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Summary
Glutamine synthetase (GS), encoded byGLUL, catalyzes the conversion of glutamate to glutamine. GS is pivotal for the generation of the

neurotransmitters glutamate and gamma-aminobutyric acid and is the primary mechanism of ammonia detoxification in the brain. GS

levels are regulated post-translationally by an N-terminal degron that enables the ubiquitin-mediated degradation of GS in a glutamine-

induced manner. GS deficiency in humans is known to lead to neurological defects and death in infancy, yet how dysregulation of the

degron-mediated control of GS levels might affect neurodevelopment is unknown. We ascertained nine individuals with severe devel-

opmental delay, seizures, and white matter abnormalities but normal plasma and cerebrospinal fluid biochemistry with de novo variants

in GLUL. Seven out of nine were start-loss variants and two out of nine disrupted 50 UTR splicing resulting in splice exclusion of the

initiation codon. Using transfection-based expression systems and mass spectrometry, these variants were shown to lead to translation

initiation of GS frommethionine 18, downstream of the N-terminal degronmotif, resulting in a protein that is stable and enzymatically

competent but insensitive to negative feedback by glutamine. Analysis of human single-cell transcriptomes demonstrated that GLUL is

widely expressed in neuro- and glial-progenitor cells and mature astrocytes but not in post-mitotic neurons. One individual with a start-

loss GLUL variant demonstrated periventricular nodular heterotopia, a neuronal migration disorder, yet overexpression of stabilized GS

inmice using in utero electroporation demonstrated nomigratory deficits. These findings underline the importance of tight regulation of

glutamine metabolism during neurodevelopment in humans.
Introduction

Multiple monogenic disorders that disrupt the metabolism

of amino acids have been described, many of which man-

ifest as developmental encephalopathies.1 The pathogenic

mechanisms underlying these disorders are diverse, acting

via gain of function, loss of function, or altered metabolic

flux, which results in high, low, or maldistribution of

amino acids within and between subcellular compart-

ments. Genes implicated in these conditions encode en-

zymes, transporters, or receptors and usually result in a

deficiency state, although some conditions are monogenic

gain-of-function disorders.2–6
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Glutamine metabolism contributes to multiple roles in

nervous system function. First, glutamine is a precursor

of the neurotransmitters gamma-aminobutyric acid

(GABA) and glutamate. Glutamate released from neurons

is rapidly removed from the synaptic cleft by astrocytes

through excitatory amino acid transporters and is then

converted to glutamine within adjacent astrocytes by

glutamine synthetase (GS). Astrocytes then secrete gluta-

mine that is taken up by presynaptic neurons through so-

dium-coupled neutral amino acid transporters to establish

a pool of neuronal glutamine for the conversion to gluta-

mate and GABA. This interaction is termed the gluta-

mate-glutamine couple.7,8 Second, the conversion of
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glutamate to glutamine catalyzed by GS is the major mech-

anism of ammonia removal in the brain.9 Third, glutamine

can enter the tricarboxylic acid cycle via glutaminolysis to

supplement cellular energy production.10 Recently, gluta-

minolysis has been shown to be necessary for neural pro-

genitor expansion in the human fetal neocortex.11

GS (PDB: 2OJW) is encoded by GLUL (OMIM: 138290).

GS subunits, each with a molecular weight of 42 kilodal-

tons (kDa), are assembled in the cytoplasm into a cylindri-

cal decamer that constitutes the active, multimeric form

of the enzyme. Reflecting its role in ammonia detoxifica-

tion, GS is highly expressed in the liver, kidneys, and the

central nervous system with a preponderance in glial cell

types but not neurons. A GS deficiency disorder (OMIM:

610015) has previously been reported in four individuals

with developmental delay, seizures, and low plasma and

cerebrospinal fluid glutamine and ammonia levels. The

genetic basis for this condition is biallelic hypomorphic

missense variants substituting residues at the active

site interface of GS.12–15 Notably, knockout Glul mice

exhibit embryonic lethality at embryonic day (E) 3.5,

which is indicative of an essential role for GS in early

embryogenesis.16

Tissue glutamine levels have been suggested to be regu-

lated, in part, through an autoregulatory negative feed-

back mechanism where elevated glutamine acts on GS

subunits, leading to their ubiquitin-mediated proteaso-

mal degradation. Following exposure of cells to gluta-

mine, an N-terminal degron is acetylated by p300/CREB

binding protein and subsequently recognized and ubiq-

uitinated by CRL4CRBN, resulting in proteasomal degrada-

tion.17 The developmental consequences of perturba-

tions of this autoregulatory feedback mechanism are

currently unknown.

Here, we describe a cohort of individuals with severe

neurodevelopmental phenotypes who were all heterozy-

gous for variants that disrupt the canonical start codon

in GLUL either directly via start-loss variants or through

splice site variants that result in splice exclusion of the

start codon. Translation of GS from these variant tran-

scripts is maintained using a downstream alternative

start site resulting in truncated GS that is stable and

enzymatically competent but insensitive to negative

feedback by glutamine. This disorder of glutamine meta-

bolism illustrates the importance of the regulation of GS

activity during human neurodevelopment to maintain

glutamine levels within a tightly specified range.
Material and methods

Individual recruitment, ethics, and variant discovery
Each participating laboratory performed sequencing on probands

under ethics approved by the corresponding institutions. The

observation of variants in GLUL lead to this collaboration facili-

tated by GeneMatcher.18 All participating families provided signed

consent (Otago Ethics 13/STH/56). Following exome sequencing,

Sanger sequencing was used to confirm the observed variant.
730 The American Journal of Human Genetics 111, 729–741, April 4,
Parental analysis was performed in eight probands for de novo anal-

ysis. Parentage and the de novo status were confirmed in eight out

of nine probands via trio exome sequencing.

Cell lines
HEK293FT cells (Life Technologies) were maintained in DMEM

media (Gibco, #11995040) supplemented with 2% (v/v) peni-

cillin/streptavidin (Gibco, #15140122) and 10% (v/v) fetal bovine

serum (FBS) (Moregate Biotech, #FBSF) at 37�C in 5% CO2.

HEK293_GLULKO_20, hereafter referred to as HEK293_

GLULKO, a HEK293FT GLUL CRISPR knockout cell line was used

under license (Accelerate Technologies19). Cells were maintained

in DMEM media (Gibco, #11995040) supplemented with 2%

(v/v) penicillin/streptavidin (Gibco, #15140122), 10% (v/v) FBS

(Moregate Biotech, #FBSF), and 2 mM L-glutamine (Gibco,

#25030081).

