
is sterically more demanding than serine, the protein has to adapt to the mutation by 
small rearrangements. These rearrangements might affect the 1) exact position of Gly509 
–which contributes to the coordination of a water molecule required for re-protonation of 
Tyr466; 2) the exact position of Val484 –which is part of the oxyanion hole; 3) the relative 
orientation of Tyr466 towards glutamine (Figure S2B, S2C). Each of these effects might 
improve catalysis, but more evident for the substitution to improve the catalytic activity of 
GLS is the direct influence of the Ser482Cys substitution on the electrostatic environment 
of Cε of Tyr466 and thereby the acidity of Tyr466. The side chain of Ser482 is expected 
to be oriented towards the Cε of Tyr466 with a negatively charged free electron pair of 
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OH-group (Figure S2C). Ser482 thus reduces the acidity of Tyr466 and thereby reduces 
the catalytic activity. This effect is likely to be less pronounced if Ser482 is replaced by a 
cysteine, thereby explaining enhanced activity as a consequence of the Ser482Cys variant.

Figure S2. GLS activity and expression (A) Intracellular glutamine and glutamate levels of 3 

control fibroblasts cell lines (white) and fibroblasts of the proband expressing Ser482Cys-GLS 

(black) corrected for total protein. Results represent the mean with standard deviations of biological 

triplicates. (B) Intracellular glutamine and glutamate levels of HEK293 cells after 15 hours of induction 

with doxycycline, harboring an empty vector (checked), wildtype-GLS1 (white) or Ser482Cys-GLS1 

(black) corrected for total protein. Results represent the mean with standard deviations of biological 

triplicates. (C) Western blot of the GLS-isoform KGA in HEK293 cells expressing an empty vector (EV), 

wildtype-GLS1 KGA isoform (WT) or Ser482Cys-GLS1 KGA isoform induced for 0, 4, 6 and 15 hours with 

doxycycline. Increased expression of the 66 kD product, corresponding to the KGA isoform cleaved 

after mitochondrial import,50 was observed from 4 hours post induction till 15 hours post induction. 

The latter condition (framed) was used for all amino-acid and protein expression experiments. GAPDH 

served as a loading control. Images were linearly edited.
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A

A.1 The deamination of glutamine into glutamate 
by GLS is initiated by the nucleophilic attack of 
Ser286 on Cδ of glutamine (left). In consequen-
ce, glutamine becomes covalently attached to 
GLS via Ser286 (right). The oxygen in glutamine 
now carries a negative charge, as it became 
single instead of double bonded. To stabilize 
this intermediate state, GLS provides a binding 
environment for the negative charged oxygen, 
the oxyanion hole.

A.2 The deamination reaction is accelerated by 
Tyr466 protonating the amine group of glutami-
ne (left). As a consequence, Tyr466 becomes 
negatively charged (right). The efficiency of 
this step (the propensity to donate the proton) 
depends on the acidity of Cε of Tyr466 which 
is influenced by the electrostatic character of its 
environment.

A.3 The amine-group is released from glutamine 
as the Cδ–NH3 bond of glutamine breaks as a 
consequence of the electron rearrangement (red 
arrows, left). The oxygen has lost its negative 
charge and is double bonded to Cδ again. 
Tyr466 becomes re-protonated (the proton is 
provided by the solvent i.e. an H¬2O or H-3O+ 
¬molecule) and is thereby “compensated for its 
loss” and ready for the next round of catalysis 
(right).

A.4 The de-aminated “glutamine” is still attached 
to GLS (left). A nucleophilic attack by a water 
molecule on the Cδ results in the attachment of 
a new OH-group (the former water) to Cδ. The 
originally double bounded oxygen becomes sin-
gle bonded again with a negative charge (right). 
As before, GLS provides a binding environment 
for the negative charged oxygen, the oxyanion 
hole.

A.5 The bond between the Cδ of glutamate 
and Ser286 breaks as the electrons rearrange 
immediately (left). The oxygen has lost its nega-
tive charge and is double bonded to Cδ again. 
Hereby, glutamate is obtained as the product 
of the reaction which is no longer covalently 
attached to GLS (right).
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C

FIGURE S3. The catalytic mechanism of GLS and the role of Ser482. (A) The catalytic mechanism 

of GLS-mediated deamination of glutamine into glutamate.12 Red arrows indicate electron transfer. 

(B) The different electrostatic and steric properties of the amino acids serine and cysteine. Serine 

contains a hydroxyl (OH) –group and cysteine contains a thiol (SH)-group. Cysteine is sterically more 

demanding than serine. Since the atom radius of sulphur (yellow) is bigger than that of oxygen (red), 

the S-H bond (0.181 nm) is longer compared to the O-H bond (0.143 nm). The S-H bond of cysteine 

is less polar than the O-H bond, meaning that in the OH-group the oxygen accumulates a stronger 

negative charge than the sulphur of the thiol-group. Likewise, the positive charge of the hydrogen in 

the OH-group is stronger and therefore hydrogen bonds formed by serine are stronger than those 

formed by cysteine. (C) The environment of Ser482 (magenta). Residues of the catalytic site of GLS 

are shown in complex with glutamine (green). Hydrogen bonds are shown by dotted black lines. 

Black arrows indicate the proton transfer. The OH-group of Ser482 forms a hydrogen bond with 

Asn510. The Ser482Cys substitution might impinge the catalytic activity in several ways: (i) Acidity 

of Tyr466: A slight repositioning of Tyr466 might result in a changed geometric orientation between 
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the proton donor and acceptor, impinging the efficiency of proton transfer and thereby the acidity 

and propensity of Tyr466 to protonate glutamine. In the de-protonated state of Tyr466, the negative 

charge is partially localized at Cε (the Figure shows the resonance structure with the free electron 

pair at Cε). The acidity of Tyr466 is determined by the electrostatic property of the sidechain of the 

amino acid at position 482. In the case of a serine, it is likely that the OH-group of Ser482 is orientated 

with the negatively charged oxygen towards Cε of Tyr466, reducing the acidity of Tyr466 (framed 

Figure 1 and 2). The OH-group of Ser482 could also be orientated with the partially positively charged 

hydrogen (blue) towards Cε of Tyr466, as the amide-group of asparagine residues can flip “freely” 

although the OH-group of Ser482 is engaged in a hydrogen bond with Asn510 which determines the 

orientation of the OH-group (framed Figure 3). However, the binding energies of the different possible 

hydrogen bonds between Ser482 and Asn510 suggest that in the majority of GLS molecules the OH-

group of Ser482 is orientated with the negatively charged oxygen towards Cε of Tyr466. In case of a 

Ser482Cys substitution, the SH-group is likely to create a les negative environment of Tyr466. (ii) Re-

protonation: Asn510 and in consequence Gly509 might be shifted slightly, which would influence the 

ability of Gly509 to position the water molecule that re-protonates Tyr466. (iii) Oxyanion hole: A slight 

backbone shift might extend to Val484 and thereby alters the interaction of the negative charged 

oxygen with the amide of Val484. The Figure is based on pdb entry 3vp0 and was generated with 

molscript36 and raster3D37.

A
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FIGURE S4. Ser482Cys-GLS1 leads to lens opacity in zebrafish. (A) The glutamate:glutamine ratios 

in uninjected zebrafish (striped) and zebrafish injected with expression constructs containing wildtype 

GLS1 cDNA (white) or Ser482Cys-GLS1 cDNA (black). Results represent mean +/- SD of biological 

triplicates of 6 embryos at 5 dpf per sample. *p<0.05 (ANOVA, Tukey test). (B) Representative 

microscopic images of the lens of uninjected zebrafish embryos (n=30); (c) of the lens of zebrafish 

embryos injected with expression constructs containing wildtype GLS1 cDNA (n=28); (D) of the lens of 

zebrafish embryos injected with expression constructs containing Ser482Cys-GLS1 cDNA (n=47); (E) 

of the lens of zebrafish embryos injected with vectors containing Ser482Cys-GLS1 cDNA, treated with 

10 µM CB-839 from 6 hpf (n=10). Images were linearly edited.

E

D
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ABSTRACT

High glutaminase (GLS) activity is an important pathophysiological phenomenon in 
tumorigenesis and metabolic disease. Insight into the metabolic consequences of high 
GLS activity contributes to the understanding of the pathophysiology of both oncogenic 
pathways and inborn errors of glutamate metabolism. Glutaminase (GLS; l-glutaminase; 
EC3.5.1.2) catalyzes the conversion of glutamine into glutamate, thereby interconnecting 
many metabolic pathways. We developed a cell model that enables tuning of GLS 
activity by combining the expression of a hypermorphic GLS variant with incremental 
GLS inhibition. The metabolic consequences of increasing GLS activity were studied by 
metabolic profiling using Direct-Infusion High-Resolution Mass-Spectrometry (DI-HRMS). 
Of 12437 detected features [m/z], 109 features corresponding to endogenously relevant 
metabolites were significantly affected by high GLS activity. As expected, these included 
strongly decreased glutamine and increased glutamate levels. Additionally, increased 
levels of tricarboxylic acid (TCA) intermediates with a truncation of the TCA cycle at 
the level of citrate were detected as well as increased metabolites of transamination 
reactions, proline and ornithine synthesis and GABA metabolism. Levels of asparagine and 
nucleotide metabolites showed the same dependence on GLS activity as glutamine. Of the 
nucleotides, especially metabolites of the pyrimidine thymine metabolism were negatively 
impacted by high GLS activity, which is remarkable since their synthesis depend both 
on aspartate (product of glutamate) and glutamine levels. Metabolites of the glutathione 
synthesizing γ-glutamyl-cycle were either decreased or unaffected, rather than increased, 
pointing to co-dependency on additional enzyme induction for glutathione synthesis. By 
providing a metabolic fingerprint of increasing GLS activity, this study shows the large 
impact of high glutaminase activity on the cellular metabolome. 
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INTRODUCTION

Inborn errors of metabolism and oncogenic pathways are often the consequence of 
disturbed enzyme activity secondary to genetic alterations. Insight into the effect of the 
genetic alteration on enzyme activity can be generated by determination of substrate and 
product levels and closely related metabolites. The study to the extensive downstream 
metabolic consequences of disturbed enzyme activity might create additional insight 
into the pathophysiological mechanism of disease. Direct-Infusion High-Resolution Mass 
Spectrometry (DI-HRMS) provides a metabolic fingerprint, enabling the investigation of 
extensive metabolic consequences of pathogenic stimuli and genetic alterations. 

Altered glutaminase (GLS; l-glutaminase, EC 3.5.1.2) activity is an important  patho-
physiological phenomenon in tumorigenesis and metabolic disease. GLS catalyzes the 
conversion of glutamine into glutamate, two amino acids at the center of a multitude 
of metabolic pathways1. Glutamate can be converted into the TCA-cycle intermediate 
α-ketoglutarate by transamination, with concomitant production of amino acids which are 
used for protein and nucleotide synthesis2. In parallel, glutamate is the precursor of the 
neurotransmitter GABA, glutamic-γ-semialdehyde -for proline and ornithine synthesis- and 
of the anti-oxidant glutathione. Glutamine on the other hand is important for asparagine 
synthesis as well as for nucleotide synthesis2-4. GLS is strictly regulated under physiological 
conditions, suggesting that derangements are disadvantageous5. Given the divergent 
roles of both glutamine and glutamate, the consequences of changes in GLS activity 
on the involved processes cannot easily be predicted. It is therefore difficult to assess 
which metabolic consequences are responsible for a phenotypic outcome, and therefore 
to determine a potential therapeutic target. The detrimental consequences of increased 
GLS activity are illustrated by the recently described inborn error of metabolism in which 
GLS hyperactivity due to a hypermorphic germline variant leads to glutamate excess in 
a child with infantile cataract and developmental delay6. These phenotypic features are 
assumed to be the direct consequence of glutamate excess and –more downstream- 
of oxidative stress. However, other downstream consequences might also contribute 
to the pathophysiology. In numerous tumor types GLS overexpression appears to favor 
tumorigenesis or tumor progression. Increased presence of glutamate fuels the TCA 
cycle and provides the cell with building blocks, such as amino acids and nucleotides 
as well as the antioxidant glutathione 3,4,7. Based on these observations, GLS inhibition 
is currently tested in clinical oncology to halt tumor growth8. GLS overexpression in this 
context, however, is usually due to oncogenic c-Myc, which regulates the expression of 
GLS together with many other genes, thus precluding a definite conclusion of the role of 
GLS9. 
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In this study, we developed a model that allows the delineation of the cellular consequences 
of high GLS activity. The model is based on the expression of the recently described 
hypermorphic GLS germline variant followed by incremental GLS inhibition, enabling 
tuning of GLS activity6. DI-HRMS provided an in-depth metabolic fingerprint, capturing the 
extensive metabolic consequences of increasing GLS activity. This study creates insight 
into the metabolic consequences of high GLS activity, which might contribute into the 
understanding of the pathophysiology of both oncogenic pathways and inborn errors of 
glutamate metabolism.

RESULTS AND DISCUSSION

MODELING HIGH GLS ACTIVITY
To generate a cell model expressing high GLS activity, HEK293 cells were stably 
transfected with a GLS-hyperactivity variant6. This hypermorphic variant causes intrinsically 
increased GLS activity rather than GLS overexpression. As expected, UPLC-MS/MS amino 
acid analysis revealed increased intracellular glutamate concentrations and decreased 
glutamine concentrations compared to cells transfected with an empty vector, indicating 
successful transfection and high GLS activity. Stepwise inhibition of GLS activity down 
to normal was obtained by adding CB-839 at increasing concentrations, as evidenced 
by completely normalized glutamine and glutamate concentrations at the highest 
concentration used (Figure 1A, Figure S1). This model thus enables tuning of GLS activity 
and thereby provides a powerful tool to dissect the metabolic consequences of isolated 
GLS overactivity. 

DI-HRMS 
DI-HRMS of cellular extracts with varying GLS activity levels led to the detection of 
12437 features [m/z]. 109 features with an accurate mass corresponding to endogenous 
metabolites based on the Human Metabolome Database were significantly altered upon 
high GLS activity (p<0.05 with T-test and R2>0.6 on lineair regression) (Table S2). Among 
these metabolites were glutamate and glutamine. The intensities of glutamate and 
glutamine, both the individual and sum of the adducts, obtained by untargeted DI-HRMS 
corresponded well with the concentrations obtained by targeted UPLC-MS/MS (Figure 1B, 
Table 1).
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FIGURE 1. Glutamine and glutamate levels in HEK293 cells stably transfected with a hypermorphic 

GLS variant, in which GLS is stepwise inhibited with CB-839. A. Targeted analyses by UPLC-MS/MS 

show that inhibition of GLS results in increased glutamine and decreased glutamate concentrations. 

Data represents mean concentrations of biological triplicates corrected for protein (n=3) with standard 

deviations. B. The same pattern of these amino acids was detected by untargeted metabolomics 

using DI-HRMS. Data represent the mean intensities in biological triplicates of the sum of adducts 

(positive mode, negative mode, Na+, K+, Cl-) with standard deviations. 
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TABLE 1. selected metabolites sorted by metabolic pathway. 
Pathway Compound Adducts Slope R2 p-value

GLS
reaction

GlutamineΔ Na+ + Cl- - K+ ↓ 0.99 3.63 E-07

Glutamate* K+ Na+ + - Cl- ↑ 0.88 8.21 E-05

TCA cycle

α-Ketoglutarate - ↑ 0.73 4.38 E-04

Succinate Na+ ↑ 0.69 2.43 E-02

Fumarate - Cl- ↑ 0.84 1.00 E-06 

Malate Na+ + ↑ 0.72 4.21 E-05

Oxaloacetate Cl- ↑ 0.73 2.01 E-02

Cis-aconitate - ↓ 0.64 7.53 E-04

Citrate
Iso-citrate

- ↓ 0.62 1.07 E-04

Alanine + - ↑ 0.84 4.16 E-03

Serine Glycine metabolism

Phosphohydroxypyruvate Na+ ↑ 0.68 8.15 E-03

Phosphoserine* - +  Na+ K+ Cl- ↑ 0.88 3.08 E-04

Serine K+ ↑ 0.74 1.54 E-03

GABA
metabolism

GABAο - ↑ 0.85 3.96 E-05

Succinate-semialdehyde - ↑ 0.66 2.48 E-03

Proline - ornithine metabolism

Glutamic-γ-semialdehyde K+ ↑ 0.63 2.00 E-03

1-Pyrroline-5-carboxylate + ↑ 0.78 8.08 E-04

Ornithine Na+ ↑ 0.68 2.37 E-02

γ-Glutamyl-alanine - Na+ Cl- K+ ↓ 0.90 1.13 E-05

γ-Glutamyl-glutamine
γ-Glutamyl-analyl-glycine

- + ↓ 0.73 3.12 E-07

5-Oxoproline + ↓ 0.63 6.11 E-03

Asparagine
metabolism

Asparagine Cl-  - ↓ 0.84 6.66 E-07

Aspartate - Cl-  K+ + Na+ ↑ 0.96 2.94 E-06

Nucleotide
metabolism

Thymine - ↓ 0.79 4.18 E-03

Dihydrothymine Na+ - K+ ↓ 0.98 4.65 E-06

Deoxycytidine + ↓ 0.64 8.94 E-03

Ureido-isobutyrateΔ Na+ + Cl- - K+ ↓ 0.99 3.63 E-07

3-Amino-isobutyrateο - ↑ 0.85 3.96 E-05

Urate + ↓ 0.89 9.48 E-04

Dihydrouracil - ↓ 0.82 2.94 E-05

Xanthosine triphosphate + ↑ 0.64 4.29 E-02

Deoxyinosine - ↓ 0.63 1.08 E-02

Metabolites without adducts measured in positive (+) or negative (-) mode, or with adducts (Na+ Cl- K+) sorted by 

metabolic pathways. Metabolites involved in multiple pathways are listed only ones. Per metabolite, all formed 

adducts are listed ranged from high-low R2 (left to right). The R2 and p-value of only the metabolite-adduct with the 

highest R2 is shown. ↓ decreased; ↑ increased; = not affected (R2<0.6 or p>0.05). Metabolites with the same mass 

are displayed in the same cell or symbolized with Δ * O. 
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METABOLIC CONSEQUENCES OF HIGH GLS ACTIVITY
Metabolic profiling revealed that high GLS activity indeed increases the concentration 
of multiple metabolites downstream from glutamate while reducing the concentration of 
metabolites downstream of glutamine as compared to normal GLS activity (Figure 2, Table 1). 

