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Abstract

D-glycerate 2 kinase (DGK) is an enzyme that mediates the conversion of D-glycerate, an intermediate metabolite of serine and
fructose metabolism, to 2-phosphoglycerate. Deficiency of DGK leads to accumulation of D-glycerate in various tissues and its
massive excretion in urine. D-glyceric aciduria (DGA) is an autosomal recessive metabolic disorder caused by mutations in the
GLYCTK gene. The clinical spectrum of DGA is highly variable, ranging from severe progressive infantile encephalopathy to a
practically asymptomatic condition. We describe a male patient from a consanguineous Arab family with infantile onset of DGA,
characterized by profound psychomotor retardation, progressive microcephaly, intractable seizures, cortical blindness and deaf-
ness. Consecutive brain MR imaging showed an evolving brain atrophy, thinning of the corpus callosum and diffuse abnormal
white matter signals. Whole exome sequencing identified the homozygous missense variant in the GLYCTK gene [¢.455 T > C,
NM 145262.3], which affected a highly conserved leucine residue located at a domain of yet unknown function of the enzyme
[p.Leul52Pro, NP_660305]. In silico analysis of the variant supported its pathogenicity. A review of the 15 previously reported
patients, together with the current one, confirms a clear association between DGA and severe neurological impairment. Yet,
future studies of additional patients with DGA are required to better understand the clinical phenotype and pathogenesis.

Keywords Epileptic encephalopathy - D-glyceric aciduria - Whole exome sequencing - Autosomal recessive - GLYCTK gene -
D-glycerate kinase enzyme

Introduction

Glycerate is a three-carbon carboxylic acid that is usually un-
detectable in urine organic acid analysis of healthy individ-
uals. Two separate rare inherited metabolic disorders, caused
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by distinct genetic deficiencies, can result in significant excre-
tion of urinary glycerate that differs in its configuration
(Rashed et al. 2002). L-glyceric aciduria (OMIM #260000),
also known as primary hyperoxaluria type 2, has a clear well
defined clinical phenotype with renal manifestations including
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recurrent nephrolithiasis due to hyperoxaluria (Cramer et al.
1999). In contrast, the clinical spectrum of D-glyceric aciduria
(DGA) (OMIM #220120) is more diverse and mainly in-
volves the central nervous system (Dimer et al. 2015).

DGA is an autosomal recessive metabolic disorder caused
by mutations in the GLYCTK gene (OMIM #610516), which
encodes the enzyme D-glycerate 2 kinase (DGK) (EC
2.7.1.31) (Van Schaftingen 1989; Guo et al. 2006; Sass et al.
2010). DGK mediates the conversion of D-glycerate, an inter-
mediate metabolite of serine and fructose metabolism, to 2-
phosphoglycerate (Dimer et al. 2015). Central nervous system
involvement in previously reported patients with DGA is
highly variable, ranging from progressive encephalopathy, hy-
potonia and severe psychomotor retardation on one hand to a
very mild neurologic dysfunction and even asymptomatic
condition on the other hand (Sass et al. 2010).

We report a patient with DGA caused by a novel homozy-
gous mutation in GLYCTK, who displayed severe progressive
infantile encephalopathy with intractable seizures, profound
psychomotor delay, severe hypotonia, cortical blindness and
deafness. In addition, we review the previously reported cases
of DGA, to further delineate the clinical spectrum of this met-
abolic disorder.

Case report

The patient is a nine year old boy, the first offspring of healthy
first degree cousins of Israeli Arab origin. He was born fol-
lowing an unremarkable pregnancy by cesarean section due to
maternal cause at 41 weeks of gestation, with a birth weight of
4280 g (97th percentile) and head circumference of 36.5 cm
(90th percentile). At age 2.5 months he was initially admitted
due to focal seizure during a febrile illness. Initial laboratory
investigation results including complete blood count, blood
chemistry and cerebrospinal fluid (CSF) analysis were nor-
mal. Brain computed tomography (CT) imaging was normal.
The seizures were ceased by anti-convulsive therapy with
phenobarbitone. At age 5 months he was readmitted due to a
second episode of seizures. This time the seizures started fo-
cally with a later secondary generalization and required ad-
mission to the pediatric intensive care unit. Initial electroen-
cephalography (EEG) revealed bilaterally asynchronous slow
abnormal background activity with bilateral multifocal epilep-
tic discharges. The first year of life was characterized by re-
current admissions due to refractory convulsions and recurrent
episodes of aspiration pneumonia, which required insertion of
a gastrostomy tube at age 7 months. Later, the seizures became
variable and included clonic seizures of the left upper and
lower limbs, which developed immediately into generalized
tonic clonic seizures, as well as multifocal myoclonic spasms,
and which were resistant to multiple anti-convulsive drugs
including adrenocorticotropic hormone (ACTH) therapy,
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valproic acid, topiramate and levetiracetam. Repeated EEG
studies displayed abnormally slow background activity and
multifocal epileptic discharges (Supplementary Fig. 1).