Start-loss and control fibroblast cell lines were cultured in

DMEM media (Gibco, #11995040) supplemented with 2% (v/v)

penicillin/streptavidin (Gibco, #15140122) and 10% (v/v) FBS

(Moregate Biotech, #FBSF).

Antibodies
Primary antibodies used in immunoblotting experiments were

mouse anti-FLAG (1:7000, Sigma, #F3165), rabbit anti-GAPDH

(1:3000, Sigma, #G9545), rabbit anti-beta-actin (1:5000, Cell

Signaling Technology, #4970), and rabbit anti-GS (1:1000, Abcam,

#ab197024). Secondary IRDye fluorescent antibodies IRDye

800CW goat anti-mouse (LI-COR, #926–32210), IRDye 800CW

goat anti-rabbit (LI-COR, #926–32211), IRDye 680RD goat anti-

mouse (LI-COR, #926–68070), and IRDye 680RD goat anti-rabbit

(LI-COR, #926–68071) were used for western blot visualization.

RNA extraction
RNA was extracted using the Macherey-Nagel NucleoSpin RNA

plus kit (Macherey-Nagel, #740984) and converted to cDNA

using Superscript III Reverse Transcriptase (Invitrogen, #18080),

100 ng/mL random hexamers, 50 mM oligo(dT)18, and 20 mM

deoxyribonucleotide triphosphate (dNTP) in a 20 mL reaction.

Expression plasmids
Human GS (GenBank: NM_001033044.4) expression constructs

with full length (GS_FL), start-loss variant c.1A>T (p.Met1?,

GS_SL), 17 amino acid truncated (GS_met18), 28 amino acid trun-

cated (GS_met29), enzymatically compromised variant c.970C>T

(p.Arg324Cys, GS_p.Arg324Cys), and enzymatically compromised

variant c.1021C>T (p.Arg341Cys, GS_p.Arg341Cys) were cloned

into expression vectors with C-terminal tags. GS_FL, GS_SL,

GS_met18, GS_met29, GS_p.Arg324Cys, and GS_p.Arg341Cys were

cloned into pcDNA3.1/V5-His-TOPO with a 3xFLAG Twin-Strep-

tag. GS_FL and GS_SL were cloned into pCAGGS with an HA-tag.

All GS fragments were amplified using Q5 Hi-Fidelity DNA poly-

merase (NEB #M0491) from HEK293FT cDNA and inserted at

EcoRI and HindIII sites of appropriate plasmids using NEBuilder

HiFi DNA assembly (NEB, #E2621). All expression constructs

were confirmed with DNA sequencing.

Cell transfection
HEK293_GLULKO cells were transfected with 800 ng plasmid per

well of a 24-well plate with 2 mL lipofectamine 2000 (Invitrogen,

#11668019) following manufacturer’s protocols for reverse trans-

fection. Cells were cultured in DMEM supplemented with 10%
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(v/v) FBS and 2 mM L-glutamine. The equivalent volume of

DMEM media supplemented with 10% (v/v) FBS and 2 mM

L-glutamine was added approximately 5 h post-transfection.

Western blotting
Cells were lysed in native conditions (PBS, 2.5% [v/v] Triton X-

and cOmplete protease inhibitor [Roche, #04693132001]). Clari-

fied lysates were heated at 95�C with 13 Laemmli protein loading

dye. Between 10 and 20 mg of protein was loaded and separated on

an SDS-PAGE gel and transferred to a nitrocellulose membrane.

Following blocking in 5% (w/v) milk in 13 PBS, the western blot

was incubated with primary antibodies at 4�C for 1 h or overnight.

Secondary anti-mouse and anti-rabbit fluorescent antibodies,

described above, were incubated at room temperature for 1 h

and imaged on a LiCor odyssey.

Strep-tag affinity purification
Following transfection, cells were lysed in native buffer.

Native buffer was composed of 13 cOmplete protease inhibitor

(Roche, #04693116001) and prepared in 13 PBS and 2.5% (v/v)

Triton X-100 was added immediately before use. Following clarifi-

cation, 150–200 mL lysate was incubated with 20–50 mL MagStrep

XT beads (IBA Lifesciences, #2-4090-022) for 1 h at 4�C. Following

binding, beads were washed twice in 13 PBS with 1% (v/v) Triton

X-100 and twice in 13 PBS.

Protein sequencing mass spectrometry
After enrichment of GS by Strep-tag affinity purification, proteins

were on-bead digested with chymotrypsin. The eluted chymo-

tryptic protein fragments were subjected to nano-flow liquid chro-

matography coupled tandem mass spectrometry using an LTQ

Orbitrap XL mass spectrometer.

The resulting data were analyzed against an in-house FASTA

sequence database containing the GS sequence using the

SEQUEST-HT search engine within the Proteome Discoverer soft-

ware (version 2.5) (Thermo Fisher Scientific, USA). Data were

analyzed with no enzyme cleavage specified and the following dy-

namic and static modifications: oxidation of methionine (dy-

namic), deamidation of asparagine and glutamine (dynamic),

and carbamidomethylation of cysteine (static). All fragment ion

spectra assigned to the N-terminal peptides of the GS by the soft-

ware were manually confirmed for correct peak assignment.

Cycloheximide assay
Following transfection, 12 h later all media were removed and re-

placed with glutamine-free DMEM (Gibco, #11960044) supple-

mented with 10 mM L-glutamine (high) or 1 mM L-glutamine

(low) and 100 mg/mL cycloheximide (Sigma, #C4859) (treated)

or 1.5 mL DMSO (Sigma, #D2438) (non-treated). Cells were lysed

for western blot analysis 6 h later. Quantification of western blot

bands was performed with ImageStudio software (LI-COR). All

data were normalized to untreated full-length GS and the fold

reduction calculated as the proportion of untreated to treated GS

for each glutamine condition.

GS activity assay
Following transfection, GS was purified as described in Strep-tag

affinity purification above, followed by elution with buffer BTX

(IBA Lifesciences, #2-1042-025). A complete buffer exchange was

performed with 30k molecular weight cutoff protein purification

columns (Pierce, #88502) exchanging biotin elution buffer for
The Ame
GS assay buffer. Protein was measured on a Thermo Scientific

NanoDrop spectrophotometer at A280, and equal concentrations

were used in the subsequent activity assay. Samples weremeasured

for GS activity using the GS activity assay kit colorimetric kit (Ab-

cam, #ab284572) as per the manufacturer instructions.