Specifically, high GLS activity led to increased levels of α-ketoglutarate -the direct product 
of glutamate transamination- as well as the TCA cycle intermediates succinate, fumarate, 
malate and oxaloacetate. Levels of cis-aconitate, and citrate and/or isocitrate were 
decreased. This combination of alterations is known as a truncated TCA cycle (Figure 2A, 
Figure 3, Table 1)10. As citrate and isocitrate share the same mass and therefore cannot be 
distinguished by DI-HRMS, we validated these findings by UPLC-MS/MS and confirmed 
these results (Figure S2). The truncated TCA cycle as a result of increased glutaminolysis 
has been described in glutamine-dependent cancer cells. In these cancer cells, GLS 
expression is upregulated in parallel to other c-Myc induced alterations, supporting 
tumorigenesis and tumor progression7,11. Our results show that high GLS activity solely is 
sufficient to drive this phenomenon. 

Transamination of glutamate into α-ketoglutarate is coupled to the production of amino 
acids - particularly aspartate, alanine and phosphoserine- from organic acids. The levels of 
these amino acids increased upon high GLS activity, suggesting that high GLS activity leads 
to an increased transamination rate and amino acid production (Figure 2B). Serine levels 
also increased, most likely following from increased phosphoserine levels (Figure 2C). The 
level of glycine, which is one enzymatic step more distant from GLS, was unaffected by 
GLS activity. In addition to increased levels of transamination products and GABA -a direct 
product of glutamate conversion by glutamate decarboxylase- and its breakdown products 
succinate-semialdehyde and succinate increased with high GLS activity (Figure 2D).
 
Proline and ornithine are produced from glutamate through glutamic-γ-semialdehyde and 
pyrroline-carboxylate. Glutamic-γ-semialdehyde, pyrroline-carboxylate and ornithine were 
increased at high GLS activity (Figure 2E). The level of proline -one step more distant from 
GLS- was unaffected. 

GLS activity is considered the drive for glutathione synthesis. Surprisingly, metabolites 
of the γ-glutamyl-cycle, rather than increased, were either decreased (γ-glutamyl-alanine, 
γ-glutamyl-glutamine and/or γ-glutamyl-analyl-glycine and oxoproline) or unaffected 
(glycine, cysteinylglycine, reduced glutathione). As the γ-glutamyl-cycle produces 
the anti-oxidant glutathione, this appears to be in contrast with reports of cancer cells 
with upregulated GLS expression in which glutathione synthesis increases4. These 
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observations are supported by our previous observation that GLS hyperactivity decreases 
redox buffering capacity, probably secondary to glutamate excitotoxicity6,12. Our finding 
suggests that increased glutathione synthesis in cancer cells may be caused by the 
induction of additional enzymes, rather than solely GLS. This is supported by the previously 
demonstrated co-dependency for glutathione synthesis of GLS on γ-glutamylcysteine 
synthetase13. 

 

FIGURE 2. Metabolic pathways interconnected by GLS and their response to high GLS activity. DI-

HRMS detected increased (red), decreased (blue) or non-affected (black) metabolites upon high GLS 

activity. Undetected metabolites (non-informative) are marked in grey. A. TCA cycle via α-ketoglutarate 

produced by dehydrogenation or transamination of glutamate. B. Transamination reactions coupled to 

the reversible conversion of glutamate into α-ketoglutarate. C. Serine and glycine biosynthesis from 

phosphoserine, produced by transamination. D. GABA, a direct product of glutamate decarboxylation. 

E. Proline and ornithine biosynthesis from glutamic-γ-semialdehyde. F. γ-glutamyl cycle metabolizes 

glutathione from glutamate, glycine and cysteine. G. Asparagine synthesis from aspartate, requiring 

nitrogen from glutamine. H. Purine and pyrimidine synthesis, requiring both glutamine and aspartate. 
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In line with a glutamine decrease, high GLS activity resulted in a decrease of asparagine, 
which is produced through nitrogen donation from glutamine to aspartate (Figure 2G). 
Interestingly, the biosynthesis of pyrimidine and purine nucleotides requires both glutamine 
and aspartate and is therefore linked to both sides of the GLS reaction (Figure 2H)2. We 
show that high GLS activity leads to decreased levels of the pyrimidine thymine and its 
degradation products dihydrothymine, deoxycytidine and possibly ureido-isobutyrate. 
Next to thymine metabolism, the purine urate and other related metabolites were affected, 
but these did not explicitly point towards a single pathway (Table 1). These results indicate 
that high GLS activity decreases the synthesis of thymine and possibly of nucleotides 
in general by depriving cells from glutamine, an effect that could be alleviated by GLS 
inhibition. This notion contrasts previous reports which concluded that GLS upregulation 
in cancer cells favors nucleotide synthesis -and thereby tumor growth- by providing these 
cells with glutamate-derived aspartate3,14. This disparity underlines the necessity of both 
glutamine and aspartate availability for nucleotide synthesis. Although this discrepancy 
may reflect a cell type-specific response to pathophysiological stimuli due to the unique 
metabolic composition of each cell type, it also suggests that the increased nucleotide 
synthesis in cancer cells with upregulated GLS activity is not caused by enhanced 
glutaminolysis, but rather by other c-Myc related changes. This would explain why GLS 
inhibition has different therapeutic effects in different cancer cells while in all of these 
cancers GLS expression is upregulated15. We show that GLS inhibition restores glutamine 
levels, which may -undesirably- favor nucleotide synthesis. This implies that GLS inhibition 
as a therapeutic treatment should be carefully considered per tumor type.

In addition to the pathways directly linked to GLS, 54 other features (m/z) were affected (Table 
S2). Among these were several increased metabolites of gluconeogenesis or glycolysis 
(phosphoenolpyruvate, 2-phosphoglycerate and/or 3-phosphoglycerate, fructose-6-
phosphate and/or glucose-6-phosphate). Other affected metabolites include the carnitines 
acetylcarnitine, propionylcarnitine, butyrylcarnitine and/or isobutyrylcarnitine, which 
decreased with high GLS activity. These metabolites are not evidently or directly related to 
glutamine or glutamate. They underscore the extensiveness of metabolic changes upon a 
single enzymatic alteration and have the potential to unveil novel metabolic connections.
This study creates insight into the pathophysiology of the GLS germline hyperactivity 
mutation found in an infant with cataract and profound developmental delay6. The clinical 
features are assumed to be the direct cause of a neurotransmitter imbalance and of 
oxidative stress secondary to glutamate excess, as increased glutamate was shown to 
decrease redox buffer capacity. This is supported by our findings of decreased γ-glutamyl-
cycle metabolites. Furthermore, both glutamate and GABA levels were increased, 
unbalancing the neurotransmitters ratio, which might also contribute to the profound 
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developmental delay. Additionally, defects in purine and pyrimidine regulation are 
associated with neurodevelopmental defects16. These metabolic consequence of GLS 
hyperactivity are interesting leads that help uncover the pathophysiology of this novel 
inborn error of metabolism (IEM). Recently, another IEM involving GLS caused by germline 
GLS loss-of-function mutations has been described. These patients have a phenotypic 
spectrum ranging from optric atrophy to fatal, neonatal encephalopathy, without a clear 
pathophysiological mechanism17,18. Metabolic profiling of the consequences of these 
GLS loss-of-function mutations by DI-HRMS might provide interesting leads towards the 
pathophysiology. 

FIGURE 3. High GLS activity leads to a fueled, truncated TCA cycle. DI-HRMS reveals increased 

adduct ions of α-ketoglutarate, succinate, fumarate, malate and oxaloacetate and decreased cis-

aconitate, isocitrate and/or citrate (same m/z, therefore presented only once) levels upon high GLS 

activity. Affected metabolites were defined based on individual adduct ions (Table 1), Data presented 

here show the sum of the intensities of all adduct ions (affected and unaffected). Measurements are 

performed in biological and technical replicates with standard deviations. 
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Metabolic fingerprinting by DI-HRMS creates an overview of metabolic pathways and their 
changes upon pathogenic stimuli or genetic alterations. Of importance, DI-HRMS detects 
masses (m/z) that may not be unique to one metabolite. Since multiple metabolites may 
share the same molecular mass, the identification of these metabolites is limited using DI-
HRMS, requiring validation of findings by targeted analyses to confirm and further explore 
interesting leads, as was done in this study for the TCA intermediates. 

Taken together, by combining a cell model that allows tuning of GLS activity with DI-HRMS, 
we were able to study the metabolic responses directly related to high GLS activity. 

MATERIALS AND METHODS

CELL CULTURE AND SAMPLE PREPARATION
A cell line with GLS hyperactivity was created by stably transfecting HEK293 T-REx Flp-
in host cell lines with a plasmid containing KGA (the long splice variant of GLS) with the 
Ser482Cys mutation known to lead GLS hyperactivity, as previously described by Rumping 
et al6. For plasmid preparation, the Ser482Cys cDNA sequence was obtained by site-
specific mutagenesis (QuikChange II XL, Agilent, Santa Clara, CA, USA) of the wildtype KGA 
sequence in pcDNA5/FRT/TO TOPO containing a hybrid CMV/TetO2 promoter for regulated 
expression (Life Technologies, Waltham, MA, USA). Cells were cultured at 37ºC in 5% CO2 

in DMEM-GlutaMax high glucose with pyruvate. Medium was supplemented with 200 µg/
ml hygromycine (Roche, Mannheim, Germany) for selection of plasmid-containing HEK293 
cells and with 10% heat-inactivated fetal bovine serum, 100 U/ml penicillin, 0.1 mg/ml 
streptomycin and 2 mM L-glutamine (obtained from Gibco by Life Technologies, Waltham, 
MA, USA, unless stated differently). Cells were frequently tested for mycoplasma. 

The GLS vector was induced with 0.1 µg/ml tetracycline. Simultaneously, the cells were 
incubated with 0 µM, 0.1 µM, 0.5 µM, 1 µM and 10 µM CB-839 (Selleckchem, Houston, USA) 
for 15 hours to obtain different levels of GLS activity19. Cells were collected in methanol 
(Sigma-Aldrich, Steinheim, Germany) -of which supernatants were evaporated with nitrogen 
and reconstituted in 1 ml of methanol for metabolomics or in lysis buffer for protein 
quantification. Lysis buffer containing 1% Triton X-100 (Sigma-Aldrich, Steinheim, Germany), 
50mM Tris (Roche, Mannheim, Germany), 150mM NaCl and protease inhibitor (Roche, 
Mannheim, Germany) was used. Protein quantification was performed using the Pierce BSA 
assay kit (Thermo Fisher Scientific, Waltham, MA, USA) in biological and analytical triplicates.
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UNTARGETED METABOLOMICS 
Direct-Infusion High-Resolution Mass Spectrometry (DI-HRMS)
Direct infusion was performed on the TriVersa NanoMate (Advion, Ithaca, NY, USA) 
using chip-based infusion (400 nozzles, nominal internal Ø 5 µm). High-resolution mass 
spectrometry (140.000 at m/z 200 Da) was performed with a Q-ExactivePlus (Thermo 
Scientific GmbH, Bremen, Germany) in a scan range of m/z 70 to 600 in negative and 
positive modes20. Each sample was measured in technical triplicate to improve the 
accuracy of observed intensities. To achieve high mass accuracy, mass calibration of the 
instrument was performed and internal lock masses were used21.

Pipeline
RAW data files were converted to mzXML format using MSConvert22. The data were 
processed using an in-house developed untargeted metabolomics pipeline written in 
the R programming language. First, the mzXML files were converted to readable format 
by the XCMS package23. For every sample, peak finding was done by fitting Gaussian-
shaped curves over the data on the m/z axis. Peaks with the same m/z (within 2 ppm) were 
grouped over different samples. Peak groups were identified using all entries in the Human 
Metabolome DataBase (HMDB) and isotopes, using an accuracy of 3 ppm or better and 
those with intensities > 5000 in all technical triplicates of at least one biological sample 
were included24. The intensities of the technical replicates were averaged. The statistical 
analysis was a linear regression of measured intensities on the ordinal concentrations (i.e. 
10, 1, 0.5, 0.1 and 0 mM were represented as ordinal values 1 through 5).

Selection of metabolites
A selection of metabolites without adducts or with the adducts Na+, K+ or Cl- of endogenous 
origin according to the HMDB was made. A linear curve of the average intensity of 9 
replicates (technical triplicates for every biological replicate) against several GLS activity 
levels -achieved by different CB-839 concentrations- was plotted. Statistical analyses were 
performed by the calculation of the R2 on a linear regression of the curve and a T-test on 
the extremities. Those metabolites with R2 > 0.6 and p < 0.05 were considered affected 
and included in further analyses. 

TARGETED METABOLOMICS 
Glutamine and glutamate 
The concentrations of these amino acids were determined by UPLC-MS/MS using stable 
isotope-labeled internal standards as previously described25.
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TCA cycle intermediates
Chromatographic separation 
Sample analysis was performed on a Waters AcquityTM ultraperformance liquid chromatography 
(UPLC) system Waters Corp., Milford, USA). Chromatographic separation was performed at 
30 °C using an Acquity HSS T3 column (100 mm × 2.1 mm i.d., 1.8 μm; Waters Corp., Milford, 
USA) equipped with an ACQUITY UPLC VanGuard Pre-Column HSS T3 (5 mm × 2.1 mm i.d., 
1.8 μm). The following eluents were used: solvent A: H2O, 0.1% (formic acid) (v/v); solvent B: 
100% acetonitrile. The gradient elution was as follows: 0-4.0 min isocratic 1% B, 4.0-4.5 min 
linear from 1% to 100% B, 4.5-5.0 min isocratic 100% B, and 5.0–5.1 min linear from 100% 
to 1% B, with 5.1-6.0 min for initial conditions of 1% B for column equilibration. The flow rate 
remained constant at 0.3 ml/min. 10 μl injection volume was used. 

Standard and sample preparation 
Calibration standards were prepared with internal standards in the following concentration 
ranges: glutamine and glutamate 0.05-250 µM; lactate 0.05-500 µM; 2-OH-glutarate 0.1-
200 µM, all other metabolites 0.05-100 µM. Internal standards were added to 500 µl of cell 
extract, evaporated with nitrogen and reconstituted in 50 µl of eluent solvent A. UPLC/MS-
grade methanol, formate, citrate, isocitrate, fumarate, pyruvate, succinate, lactate, malate, 
α-ketoglutarate, 2-OH-glutarate, glutamate and glutamine and the internal standards 13C2-
succinate and  13C3-lactate were obtained from Sigma–Aldrich, Denmark. The internal 
standards 2H4-α-ketoglutarate,  13C5, 15N-Glutamate and 2H5-Glutamine were obtained from 
Cambridge Isotope Laboratories, Inc., USA. Water was provided by a millipore system.

Metabolite detection
Detection of the metabolites was performed using a Waters Xevo™ triple quadrupole 
tandem mass spectrometer (Waters Corp, Manchester, UK) with a Z-spray electrospray 
ionization (ESI) source operating both in the positive and negative ion modes. The mass 
spectrometer was tuned for each individual metabolite to obtain the maximum intensity 
for the precursor ions (Table S1). The following parameters were used for ESI-MS analysis 
in negative ion/positive ion mode: capillary (kV) 2.5/3.0, extractor (V) 3/3, LM1 (low mass) 
/ HM1 (high mass) resolution 3.0/15.0 and LM2/HM2 resolution 3.0/15.0. Desolvation gas 
at a flow rate of 800 l/h. Desolvation at a temperature of 600°C. The cone and collision 
gas (argon) flows were set to 20/25  l/h and 0.25/0.25 ml/min, respectively. The source 
temperature remained at 150 °C.

Data analysis
Chromatographic data were analyzed with Waters MassLynx v4.1 software. Quantification 
was achieved for each analyte using linear regression analysis of the peak area ratio 
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analyte/IS (weighed 1/X) versus concentration. The assay was performed in biological 
triplicates. The data was corrected for total protein.
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SUPPLEMENTARY FILES

Figure S1. Glutamate and glutamine values in HEK293 cells stably transfected with an empty 

vector (white) or the GLS superactivity variant Ser482Cys-GLS1 (black), untreated (highlighted) or 

treated with 0.1 µM, 0.5 µM, 1 µM or 10 µM CB-839. Glutamine decreased and glutamate increased 

upon high GLS activity and normalized with GLS inhibition. The data represent the mean of biological 

triplicates with standard deviations.

 

Figure S2. High GLS activity leads to a fueled, truncated TCA cycle. α-ketoglutarate, succinate, 

fumarate and malate increased and isocitrate and citrate decreased upon the increasing GLS 
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activity achieved by stepwise GLS inhibition. Oxaloacetate and cis-acetonate were not 
measured. Measurements are performed by targeted analyzes using UPLC-MS/M. Data is 
representative for the mean concentration -corrected for protein- of biological triplicates 
(n=3) with standard deviations.

TABLE S1. Cone voltage and collision energies for the Selected Reaction Monitoring transitions. 
Metabolites analyzed using negative ion mode

Citrate 18/13 191.0 → 110.9 1.97

Isocitrate 18/15 191.0 → 110.9 1.23

Fumarate 18/8 115.0 → 71.0 2.26

Succinate 18/10 117.0 → 73.0 2.53
13C2-Succinate 18/10 119.0 → 75.0 2.53

α-Ketoglutarate 12/12 144.9 → 56.9 1.53
2H4-α-Ketoglutarate 14/12 149.0 → 105.0 1.52

Malate 16/10 133.0 → 114.9 1.19

Metabolites analyzed using positive ion mode

Glutamine 12/14 147.07 → 84.06 0.83
2H5-Glutamine 12/14 152.07 → 88.20 0.83

Glutamate 14/14 148.07 → 84.07 0.88
13C5, 15N-Glutamate 14/14 154.07 → 89.06 0.86

CV: cone voltage (V); CE: collision energy (eV); SRM: Selected Reaction Monitoring (m/z). RT: retention time (minutes).
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ABSTRACT

Glutamate is involved in a variety of metabolic pathways. Multiple genes are involved 
in glutamate metabolism. We reviewed the literature on genetic defects of enzymes 
that directly metabolize glutamate, leading to inborn errors of glutamate metabolism. 
Seventeen genetic defects of glutamate metabolizing enzymes have been reported, of 
which three were only recently identified. These seventeen defects affect amino acid 
metabolism, the urea cycle- and ammonia metabolism and the γ-glutamyl cycle. We 
provide an overview of the clinical and biochemical phenotypes of these defects in an 
effort to ease their recognition and to create insight into the contributing role of deviant 
glutamate and glutamine levels to the pathophysiology of these diseases. In glutamine 
synthetase deficiency and glutaminase loss-of-function and hyperactivity, glutamate and 
glutamine concentrations have been reported as abnormal and postulated to play a pivotal 
pathophysiologic role. For the other inborn errors of metabolism -with the exception of 
high glutamine concentrations in urea cycle defects- abnormal glutamate and glutamine 
concentrations have not been reported. The pathophysiology of these disorders is 
postulated to be due to disturbed metabolic pathways downstream of the affected enzyme. 
Nevertheless, tissue-specific abnormalities and pathophysiologic involvement of glutamate 
and glutamine may still play a role in these inborn errors of glutamate metabolism. To create 
insight into the clinical consequences of disturbed glutamate metabolism –rather than 
individual glutamate and glutamine levels- the prevalence of phenotypic abnormalities 
within the seventeen inborn errors of metabolism was compared to their prevalence within 
all 10.204 Mendelian disorders notated in the Human Phenotype Ontology database 
(HPO). For this, a hierarchical database of all phenotypic abnormalities of the seventeen 
defects in glutamate metabolism based on HPO was created. A neurologic phenotypic 
spectrum of developmental delay, seizures and hypotonia are common in these inborn 
errors. Additionally, ophthalmologic and skin abnormalities are often present, suggesting 
that disturbed glutamate homeostasis affects tissues of ectodermal origin: brain, eye and 
skin. Reporting glutamate and glutamine concentrations in patients with inborn errors in 
enzymes of glutamate metabolism would provide additional insight into pathophysiology 
of these inborn errors in enzymes of glutamate metabolism. 
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INTRODUCTION

The amino acids glutamate and glutamine are key players in metabolism, functioning as 
both substrate and product in various enzymatic reactions1. Glutamate is the main excitatory 
neurotransmitter in the central nervous system and triggers responses implicated in neuronal 
migration and differentiation, synapse remodeling and axon myelination2,3. Additionally, 
glutamate is the precursor of glutathione and the tricarboxylic acid (TCA) cycle intermediates 
and therefore plays a role in redox state and energy metabolism resp. It is involved in amino 
acid synthesis and catabolism and as such involved in many metabolic pathways4. Together 
with glutamine, glutamate plays an important role in ammonia detoxification by capturing 
ammonia -forming glutamine- and providing the urea cycle with intermediates5. Glutamine 
is needed for NAD+ production, an important metabolite for redox reactions and is also 
incorporated into proteins, and a source of purines and pyrimidines6-9. 

Excess of glutamate and glutamine is harmful to cells. Glutamate excess in the brain is 
associated with glutamate excitotoxicity, a cascade of events that eventually leads to oxidative 
stress, toxicity and cell death10,11. Glutamine excess leads to insufficient osmoregulation and 
subsequent cerebral edema6,12. Glutamate and glutamine concentrations are therefore 
strictly regulated13. Defects in glutamate metabolism lead to metabolic diseases. 

We performed a literature review of defects in enzymes that directly metabolize glutamate, 
caused by genetic errors. Seventeen inborn errors of glutamate metabolizing enzymes 
have been reported, most of which are ultra-rare. We provide an overview of these inborn 
errors in an effort to ease the recognition and to create insight into the contributing role of 
glutamine and glutamate to the pathophysiology. 

DISORDERS OF GLUTAMINASE AND GLUTAMINE SYNTHETASE
Glutamate and glutamine are interconverted by two enzymes (Figure 1). Glutamine 
synthetase (GS) catalyzes the conversion of glutamate and ammonia into glutamine. It is 
ubiquitously expressed and is the only enzyme for glutamine synthesis14,15. The reverse 
reaction is catalyzed by glutaminase (GLS) which hydrolyzes glutamine to yield glutamate 
and ammonia. GLS exists in two isoforms: GLS, mainly expressed in kidney and brain, 
and GLS2, primarily expressed in liver16,17. Genetic defects in both GS and GLS have been 
reported (Table 1).

A de novo hypermorphic GLS variant has recently been reported in a single patient 
affected with cataract, profound developmental delay, axial hypotonia and agitated, self-
injuring behavior18. Glutamate and glutamine concentrations in plasma and CSF from the 
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patient were within the normal range. In urine and in brain, as detected by in vivo magnetic 
resonance spectroscopic imaging (MRSI), glutamate concentrations were increased and 
glutamine concentrations decreased, in line with the tissue-specific expression of GLS16. 
Glutamate excess is thought to underlie the pathophysiology of the disease by reducing 
the scavenging capacity for oxygen radicals and making the cell more susceptive for 
oxidative stress, which is associated with cataract, neurodegenerative disorders and 
agitated, self-injuring behavior10,19,20. 

GLS loss-of-function variants have been reported recently in unrelated families. In two 
families, patients clinically presented with neonatal respiratory dysfunction and fatal, 
refractory status epilepticus21. MRI of the brain showed extensive cerebral edema and 
white matter involvement. The GLS variants were discovered by post-mortem exome 
sequencing. Retrospective amino acid analyses of stored dried bloodspots from neonatal 
screening revealed increased glutamine values. Increased glutamine is a possible cause 
of the ongoing epileptic activity secondary to cerebral edema12,22. Glutamate values were 
unaltered in bloodspots. Considering the importance of glutamate in signal transduction 
and myelin synthesis in the brain, decreased glutamate levels might also have played a 
contributing pathogenic role in this metabolic disease by causing epilepsy and secondary 
cerebral edema. Glutamate levels in the brain could however not be determined. In another 
family, decreased GLS expression was detected in two brothers who initially developed 
normally, but from the age of 7 years developed progressive optic atrophy, truncal ataxia 
and hypertonia in the limbs. MRI of the brain showed cerebellar atrophy with normal white 
matter. Glutamine and glutamate values were not reported23. 

Congenital glutamine synthetase deficiency, caused by bi-allelic mutations is the GLUL 
gene, has been described in four unrelated children. All the patients suffered from seizures 
which developed either after birth or within few months of life. Two suffered from necrolytic 
migratory erythema and died within the first month of life from multi-organ failure24. These 
exhibited dysmorphic features including a broad, flat nasal root and low set ears. The 
third patient developed drug-resistant tonic-clonic seizures and died at six years of age 
from acute respiratory decompensation. The fourth patient was recently described and 
mainly suffers from seizures. Glutamine concentrations in these patients were either 
strongly or borderline decreased in plasma, urine, CSF and in brain (as detected by MRS), 
in line with the ubiquitous expression of GS. Plasma ammonia levels were increased. 
Glutamine supplementation in the third patient normalized glutamine concentrations 
in plasma, improved EEG and even reduced seizure attacks25. In the fourth patient, 
glutamine supplementation also normalized glutamine levels and decreased ammonia 
levels, however follow-up is still performed to study the clinical effect.26 Hyperammonemia 
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and NAD+ deficiency secondary to glutamine deficiency are likely the pathogenic factors 
causing the phenotype. Hyperammonemia is highly toxic for the brain and associated with 
encephalopathy and seizures, and NAD+ is important for numerous redox reactions in the 
cell6,27. Recently a new biological function of GS for motility and migration of endothelial 
cells has been revealed, which contributes to the formation of new vessels in development 
and disease28. Whether this plays a contributing role to the clinical phenotype of GS 
deficiency has not been elucidated yet.

In conclusion, defects in enzymes interconverting glutamate and glutamine lead to different, 
mainly neurological, phenotypes. They result in disturbed levels of glutamate and glutamine 
in several body fluids and tissues which plays an important pathophysiologic role. 

FIGURE 1. Metabolic pathways of glutamate metabolism in which genetic defects lead to 

metabolic disease. Clockwise from the top: γ-glutamyl cycle, GABA synthesis, α-ketoglutarate 

synthesis or transamination with concomitant production or catabolism of amino acids, urea cycle, 

proline synthesis and catabolism, glutamine synthesis and catabolism. All enzymes are marked grey.   

bi-directional reaction with preferred direction in bold; - - -  cofactor of reaction.

DISORDERS OF AMINO ACID METABOLISM
Glutamate functions as a substrate for amino acid synthesis and as a product of amino 
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acid catabolism (Figure 1). Defects in these enzymes of amino acid metabolism, including 
several transaminases, lead to deviant amino acid levels and to a broad spectrum of 
clinical phenotypes, depending on the amino acid function (Table 1). 

P5C dehydrogenase (P5CD) degrades proline via Δ-1-pyrroline-5-carboxylate (P5C) into 
glutamate29. Deficiency of P5CD results in hyperprolinemia with concomitant increase of 
urinary P5C (hyperprolinemia type II; HPII)30,31. These high P5C levels deactivate PLP (vitamin 
B6), a cofactor for many enzymes32,33. An effect of P5CD deficiency on glutamate levels has 
not been reported. This disorder presents with intellectual disability and fever-provoked 
PLP-responsive epileptic seizures ascribed to PLP deficiency, which is a common cause of 
epilepsy34. Patients may however also remain free of symptoms.

The reverse reaction, the formation of proline from glutamate, is catalyzed by P5C 
synthetase (P5CS). P5CS deficiency is further described under ‘Disorders of urea-cycle 
and ammonia metabolism’. 

Tyrosine aminotransferase (TAT) transaminates tyrosine, forming p-hydroxyphenylpyruvate 
and glutamate. TAT deficiency leads to increased levels of tyrosine in plasma and CSF 
together with increased levels of its catabolic metabolites in plasma and urine35,36. Glutamate 
levels have not been reported in this disease, suggesting that they were not significantly 
altered. Deposition of tyrosine crystals leads to eye and skin lesions in patients with TAT 
deficiency, resulting in infancy-onset ophthalmological and dermatological symptoms. The 
phenotype is further characterized by seizures and self-injuring and difficult behavior. 

GABA transaminase (GABAT) converts GABA into succinate semialdehyde and glutamate. 
Patients with GABAT deficiency show high GABA levels in CSF and on brain MRS and 
have increased growth hormone release induced by GABA. These children suffer from a 
severe neurological phenotype including seizures, hypersomnolence and choreoathetosis 
and accelerated growth. Symptoms are likely due to increased GABA levels, detected 
in plasma, CSF and basal ganglia37. Although no contributed role of potentially altered 
glutamate levels to the phenotype has been described, a disturbed GABA-glutamate ratio 
is postulated to contribute to this metabolic disorder38,39. Mutations in the GAD1 gene, 
encoding glutamate decarboxylase which irreversibly decarboxylates glutamate into 
GABA, have been described in one family with inherited spastic quadriplegic cerebral 
palsy type 1, seizures and developmental delay40. The authors hypothesize that the 
neurologic phenotype is secondary to an altered glutamate:GABA ratio, however these 
levels have not been reported. 
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Branched-chain amino acid transferase 2 (BCAT2) deficiency has been described in a 
single patient who presented with high plasma levels of the branched-chain amino acids 
leucine, isoleucine and valine41. The patient suffers from paroxysmal occipital headache, 
mild memory decline and retinal degeneration. A brother and sister with leucine-isoleucine 
abnormalities presented with seizures, developmental delay, retinal degeneration and 
died at the age of 3 years. A BCAT mutation was assumed but not validated42. Recently, 
a genome wide association study showed a clear association between BCAT2 missense 
mutations and increased valine levels, however no phenotypes were described43. It is 
hypothesized that BCAT2 provides nitrogen for optimal glutamate synthesis -which is 
supported by the finding that BCAT inhibition decreases glutamate levels- and that the 
clinical phenotype of BCAT2 deficiency is attributed to disturbed glutamate synthesis 
rather than the increase in branched-chain amino acids44-46. However, thus far glutamate 
levels were not reported in BCAT2 deficient patients, precluding definite conclusions. 

Alanine transaminase 2 (ALT2) deficiency leads to low concentrations of alanine in plasma 
and in some cases also in CSF47,48. Affected patients clinically present with developmental 
delay, spastic paraplegia and sporadically with seizures. It has been postulated that 
ALT2 deficiency leads to decreased glutamate production in the brain disturbing the 
glutamate-glutamine/lactate-alanine shuttle and synaptic neurotransmitter release, which 
might contribute to the pathogenesis48. The strictly neurological effect of ALT2 deficiency 
can be explained by the neuronal expression of ALT2 and possible compensation 
by ALT1 expressed in other tissues. Although glutamate levels were normal in CSF and 
plasma, this does not exclude the possibility of deviant levels in the brain and a local effect. 
There is contradictory data on the preferable direction of ALT249,50. The decreased alanine 
concentrations in ALT2 deficiency however suggests that the preferable direction of ALT2 
is towards alanine synthesis. 

Phosphoserine aminotransferase (PSAT) uses the amino-group of glutamate for serine 
synthesis51. PSAT deficiency has been reported in patients with Neu-Laxova syndrome 2, 
characterized by central nervous system anomalies, facial dysmorphic features, anomalies 
of limb and genitalia, intrauterine growth retardation, skin disorders, and other congenital 
abnormalities52. An overlapping phenotype caused by PSAT mutations is described in one 
family under the name phosphoserine aminotransferase deficiency53. It is questionable 
whether this concerns the same syndrome. Neu-Laxova syndrome can also be caused by 
other genetic defects interfering the serine biosynthesis pathway. Serine is a precursor 
of important metabolites such as nucleotides, phospholipids and neurotransmitters. 
Therefore the pathophysiology in PSAT deficiency and in other serine deficiency disorders 
with similar symptoms is ascribed to the lack of serine54. A potential contributing role of 
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glutamate has not been described.

In conclusion, defects of P5C dehydrogenase and transaminases producing or metabolizing 
amino acids with concomitant glutamate conversion lead to different metabolic profiles. 
Glutamate and glutamine levels are not consistently reported, precluding conclusions about 
their contributing role to the pathophysiology underlying the broad spectrum of clinical 
phenotypes. The pathophysiology of these disorders is postulated to be due to disturbed 
metabolic pathways downstream from the particular affected enzyme. Nevertheless, tissue 
specific abnormalities and pathophysiologic involvement of glutamate and glutamine may 
still play a role in these inborn errors of glutamate metabolism.

DISORDERS OF UREA-CYCLE AND AMMONIA METABOLISM
The urea cycle is initiated by N-acetyl glutamate synthase (NAGS), which catalyzes the 
conversion of glutamate into N-acetyl glutamate (NAG), an obligatory co-factor of the first 
enzyme of the urea cycle, carbamoyl phosphate synthetase 1 (CPS1)55. Primary urea-cycle 
disorders (UCDs) caused by defects in urea cycle enzymes, including NAGS deficiency, 
are characterized by altered levels of citrulline, ornithine and arginine, depending on the 
site of the metabolic block. This hampered urea cycle leads to hyperammonemia, which 
can be detoxified by the formation of glutamine and alanine (non-toxic ammonia carriers) 
from glutamate and pyruvate respectively. Toxic hyperammonemia results in the typical 
clinical phenotype characterized by headaches, lethargy and seizures56. NAGS deficiency 
leads to inactive CPS1 and a hampered urea cycle resulting in hyperammonemia, 
increased glutamine concentrations and hypocitrullinemia. This leads to the typical clinical 
presentation of UCDs57. NAGSD theoretically leads to glutamate excess, which was indeed 
reported in one patient but remained unreported in other patients58. In addition to primary 
UCDs, four other defects in glutamate metabolism disturbing the urea cycle and ammonia 
metabolism have been described (Table 1). 

Glutamate dehydrogenase (GDH) catalyzes the deamination of glutamate into 
α-ketoglutarate and free ammonia59. Patients with GDH gain-of-function mutations 
-resulting in increased sensitivity to ADP allosteric activation- present with neonatal-infantile 
onset hyperinsulinism-hyperammonemia (HI-HA syndrome), also called hyperinsulinism 
hypoglycaemic 6 syndrome60,61. Hyperammonemia is constant and postulated to result 
either from increased glutamate deamination directly leading to high ammonia or from 
glutamate deficiency leading to reduced NAG synthesis, although the levels of urea cycle 
intermediates and of glutamine remain normal. In parallel, increased GDH activity results 
in a fueled pancreatic TCA cycle through α-ketoglutarate resulting in insulin secretion and 
hypoglycemia. Patients suffer from epileptic seizures -amenable to diazoxide treatment- 
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and developmental delay, but typical symptoms of hyperammonemia like headaches 
and encephalopathy are absent62. As epileptic seizures occur independently of glucose 
concentrations, epileptic seizures are likely cause by hyperammonemia or a disequilibrium 
of glutamate:GABA62. GDH mutations follow an autosomal dominant trait. However, 
mutations in the sulfonylurea receptor, either recessive or dominant, causing HIHA are 
also described.

Glutamic oxaloacetic transaminase 2 (GOT2) transfers the amino-group of glutamate to 
produce aspartate. GOT2 deficiency was recently described in patients who presented 
with mild hypercitrullinemia, mild hyperammonemia and normal glutamine, arginine and 
ornithine levels 63. Additionally, affected patients had secondary serine deficiency as a 
consequence of a hampered aspartate-malate cycle and suffered from epileptic seizures 
and acquired microcephaly ascribed to the secondary serine synthesis defect.

Ornithine, substrate in the urea cycle, is synthesized by two enzymes directly metabolizing 
glutamate. Δ-1-pyrroline-5-carboxylate synthetase (P5CS) converts glutamate into 
glutamate-γ-semialdehyde. This is in equilibrium with P5C and can be converted into 
ornithine. P5CS deficiency results in low ornithine and subsequent citrulline and arginine 
levels with mild fasting hyperammonemia. Despite the hampered urea cycle, glutamine 
concentrations are not increased in these patients. This defect additionally results in low 
proline levels, the product of P5C. Patients present with symptoms ranging from severe 
cutis laxa to adult-onset spastic paraplegia (depending on the presence of mono- or bi-
allelic mutations) with concomitant hypermobility of the joints, neurodegeneration and 
bilateral cataracts or corneal clouding64-69. These symptoms are in line with the role of 
proline in collagen and elastin synthesis, protein synthesis, oxidative stress defense in 
addition to a possible role as an inhibitory neurotransmitter70. 