Statistical analysis
Cycloheximide and activity assay data are presented as the

meanþ/� standard error of the mean. p values were calculated us-

ing an unpaired two-tailed Student’s t test. Immunoblot data from

subject-derived fibroblasts were analyzed with the Shapiro-Wilk

test to test normality. p values were calculated with a one-way

ANOVA, and post-hoc testing was done using the Tukey method.

Significance was described as *p < 0.05, **p < 0.01, and not statis-

tically significant (NS).

Single-cell RNA-sequence analysis
Single-cell and single-nucleus RNA sequencing (RNA-seq) data

were obtained from published datasets GEO: GSE16840820 and

GEO: GSE144462.21

The R package Seurat (v.4.0.5) was used for clustering and

expression analysis.22,23 Cells with mitochondrial gene counts

>10% and ribosomal gene counts >20% were excluded, followed

by normalization using the LogNormalize method. The most var-

iable genes were found with the variance-stabilizing transforma-

tion selection method. Data were scaled and dimensionality

reduced with principal component analysis, which was further

visualized with the RunUMAP function using the first 10 principal

components. Cells were clustered using a resolution of 0.5, and

clusters were manually annotated based on markers used in the

original publications.20,21 FeaturePlot and VlnPlot functions

were used to visualize GLUL expression across cell clusters.

In utero electroporation of embryonic mouse neocortex
All the experiments involving in utero electroporation (IUE) were

performed in accordance with the Directive 2010/63/EU and

approved by National Animal Experiment Board, Finland (license

number ESAVI/15112/2021). IUE was performed as previously

described.24 Pregnant C57BL/6JRj mice received analgesic bupre-

norphine (0.03 mg/kg body weight) 30 min prior to surgery at

E13.5 or E16.5 following anesthesia with isoflurane (3% induc-

tion, 2%–1.5% maintenance). pCAGGS plasmids (1 mg/mL; empty

vector as a control, GS_FL or GS_SL) together with pCAGGS-EGFP

(0.3 mg/mL) and 0.1% Fast Green were injected intraventricularly

into the lateral ventricle of the embryos with a glass capillary, fol-

lowed by electroporation (five 50-ms square pulses of 40 V with

950-ms intervals). Mice received anti-inflammatory carprofen

(10 mg/kg body weight) and were monitored three days after the

surgery. Mice were sacrificed and embryos were harvested two or

five days post-electroporation. The embryonic brains were

dissected and A13 paraformaldehyde (PFA) fixed for immunohis-

tochemistry as described below.

Immunohistochemistry
For immunohistochemistry, 14 mm thick coronal sections were

treated with 0.01 M citrate buffer at 70�C for 60 min for antigen

retrieval followed by incubation at room temperature for

20 min. The sections were then permeabilized by 1% (v/v) Triton

X-100/PBS for 30 min, followed by incubation with 0.1 M

Glycine/PBS for 30 min at room temperature. Subsequently, the

sections were incubated with TX buffer (0.2% gelatin, 300 mM
rican Journal of Human Genetics 111, 729–741, April 4, 2024 731



NaCl, 0.3% Triton X-100 in PBS) containing the primary anti-

bodies listed below over night at 4�C. Sections were washed with

PBS followed by incubation with a mixture of appropriate

secondary antibodies in TX buffer, which also contains DAPI

(1:1000, Sigma). The primary antibodies were mouse chicken

anti-GFP (1:500, Aves, GFP-1020), rat anti-CTIP2 (1:200,

ab18465, Abcam),mouse anti-Olig2 (1:200,MABN50, Chemicon),

rat anti-Pax6 (1:200, 939802, BioLegend), mouse anti-SATB2

(1:200, ab51502, Abcam), goat anti-Sox2 (1:500, AF2018, R&D sys-

tems), and rabbit anti-Tbr2 (1:500, ab23345, Abcam). Secondary

antibodies made in donkey were anti-chicken IgY Alexa 488

(1:500, 703-545-155, Jackson ImmunoResearch), anti-goat IgG

Alexa 647 (1:500, 705-605-147, Jackson ImmunoResearch),

anti-mouse IgG Cy3 (1:200, Jackson 715-165-151, Jackson

ImmunoResearch), anti-rabbit IgG Alexa 647 (1:500, 711-545-

152, Jackson ImmunoResearch), anti-rat IgG Alexa 647 (1:500,

712-605-153, Jackson ImmunoResearch), and anti-rat IgG Cy3

(1:200, 712-165-153, Jackson ImmunoResearch).
Image acquisition and quantifications
All images were acquired by Zeiss LSM 780 scanning confocal mi-

croscope with C-Apochromat 403/1.20 W Korr water objective. z

stack images with 1.2 mm optical sections were taken. All images

were analyzed and processed with ZEN (Zeiss) and FIJI (ImageJ).

Data were processed by Excel (Microsoft), and results were plotted

in Prism (GraphPad Software).
Results

Start-loss variants in GLUL cause a developmental and

epileptic encephalopathy phenotype

A cohort of nine probands who were clinically evaluated at

diagnostic centers in New Zealand, North America, Europe,

and South Africa were assembled through GeneMatcher18

as having monoallelic variants in GLUL. All individuals

had exome sequencing performed either as part of their

clinical diagnostic evaluation or part of a research protocol.

No individual (age range 16 months–16 years) had a his-

tory of parental consanguinity or a family history of epi-

lepsy, developmental delay, or intellectual disability. On

clinical assessment, a consistent phenotype of drug-resis-

tant epilepsy, global developmental delay, and hypotonia

was present in all individuals (Table 1). All individuals

were eumorphic. The epilepsy was characterized as gener-

alized (n ¼ 4), combined general and focal (n ¼ 3), focal

(n ¼ 1), or unknown (n ¼ 1). Most individuals had a devel-

opmental and epileptic encephalopathy, with one individ-

ual meeting diagnostic criteria for infantile epileptic

spasms syndrome. Developmental delays were severe to

profound and affected all domains of development in all

individuals. Biochemical analysis demonstrated normal

plasma (n ¼ 6) and cerebrospinal fluid (n ¼ 4) glutamine

levels. Three individuals had serum ammonia measured

in the normal range. Brain magnetic resonance imaging

(MRI) identified enlarged perivascular spaces in five pro-

bands and hypomyelination in seven instances.