Ornithine aminotransferase (OAT) converts glutamate-γ-semialdehyde into ornithine 
coupled to glutamate transamination. In the neonatal period, the enzyme is ornithine-
producing. Neonatal-onset OAT deficiency leads to low ornithine, hyperammonemia, high 
glutamine concentrations and failure to thrive71,72. In infancy and adulthood, the enzyme 
is ornithine-catabolizing and its deficiency results in increased ornithine levels and 
concomitant inhibition of creatine synthesis. Patients present mainly with gyrate atrophy of 
the choroid and retina and other ophthalmological abnormalities, although some have also 
been described with developmental delay. These symptoms are postulated to result from 
either creatine deficiency or toxicity of ornithine and its downstream metabolites spermine 
and spermidine, which induce retinal cell death and photoreceptor degeneration via 
oxidative stress73,74. 
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Taken together, all inborn errors of glutamate metabolism leading to defects of the urea-
cycle or ammonia metabolism show hyperammonemia. However, in GOT2 deficiency, P5CS 
deficiency and GDH hyperactivity hyperammonemia is mild and does not result in glutamine 
excess. The pathophysiology of the primary UCD’s is assigned to hyperammonemia, while 
the pathophysiology of the other disorders of ammonia metabolism are postulated to be 
due to disturbed metabolic pathways downstream from the particular affected enzyme.

γ-GLUTAMYL-CYCLE DISORDERS
Glutamate is one of the intermediaries of the γ-glutamyl-cycle, synthesis and degradation 
of the important anti-oxidant glutathione,. Two of the disorders of the γ-glutamyl-cycle 
disorders are directly involved in glutamate metabolism (Figure 1, Table 1). 

γ-glutamyl-cysteine synthetase (GCLC) catalyzes the conjugation of glutamate and cysteine 
to γ-glutamyl-cysteine and is the first and rate-limiting step of glutathione biosynthesis75. 
GCLC deficiency leads to extremely low levels of erythrocytic glutathione and γ-glutamyl-
cysteine which result in infantile-adult onset hemolytic anemia76. Other reported features 
are neurological problems, amino aciduria, reticulocytosis and hepatosplenomegaly with 
transient jaundice but whether these are related to the enzyme defect remains unclear77-79. 
5-oxoprolinase (5-OPase) catalyzes the last degradation step of glutathione into glutamate 
by the hydrolysis of 5-oxo-proline80. 5-OPase deficiency (OPLAHD) leads to 5-oxoprolinuria, 
normal erythrocytic glutathione levels and an inconsistent -or even no- clinical presentation 
including gastrointestinal features and hypoglycemia81,82. The lack of a consistent clinical 
picture and the normal glutathione levels lead to the hypothesis that 5-OPase deficiency 
is a benign disorder, although a pathogenic role of 5-oxoprolinase deficiency remains 
possible as specific clinical features may only become obvious later in life82,83. 

In these γ-glutamyl-cycle disorders, glutamate and glutamine levels have not been 
reported. The pathophysiology is likely predominantly based on oxidative stress, as this 
cycle plays an important role in metabolism of glutathione.

DRAWING PARALLELS BY COMPARISON OF PHENOTYPIC ABNORMALITIES FROM 
HPO
In order to create insight into the clinical effect of disturbed glutamate metabolism, we 
explored clinical parallels between the disorders of glutamate metabolism based on a 
hierarchical database. This database was created based on all phenotypic abnormalities 
and their correlated superclasses as reported in the Human Phenotype Ontology (HPO) 
database (Supplemental Table 1). For the recently described GLS hyperactivity, GLS loss-
of-function and GOT2 deficiency, this information was obtained from the original articles 
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as these have not yet been included in HPO. We obtained a hierarchical database of 
539 phenotypic abnormalities including the correlated superclasses. To analyze whether 
disturbed glutamate metabolism leads to specific clinical consequences, the prevalence 
of phenotypic abnormalities within the seventeen inborn errors of metabolism was plotted 
against their prevalence within all 10.204 Mendelian disorders listed in HPO. A prevalence 
rate >2.5 was used. The following phenotypic abnormalities were excluded from the 
selection: metabolic abnormalities other than glutamate and glutamine (as we focused on 
clinical phenotypes rather than metabolic phenotypes); duplicates; upper superclasses (as 
these are non-specific abnormalities); and phenotypic abnormalities that only presented 
in one of the seventeen inborn errors. The 72 phenotypic abnormalities that were >2.5 
times more prevalent within inborn errors of glutamate metabolism than in all Mendelian 
disorders were used for further analyses.

Perhaps not surprisingly, the phenotypic abnormalities that are remarkably more prevalent 
within inborn errors of glutamate metabolism than in all Mendelian disorders, are 
abnormalities of the nervous system. All inborn errors of glutamate metabolism -except 
for OAT and OPLAH deficiency- result in neurodevelopmental abnormalities, of which 
GLS hyperactivity and loss, GS, GABAT, ALT2, PSAT, GAD, GOT2, and P5CS deficiency 
present in a more severe, global developmental delay. This is 2.7x more prevalent 
than in all Mendelian disorders. Additionally, seizures are 4x more common in patients 
with defects of GLS, GS, P5CD, GABAT, BCAT2, ALT, PSAT, NASGS, GAD, GOT2 and in 
patients with HIHA. White matter and myelination abnormalities are frequently reported in 
these patients. Coma (13.6x), lethargy (10.4x) and vomiting (10.3x) are also more common 
phenotypic abnormalities, especially -but not only- in disorders of urea cycle and ammonia 
metabolism. Abnormalities of the lens and skin are also more prevalent in patients with an 
inborn error of glutamate metabolism. Cataract occurs in patients with GLS hyperactivity 
and P5CS and OAT deficiencies and is 3x more common in these inborn errors. Different 
skin abnormalities are seen in patients with GS deficiency, GLS hyperactivity, PSAT and 
TAT deficiency and are 2.7-3.2x more common in glutamate related disorders compared to 
other Mendelian disorders (Supplemental Table 1).
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TABLE 1. Clinical and laboratory findings of inborn errors of glutamate metabolism based on the 

Human Phenotype Ontology (HPO) database and original articles. 

Disorder (OMIM)
enzyme; gene; EC 

code

Number of 
described 

cases if <10;
Inheritance 

pattern

Clinical features Biochemical diagnostics Ref

Disorders of glutaminase and glutamine synthetase

Glutaminase 
hyperactivity

GLS; GLS; 
EC 3.5.1.2

n=1
de novo, 
dominant

Development: Profound developmental 
delay

Neurologic: axial hypotonia, kyphosis, 
agitated and self-injuring behavior.
Structural: white matter involvement

Ophthalmologic: Neonatal bilateral cataracts

Plasma: mild 
hyperammonemia
Urine: ↑ glutamate, ↓ 
glutamine
CSF: =glutamate, =glutamine
MRS brain: ↑ glutamate, 
↓ glutamine, ↓ 
N-acetylaspartate, ↑alanine, 
↑ lactate

18

Glutaminase loss-
of-function

GLS; GLS; 
EC 3.5.1.2

n=6
bi-allelic, AR

Development: neonatal death (4/6), 
regression around age 7 years with 
dysarthria (2/6)

Neurologic: status epilepticus with 
suppression burst patterns (4/6), truncal 
ataxia and hypertonia of limbs (4/6)
Structural: white matter involvement, 
simplified gyral pattern, vasogenic cerebral 
edema with subsequent gliosis and 
destruction (4/6), cerebellar atrophy with 
normal white matter (2/6)

Opthalmologic: optic bilateral atrophy (2/6)

Respiratory: Cheyne–Stokes respiration

Dried blood spot:
↑ glutamine, = glutamate

21,23

Glutamine 
deficiency
(610015)

GS; GLUL; 
EC 6.3.1.2

n=4
bi-allelic, AR

Development: severe global developmental 
delay (2/4), neonatal multi-organ failure 
(2/4), death (2/4 neonatal; 1/4 age 6 years)

Neurologic: seizures within first months of 
life (4/4), hypotonia (2/4), hyperreflexia (1/4)
Structural: immature/hypomyelination (3/4), 
atrophy (3/4), abnormal gyration, hypoplasia 
corpus callosum (2/4) ventriculomegaly (1/4) 
subependymal/periventricular cysts (2/4)

Dysmorphic features: broad/flat nasal root 
(2/4), low set ears (2/4), short limbs, flexion 
contractures, camptodactyly, ulnar deviation 
of the hands (1/4)

Dermatologic: necrolytic erythema (2/4)

Respiratory: apneu, decompensation (1/4)

Plasma: hyperammonemia,
Borderline ↓ glutamine,
= glutamate
Urine: ↓ glutamine, = 
glutamate
CSF: ↓ glutamine, = 
glutamate
MRS: ↓ glutamine, =/↓ 
glutamate

24,26
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TABLE 1 CONTINUED.

Disorder (OMIM)
enzyme; gene; EC 

code

Number of 
described 

cases if <10;
Inheritance 

pattern

Clinical features Biochemical diagnostics Ref

Disorders of amino acid metabolism

Hyperprolinemia II
(239510)

P5CD; ALDH4A1; 
EC 1.2.1.88

bi-allelic, AR Development: Intellectual disability

Neurologic: Seizures

Plasma: ↑ proline, ↑ 
hydroxyproline, ↑ glycine 
(lactic acidosis excluded) 
↓ PLP
Urine: ↑ proline, ↑ 
hydroxyproline, ↑ P5C
Fibroblasts: ↓ Enzyme activity

31-33,84,85

Hereditary 
tyrosinaemia II 
(276600)

TAT; TAT; 
EC 2.6.1.5

bi-allelic, AR Development: Intellectual disability, growth 
delay

Neurological: seizures, microcephaly, self-
injury and other behavioral abnormalities, 
ataxia, tremor, neurological speech 
impairment

Ophthalmologic: bilateral ocular lesions, 
inflammation conjunctivae, corneal 
ulcerations, photophobia

Dermatologic: skin lesions

Plasma: ↑ tyrosine (>1200μM, 
otherwise HTIII)
↑ p-hydroxyphenylpyruvate,
↑ phenolic acids,
= acids phenylalanine, 
methionine
CSF: ↑ tyrosine
Urine: ↑ phenolic acids
Liver biopsy: ↓ enzymatic 
activity

35,36,86

GABA 
transaminase 
deficiency
(613163)

GABAT; ABAT; 
EC 2.6.1.19

bi-allelic, AR Development: global developmental delay, 
death age <10 years.

Neurological: encephalopathy, seizures, 
lethargy, hyperreflexia, muscular hypotonia, 
high pitched cry,
Structural: leukodystrophy, agenesis corpus 
callosum, cerebral atrophy, cerebellar 
hypoplasia and cysts, posterior fossa cyst

Dysmorphic features: retrognathia, 
downslanted palpebral fissues, tall stature

CSF: ↑ GABA
MRS: ↑ GABA, ↓ glutamine-
glutamate semi-oval region
Serum: ↑ growth hormone

38,39,87,88

Cerebral 
palsy, spastic 
quadriplegic, 1
(605363)

GAD; GAD1;
EC 4.1.1.15

n=6
ni-allelic, AR

Development: global developmental delay

Neurological: seizures, hyperreflexia, 
cerebral palsy, Babinski sign

Not available 40
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TABLE 1 CONTINUED.

Disorder (OMIM)
enzyme; gene; EC 

code

Number of 
described 

cases if <10;
Inheritance 

pattern

Clinical features Biochemical diagnostics Ref

Disorders of amino acid metabolism

Hypervalinemia 
and hyperleucine-
isoleucinemia
(238340)

BCAT2; BCAT2; 
EC 2.6.1.42

n=3
bi-allelic, AR

Development: normal - delay

Neurological: paroxysm occipital headache, 
mild memory decline, seizures
Structural: white matter involvement

Opthalmologic: retinal degeneration

Plasma: ↑ valine, ↑ 
isoleucine,
↑ leucine
Urine: = branched-chain 
α-keto acids (excluding 
MSUD)
MRS brain: ↓ 
n-acetylaspartate

41,42,44,45

Mental retardation 
49
(616281)

ALT2; GPT2; 
138210

bi-allelic, AR Development: Global developmental delay, 
failure to thrive

Neurological: seizures,  postnatal 
microcephaly, hypotonia with progressive 
spastic di/paraplegia with hyperreflexia, 
dysarthria
Structural: subcortical hypomyelination, 
hypoplasia corpus callosum

Plasma: ↓ alanine, = 
glutamate,
= glutamine
Urine: = pyruvate, = lactate
CSF: = glutamate, = 
glutamine, =/↓ alanine, = 
pyruvate, = lactate

47,48,89

Neu-laxova 
syndrome 2 / 
phosphoserine 
aminotransferase 
deficiency
(616038/610992)

PSAT; PSAT1; 
EC 2.6.1.52

bi-allelic, AR Development: intrauterine growth 
retardation, decreased fetal movement, 
neonatal death

Dysmorphic features: depressed nasal 
ridge, low set ears,abnormal pinna, short 
neck, high/cleft palate, micrognathia, 
sloping forehead, hypertelorism, acquired 
microcephaly, scoliosis, limb malformations,

Dermatologic: ichthyosis, hyperkeratosis, 
edema of acra.

Plasma: ↓ serine ↓ glycine
CSF: ↓ serine ↓ glycine

51-53,90

Disorders of urea-cycle and ammonia metabolism

N-acetylglutamate 
synthase 
deficiency 
(237310)

NAGS; NAGS; 
EC 2.3.1.1

bi-allelic, AR Development: Developmental delay, failure 
to thrive, neonatal death

Neurologic: Seizures, hypotonia, coma, 
aggressive behavior, lethargy, vomiting

Respiratory: respiratory distress

Plasma: hyperammonemia,
↓ citrulline, ↑ alanine, ↑ 
glutamine, ↑ glutamate (1 
patient),

Liver biopsy: ↓ enzyme 
activity

58,91,92

Hyperinsulinemia-
hyperammonemia 
/ hypoglycaemia 6
(606762)

GDH; GLUD; 
EC 1.4.1.2

de novo / AD Development: Intellectual disability

Neurologic: hypoglycemic generalized 
absence-type epileptic seizures, 
hypoglycemic coma, generalized dystonia

Plasma: hypoglycemia 
(provoked at protein intake), 
hyperammonemia (constant),
= glutamine
CSF: GABA normal ( only 
measured in 4 patients)
Lymphoblasts: ↑ GDH activity 
by reduced sensitivity to GTP

62,93,94

- 110 -

CHAPTER 5



TABLE 1 CONTINUED.

Disorder (OMIM)
enzyme; gene; EC 

code

Number of 
described 

cases if <10;
Inheritance 

pattern

Clinical features Biochemical diagnostics Ref

Disorders of urea-cycle and ammonia metabolism

Glutamic-
Oxaloacetic 
Transaminase 2 
deficiency

AST/GOT2; GOT2; 
EC 2.6.1.1

n=2
bi-allelic, AR

Development: Developmental delay

Neurologic: clonic seizures upper limbs, 
acquired microcephaly, hypotonia

Plasma: ↓ serine, =/↑ glycine,
↑ citrulline,
↑ lactate, hyperammonemia,
= glutamine,
= glutamate

63

Cutis laxa 3A/3 
(219150/616603)

Spastic paraplegia 
9A/B (adult 
phenotype)
(601162/616586)

P5CS; ALDH18A1;
EC 2.7.2.41

bi- mono- 
allelic, AR/AD/
de novo 

Development: Developmental delay, pre-
postnatal growth retardation

Neurologic: neurodegeneration, hypotonia, 
microcephaly, movement disorder
Structural: hypomyelination, cortical 
atrophy and hypoplastic corpus callosum, 
tortuosity of brain vessels, cerebellar 
abnormalities

Dermatologic (only cutis laxa): thin wrinked 
skin with visible veins.

Ophthalmologic: neonatal cataract, corneal 
clouding, nystagmus

Plasma: hyperammonemia, ↓ 
proline, ↓ornithine, ↓citrulline 
(SP), ↓ arginine,
= glutamine, = alanine
MRS: ↓ creatine

SP specific: ↓ citrulline, low 
sum of involved amino acids

65,66,68,70

Gyrate atrophy 
choroid & retina
(258870)

OAT; OAT; 
EC 2.6.1.13

bi-allelic, AR Development: failure to thrive

Neurologic: proximal muscle weakness

Ophthalmologic: myopia, nyctalopia, 
infantile cataracts, progressive chorioretinal 
atrophy, adult blindness

Plasma: ↑ ornithine, ↓ 
creatine
Urine: ↓ creatine, ↑ ornithine,
↑ lysine ↑ arginine
Muscle biopsy: ↓ 
creatine, type II muscle 
fiber atrophy with tubular 
aggregates.
Fibroblasts, leukoblasts: ↓ 
OAT activity

Neonatal: reversed enzyme 
direction à
↓ citrulline, ↑ proline, 
↓ ornithine, ↓ arginine, 
hyperammonemia ,
↑ glutamine.
Diagnosis: ↑ ratio proline/
citrulline

71-73
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TABLE 1 CONTINUED.

Disorder (OMIM)
enzyme; gene; EC 

code

Number of 
described 

cases if <10;
Inheritance 

pattern

Clinical features Biochemical diagnostics Ref

γ-glutamyl-cycle disorders

γ-glutamyl-
cysteine 
synthetase 
deficiency
(230450)

GCLC; GCLC; 
EC: 6.3.2.2

bi-allelic, AR Development: Developmental delay

Neurologic: late onset spinocerebellar 
degeneration, peripheral neuropathy, 
myopathy.