Analysis of whole-exome sequencing datasets revealed

heterozygous variants in the 50 region of GLUL in all nine
732 The American Journal of Human Genetics 111, 729–741, April 4,
probands (Table 1; Figure 1A). One individual’s genotype,

individual 3, was previously reported25 as part of the

exome sequencing of a cohort of 202 individuals with peri-

ventricular nodular heterotopia. The project identified the

de novo GLUL variant, c.1A>C, and assigned it as a variant

of uncertain significance.25

Parental testing was conducted in eight families, with

the GLUL variant shown to be de novo in all evaluated indi-

viduals. De novo status could not be confirmed for individ-

ual 5. Seven individuals had heterozygous start-loss vari-

ants within the initiation codon of GLUL: GenBank:

NM_001033044.4 (c.3G>A [p.Met1?]), GenBank: NM_

001033044.4 (c.1A>T [p.Met1?]), GenBank: NM_

001033044.4 (c.1 A>C [p.Met1?]), and GenBank:

NM_001033044.4 (c.1A>G [p.Met1?]). Two individuals

(individuals 7 and 8) were heterozygous for intronic vari-

ants: GenBank: NM_001033044.4 (c.�13�1G>A [p.?])

and GenBank: NM_001033044.4 (c.�13�2A>G [p.?]),

located upstream of a GLUL 50-UTR splice site (Figure 1A).

All variants were absent from gnomAD (v.3.1.2), and

variant c.1A>G (n ¼ 4) was recurrent in this cohort.

Splice prediction software, SpliceAI,26 predicted loss of

the splice acceptor site immediately downstream of the

c.�13�1G>A and c.�13�2A>G variants with high confi-

dence (delta score¼ 1.0). In both instances, a new acceptor

site was predicted to lie 26 bp 30 from the intron/exon

boundary site, also with high confidence (delta score ¼
0.97), and if deployed was anticipated to truncate the first

four amino acids of GS and excise the canonical transla-

tional start site of GLUL (Figure 1B). To corroborate

these predictions, RNA from cultured dermal fibroblasts

from an individual with the intronic GLUL variant

c.�13�2A>G was isolated. Following cDNA preparation,

a 357-bp amplicon spanning the 50 UTR exon 2/coding

exon 2 junction was PCR amplified and sequenced. An

alternatively spliced transcript was identified that excluded

26 bp, spanning 50 UTR exon 2 and the first 13 bases of

coding exon 1, including the canonical initiation codon

(Figure 1B).

Collectively, these data predict that the individuals with

either start site or splice variants have a non-functional ca-

nonical translational start site. The recurrent observation

of these highly localized de novo GLUL variants associated

with very similar phenotypes in all nine individuals stud-

ied strongly supports their pathogenicity. However, the

prior description of an autosomal-recessive disorder at

the same locus without phenotypic manifestations in het-

erozygotes12–15 implies that the functional effect of the al-

leles described above must be distinct from the previously

reported loss-of-function mechanism.

Start-loss variants in GLUL result in initiation of

translation at met18

As de novomonoallelic variants in the 50 region ofGLUL are

associated with a severe neurodevelopmental phenotype

yet heterozygotes for GLUL deficiency alleles are neuro-

logically normal, we hypothesized that the transcript
2024



Table 1. Clinical and genetic characteristics of individuals with GLUL variants

Individual 1 2 3 4 5 6 7 8 9

GLUL variant GenBank:
NM_001033044.4 (GenBank:
NP_001028216.1)

c.3G>A
p.Met1?

c.1A>T
p.Met1?

c.1A>C
p.Met1?

c.1A>G
p.Met1?

c.1A>G
p.Met1?

c.1A>G
p.Met1?

c.�13�1G>A
p.?

c.�13�2A>G
p.?

c.1A>G
p.Met1?

De novo status þ þ þ þ unknown þ þ þ þ
Region USA USA UK RSA USA USA Italy USA Germany

Sex female female female female female female female female female

Biochemistry

Plasma glutamine normal borderline low unknown normal normal normal borderline low normal normal

Cerebrospinal fluid glutamine low normal unknown unknown normal normal high normal low

Ammonia normal normal unknown normal unknown unknown unknown unknown unknown

Cerebrospinal fluid
neurotransmitters

unknown normal unknown unknown unknown unknown unknown unknown normal

Epilepsy

Age of seizure onset 2 months 8 months unknown 10 weeks 8 months 6 months 11 months 22 months 2 months

Seizure type GTCS focal, generalized unknown tonic, focal clonic,
myoclonic
atonic, GTCS

GTCS tonic, myoclonic,
GTCS

GTCS myoclonic,
GTCS, absence

epileptic spasms,
focal clonic,
focal myoclonic

Epilepsy type generalized combined focal and
generalized

unknown combined focal
and generalized

generalized combined focal and
generalized

generalized generalized focal

Developmental and
epileptic encephalopathy

yes likely unknown yes yes yes yes yes yes (infantile
epileptic spasms
syndrome)

Electroencephalogram
findings

generalized
paroxysmal
fast activity;
generalized
slow spike-wave
discharges
(awake EEG)

focal electroclinical
seizure; persistent
hemispheric
asymmetry;
no interictal
epileptiform
features

not available generalized
encephalopathy
with slow
spike and wave

encephalopathic several GTCS
captured;
multifocal
discharges;
encephalopathic
background

disorganized;
generalized
slowing

frequent myoclonic
seizures; generalized
spike and wave

hypsarrhythmia

Seizure frequency daily 1–6 per week unknown multiple daily not available daily sporadic 50–100 per day 1–2 per month

Treatment response refractory ketogenic dieta unknown refractory refractory refractory unknown refractory refractory

Global developmental delay þ þ þ þ þ þ þ þ þ

Neuroimaging

Prominent perivascular spaces
and thinning corpus callosum

þ þ unknown þ � � þ unknown þ

Demyelination/hypomyelination þ þ unknown þ þ þ þ unknown þ

GTCS, generalized tonic-clonic seizure.
aIndividual 2 on 4:1 ketogenic diet reduced seizures from 1–6 episodes per week to infrequent (1 episode every several months).
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Figure 1. GLUL start-loss and splice site
variant location
(A) Schematic of GLUL gene structure. The
location of individual start-loss and splice
variants are indicated relative to the first
ATG (Met1) (green); variant c.1A>G (n ¼
4) was recurrent in this cohort. Key methio-
nine amino acid residues (green) and lysine
amino acid residues of the degron motif (or-
ange) are indicated.
(B) An intronic variant in GLUL disrupts 50

UTR splicing resulting in a 26 base pair dele-
tion. Splice AI predicted a deletion of 26
base pairs resulting in the exclusion of 50

UTR exon 2 and the first 13 base pairs of
coding exon 1 (orange). Sequencing of
dermal fibroblast RNA with c.�13�2A>G
variant demonstrated an alternatively
spliced isoform with a 26 base pair deletion,
which removed 13 base pairs of 50 UTR exon
2 and 13 base pairs of coding exon 1 and
therefore excised the canonical start site.
Dark boxes, coding exons; light boxes,
UTR exons.
produced from the allele with 50 GLUL variants exerts an ef-

fect distinct from loss of function. As GLUL transcripts

were produced from both the full-length and splice variant

allele (Figure 1B), we tested whether the start-loss and

splice variant alleles produced detectable protein. Start-

loss variants can result in loss of function or translational

initiation from an alternative downstream codon. Western

blotting of lysates from two start-loss and one splice

variant fibroblast cell lines (derived from individuals 1, 6,

and 8) and sex- and aged-matched controls was performed

with anti-GS and anti-GAPDH antibodies. Western blots

demonstrated that a second, smaller GS band was present

in fibroblasts from individuals heterozygous for start-loss

and splice variants, which was absent in control fibroblasts

(Figure 2A). The difference in size between the two protein

bands was estimated to be no larger than 4 kDa. Addition-

ally, cloned GLUL expression constructs with start-loss var-

iants migrated at a lowermolecular weight than full-length

GS on a western blot (Figure 2B). These data suggest that

GS start-loss variants precipitate the utilization of an alter-

native downstream initiation site.

Because variant alleles produce a detectable protein

product, we sought to confirm from where translation of

the smaller GS product is initiated. There are two candidate

methionine residues that are within the predicted size dis-

tance of 4 kDa (Figure 2), located at positions 18 (met18)

and 29 (met29) in GS. Translation from both met18 and

met29 is predicted to result in the loss of 2 kDa and

3 kDa, respectively, from full-length GS. To determine

the translation initiation site of GS from transcripts with

start-loss variants, the protein sequence of GS produced

from variant alleles was determined by mass spectrometry.
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Expression constructs of GS_FL, GS_SL, GS_met18, and

GS_met29were investigated. All GLUL constructs were suc-

cessfully expressed and protein visualized by western blot-

ting (Figures 2C and S1).

Following transfection and affinity purification, pep-

tides generated by chymotryptic digestion were analyzed

by tandem mass spectrometry (MS/MS). The peptide de-

tected nearest to the N terminus of GS_FL spanned residues

9–17 (Figure 2D). In this instance, the N-terminal sequence

coverage was incomplete, and no peptide encompassing

residues 1–8 was detected. The most proximal N-terminal

peptide detected from both GS_met18 and GS_SL spanned

residues 20–30 (Figure 2D). The first N-terminal peptide of

GS_met29 did not align with the sequence of the N termi-

nal of GS_SL (Figure S1). The observation that the N-termi-

nal protein sequence of GS_SL aligns directly with

GS_met18 is consistent with the start-loss transcript initi-

ating at met18.
Met18 GS is stabilized in the presence of high glutamine

compared to full-length GS

We next sought to determine the consequences of trun-

cated GS translated from met18. Our data indicates that

truncated GS is stable (Figures 2A, 2B, and 2C), but quanti-

tative evidence for this is lacking. The truncation of the

first 17 amino acids results in the loss of degron residues

lysine 11 and 14 (Figure 1A).17,27 Under high-glutamine

conditions, these two lysine residues are acetylated, trig-

gering ubiquitin-mediated proteasomal degradation.17

Due to the loss of the glutamine-sensitive degron

sequence, it is possible that truncated GS is stabilized
2024
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Figure 2. Start-loss variants in GLUL result
in initiation of translation at methionine18

(A) Fibroblasts from individuals heterozygous
for GLUL start-loss variants produce two GS
isoforms. Lysates were prepared from three
fibroblast cell lines from individuals hetero-
zygous for start-loss variants (individuals 1,
6, and 8) and sex- and age-matched fibroblast
controls. Western blotting was performed
with GS and GAPDH antibodies (n ¼ 3).
(B) Full-length GS migrates at a higher mo-
lecular weight than start-loss GS. Full-length
GSFLAG/Strep and start-loss GSFLAG/Strep expres-
sion constructs were transfected into
HEK293_GLULKO cells. Cell extracts were
probed by western blotting with FLAG and
GAPDH antibodies (n ¼ 3).
(C) Full-length, start-loss, and methionine18

control GS expression constructs are stably
expressed. Full-length, start-loss, and met18

GSFLAG/Strep expression constructs were
individually transfected into HEK293_

GLULKO cells. Cell extracts were analyzed by western blotting with FLAG antibodies and duplicate wells were loaded.
(D) N-terminal start-lossGS sequence alignswithGS_met18 sequence. GS expression constructs were transfected inHEK293_GLULKO cells.
Following affinity purification and chymotrypsin enzymatic digestion, peptides were identified byMS/MS. Identified sequences are shown
as dark green boxes. The most N-terminal peptide sequence and amino acid peptide positions are indicated. FL, full-length; SL, start-loss
c.1A>T variant; met18, first 17 amino acids truncated.
compared to full-length GS, attributable to the loss of

glutamine-mediated degradation.

To assess the stability of truncated GS, C-terminal-tagged

GS_FL and GS_met18 constructs were transfected into

HEK293_GLULKO cells19 and cultured in low L-glutamine

(1 mM). Protein synthesis was blocked with the addition of

cycloheximide, and after a 6-h incubation, GS levels were

measured by quantitative western blot analysis after im-

munostaining for the cognate protein tags. Fold reductions

in GS levels were calculated as the proportion of GS in

DMSO-treated negative controls relative to the proportion

of GS treated with cycloheximide (Figure 3A). The average

fold reduction in low glutamine was approximately the

same for both GS_FL and GS_met18 (average fold

reduction þ/� SEM; GS_FL 1.56 5 0.13 and GS_met18

1.51 5 0.10) (Figure 3C), indicating that under low gluta-

mine conditions, GS_met18 is as stable as GS_FL.