Haematologic: infantile onset hemolytic 
anemia

Gastro-intestinal: hepatosplenomegaly with 
transient jaundice

Erythrocytes: ↓ glutathione 
(<5%) ↓ y-glutamyl-cysteine
Erythrocytes, leukocytes, 
fibroblasts: ↓GCLC activity 
(<10%)
Urine: ↑ 5-oxoproline 
(excluding GSS deficiency)

75,77-79

5-oxoprolinase 
deficiency
(260005)

5-OPase; OPLAH; 
EC: 3.5.2.9 

n≥20
bi-allelic, AR

Unaffected / Inconsistent

Gastro-intestinal: enterocolitis, diarrhea, 
vomiting, abdominal pain

Nephrologic: unephrolithiasis

Urine: ↑ 5-oxoproline

Erythrocytes: = glutathione 
(excluding GSS deficiency)

80-83

= normal levels; ↓ decreased levels; ↑ increased levels. Abbreviations: AR autosomal recessive; AD autosomal 

dominant; CSF cerebrospinal fluid; GLS glutaminase; GS glutamine synthetase; GLUL glutamate-ammonia ligase; 

P5CD pyrroline-5-carboxylate dehydrogenase; ALDH aldehyde dehydrogenase; TAT tyrosine aminotransferase; 

GABAT gamma-aminobutyric acid transferase; GAD1 glutamate decarboxylase; BCAT Branched-chain amino 

acid aminotransferase; ALT alanine aminotransferase; GPT glutamate pyruvate transferase; PSAT phosphoserine 

transaminase; NAGS N-acetylglutamate synthase; GDH; GLUD glutamate dehydrogenase; AST aspartate 

transaminase, GOT glutamic oxaloacetic transaminase; P5CS pyrroline-5-carboxylate synthetase; OAT ornithine 

aminotransferase; GCLC Glutamate-Cysteine Ligase Catalytic Subunit; 5-OPase 5-oxoprolinase.
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DISCUSSION

Inborn errors in enzymes of glutamate metabolism lead to distinct clinical and biochemical 
phenotypes, which can be classified in disorders affecting amino acid metabolism, the 
urea cycle or ammonia metabolism and the γ-glutamyl cycle. In this review, we provide 
an overview of the clinical and biochemical phenotype of these defects in an effort to 
ease the recognition of these ultra-rare metabolic disorders and to create insight into 
their pathophysiology and the contributing role of deviant glutamate and glutamine 
concentrations.

Glutamate and glutamine concentrations are most aberrant in defects of the two enzymes 
directly interconverting these amino acids: GLS and GS. Interestingly, in GLS hyperactivity, 
glutamate and glutamine levels are normal in plasma and CSF, while both are deviant 
when analyzed using brain MRS and in urine in line with tissue specific expression of GLS18. 
The discrepancy between CSF and brain MRS might be explained by the degree to which 
glutamate and glutamine levels are controlled by GLS. CSF is formed out of plasma by the 
plexus choroid, which consists of glial cells in which glutamate and glutamine levels are 
regulated by GS rather than GLS95 96. This illustrates that normal CSF values do not exclude 
the possibility of abnormal glutamate values in the brain. Brain MRSI might therefore be 
indicated when a defect in glutamate metabolism is suspected. MRSI clinical field strength 
is a suitable approach for this. A higher magnetic field can even distinguish the closely 
positioned glutamine and glutamate peaks better and can even show regional differences 
of these metabolites.

In patients with GLS or GS loss-of-function, glutamine concentrations were deviant in 
blood-spots or plasma, while glutamate was normal, possibly due to dietary intake and 
other glutamate metabolizing enzymes. Local glutamate deficiency in the brain may, 
however, contribute to the epileptic phenotype in GLS loss-of-function, given the role of 
glutamate as the main neurotransmitter. 

Interestingly, both glutamine deficiency and glutamate excess may disturb the cellular 
redox status. In GS deficiency, glutamine deficiency results in reduced NAD+ synthesis, 
which plays an important role in redox reactions6. In GLS hyperactivity, glutamate excess 
is postulated to decreased redox buffer capacity18. As oxidative stress is associated with 
cataract, neurodegenerative disorders and epilepsy, this is a likely key player in the 
pathophysiology of these inborn errors of glutamate metabolism10,19,97.

In UCDs, glutamine concentrations are increased as a consequence of hyperammonemia. 
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It is remarkable that both glutamine excess (in these UCDs) and glutamine deficiency 
(in GS deficiency) can be accompanied by hyperammonemia, which is likely to play a 
pathophysiological role in these inborn errors. In primary UCD’s, glutamine concentrations 
are increased putatively as a consequence of hyperammonemia-induced GS in an attempt 
to detoxify ammonia5,98. Conversely, glutamine concentrations remain normal despite 
hyperammonemia in GOT2 deficiency, P5CS deficiency and GDH hyperactivity. In these 
disorders, hyperammonemia is mild and might therefore not trigger excess glutamine 
formation. 

In all other inborn errors of glutamate metabolism, glutamate concentrations have not 
been reported, therefore being presumed to be normal. If true, this points to the regulation 
of glutamate levels by other enzymes of glutamate metabolism. The pathogenesis of these 
other errors is often ascribed to deficiency or toxic accumulation of substrate or product 
of the defective enzyme, as explicated in the main text above. However, as seen in GLS 
hyperactivity, normal concentrations of glutamate and glutamine in plasma and CSF do not 
exclude local alterations, which might contribute to the pathophysiology as well. Even more 
locally oriented, in the patient with GABAT deficiency no abnormalities were detected in 
plasma or CSF, but locally decreased glutamate concentrations in the semi-oval region of 
the brain were detected on brain MRS and might possibly play a pathogenic role99. Also, 
mildly decreased glutamine concentrations or mildly increased glutamate concentrations 
may have been detected but attributed to pre-analytical conditions rather than a reflection 
of in vivo metabolism as glutamine is easily spontaneously interconverted into glutamate 
therefore. The study of glutamate and glutamine and their ratio in carefully collected body 
fluids -as performed in GS deficiency and GLS hyperactivity- may elucidate alterations of 
glutamate and glutamine levels in inborn errors of glutamate metabolism. Several in vivo 
techniques are available to study glutamate and glutamine separately, for an overview see 
Ramadan et al100.

Inborn errors of metabolism that have a related biochemical ground often have similar clinical 
features. Drawing phenotypic parallels of all seventeen inborn errors (both HPO phenotypic 
subclasses and their correlated superclasses) provided interesting leads towards similar 
pathophysiology. Neurologically, developmental delay, seizures and hypotonia are more 
common in these inborn errors compared to the prevalence in Mendelian disorders in 
general, in line with the role of glutamate as the main neurotransmitter (Supplemental 
Table 1). It is however remarkable that the patient with GLS hyperactivity and glutamate 
excess in the brain did not develop seizures. Glutamate induces myelination of axons 
and it is therefore not surprising that white matter and myelin abnormalities are frequently 
reported in patients with an inborn error of glutamate metabolism2. Although this is an 
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a-specific sign seen in many disorders, it is 4.6-37.5x more prevalent in glutamate related 
disorders than in all Mendelian disorders. 

Interestingly, ectodermal structures seem more affected in inborn errors of glutamate 
metabolism as both neurologic abnormalities, skin and lens abnormalities are seen. 
Other ophthalmological features that are seen in glutamate related disorders are optic 
atrophy in some GLS loss patients; herpetiform corneal ulcerations in patients with TAT 
deficiency; chorioretinal atrophy in OAT deficient patients; and retinal degeneration in 
BCAT2 deficient patients. Interestingly, the brain, skin, lens, optic nerve, cornea, and retina 
are all of ectodermal origin and therefore share similarities in expression and regulation 
of glutamate receptors101-103. This suggests that disturbed glutamate homeostasis might not 
only affect the brain, but also these other ectodermal structures. 

Altogether, seventeen defects of enzymes that directly metabolize glutamate have been 
described so far, affecting amino acid metabolism, the urea cycle and the γ-glutamyl cycle. 
Data on glutamate and glutamine concentrations in patients with inborn errors in enzymes 
of glutamate metabolism should be measured and collected as they provide additional 
insight into the contributing role of deviant concentrations of these amino acids in the 
pathophysiology.
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Fluorescence microscopy with UV-illumination 

allows accurate visualization of cataract in 

zebrafish embryos in vivo

 



ABSTRACT

The zebrafish (Danio rerio) is a powerful model system to study ophthalmological disease 
caused by genetic defects. Several microscopic methods have been developed to 
study cataract in zebrafish in vivo. These however require either advanced microscopic 
techniques, staining or genetic modification to emit fluorescence, or detect cataract 
indirectly. To address this issue, we developed Fluorescence microscopy with UV-light 
Illumination (FUVI). To study its potential, this method was applied to visualize the lens of 
Clochem39 and GLS1-S482C zebrafish embryos -postulated to develop different types of 
cataract- and compared with confocal reflection microscopy, an established method to 
detect cataract in zebrafish. Confocal microscopy detected lens abnormalities in Clochem39 
zebrafish, as well as gross lens abnormalities in GLS1-S482C zebrafish. It could however 
not detect the more subtle abnormalities in GLS1-S482C zebrafish. FUVI allowed accurate 
visualization of the lens and of detailed and dispersed structures likely representing protein 
aggregation in the GLS1-S482C zebrafish lens, as well as diffuse opacity in the Clochem39 
zebrafish lens representing the remaining presence of a nucleus. These findings illustrate 
that FUVI allows sensitive and detailed imaging of lens abnormalities in living zebrafish 
embryos, without the need of staining or genetic engineering to create a fluorescence 
reporter. As one image represents a large depth of field, serial section imaging is not 
required, allowing high-speed data acquisition. The false negative results of confocal 
microscopy in GLS1-S482C zebrafish request awareness for false negative conclusions, 
therefore applying additional microscopic methods before drawing conclusions should be 
considered. Hereby, we provide a valuable method to visualize different types of cataracts 
in vivo in zebrafish embryos, which can be used to identify new genetic causes of cataract 
and to study its pathophysiology. 
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INTRODUCTION

Cataract, opacification of the lens, is one of the main causes of visual impairment and 
affects approximately 94 million people worldwide1. Lens transparency is important for 
optimal vision and is achieved by embryonic devascularization of the lens, denucleation 
of its cells and a protective mechanism in which crystallins prevent damaged proteins 
from aggregation 2,3. Genetic mutations disrupting any of these elements can initiate 
opacification of the lens in specific appearance. The zebrafish (Danio rerio) is a powerful 
model organism to study ophthalmological pathology. The zebrafish eye closely resembles 
the human eye with regard to gene expression and morphology. Additionally, the relatively 
large eyes, transparent embryos and the fast reproduction and ex-utero development 
make the zebrafish a very suitable model organism 4,5. Indeed, the zebrafish has been 
used as a model system in the elucidation of 7 novel genetic diseases 6-15.

Several microscopic methods have been developed to detect cataract in zebrafish in 
vivo, all with their own properties and advantages. These however require advanced 
microscopes, staining or genetic modification to emit fluorescence, they detect cataract 
indirectly or they provide images with low acquisition speed and resolution. Confocal 
reflection microscopy uses laser light which is reflected by lens opacities and imaged 
as scattering by a detector 6. Although this indirect detection of cataract enables 
quantification of opacity, the scattering is an inaccurate visualization of the lens. Negative 
results are pictured as black fields, thereby hampering the interpretation of the data. 
Additionally, serial sections are required to create a large depth of field. Coaxial reflected 
light stereomicroscopy also uses reflected light, positioned in a different angle enabling 
detailed imaging of the whole lens 16. This method is easily accessible and resembles slit 
lamp microscopy used to diagnose human cataract. The resolution of light microscopy is 
however low. Selective plane illumination microscopy also uses a narrow light beam, but 
additionally needs fluorescence staining to image the lens in vivo 17. 

We developed a Fluorescence microscopy method based on UV-light Illumination (FUVI) 
to visualize the zebrafish lens and previously applied this method to identify a new genetic 
cause of infantile cataract15. Here, we enlighten this microscopic method and illustrate 
that it allows sensitive and high-speed imaging of different kinds of lens opacities in 
living zebrafish embryos, without the need for staining or genetic engineering to create a 
fluorescence reporter. 
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MATERIALS AND METHODS

ANIMALS
Animal experiments were approved by the Animal Experimentation Committee of the 
Royal Netherlands Academy of Arts and Sciences (KNAW). Tübingen Longfin (TL) wild-type 
zebrafish were used. Clochem39 zebrafish embryos were kindly obtained from professor 
Stainier18. GLS1-S482C mutant zebrafish embryos were obtained as previously described 
by Rumping et al15. Clochem39 siblings (heterozygous or wildtype) and unmodified wildtype 
zebrafish were used as controls. The zebrafish were kept under standard laboratory 
conditions in E3 medium at a temperature of 28.5°C. Before in vivo imaging at 5 days post 
fertilization (dpf), the zebrafish were anaesthetized in 16mg/ml Tricaine (MS22) in E3 and 
mounted in 0.25% agarose (w/v) prepared in E3. 

CONFOCAL REFLECTION MICROSCOPY 
Confocal reflection microscopy was performed as previously described using a Leica 
TCS SP8 (Leica Microsystems) confocal laser-scanning microscope fitted to a DMI6000 
inverted microscope with a 488nm solid state laser6. Serial sections were obtained at 1µm 
intervals under the reflected light mode. 

FLUORESCENCE MICROSCOPY WITH UV-LIGHT ILLUMINATION
Images were acquired using a Leica AF7000 fluorescence microscope equipped with a 
Leica DFC365FX camera, 20x NA 0.4 objective, Leica EL6000 External light source and 
a Leica A4 filter cube (BP340-380/400/BP450-490). The Leica LAS-AF software was used 
to capture the images. The acquired images were linearly edited with ImageJ and Adobe 
Photoshop. 

DESIGN
Fluorescence microscopy induces auto-fluorescence which allows in vivo visualization 
of the eye. The depth at which auto-fluorescence is induced is wavelength dependent. 
The optimum combination of excitation and emission filters -selecting light with specific 
wavelengths that characteristically penetrate structures- were selected to reach the 
optimum depth in the eye to most accurately image the lens. The UV-light created with 
the BP340-380 UV-filter allows excitation of molecules from the deeper part of the lens, 
generating auto-fluorescence. This emitted light is blocked by lens opacities -when 
present- allowing detailed visualization of these structures. Reflected excitation light is 
blocked by a dichroic mirror before it reaches the camera and is thereby not visualized 
(fig. 1).
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FIGURE 1. Experimental setup of fluorescence microscopy with UV-illumination. The light source 

is a mercury-vapor lamp and produces white light. This excitation light passes a UV-filter -letting light 

pass with a wavelength between 340 and 380nm- and is reflected towards the specimen by a dichroic 

mirror. Molecules in the deeper part of the lens of the zebrafish are excited and emit light with a broad 

spectrum of wavelengths. Light with wavelengths above 400nm passes through the dichroic mirror 

and a 450-490nm filter and is detected by a digital camera.

RESULTS 

Two genetic zebrafish models known to develop cataract were studied: Clochem39 and 
GLS1-S482C zebrafish. Clochem39 zebrafish develop cataract due to the absence of 
denucleation of lens cells6,7,18. In GLS1-S482C zebrafish, cataract is postulated to develop 
due to protein aggregation secondary to oxidative stress15. We applied both confocal 
reflection microscopy -an established technique to detect cataract in zebrafish - and FUVI 
to the same zebrafish lenses6,7.

CONFOCAL MICROSCOPY
Lens opacities were visualized using confocal microscopy in Clochem39 zebrafish by the 
detection of reflected light in the center of the lens (9/12), while these were absent in 
wildtype Clochem39 siblings (0/9) (fig. 2A.1, S1A.1) (fig. 2A.2, S1A.2). It thereby illustrated its 
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ability to detect diffuse cataract. Confocal microscopy however did not detect reflected 
light in GLS1-S482C zebrafish (fig. 2A.3, S2A.1), with the exception of one zebrafish (fig. 
2A.4). No cataract was detected in wildtype zebrafish (0/3) used as controls (fig. 2A.5 and 
S2A.2).

TESTING THE ABILITY OF FUVI FOR DETECTION OF DIFFERENT TYPES OF 
CATARACTS
FUVI visualized diffuse opacities in Clochem39 zebrafish (12/12) in the whole surface of the 
lens, corresponding to the remaining presence of a nucleus. Additionally, increased central 
auto-fluorescence was detected (fig. 2B.1, S1B.1) at the same location as the reflected light 
detected by confocal microscopy. This is likely due to an optimum of opacities in this deepest 
location of the cylindrically shaped lens. No cataract was detected in Clochem39 siblings 
(0/9) (fig. 2B.2, S1B.2). In GLS1-S482C zebrafish, FUVI allowed visualization of dispersed, 
subtle structures in the lens in detail (8/8) (fig 2B.3, 2B.4, S2B.1). These structures most 
likely represent protein aggregation. The one zebrafish lens in which confocal microscopy 
detected reflected light, exhibited extensive opacities when visualized by fluorescence 
microscopy (fig. 2B.4). In the other lenses, in which confocal microscopy could not detect 
opacities, these were milder but could be visualized by FUVI. Opacities were not detected 
in wildtype zebrafish (fig. 2B.5, S2B.2). 
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FIGURE 2. Clochem39 and GLS1-S482C zebrafish lenses imaged by confocal reflection microscopy 

(A) and FUVI (B). Images aligned vertically represent the same lens. Additional results are shown in 

supplementary figures S1 and S2. (A) Confocal reflection microscopy. In Clochem39 zebrafish, reflected 

light was detected in 9/12 lenses (A1). In all siblings, a clear lens was visualized (A2). In GLS1-S482C 

zebrafish, reflected light was not detected in 7/8 lenses (A3). In one lens, confocal microscopy did 

detect reflected light (white arrow) (A4). In all wildtype zebrafish a clear lens was visualized (A5). (B) 

Fluorescent microscopy with UV-Illumination. In Clochem39 zebrafish, FUVI visualized diffuse opacity 

and increased central auto-fluorescence in all lenses (white arrow). This image is representative for 

12 lenses (B1). In all 9 wildtype Clochem39 siblings, a clear lens was visualized (B2). In the GLS1-S482C 

zebrafish lens, dispersed structures were imaged. This image is representative for 8 lenses (B3). In 

one of these lenses in which confocal microscopy did detect reflected light, extensive abnormalities 

were visualized with FUVI (B4). In all 3 wildtype zebrafish a clear lens was imaged (B5). 
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DISCUSSION 

This study shows that fluorescence microscopy with UV-light allows sensitive and detailed 
visualization of the zebrafish lens in vivo by detecting lens abnormalities ranging from local 
subtle structures to diffuse opacity. The method was compared to the established confocal 
reflection microscopic method. 