We then sought to determine the effect of glutamine on

truncated GS because it is missing key glutamine-sensitive

degron residues and is hence predicted to be insensitive to

glutamine-mediated degradation. To test this, GS_FL and

GS_met18 transfections were treated with cycloheximide

and cultured in high (10 mM) or low (1 mM) glutamine

(Figures 3A and 3B).

Full-length GS had an average fold reduction of 2.97 5

0.38 in high glutamine compared to 1.56 5 0.13 in low

glutamine and was significantly different between gluta-

mine conditions (p ¼ 0.013, Figure 3C). The higher fold

reduction of full-length GS in high-glutamine conditions

demonstrates increased GS degradation compared to that

occurring in low-glutamine conditions. This finding is

consistent with the presence and effect of the glutamine-

sensitive degron in full-length GS. In contrast, the

GS_met18-fold reduction in high glutamine was 1.90 5
The Ame
0.31 and in low glutamine was 1.51 5 0.10, which are

not statistically different (p ¼ 0.27, Figure 3C), indicating

that the GS_met18 is insensitive to glutamine-mediated

degradation. To corroborate these findings, dermal fibro-

blasts from individuals 1, 6, and 8 were cultured in low

and high glutamine levels, and as seen in the transfec-

tion-based experiments, GS levels were stabilized when

glutamine levels were elevated (Figures 3D and 3E). Inter-

estingly, the amount of not only the truncated GS but

also the full-length GS in these subject-derived fibroblasts

did not reduce significantly with the high-glutamine con-

dition compared to low glutamine, suggesting that the

truncated GS stabilizes the entire GS decamer complex,

which would presumptively consist of full-length and

truncated GS monomers (Figures 3D and 3E).

Collectively, these findings show that truncated GS has

comparable stability to that of full-length GS in low-gluta-

mine conditions, but when glutamine levels are raised,

full-length GS undergoes degradation while truncated

GS is stabilized due to a lack of glutamine-sensitive

degradation.

Met18 GS retains enzymatic activity comparable to full-

length GS

It is unclear whether truncated GS has retained its enzy-

matic capability. It is possible that the N-terminal trun-

cated GS, after incorporation into decamer structures,

could exhibit a dominant-negative effect to impair enzy-

matic function. Alternatively, start-loss GLUL variants

could exert a pathogenic effect through stabilization,

linked to the loss of glutamine-mediated autoregulation

(Figures 3A–3E). To differentiate between these possibil-

ities, the enzymatic activity of the GS_met18 was

evaluated.
rican Journal of Human Genetics 111, 729–741, April 4, 2024 735
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Figure 3. Met18 GS is stable and full-length GS is unstable in high glutamine conditions
(A) Schematic of cycloheximide assay protocol. Full-length and met18 GS expression constructs with C-terminal 3xFLAG- Twin-Strep-
tags were transfected in HEK293_GLULKO cells. Twelve hours later, a completemedia replacement was done with DMEM supplemented
with high (10 mM) or low (1 mM) glutamine and treated with 100 mg/ml CHX or DMSO. Cell lysates were sampled after 6 h for western
blot analysis with FLAG and GAPDH antibodies. Fold reduction was calculated as the proportion of GS in DMSO treatment relative to
CHX treatment.
(B) Western blots of full-length and met18 GS expression constructs in high and low glutamine. Full-length and met18 GS expression
constructs were transfected into HEK293_GLULKO cells and the protocol outlined in panel A followed (n ¼ 4).
(C) Full-length GS has a significantly higher fold reduction in high glutamine than in low glutamine whereas there is no difference in
fold reduction of met18 GS between high and low glutamine. Following quantification of western blot bands, fold reduction was calcu-
lated as the proportion of untreated-to-CHX-treated GS for each glutamine condition. The bar height represents average fold reduction
with standard error of the mean presented. Each circle represents a biological replicate. p values were calculated using an unpaired two-
tailed Student’s t test (n ¼ 4).
(D and E) Subject-derived fibroblasts and age- and sex-matched control fibroblasts were treated with or without 10 mM glutamine for
72 h, and then the protein amount of the full-length GS and the truncated GS were analyzed by quantitative immunoblot. (D) Immu-
noblot of GS and beta-actin (loading control). Individuals 1 and 6 cells carry a variant at the start codon. Individual 8 cells have a variant
that leads to alternative splicing. Controls 1, 2, 3 are the age- and sex-matched control cells. All subject cells express both the full-length
(gray arrowheads) and the truncated GS (pink arrowheads). (E) Ratio of the full-length and the truncated GS in the cells cultured with
10mMglutamine to those cultured without glutamine. The GS band intensity was normalized by the respective beta-actin band control.
Gray bars and circles indicate the full-length GS; pink bars and circles indicate the truncated GS. Each circle represents a biological repli-
cate. Error bars indicate standard deviation. Normality was determined with the Shapiro-Wilk test, p values were calculated with a one-
way ANOVA, and post-hoc testing was done using the Tukey method (n ¼ 3).
(F) Full-length, met18, and enzymatically compromised p.Arg324Cys and p.Arg341Cys GS expression constructs were transfected into
HEK293_GLULKO cells for enzyme activity measurement. Following affinity purification and buffer exchange, enzymatic activity of

(legend continued on next page)
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The catalytic domain of GS lies between amino acid

positions 110–358. Notably, GS with the first 22 amino

acids truncated can still adopt a stable structure and be

incorporated into intact decamers.27 Consequently, we

hypothesized that truncated GS is enzymatically func-

tional. To test this experimentally, a colorimetric activity

assay was used to measure the enzymatic activity of

GS_FL and GS_met18. Two additional GLUL expression

constructs with c.970C>T (p.Arg324Cys) and c.1021C>T

(p.Arg341Cys) variants were also evaluated as controls.

These variants were identified in individuals with auto-

somal-recessive GS deficiency. The p.Arg324Cys and

p.Arg341Cys variants reduce GS enzyme activity to 12%

(in immortalized lymphocytes) and 58% (transfected

COS7 cells), respectively.13

Following transfection of tagged expression constructs,

GS_FL, GS_met18, GS_p.Arg324Cys, and GS_p.Arg341Cys

were purified and enzymatic activity was determined.

When expressed as a proportion of the activity of GS_FL,

both enzymatically compromised GS, GS_p.Arg324Cys,

and GS_p.Arg341Cys had significantly less activity

(GS_p.Arg324Cys 0.64 and GS_p.Arg341Cys 0.65) as previ-

ously shown (Figure 3F). The relative activity of GS_met18

was not significantly different from that of GS_FL

(GS_met18 0.99) (Figure 3F). These data are consistent

with published data,27 indicating that N-terminally trun-

cated GS forms stable, enzymatically active decamers. Over-

all, these data show that variants initiated at met18 lead to a

phenotype that results from a loss of negative feedback on

GS at the protein level. The retention of GS enzymatic activ-

ity indicates that the mechanism underlying this disorder

operates through a stabilization mechanism.
GLUL is widely expressed in human neuro- and glial-

progenitor cell lineages and in mature glial cell types

but not in post-mitotic neurons

Because the primary clinical presentation of this disorder is

developmental and epileptic encephalopathy, we sought

to identify what cell type(s) expresses GLUL during brain

development. Using single-nucleus transcriptomic data-

sets generated from human prefrontal cortex across multi-

ple pre- and post-natal timepoints,20 we employed uni-

form manifold approximation and projection (UMAP)

clustering to identify previously described cell type clusters

including neuronal and glial subtypes (Figure 4Ai). Expres-

sion of GLUL was substantially higher in glial cell types,

primarily astrocytes, compared to other cell clusters

including both excitatory and inhibitory neurons (Fig-

ure 4Aii and 4Aiii).

To further understand GLUL expression during develop-

ment, single-cell RNA-seq data performed on populations

of EGFRþ cells from human cerebral cortex samples were
GSwasmeasured followingmanufacturer protocols. The enzymatic ac
indicate the standard error of the mean. Each circle represents a bio
tailed Student’s t test (n ¼ 3). FL, full-length; met18, first 17 amino a
cycloheximide; *p < 0.05, **p < 0.01, ***p < 0.001, NS, not statistic
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evaluated.21 Human gliogenesis begins at GW20 corre-

sponding with an increase in EGFR. EGFRþ cells are en-

riched for glial- and neuronal-lineage progenitors.21

Following UMAP clustering, GLUL expression was found

to be constant across glial- and neuronal-progenitor cell

type clusters (Figure 4B) and as cortical development pro-

gresses GLUL expression becomes restricted to the astro-

cytic lineage.

In addition to GLUL expression in neural progenitor

cells, one of the individuals studied with a start-loss variant

demonstrated periventricular nodular heterotopia as a

component of their phenotype, suggesting that dysregula-

tion of GLUL could possibly perturb neural progenitor cell

proliferation, neuronal differentiation, and/or migra-

tion.28 To examine the effect of the truncated GS on these

developmental events, we overexpressed GS_FL or GS_SL

under a constitutively active CAG promoter together

with EGFP in mouse embryonic cortices using IUE and

then analyzed them at the following three time points

(Figures S2–S5). Three experiments were performed. In

the first, to investigate neural progenitor cell abundance

and neuronal-lineage commitment, IUE was performed

at E13.5, followed by the analysis at E15.5. In the second,

to evaluate gliogenesis, IUE was performed at E16.5, fol-

lowed by the analysis at E18.5. In the third, to examine

the neuronal migration, IUE was performed at E13.5, fol-

lowed by the analysis at E18.5.

The proportion of GFPþ cells expressing the neural pro-

genitor cell marker protein Pax6 or neuronal lineage-

committed progenitor cell marker protein Tbr2 was not

significantly changed upon GS_SL overexpression, sug-

gesting that neural progenitor cell abundance, hence neu-

ral progenitor cell proliferation and neuronal differentia-

tion were not affected by the production of the truncated

GS (Figure S3). Similarly, there were no differences in the

proportion of GFPþ cells with Olig2, a gliogenic progenitor

cell marker protein, at E18.5 among all experimental

groups (Figure S4). The distribution of GFPþ cells, which

are the progeny of the electroporated cells at E13.5, in

the neocortex at E18.5 did not show any significant

changes among all three experimental groups (Figure S5).

Therefore, these results do not support a causal relation-

ship between the single observation of periventricular

nodular heterotopia and truncated GS.
Discussion

We tentatively propose to name the disorder of glutamine

metabolism studied here as glutamine synthetase stabiliza-

tion disorder (GSSD) and note that it is distinct from the

previously described allelic recessive-deficiency disor-

der.12–15 This disorder is characterized by a restricted
tivity is plotted as a proportion of full-length GS activity. Error bars
logical replicate. p values were calculated using an unpaired two-
cids truncated; Gln, glutamine; DMSO, dimethyl sulfoxide; CHX,
ally significant.
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Figure 4. Human cerebral cortex GLUL expression at single-cell
resolution
(A) Single-nucleus RNA-seq from human prefrontal cortical cells.
Data from Herring et al.20 Samples obtained between mid-gesta-
tion (gestational week 22) to adulthood (40 years old).
(i) UMAP of snRNA-seq with 10 cell clusters colored and
annotated.
(ii) GLUL gene expression overlaid onto UMAP plot of cell clusters.
(iii) Violin plot of GLUL expression grouped by cell cluster.
(B) Single-cell RNA-seq from EGRFþ cells sampled from human ce-
rebral cortices (between gestational week 21–26). Data from Fu
et al.21

(i) UMAP of scRNA-seq with 11 cell clusters colored and
annotated.
(ii) GLUL gene expression overlaid onto UMAP plot of cell clusters.
(iii) Violin plot of GLUL expression grouped by cell cluster.
spectrum of causative genetic variants, all of which lead to

the loss of the canonical translational initiation codon of

GLUL. The proteins encoded by the GLUL start-loss alleles
738 The American Journal of Human Genetics 111, 729–741, April 4,
are stable and enzymatically intact but insensitive to nega-

tive feedback via the product of its enzymatic action,

glutamine.