FUVI offers a number of advantages, complementary to current techniques. First, it is 
easily accessible as it does not require serial section imaging since one image represents 
a large depth of field. Second, staining or genetic engineering to create fluorescence are 
not required, as UV-illumination generates auto-fluorescence by excitation of molecules 
in the lens. Both these properties allow high-speed data acquisition. Third, fluorescence 
microscopy contains high quality objectives and uses a camera instead of a detector, 
allowing high resolution imaging.

In this study, FUVI allowed sensitive visualization of cataract in both GLS1 -S482C and 
Clochem39 zebrafish. Confocal microscopy enabled to detect these subtle structures in 
the lens of GLS1 -S482C zebrafish as well, but only when extensively present. The higher 
sensitivity of FUVI is also illustrated by the observation that FUVI could detect diffuse 
opacities in all Clochem39 zebrafish embryos, while confocal microscopy could only detect 
opacities in 6/9 zebrafish embryos. The higher sensitivity of fluorescence microscopy may 
be explained by a more efficient blockade of emitted fluorescence light -generated in the 
whole lens with low intensity- by lens opacities compared to laser light used in confocal 
microscopy, which is focused and has high intensity and therefore needs denser structures 
to be reflected. Conversely, the false negative results for more subtle opacities in GLS1 -
-S482C zebrafish by confocal microscopy can be regarded as a cautionary note: not lens 
abnormalities can be detected with the same microscopic method, therefore a causal 
correlation between a genetic defect and cataracts should not be withdrawn without the 
application of additional microscopic methods. The potential of FUVI to study different 
types of cataracts in other zebrafish models, such as those developing osmotic cataract 
in addition to cataracts caused by oxidative stress and the absence of denucleation, are 
needed to verify whether all types of cataract can be detected with this imaging technique. 

FUVI might be valuable for both the study of genetic causes of cataracts and the 
pathophysiology. By applying it to genetically altered zebrafish, new genetic causes of 
cataracts can be identified as previously accomplished for the GLS1-S482C mutation15. 
The ability to sensitively visualize opacities in detail might furthermore contribute to create 
insight into the pathogenicity of cataract formation, as the appearance and localization 
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of opacities might provide information about the cause. In Clochem39 zebrafish, cataract 
is caused by the absence of denucleation in all lens cells 6. The visualization of diffuse 
cataract by FUVI therefore aligns with the pathophysiology of the cataract formation. In 
GLS1-S482C zebrafish, cataract is hypothesized to be caused by protein aggregation 
secondary to oxidative stress. The visualization of dispersed, subtitle structures by FUVI 
is therefore in line with the pathogenicity of cataract formation. The potential of FUVI to 
create insight into the pathogenicity of cataract formation increases when applied to high-
content screenings. This might not only enable follow-up of cataract formation, but also 
the disappearance of cataract during drug treatments in time. The effect of UV-light on the 
lens should however be explored.

In conclusion, we describe Fluorescence microscopy with UV-Illumination as a sensitive 
technique which allows rapid and detailed visualization of the lens and cataracts in 
zebrafish embryos. 
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SUPPLEMENTARY FILES

FIGURE. S1 Cloche m39 zebrafish and siblings lenses imaged by confocal microscopy and FUVI. 

(A) Confocal microscopy visualized the lens of Clochem39 zebrafish and opacities in 6/9 lenses (white 

arrow) (A1) and its siblings (A2). (B) Fluorescent microscopy with UV-illumination visualized the lens 

of Clochem39 zebrafish op opacities in 9/9 lenses (B1) and its siblings (B2). Images aligned horizontally 

represent the same lens.
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FIGURE. S2 GLS1-S482C and wildtype zebrafish lenses imaged by confocal microscopy and FUVI. 

(A) Confocal microscopy visualized the lens of GLS1-S482C zebrafish (A1) and wildtype zebrafish 

(A2). Confocal microscopy only detected reflectance in 1 GLS1-S482C zebrafish lens (white arrow). 

(B) Fluorescent microscopy with UV-Illumination visualized the lens of GLS1-S482C zebrafish (B1) and 

wildtype zebrafish (B2). Images aligned horizontally represent the same lens. 
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GENERAL DISCUSSION

The research presented in this thesis focuses on the pathophysiology of enzyme defects 
involved in glutamate metabolism. It presents the identification of two novel inborn errors 
of glutamate metabolism and the study of their biochemical and phenotypic consequences 
by innovative techniques. In this chapter, we discuss the implications of this research, with 
the focus on the (patho)physiology of glutamate metabolism and future perspectives on 
disease identification in the era of metabolomics and genomics.

ONE GENE, TWO INBORN ERRORS OF METABOLISM

The two novel inborn errors or metabolism (IEMs) described in this thesis are caused by 
mutations in the same gene, GLS, encoding the enzyme glutaminase (GLS) (chapter 2 
and 3). While bi-allelic loss-of-function (LoF) GLS variants resulted in glutamine excess 
and glutamate deficiency, a mono-allelic, hypermorphic de novo GLS variant caused GLS 
hyperactivity with subsequent glutamine deficiency and glutamate excess. Hyperactivity 
variants are extremely uncommon and two errors causing opposite defects in the same 
enzyme are even more so. The opposing effects of these variants provide the opportunity 
to explore the biochemical and clinical consequences of an extensive enzyme activity 
spectrum.

CLINICAL AND BIOCHEMICAL EXPECTATIONS AND REALITY OF GLS DEFECTS
As the metabolic phenotypes of GLS hyperactivity and LoF are opposite, different clinical 
phenotypes may be expected for these disorders. At first glance, this is not the case as 
both diseases present with a predominantly neurological phenotype. This in itself is to be 
expected given the pivotal functions of glutamate and glutamine in the brain. 

Patients with GLS LoF described in chapter 2 exhibit neonatal respiratory failure, epileptic 
seizures, abnormalities in both the construction and the maintenance of brain structures 
and early death. This is in line with the importance of glutamate as a neurotransmitter 
functioning in the regulation of the respiratory center of the brain, signal transduction and 
axon myelination1,2. The importance of glutamate for respiration was previously illustrated 
by a GLS knock-out mousce model that also developed respiratory dysfunction3. High 
glutamine concentrations may have also contributed to the clinical phenotype of GLS 
LoF, since cerebral edema was observed in these patients, which can be secondary 
to glutamine accumulation4,5. GLS LoF is the first IEM that illustrates the importance of 

- 140 -

CHAPTER 7



glutamate -and GLS- for human brain function and survival. 

On the other end of the spectrum, the patient with GLS hyperactivity described in chapter 
3 has profound developmental delay, axial hypotonia and shows agitated, self-injurious 
behavior. We postulate that this neurological phenotype is mainly caused by glutamate 
excess, as glutamate excitotoxicity is associated with neurodegenerative disorders and 
agitated, self-injurious behavior6,7. However, a contributing effect of glutamine deficiency 
cannot be excluded. In addition to the neurological phenotype, the patient with GLS 
hyperactivity also developed erythematic subcutaneous nodules and infantile cataract. 
Interestingly, the direct link between glutamate excess or GLS activity and cataract has not 
been described before, although causal links between glutamate excess and oxidative 
stress, and oxidative stress and cataract have been described6,8. GLS hyperactivity 
illustrates a direct link, as we show that GLS hyperactivity causes cataract in both the 
patient and a zebrafish model, which in the latter could be alleviated by GLS inhibitors. The 
positive effects of GLS inhibition offers a potential future treatment avenue.

The absence of epilepsy in the patient with GLS hyperactivity is unexpected as glutamate 
excitotoxicity is considered a critical factor in the initiation of epileptic seizures9. These 
seizures are provoked by increased glutamate levels in the synaptic cleft, which implies 
that glutamate levels in the synaptic cleft of our patient are unaffected despite overall brain 
glutamate excess. Magnetic resonance spectroscopy (MRS) cannot distinguish intracellular 
and extracellular metabolites and therefore cannot be used for further exploration. 
Microscopic imaging of glutamate by using a fluorescent probe in a neuronal cell model 
expressing the GLS hyperactivity variant may further address this issue10. 

GLS produces ammonia concomitant with glutamate; therefore, ammonia levels were 
expected to be affected in patients with GLS defects. Plasma levels of ammonia in patients 
with both GLS defects however remained unaffected. In GLS LoF this is not surprising, 
as less ammonia should be produced. However, as one would expect increased 
ammonia production with GLS hyperactivity, the normal ammonia levels in our patient 
seem counterintuitive. An explanation might be that GS, which is maintained or even 
overexpressed (chapter 3), captures ammonia by forming glutamine which serves as a 
nontoxic inter-organ carrier of ammonia11.

PERSPECTIVES ON THE DIAGNOSIS OF GLS DEFECTS
The identification of GLS LoF and hyperactivity, creates awareness of these novel IEMs. 
This might help future recognition of undiagnosed patients with a similar biochemical 
and clinical phenotype. The diagnosis of GLS defects might include 3 factors: clinical 
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phenotyping, glutamine and glutamate analyzes and GLS genotyping. 

Phenotypic spectrum
The phenotypic spectrum of a disease often expands when more patients are diagnosed 
and reported. The first description of a disease often represents the more severe end 
of the spectrum of a disease and may not accurately represent the overall phenotype 
and prognosis. The introduction of Whole Exome Sequencing (WES) into diagnostics 
accelerates the process of extending the phenotypic spectrum, as additional patients with 
”new” phenotypic features, are diagnosed with known disorders. 

Variants that result in hyperactivity are extremely uncommon, especially in a well conserved 
catalytic area as present in GLS. We therefore expect GLS hyperactivity to remain ultra-rare. 
Two additional patients with GLS variants claimed to induce LoF were recently described12. 
These patients exhibited a milder phenotype, survived and presented with neuronal ataxia 
and optic atrophy. No GLS mutations were found in these patients, pointing to intronic 
defects leading to decreased enzyme expression, which, based on the milder clinical 
presentation, likely have less profound effects than the truncating mutations found in our 
patients.

By reviewing the phenotypic features observed in patients with inborn errors of glutamate 
metabolism in chapter 5, we showed that neurological, ophthalmological (cataract, optic 
atrophy, corneal ulcerations and retinal degeneration) and dermatological features were 
often exhibited. This is especially observed in GLS hyperactivity (developmental delay, 
cataract and erythematic subcutaneous nodules), GLS LoF (seizures, developmental 
delay, ataxia and optic atrophy) and GS deficiency (seizures, developmental delay and 
necrolytic erythema). Interestingly, the brain, skin, lens, optic nerve, cornea, and retina 
are all of ectodermal origin and therefore share similarities in expression and regulation 
of glutamate receptors13-15. This suggests that disturbed glutamate homeostasis may not 
only affect the brain, but also affects other ectodermal structures. We therefore expect that 
the phenotypic spectrum, once other patients with GLS defects are identified, will include 
features involving these structures. 

As glutamate is also involved in energy metabolism, redox homeostasis and the production 
of other amino acids, it is plausible that clinical consequences of one of these disturbed 
processes also includes the phenotypic spectrum. Untargeted metabolomics indeed 
revealed that GLS hyperactivity had downstream consequences for these pathways 
(chapter 4). The effect of GLS loss-of-function on these pathways has not yet been 
elucidated.
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Metabolic phenotyping
Next to clinical phenotyping, metabolic phenotyping will be essential for the diagnosis of 
GLS errors. For GLS hyperactivity, glutamate excess together with glutamine deficiency 
points in this direction. Normal levels in plasma and CSF however do not exclude the 
diagnosis (see below “Tissue specificity for deviant glutamate and glutamine levels”). 
Measurements in urine and brain with MRSI might be most accurate, as these patient 
fluids and tissues represent those with high GLS expression16. If hyperammonemia is 
detected as well, GS deficiency should be kept in mind as a differential diagnosis. For GLS 
LoF, glutamine excess together with glutamate deficiency, without hyperammonemia, is 
expected. We however only studied these amino acids in blood spots and not in plasma, 
CSF, urine or by brain MRSI and can therefore not give a definite conclusion about tissue 
specific alterations in GLS LoF. 

Genotyping
The detection of a (likely) pathogenic variant(s) in the GLS gene might confirm the diagnosis. 
However, when absent, intronic variants and mosaicism have not been excluded and 
should be considered. Whole Genome Sequencing (WGS) and the study of RNA- or protein 
expression, as well as genotyping of DNA from other sources like saliva or urine, might 
provide additional insight. 

It is possible that the identification of disease causing variants is hampered by the current 
paradigm that mono-allelic variants in enzyme-encoding genes are usually harmless. 
GLS hyperactivity illustrates that mono-allelic, dominant enzyme defects can be harmful 
as well. Other examples of IEMs caused by mono-allelic mutations are hyperinsulinism-
hyperammonia syndrome caused by hypermorphic mutations in GDH and cutis laxa 
and spastic paraplegia caused by de novo mutations in ALDH18A117,18. This expands our 
classical paradigm of recessive IEMs towards that of (de novo) dominant IEMs. We therefore 
advocate to consider pathogenicity in cases of mono-allelic variants. Pathogenicity of a 
variant should especially be considered when the clinical and metabolic phenotype are 
compatible and when the variant co-segregates within the family.

GLS DEFECTS VERSUS GS DEFECT
While GS deficiency and GLS hyperactivity both lead to glutamine deficiency, their 
phenotypes differ significantly. One of the major differences is that patients with GS 
deficiency present with neonatal lethal epilepsy, while the patient with GLS hyperactivity 
described in chapter 3 did not19. This might be explained by biochemical differences other 
than glutamine deficiency. For instance, patients with GS deficiency are not reported to 
have glutamate excess. Furthermore hyperammonemia was reported in these patients, 
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which is known to cause epilepsy. The GLS hyperactivity patient characterized in chapter 
3 did exhibit glutamate excess, but did not show hyperammonemia. These factors may 
provide an explanation for the phenotypical differences.

In GS deficiency, the lack of glutamine leads to NAD+ deficiency20. NAD+ is important for 
redox homeostasis. We showed in chapter 3 that the redox buffer capacity is reduced in 
GLS hyperactivity, in line with the disturbed γ-glutamyl cycle intermediaries observed with 
untargeted metabolomics in chapter 4. Although not studied in our work, NAD+ deficiency 
secondary to glutamine deficiency might have contributed (in addition to glutamate 
excitotoxicity) to a disturbed redox homeostasis in GLS hyperactivity. 

Interestingly, patients with GLS LoF described in chapter 2 and GS deficiency show clinical 
similarities, while they exhibit opposite metabolic effects: they developed neonatal epilepsy 
and died shortly after birth. This shows that disturbed glutamine-glutamate homeostasis, 
in either direction, is detrimental and indicates that homeostasis is extremely important for 
human brain function and survival.

GLUTAMATE METABOLISM REVISITED

REGULATION OF GLUTAMATE METABOLISM 
Unraveling the mechanisms behind GLS hyperactivity has provided new insights into the 
regulation of glutamate metabolism. By aligning +/- 12.000 GLS protein sequences from 
>1000 genera, we revealed that the substituted residue Ser482 had an extremely high 
degree of conservation, comparable to the conservation of residues directly involved 
in the enzymatic activity (chapter 3). Substitution of this highly conserved residue leads 
to GLS hyperactivity. This suggests that Ser482 serves as a built-in restrictor, ensuring 
submaximal activity rather than maximal enzyme activity of GLS.

Next to the regulation of glutamate homeostasis on genetic level, we showed that 
metabolic compensatory mechanisms are activated in a state of GLS hyperactivity (chapter 
3). Increased glutamate concentrations induced downregulation of GLS expression. This 
effect supports the observation by Krebs, who in 1935 showed that glutamate acts as a 
sensor for GLS regulation, and reveals that glutamate not only affects GLS enzyme kinetics 
but also its expression. Additionally, we observed that protein levels of the reciprocal 
enzyme GS were upregulated to maintain glutamate homeostasis. 
Whether compensatory mechanisms also occur in GLS LoF was not determined in our 
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work. Hypothetically, downregulation of GS may prevent glutamine excess and glutamate 
deficiency. Upregulation of GLS enzyme expression is ineffective to compensate for 
GLS LoF since GLS function is lost. This ineffective mechanism is also observed in GS 
deficiency, in which upregulation of GS enzyme expression could not prevent glutamine 
deficiency21. Future work involving the use of patient cells or a GLS LoF knock-out cell 
model will increase the understanding of compensatory mechanisms in GLS LoF.

In chapter 5, we reviewed inborn errors in enzymes of glutamate metabolism and studied 
their effect on glutamate and glutamine levels. Deviant glutamate and glutamine levels 
were however scarcely reported in these IEMs, other than in GLS and GS defects and urea 
cycle defects. These levels were therefore presumed to be normal. If true, this points to 
compensatory regulation of these levels by either transport or other enzymes of glutamate 
metabolism. It is important that glutamate and glutamine levels are measured in different 
patient sources and are reported. Dissemination of this knowledge could benefit from an 
open access database for the controlled registration of these data.

TISSUE SPECIFICITY FOR DEVIANT GLUTAMATE AND GLUTAMINE LEVELS
Under certain conditions, metabolite concentrations in the cerebrospinal fluid (CSF) can 
provide surrogate information on the metabolic status of the brain. However, glutamate 
and glutamine levels in the patient with GLS hyperactivity described in chapter 3 were 
normal in CSF, while MRS(I) detected extremely high levels of glutamate and almost 
undetectable levels of glutamine in the brain. This discrepancy may be explained by the 
degree to which glutamate and glutamine levels are controlled by GLS in different cell 
types. CSF is formed by the choroid plexus consisting of glial cells, in which glutamate and 
glutamine levels are regulated by GS rather than GLS. In brain tissue, these metabolites 
are mainly regulated by GLS22,23. This striking contrast can be regarded as a cautionary 
note: CSF should not be readily regarded as a representation for the brain if it concerns 
glutamine and glutamate. If aberrant metabolite levels are expected in a patient, we advise 
additional MRS measurements to be performed to inform on the metabolic status of the 
brain. Regional differences of these metabolites (obtained by MRSI) might create additional 
insight into the expression of GLS and pathology. 

In our patients with GLS LoF described in chapter 2, glutamate and glutamine levels were 
only measured in bloodspots as these patients died shortly after birth. Although glutamate 
levels were normal in bloodspots, we expect deviant levels in brain given high neuronal 
GLS expression and the neurologic phenotype observed in these patients. MRS might 
provide valuable information about glutamate metabolism in the brain of patients with GLS 
LoF and we therefore recommend to perform brain MRS as soon as possible when a new 
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patient with this IEM is diagnosed. 

Alterations of glutamate and glutamine levels seem tissue specific. These levels not only 
remained unaffected in the CSF. In plasma of the patient affected with GLS hyperactivity, 
glutamate and glutamine values remained unaffected as well. This can be likely explained 
by the expression of the isoenzyme GLS216. In urine, glutamate and glutamine values were 
altered, in accordance to tissue-specific GLS expression16. This points to tissue specificity 
for glutamate and glutamine levels, dependent on tissue specific GLS expression and 
on compensatory mechanisms. This can be regarded as a second cautionary note: the 
absence of these altered metabolites does not always exclude pathology. 

BLOOD SPOTS: TREASURE, NOT TRASH. 
A MESSAGE TO THE GOVERMENT 

Co-segregation of a genetic variant and the clinical or biochemical phenotype within a 
family is essential for disease identification. In chapter 2 we describe how segregation of 
GLS variants and the clinical and metabolic phenotype within a family, using bloodspots 
saved from newborn screening, led to the proof of causality and the retrospective diagnosis 
of a family member that died 10 years prior. This case illustrates the potential of bloodspots 
for the retrospective identification of rare metabolic diseases in undiagnosed, deceased 
patients. It is therefore important that bloodspots remain available for diagnostics. 

In the other family we described in chapter 2, from South-Asian descent, co-segregation 
with deceased family members was not possible, since bloodspots were unavailable. In 
the Netherlands, the law “Wet zeggenschaps en lichaamsmateriaal” states that bloodspot 
cannot be stored for longer than 5 years. It is therefore impossible to perform retrospective 
analyses beyond 5 years of age. To enable doctors and researchers to diagnose patients 
and identify novel, rare diseases, it is important that this law will be amended. We therefore 
make an appeal to store all blood spots for at least 16 years 24,25. 

FLUORESCENCE MICROSCOPY WITH UV-ILLUMINATION (FUVI)

Innovative techniques to study to pathophysiology and causality of a genetic variant are 
important. We developed a Fluorescence microscopic method with UV-Illumination (FUVI) 
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to image lens opacities in zebrafish. We show in chapter 3 and 6 that FUVI accurately 
visualizes the zebrafish lens with high sensitivity. It is easily accessible and does not require 
genetic engineering or staining for visualization. One image represents a large depth of 
field, allowing high-speed data acquisition. We anticipate that this method can be valuable 
for multiple purposes: discovering new genetic causes of cataracts; creating insight into the 
pathophysiology of cataracts; and (as we have illustrated metabolic intervention in zebrafish 
as a potential strategy for cataract treatment in chapter 3) enabling the study and follow-
up of therapeutic chemical potentials. The question remains as to whether other kinds of 
cataracts can be detected using FUVI. As it accurately visualizes the whole lens, other lens 
disorders, such as micro- or aphakia and ectopia lentis can likely be depicted in zebrafish 
embryos by FUVI as well. Together, FUVI might create possibilities for the further study of 
the genetic causes and pathophysiology of cataract as well as other lens abnormalities.

IEM IDENTIFICATION IN THE ERA OF GENOMICS 
AND METABOLOMICS

This thesis illustrates the value of the “genome first approach” for the identification of 
new diseases and to unravel their pathophysiology. Variant interpretation is extremely 
important now that with NGS a large number of variants are detected, which might or 
might not underlie a disorder. Incorrect interpretation of variant pathogenicity might lead 
to misdiagnosis of the patient and family, with severe implications. Clinical phenotyping 
and metabolomics are essential for the interpretation of variants and to provide evidence 
for causality and pathophysiology. The “genome first approach” should therefore not be 
mistaken by a “genome only approach”.. The importance of phenotyping is illustrated 
by a recent study, in which clinical reviewing alone provided a diagnosis in 11% of the 
patients which were re-evaluated in a multidisciplinary setting, because they did not have 
a diagnosis despite extensive medical evaluation26. Metabolomics provides a functional 
readout of the consequences of genetic variation and therefore creates both evidence for 
causality and insight into pathophysiology. 

Untargeted metabolomics provides an extensive “metabolic fingerprint” of the metabolic 
response to a pathogenic stimuli, which does not require a priori knowledge of the clinical 
or metabolic phenotype. Chapter 5, in which untargeted metabolomics is performed on 
a GLS hyperactivity cell model, is a good illustration of the power of this approach. With 
only one test, our in-house developed DI-HRMS pipeline enabled us to detect thousands 
of metabolites within a few minutes. We learned that GLS hyperactivity has numerous 
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downstream metabolic consequences, in line with the multiple functions of glutamine and 
glutamate. This not only created insight into the possible contributing pathologic factors, 
but it also provided interesting leads to possible treatment. It suggested that targeting the 
source would be more accurate than multiple downstream targeting. Indeed, targeting 
GLS activity with the GLS inhibitor CB-839 effectively maintained a balanced metabolome 
in this cell model. 

Untargeted metabolomics is currently used for research purposes. However, it is increasingly 
being valued as a means for disease recognition and might eventually progress towards a 
tool for diagnostics. There remain some challenges: specificity and reproducibility should 
be improved and a structured workflow to select specific metabolites (out of the thousands 
provided metabolites) should be created. Recently, such a workflow was suggested for 
semi-untargeted data, comparable with the approach of WES analysis27. This involves 3 
steps: targeted evaluation based on identified genetic variants of uncertain significance 
in metabolic pathways, followed by a panel of IEM-related metabolites and, if needed, by 
an ‘open the metabolome’ analysis. Although untargeted metabolomics should currently 
still be confirmed by targeted metabolomics, its role in the genomic and metabolomics era 
will likely grow.

COLLABORATION: THE KEY TO SUCCESS
Multidisciplinary teams are a key element to diagnose patients with rare disorders in this 
era of genomics and metabolomics. Projects with the aim to solve unsolved cases are 
arising fast. In the United States, the Undiagnosed Disease Network is established to apply 
a multidisciplinary model in the evaluation undiagnosed patients with the aim to identify 
new diseases and their biologic characteristics26. In the Netherlands, similar projects 
are started, in which pediatricians, clinical geneticists, laboratory specialists and other 
academics collaborate to reach this prime aim. These projects bridge the gap between 
clinical care and research, which is necessary for successful collaboration. 

As IEMs are scarce, international collaboration is of increasing importance to identify 
similar patients. This is easier now that communication all over the world is accessible 
with social media and other communication tools. GeneMatcher, for instance, is a website 
that enables the connection between clinicians and researches who share an interest in 
the same gene28. This tool enabled us to find multiple patients with GLS mutations, which 
strengthened the evidence of pathogenicity of GLS dysfunction. We collaborated with 
scientists and doctors from Germany, Switzerland and England not only to find multiple 
patients but also to share valuable knowledge. 
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Not only international, also local, interdisciplinary collaboration is essential to provide 
a complete view of a disease from phenotype to genotype. Collaboration of patients 
and their family are crucial for this process, as are clinical geneticists, pediatricians and 
metabolic and molecular laboratory specialists, molecular biologists, zebrafish experts and 
many other specialists. As can be seen in the author list, we highly uphold this principle of 
strong collaborations. 
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NEDERLANDSE SAMENVATTING

Metabole ziekten (stofwisselingsziekten) zijn erfelijke ziekten. Deze worden veroorzaakt 
door mutaties (veranderingen in genen van het DNA) die er voor zorgen dat metabole 
(biochemische) processen in het lichaam worden verstoord. Dit uit zich vaak op 
kinderleeftijd al met ernstige symptomen en leidt soms tot het overlijden van de patiënten. 
Het is belangrijk dat patiënten zo vroeg mogelijk gediagnosticeerd worden, omdat veel 
metabole ziekten behandeld kunnen worden met medicijnen, leefregels of dieetadviezen. 
Het stellen van een diagnose is bovendien belangrijk voor het inzicht in het ziektebeloop 
en de levensverwachting en daarmee de verwerking voor de patiënt en familieleden. 
Hiernaast opent dit de weg naar familiescreening.

Het identificeren van nieuwe metabole ziekten en het ontrafelen van het ziektemechanisme 
is belangrijk. Het stelt artsen in staat deze ziekten te herkennen bij toekomstige patiënten 
met vergelijkbare klachten en verstoorde biochemische processen. Het kan tevens inzicht 
geven in mogelijke behandelingen. Door het bestuderen van het ziektemechanisme van 
nieuw ziekten kan ook kennis verkregen worden over het normale functioneren van 
biochemische processen in het lichaam en het belang hiervan voor de gezondheid. 

Het werk gepresenteerd in dit proefschrift beschrijft de ontdekking en de ziektemechanismen 
van twee nieuwe metabole ziekten die beiden worden veroorzaakt door mutaties in het 
GLS gen. Het GLS gen codeert voor het eiwit glutaminase, dat het aminozuur glutamine 
omzet in het aminozuur glutamaat. Glutamine is een bouwsteen voor vele eiwitten en 
is belangrijk voor de detoxificatie van de giftige stof ammoniak. Glutamaat is belangrijk 
voor de signaaloverdracht van zenuwen, voor energie metabolisme en voor het behoud 
van een goede balans tussen oxidanten en anti-oxidanten. Een teveel aan glutamine en 
glutamaat kan echter ook schadelijk zijn. Een balans tussen deze aminozuren is daarom 
essentieel.

In hoofdstuk 1 wordt ingegaan op de benodigde stappen voor het ontdekken van 
nieuwe metabole ziekten. Tevens wordt toegelicht hoe de ontwikkeling van genetische 
en analytische technieken ons vermogen om nieuwe genetische metabole ziekten te 
ontdekken sterk heeft verbeterd. 

In hoofdstuk 2 beschrijven wij een nieuwe metabole ziekte bij vier kinderen van 
twee onverwante families, veroorzaakt door mutaties in het GLS gen. Hierdoor gaat 
de functie van het eiwit glutaminase verloren. Dit leidt in pasgeboren kinderen tot 
ademhalingsproblematiek, epileptische aanvallen en het kort daarna overlijden van deze 
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patiënten. Deze ziekte is ontdekt met een ‘genoom-eerst aanpak’, waarbij DNA analyse 
gevolgd werd door analyse van glutamine en glutamaat, welke het verlies van glutaminase 
functie bevestigde. Deze nieuwe metabole ziekte, genaamd ‘GLS loss-of-function’ is de 
eerste metabole ziekte die het belang van glutamaat en GLS voor een goede functie van 
de hersenen in mensen aantoont. Door het analyseren van opgeslagen hielprikkaartjes 
in Zwitserland van broertjes en zusjes van een van de patiënten, kon ook van deze 
kinderen bepaald worden of ze al dan niet aangedaan waren. Deze benadering illustreert 
de toegevoegde waarde van het langdurig bewaren van hielprikkaarten. In Nederland 
worden hielprikkaartjes maar tot 5 jaar na de geboorte bewaard. Op grond van ons 
onderzoek hebben wij daarom een oproep aan de regering gedaan om deze gedurende 
langere tijd op te slaan.

In hoofdstuk 3 beschrijven wij een andere nieuwe metabole ziekte in een patiënt die 
ook veroorzaakt wordt door een GLS gen mutatie. Deze mutatie veroorzaakt juist een 
versterkte functie van glutaminase, wat leidt tot verlaagde glutamine en verhoogde 
glutamaat waarden. Deze patiënt met ‘GLS hyperactiviteit’ had staar sinds de leeftijd van 
3 maanden, dermatologische afwijkingen, verlaagde spierspanning in de romp en een 
ernstige ontwikkelingsachterstand. In een celmodel waarin deze GLS mutatie is nagebootst, 
toonden wij aan dat compensatiemechanismen aangezet werden om de balans tussen 
glutamine en glutamaat te herstellen: het glutaminase eiwit was verlaagd aanwezig en 
glutamine synthetase (het eiwit dat de tegenovergestelde reactie uitvoert) was verhoogd 
aanwezig. Tevens toonden wij aan dat de capaciteit om oxidanten onschadelijk te maken, 
verlaagd werd door GLS hyperactiviteit. Het was al uit eerder onderzoekbekend dat zeer 
hoge glutamaat waarden leiden tot hoge oxidanten waarden, en dat hoge oxidanten 
waarden leiden tot staar. Dat GLS hyperactiviteit daadwerkelijk de oorzaak is van de staar 
in onze patiënt, toonden wij aan doordat zebravissen met GLS hyperactiviteit ook staar 
ontwikkelden, wat voorkomen kon worden door het remmen van de GLS activiteit. 

Om de lens van de zebravisembryo (kleiner dan 0.1mm) en de staar goed in beeld te kunnen 
krijgen, hebben wij een fluorescentie microscopie methode op basis van illuminerend UV-
licht ontwikkeld (FUVI). In hoofdstuk 6 omschrijven wij deze methode door deze toe te 
passen op verschillende zebravis modellen die staar ontwikkelen en deze te vergelijken 
met reguliere microscopie.

Glutamaat en glutamine vervullen beiden veel verschillende functies in het lichaam en 
zijn hierdoor verweven in vele metabole paden. In hoofdstuk 4 werden de uitgebreide 
metabole gevolgen van GLS hyperactiviteit bestudeerd door gebruik te maken van 
‘untargeted metabolomics’. Bij deze methode is de specificiteit lager dan bij het doelgericht 
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meten van een selectie van metabolieten, maar met deze methode wordt in één keer een 
profiel gemaakt van meer dan duizend metabolieten en kan daarbij tot nieuwe inzichten 
leiden.. Wij toonden hiermee aan dat GLS hyperactiviteit niet alleen gevolgen heeft voor 
glutamine en glutamaat waarden, maar verstrekkende gevolgen heeft voor vele metabole 
paden. 

GLS loss-of-function en GLS hyperactiviteit zijn niet de enige stofwisselingsziekten 
waarbij glutamaat direct betrokken is. Wij vroegen ons af in hoeverre er vanwege de 
betrokkenheid van glutamaat ook klinische overenkomsten waren. In hoofdstuk 5 
bestudeerden wij daarom 17 metabole ziekten, veroorzaakt door defecten in eiwitten 
die glutamaat direct metaboliseren. Door een overzicht te creëren van de klinische en 
biochemische eigenschappen van deze patiënten, hopen wij dat deze metabole ziekten 
makkelijker herkend zullen worden bij toekomstige patiënten. Deze metabole ziekten 
konden verdeeld worden in drie grote groepen: ziekten veroorzaakt door een verstoorde 
aanmaak of afbraak van andere aminozuren; ziekten in de ammoniak stofwisseling; en 
ziekten met een verstoorde oxidanten-antioxidanten balans. Door het vergelijken van de 
symptomen van patiënten met deze metabole ziekten, kon informatie verkregen worden 
over de gevolgen van een verstoorde glutamaat stofwisseling. Opvallend was dat deze 
patiënten vooral klachten van het zenuwstelsel, de ogen en de huid hadden. Deze 
observatie geeft ons inzicht in het belang van reguleerde glutamaat waarden voor deze 
organen.

Tenslotte bediscussiëren we in hoofdstuk 7 de ziektemechanismen van GLS loss-of-function 
en GLS hyperactiviteit door de symptomen en biochemie van de patiënten te vergelijken 
met elkaar, en verwante metabole ziekten. We bespreken vervolgens welke kennis over 
het normale glutamaat metabolisme en de regulatie ervan opgedaan kan worden uit 
deze metabole ziekten. Vervolgens wordt geëindigd met mijn toekomstperspectief (dat 
niet zover vooruit ligt) betreffende het identificeren van nieuwe metabole ziekten: de 
combinatie van fenotypering en metabole en genetische analyse van meerdere patiënten 
met eenzelfde ziektebeeld is hiervoor vereist, waarbij een goede interdisciplinaire en 
internationale samenwerking van essentieel belang is. 
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SUMMARY

Inborn Errors of Metabolism (IEMs) are a class of inherited genetic disorders caused by 
variants in genes coding for proteins that function in metabolism. As IEMs can affect a 
wide range of metabolic pathways, the biochemical and clinical presentations vary widely 
but these patients often have early, severe onset. Early diagnosis is essential for optimal 
outcome of children with an IEM, as treatment is possible for many IEMs. It provides insight 
into prognosis and is important for the psychological processing of the patient and family. 
It furthermore enables the screening of family members.

Not all IEMs are known yet, therefore some patients still remain undiagnosed. Identification 
of these new IEMs and their disease mechanism is important. It creates awareness for 
these new IEMs, which helps recognition of future patients with a similar clinical and 
biochemical phenotype. It might additionally provide leads to treatment and knowledge 
about normal physiology and its importance for health. 

The research presented in this thesis describes the identification and disease mechanisms 
of two novel IEMs caused by mutations in the GLS gene. This gene encodes the protein 
glutaminase, which converts the amino acid glutamine into glutamate. Glutamine is a source 
for many proteins and is important for ammonia detoxification. Glutamate is an important 
neurotransmitter and plays a pivotal role in energy metabolism and redox homeostasis. 
Excess of these amino acids however can be harmful. A balance between these amino 
acids is therefore essential.

In chapter 1, the required steps for the identification of new IEMs are elaborated. 
Furthermore, it is exemplified how the development of genetic and analytical techniques 
improved our ability to discover the genetic cause of IEMs.