There are a small number of described metabolic amino-

acidopathies with gain-of-function mechanisms exerting

their effects via increased enzymatic activity, prevention

of degradation, or blocking inhibition. The disorder result-

ing from GS stability, as a gain-of-stability aminoacidop-

athy, is analogous to other disorders that exert dysregu-

lated or overactive enzymatic actions due to loss of

allosteric inhibition2 or an alteration to the active site of

the enzyme.5 The mechanism underlying GS stabilization

is the deletion of the degron motif in GS that mediates

negative feedback by glutamine. Precedents exist for the

causation of disease phenotypes through the stabilization

of proteins, principally transcription factors, through

impairment of degron motif function.29,30

It should be noted that all individuals presented are fe-

male. Sex differences in glutamine uptake and metabolism

in human gray matter and cultured mouse astrocytes have

been described.31 The molecular basis for this sexual

dimorphism in glutamine metabolismmay have relevance

in the overrepresentation of females in this cohort and

possibly alludes to a different, currently uncharacterized,

phenotype for males.

Glutamine levels in plasma and cerebrospinal fluid were

not consistently elevated as might be anticipated in a dis-

order characterized by stabilized, active GS. There are con-

flicting reports on the correlation between plasma, cere-

brospinal fluid, brain interstitial fluid, and whole-brain

(using magnetic resonance spectroscopy) measurements

of glutamine in healthy humans and mice.32,33 To get a

clearer picture of the pathophysiology of this disorder

and the role that elevated glutaminemight play in its path-

ophysiology, magnetic resonance spectroscopic measure-

ment of brain glutamine in vivo might be an informative

and non-invasive method to further investigate this issue

in these individuals.34

For a condition that acts through stabilization of an

otherwise functional enzyme, corresponding enzymatic

inhibitors represent a plausible class of agent to consider

as treatment. Methionine sulfoximine (MSO), an irrevers-

ible GS inhibitor, has potential as a therapeutic agent and

has been trialed in mammalian models of hyperammo-

nemic encephalopathy. In hyperammonemic syndromes,

there is an increase in cerebral and cerebrospinal fluid

glutamine due to an increase in astrocytic GS activity,

functioning as the primary method of ammonia fixation

in the brain. A predominant theory of pathogenesis of

hyperammonemic encephalopathy, the osmotic gliop-

athy hypothesis, associates increased glutamine (rather

than hyperammonia, per se) with astrocytic osmotic

imbalance and astrocyte swelling.35 A similar mechanism

may be operative in the encephalopathy associated

with the disorder described here. MSO has success-

fully been trialed as a therapeutic intervention in hyper-

ammonemic rats, preventing or attenuating several
2024



neuropathological changes when administered at sub-

convulsant doses.35–37

Questions remain, however, around the toxicity of meta-

bolic products of MSO, off-target effects, interspecies dif-

ferences in its potency, and its propensity to induce

seizures.

The de novo start-loss variants in GLUL result in a devel-

opmental and epileptic encephalopathy with intractable

seizures. A variety of pathogenic mechanisms could under-

lie this presentation including dysregulated neurotrans-

mitter metabolism, removal of ammonia, astrocytic

swelling due to osmotic stress, altered mitochondrial ener-

getics, and consumption of ATP.

As a major mechanism for the removal of ammonia in

the brain, stabilization of GS in individuals with this disor-

der could conceivably lead to metabolic imbalance result-

ing in disturbance of pH and nitrogen flux in the central

nervous system. As would be predicted, no abnormalities

of systemic pH, ammonia, or glutamine levels were noted

in any individual in this study, likely because the liver

and other non-central nervous system tissues have

compensatory pathways for such metabolic dysfunction.

What is clear is that even if GS stabilization has its primary

origins as a disorder of glial cells in the brain, the metabolic

consequences of dysregulated GS activity for neuronal

functions are likely to be more broadly dispersed over

other cell types.

A newly recognized role for glutamine in the developing

brain has recently been highlighted with glutaminolysis

being shown to influence mitochondrial energetics, neural

progenitor cell abundance, and proliferation during hu-

man fetal development.11,38 Glutaminolysis is a catabolic

process that converts glutamine to glutamate and then

in turn to a-ketoglutarate, which is metabolized through

the tricarboxylic acid cycle. Glutaminolysis is a metabolic

characteristic of human fetal neural progenitor cells,

particularly basal progenitors, which are notably abun-

dant in the human cerebral cortex. The influence of stabi-

lized GS on glutaminolysis may be human specific as this

metabolic pathway is activated by a human-specific

protein ARHGAP11B.11,39 It is conceivable that in individ-

uals with this disorder, the constitutively active GS con-

sumes glutamate to produce glutamine, thereby suppress-

ing glutaminolysis that may otherwise influence the

proliferation of neural progenitor cells in the human fetal

neocortex.

GS consumes ATP to convert glutamate to glutamine.

Stabilized GS may constitutively reduce levels of ATP in

the cells expressing GLUL (e.g., astrocytes). ATP acts not

only as an energy source but also acts in intracellular

signaling. Secreted ATP from astrocytes inhibits excitatory

synaptic transmission as well as enhances inhibitory

GABAergic inputs onto excitatory neurons.40 A reduction

of ATP in astrocytes might contribute to an imbalance in

excitatory/inhibitory synaptic transmission and conse-

quently the epileptic phenotype in this disorder. Addition-

ally, extracellular ATP is known to promote myelination.41
The Ame
Because the present results suggest that there are no

changes in the abundance of the gliogenic progenitor cells

in the developing cerebral cortex, the hypomyelination

phenotype might be contributed to by insufficient ATP

secretion from astrocytes.

Start-loss variants in GSmay exert effects independent of

its canonical enzymatic activity. Recently, it was found

that GS interacts with and sustains GTPase RHOJ palmitoy-

lation, thereby mediating membrane localization and acti-

vation of RHOJ. The effect of this is reduced vessel sprout-

ing, increased actin stress fibers, and impaired endothelial

cell motility.42 Conceivably, this accessory function of GS

in modulating angiogenesis and cytoskeletal remodeling

could influence human neurodevelopment.

The allelic disorders of GS deficiency disorder and GS

stabilization both illustrate the importance of tight ho-

meostatic regulation of glutamine during human fetal neu-

rodevelopment. The derangement of metabolism that re-

sults as a consequence of these enzymatic defects could

stem from multiple mechanisms that must be considered

when evaluating therapeutic approaches to treat these

conditions.
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perle-Britschgi, C., and Häberle, J. (2016). Minireview on

Glutamine Synthetase Deficiency, an Ultra-Rare Inborn Error

of Amino Acid Biosynthesis. Biology 5, 40.

13. Häberle, J., Görg, B., Rutsch, F., Schmidt, E., Toutain, A., Beno-

ist, J.F., Gelot, A., Suc, A.L., Höhne, W., Schliess, F., et al.
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