In chapter 2, we describe a new IEM in 4 children of 2 unrelated families, caused by bi-
allelic loss-of-function mutations in GLS. This leads to neonatal, respiratory insufficiency, 
epilepsy and death. This was achieved through a “genome first approach”, in which Whole 
Exome Sequencing identified the variants in the GLS gene, which co-segregated within 
the family, and targeted metabolic analyses confirmed loss-of-function. This is the first IEM 
that illustrates the importance of glutamate and GLS for human brain function and survival. 
Through analysis of bloodspots stored from neonatal screening (in Switzerland), deceased 
siblings of the patients could retrospectively diagnosed. This illustrated the importance to 
store bloodspots. In the Netherlands, bloodspots are only stored for 5 years after birth. We 
therefore made an appeal to the government to store all blood spots for at least 16 years.
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In chapter 3, we describe another novel IEM caused by a GLS mutation. This mutation 
caused GLS hyperactivity, resulting in low glutamine and high glutamate levels. This patient 
had early onset cataract diagnosed at age 3 months, dermatological abnormalities, axial 
hypotonia and profound developmental delay. In a cell model in which the GLS hyperactivity 
mutation was expressed, we showed that metabolic compensatory mechanisms were 
activated: glutaminase protein expression was decreased, while glutamine synthetase (the 
reciprocal enzyme) protein expression was increased. We furthermore demonstrated that 
redox capacity buffer was decreased. The causal links between glutamate excess and 
oxidative stress, and oxidative stress and cataract are known. We confirmed the causality 
of GLS hyperactivity for cataract formation, as zebrafish with GLS hyperactivity developed 
cataract, which could be alleviated with GLS activity inhibition.

To visualize the lens of the zebrafish embryo (smaller than 0.1mm) and lens opacities, we 
developed a fluorescence microscopic method based on UV-Illumination (FUVI). In chapter 
6, we describe this method and applied it to different zebrafish models that are known to 
develop cataract. We compared FUVI with confocal microscopy, an established method .

Glutamate and glutamine have several important functions and are involved in a variety 
of metabolic pathways. In chapter 4 the extensive downstream metabolic consequences 
of GLS hyperactivity were examined by untargeted metabolomics. This method provides 
an extensive “metabolic fingerprint”. It is less specific than targeted metabolic techniques, 
but enables the detection of thousands of metabolites with one test. We demonstrated 
that GLS hyperactivity not only affected glutamine and glutamate levels, but that it has far-
reaching downstream metabolic consequences. 

GLS loss-of-function and GLS hyperactivity are not the only inborn errors of glutamate 
metabolism. In chapter 5 we review all reported inborn errors of enzymes of glutamate 
metabolism and provide an overview of their clinical and biochemical characteristics. 
By drawing phenotypic and biochemical parallels, we attempt to create insight into the 
clinical effect of disturbed glutamate metabolism. These IEMs could be divided in three 
main groups, affecting amino acid metabolism, the urea cycle- and ammonia metabolism or 
the γ-glutamyl cycle. By drawing parallels between phenotypic features of these patients, 
we showed that neurological, ophthalmological and dermatological features were often 
exhibited. This provides us with knowledge about the importance of regulated glutamate 
homeostasis for these tissues.

Finally, in chapter 7, I discuss the underlying disease mechanisms of GLS loss-of-function 
and GLS hyperactivity by comparing clinical and biochemical features of these and related 
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IEMs. I furthermore elucidate what novel knowledge can be extracted from these IEMs 
concerning physiologic glutamate metabolism and its regulation. I end with my near 
future perspectives regarding the identification of all novel IEMs: the combination of deep 
phenotyping, metabolic and genetic diagnostics of patients with a similar phenotype is 
required. Interdisciplinary and international collaboration is essential to reach this prime 
aim.
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DANKWOORD

Het is zover. Mijn proefschrift met het resultaat van ruim 4 jaar onderzoek is af. De 
eindbestemming van een uitdagende, leerzame periode waarin ik veel inspirerende 
mensen heb leren kennen die mij allen geholpen hebben om mijn doel, promoveren, te 
bereiken.

Allereerst wil ik graag de leden van de leescommissie, prof. dr. V.V.A.M. Knoers, prof. 
dr. E.E.S. Nieuwenhuis, prof. dr. J.P.H. Burbach, prof. dr. M.M. van Genderen prof. dr. 
H.R. Waterham bedanken voor het lezen en beoordelen van dit proefschrift. Johannes 
Häberle and Eric Kalkhoven, I would also like to thank you for your participation in my 
PhD committee.

Mijn onderzoek op de afdeling van Nanda Verhoeven, Genetica sectie Metabole 
Diagnostiek, begon als wetenschappelijke stage onder begeleiding van Peter van 
Hasselt, Berthil Prinsen en Gijs van Haaften en zette zich voort als PhD-traject met ook 
de begeleiding van Judith Jans en Roderick Houwen. Nanda, ik wil je bedanken voor 
de ruimte die ik heb gekregen om mij naast mijn promotie ook op andere vlakken te 
ontwikkelen. Je bent daarnaast een mooi voorbeeld voor mij van een krachtige vrouw met 
hoge functie, die ook tijd neemt voor haar sociale leven. Roderick, dank voor het mogelijk 
maken van deze promotie. Judith, jij hebt mij integriteit in de wetenschap geleerd. 
Natuurlijk stond ik niet altijd te springen om de experimenten in triplo in drievoud uit te 
voeren om reproductiviteit aan te tonen, maar hierdoor staan wij allen sterk achter onze 
stellingen. Peter, jouw creatieve geest werkt inspirerend en heeft het onderzoek een 
stuk verder gebracht. Onze koppigheid botste zo nu en dan, maar daar kwamen we met 
wat onderhandelingen wel uit. Je hebt je erg voor mij ingezet en hebt ook altijd aandacht 
gehad voor mijn persoonlijke ontwikkeling. Ik waardeer dit erg. 

Rúben, for about three years we spent most hours of our days together as graduate 
students. We have worked really hard together but also have had many nice moments 
(coffees, museum, congresses in Rome and of course Lyon). Thank you for your help with 
the mass spectrometer and for letting me sing in our room. I hope you are having a great 
time and career in New York. 

Toen ik begon met mijn wetenschappelijke stage, kon ik pipeteren en cellen kweken. Maar 
daar hield het qua labskills ook wel een beetje bij op. Ik heb ontzettend veel hulp gehad 
van vele mensen waaronder alle laboranten van het laboratorium metabole ziekten. Ik 
ben jullie allemaal dankbaar voor deze hulp en jullie gezelligheid! Graag bedank ik enkele 
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mensen specifiek: Ans, Mirjam, Gerda en Birgit, jullie hebben mij vanaf het begin tot eind 
op weg geholpen. Johan, Yuen-Fung, Maria, Marcel en Mia, dank voor jullie technische 
en biostatische ondersteuning bij de untargeted metabolomics. Can, well...we tried. 
Unfortunately glutathion measurements remain a mystery. Martin, bedankt voor de GABA 
analyses en dat ik je ook in de weekenden kon bellen. Deena, Raymond, Isa, Harrold, 
Suzana; deze periode was zoveel minder leuk geweest zonder al jullie kletspraatjes!

Glen, Monique, Jolita, Sanne en met name ook Hanneke: jullie hebben mij tijdens de 
onderzoeksbesprekingen weer een stapje vooruit, of een stapje terug, laten zetten. Sanne 
en Karen, naast dit ook ontzettend bedankt voor alle ondersteuning in het lab! Zoals bij de 
meeste onderzoeken, staat niet alles opgeschreven. Zo staat in dit boekje bijvoorbeeld 
niet omschreven dat ik (mislukte) experimenten uitgevoerd heb op de muizenogen die 
Judith en Lena over hadden van hun cardiologische experimenten (in het kader van 
duurzaamheid). Meiden, bedankt hiervoor! Esmee, jij was echt een top student met veel 
inzicht en doorzettingsvermogen! Je hebt mij ontzettend geholpen bij alle ROS metingen. 
Melanie en Willem, bedankt voor het mooie overzicht over microscopie bij zebravissen en 
de technische hulp bij de microscopische methoden. Maaike, de Seahorse experimenten 
zijn niet gelukt, maar we hebben er wel leuke koffiemomenten aan overgehouden. Ook 
de genetica groep in het Stratenum wil ik bedanken. Chris en Christina ik ben blij dat 
wij onze ontbijtjes voortzetten zodat we zo nu en dan bij kunnen kletsen. Saskia en 
Marijn, bedankt dat jullie mij geïntroduceerd hebben met de klinische genetica. Door jullie 
enthousiasme is mijn interesse aangewakkerd en ben ik waar ik nu ben!

Zoals ik mijn discussie afsloot: samenwerking is de sleutel tot succes. Wij hebben 
samengewerkt op zowel multidisciplinair niveau (artsen, onderzoekers, biologen, statistici 
enzovoorts) als op internationaal niveau. Ik wil alle co-auteurs die hebben bijgedragen 
aan dit onderzoek bedanken. Federico en Anko, dank voor alle hulp bij de zebravis 
experimenten. Fried, jij kwam erachter dat mijn celmodel niet klopte, 1 dag voor submissie 
van het onderzoek. Ik kan niet zeggen dat ik toen erg blij was, maar ik ben je wel erg 
dankbaar voor al je hulp om het onderzoek weer op de rails te krijgen. Holger, het 
moment dat wij samen met 3D bril op de structuur van GLS bestudeerden, zal ik niet snel 
vergeten. Bedankt voor de enthousiaste uitleg en hulp hierbij. Tobias, bedankt voor de 
hulp bij de ROS metingen en interpretatie hiervan. Maarten Lequin en Peter Schellekens 
bedankt voor jullie radiologische resp. oogheelkundige deskundigheid. Petra Pouwels, 
Marjo van der Knaap, Jannie Wijnen en Alex Bhogal, bedankt voor jullie metingen inzicht 
in MRS en MRSI. Benjamin Büttner, Rami Jamra, Oliver Maier, Jan-Ulrich Schlump, 
Bernhard Schmitt, Michele Losa, Ralph Fingerhut, Johannes Lemke and Graeme Black: 
international collaboration is important, but a challenge, we did it!
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Alex, met jouw MRSI passie en deskundigheid heb je mij veel geleerd en het onderzoek 
naar een hoger level getild. Ik ben blij dat je er voor mij was in de laatste stressvolle 
periode.

Speciaal wil ik ook stilstaan bij de patiënten en familieleden. Zonder hun verhaal en 
toestemming dit te mogen delen met de academische wereld, was dit onderzoek niet 
mogelijk geweest.

Het laatste jaar van mijn promotie heb ik gecombineerd met mijn opleiding tot klinisch 
geneticus in het Amsterdam UMC. Deze combinatie was niet altijd gemakkelijk. Ik wil 
alle assistenten klinische genetica bedanken voor de gezelligheid op de werkvloer, dit 
maakte de periode zoveel lichter! Ook wil ik de stafleden, met name mijn opleidster Eline, 
bedanken voor de ruimte die ik gekregen heb voor de laatste loodjes van mijn boekje.

Pilli’s: Britt, Lenneke, Zoë, Karin, Frederieke, wij zijn samen begonnen met onze bachelor 
Biomedische Wetenschappen en hebben sindsdien allemaal ons eigen pad gevolgd. Ik 
geniet ontzettend van alles wat jullie meemaken en wat wij samen doen. Free zelfs met 
de oceaan ertussen zijn wij dichter naar elkaar gegroeid! Britt, jou ken ik al als tiener. 
Samen fotomodellen, liefdesverdriet, wonen, ruziën, gieren, reizen: ik ben zo blij om jou 
als vriendin te hebben. Ik hoop je snel weer te zien uit Australië. Emerens, Ruben en 
Mantre: ook jullie hebben van mijn studietijd inclusief co-schappen zo’n ontzettende 
leuke tijd gemaakt!

Naast al het werken is ontspanning natuurlijk belangrijk en dit heb ik in zoveel leuke 
dingen gevonden. Bovenal in het salsadansen bij Union. Ik heb genoten van het lesgeven 
en alle feestjes. Alle dansers: bedankt! Golly Gee Girls, wat krijg ik veel energie van het 
zingen met jullie. Vier verschillende stemmen en karakters die samen een match vormen. 
Lex, there ain’t no valley low enough girl. Je bent recht door zee en doortastend. Ik heb 
genoten van alle optredens samen en kijk uit naar de volgende! Willemijn, geen toon is 
té complex voor jou. Met jouw harmonie laat jij alle tonen in het midden ontmoeten. Ik mis 
je als huisgenoot! Inge, jij verdient eigenlijk een eigen bladzijde. Niet alleen vanwege 
je krachtige stem, ook vanwege je krachtige en zachte persoonlijkheid. Je geeft mij 
zelfinzicht en naast dit alles kan ik vooral heel lekker met je lachen. Willem, wij zouden de 
kakelende kippetjes moeten heten zonder jouw jazzy leiding. Bedankt! Pain du pudding 
peoples: de weekendjes, festivals en vakanties met z’n allen hebben mij heel veel energie 
gegeven om weer een periode te kunnen knallen. Ik kijk weer uit naar het volgende 
weekendje weg!
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Anne: studiegenoot, huisgenoot, vakantiegenoot, vriendin: ik ben blij met jou! Bart, je 
bent een topper. Je maakt onze Annie zowaar wat minder pittig en je vrolijke energie 
is aanstekend. Roel, jij staat expres los van Inge hier omdat ik je ook los van Inge als 
goede vriend zie waar ik altijd terecht kan voor een goede borrel en een goed gesprek. 
Fiesta Macumba baby! Freark, ook jou wil ik onwijs bedanken voor je gezelligheid en de 
heerlijke Lindyhop dansjes!

Lieve (oud)huisgenoten. Door jullie was er altijd wel wat te beleven in huis. Marloes, wij 
hebben elkaar in korte tijd goed leren kennen. Samen aan de BBB (nice and firm) en de 
avonden doorwerken aan ons onderzoek met theetje en kaarsjes erbij maakten mijn thuis 
een stuk gezelliger! Geertrude, ik heb zoveel met je gelachen, en ja ik weet dat ik vooral 
óm jou gelachen heb, maar het spijt me niet want ik heb het zo leuk met je gehad. Bob, ik 
heb genoten van jouw verhalen, muzikale bezigheden en alle spelletjes samen.

Lieve pap en mam. Jullie hebben mij de basis gegeven om het ver te schoppen met mijn 
carrière. Zowel in opvoeding als in genen! En nog steeds steunen jullie mij. Zo mochten 
de muizenogen en zebravislenzen met kerst bij jullie overnachten zodat ik niet op en 
neer hoefde te reizen. Ik geniet van alle verwennerijen als ik bij jullie ben en niet aan mijn 
promotie hoef te werken: het ophalen van en naar de trein, roomcroissantjes, massages, 
kopjes thee op de bank en natuurlijk het lekkere eten. Merel en Bibi, lieve zussen, wij 
zijn alle drie heel verschillend en toch zo hetzelfde. Ik vind het heel tof om te zien hoe 
wij ons alle drie onafhankelijk ontwikkeld hebben. Bieb, ontzettend bedankt voor je hulp 
bij het drukken van dit proefschrift! Ik ben altijd weer blij om jullie, en jullie mannen Niels 
en Yasser, te zien. Oma Rumping, u kunt zo heerlijk verhalen vertellen. Ik geniet altijd 
van uw gezelligheid! Oma Willy, u bent er al van jongs af aan bij als er iets te vieren valt: 
afzwemmen, dans- en fluitoptredens, afstuderen en nu ook mijn promotie-verdediging. 
Helaas kan opa Ferry er niet bij zijn, want wat zal hij ervan genoten hebben! In gedachten 
zijn hij en opa Rumping erbij.

Lena en Nina, mijn lieve paranimfen! Wij begonnen onze arts-onderzoekers carrière 
samen met de opleiding SUMMA en vervolgden deze gelijktijdig met onze PhD’s in het 
UMC Utrecht en zijn nu alle drie in opleiding tot specialist. Ik ben zo trots op ons en zo 
ontzettend blij met jullie. Nin, met jouw luisterend oor en empathie kan ik altijd bij jou 
aankloppen. Tevens ook voor taartjes en 10-kazengerechten. Leen, alles is leuk met jou: 
weekendjes weg, wintersport, Suriname, zero heroo’s, diners enz. Je bent een krachtig 
persoon en ziet en benoemt ook de kracht in anderen. Ik kijk uit naar alle aankomende 
gezellige diners met jullie lieve mannen Job en Lars. Ik ben ontzettend benieuwd waar wij 
over 10 jaar staan in onze carrière en sociale leven samen!
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ABBREVIATIONS

IEM Inborn error of metabolism

5-Opase 5-oxoprolinase

AD Autosomal Dominant

ALDH Aldehyde dehydrogenase

ALT Alanine Aminotransferase

AR Autosomal Recessive

AST Aspartate transaminase

BCAT Branched-chain amino acid aminotransferase

CSF Cerebrospinal fluid

DI-HRMS Direct infusion high resolution mass spectrometry 

DNA Deoxyribonucleic acid

DPF Days Post Fertilization

EC code Enzyme commission code

EV Empty Vector

FUVI Fluorescence microscopy with UV-light Illumination

GABAT Gamma-aminobutyric acid transferase

GAC Kidney-type glutaminase

GAD1 Glutamate decarboxylase

GCLC Glutamate-Cysteine Ligase Catalytic Subunit

GDH/GLUD Glutamate dehydrogenase

GLS/GLS1 Glutaminase

GLUL Glutamate-ammonia ligase

GoF Gain-of-function

GOT Glutamic oxaloacetic transaminase

GPT Glutamate pyruvate transferase

GS Glutamine synthetase

HPO Human Phenotype Ontology

KGA Kidney-type glutaminase

LoF Loss-of-function

MRI Magnetic resonance image 

MRS Magnetic resonance spectroscopy

MRSI Magnetic resonance spectroscopic imaging 

NAGS N-acetylglutamate synthase
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OAT Ornithine aminotransferase

P5CD Pyrroline-5-carboxylate dehydrogenase;

P5CS Pyrroline-5-carboxylate synthetase

PDB Protein Data Bank

PSAT Phosphoserine transaminase

RNA Ribonucleic acid

ROS Reactive Oxygen Species 

SNP Single nucleotide polymorphism 

TAT Tyrosine aminotransferase

TCA Tricarboxylic acid 

UCD Ureum Cycle Defect

VUS Variant of Unknown Significance

WES Whole Exome Sequencing

WGS Whole Genome Sequencing
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