The disease course was progressive, manifested mainly by
failure to thrive, progressive microcephaly, generalized mus-
cle atrophy, profound psychomotor retardation (with no eye
contact, no communication skills and no motor milestones),
cortical blindness, sensorineural hearing loss and severe hy-
potonia with evolving spasticity in all four limbs. At the age of
9.5 years, the patient succumbed, following a prolonged status
epileptic episode triggered by febrile illness.

Brain MR imaging at age 5 months revealed significant
enlargement of the cortical sulci and extremely wide open
Sylvain fissures, consistent with an evolving brain atrophy
(Fig. 1a, c¢). A follow up brain MR at age 7 years showed
further enlargement of all CSF compartments. This implied
progression of brain atrophy and thinning of the corpus
callosum that was not present on the initial scan, and hyper-
intense T2 signals in the cerebellum and the occipital lobes,
suggesting both white and gray matter lesions (Fig. 1b, d).
Brain magnetic resonance spectroscopy (MRS) at age 7 years
was unremarkable; specifically, no elevation of lactate peak
was noted.

Extensive metabolic investigations were performed, which
revealed normal results for serum creatine phosphokinase, liv-
er transaminases, renal functions, acylcarnitine profile, serum
transferrin isoelectric focusing, plasma lactate, amino acids,
ammonia, very long chain fatty acids, urine alpha-
aminoadipic semialdehyde, and CSF analysis of glucose, pro-
tein, amino acids, folate, pterins and neurotransmitters.
Repeated urinary organic acid analyses revealed markedly
increased excretion of glycerate.

Methods

Measurement of urinary D- and L-glyceric acid
enantiomers

Measurement of the D- and L-glyceric enantiomers is based
on the method of urinary measurement of D- and L-2-
hydroxyglutarate enantiomers, by stable-isotope-dilution lig-
uid chromatography-tandem mass spectrometry after deriva-
tization with diacetyl-L-tartaric anhydride, as described previ-
ously (Struys et al. 2004) (more details are available in the
supplementary data).

Biochemical assay of oxidative phosphorylation
OXPHOS

Enzymatic activities of the five respiratory chain complexes,
rotenone sensitive NADH CoQ reductase (Complex I), succi-
nate cytochrome ¢ reductase (complex II + III), succinate
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Fig. 1 MRI images of the brain at
age 5 months (a, ¢) and 7 years (b,
d). At age 5 months, images show
only mild volume loss, evident as
mild enlargement of the Sylvian
fissure bilaterally (¢, asterisks)
and mild ventricular enlargement.
At age 7 years, volume loss is
increased substantially, with
thinning of the corpus callosum
(b) and further enlargement of the
third and lateral brain ventricles,
and the Sylvian fissures (d,
asterisks), as well as an increased
T2 signal in the cerebellum and
occipital lobes bilaterally (b,
arrows), which involve grey and
white matter

dehydrogenase (complex II) cytochrome ¢ oxidase (COX
complex IV) and Mg2*ATPase (complex V) were determined
in isolated muscle and liver mitochondria from the patient, by
spectrophotometric methods, as we have previously described
(Saada et al. 2004). The activities were normalized to citrate
synthase and compared to normal control means.

Whole exome sequencing (WES)

Exonic sequences were enriched in the DNA sample of the pa-
tient using SureSelect Human All Exon 50 Mb Kit V5 (Agilent
Technologies, Santa Clara, California, USA(. Sequences were
determined by HiSeq2500 (Illumina, San Diego, California,
USA) and 100-bp were read paired-end. Reads alignment and
variant calling were performed with DNAnexus software (Palo
Alto, California, USA) using the default parameters with the
human genome assembly hg19 (GRCh37) as a reference.

Results
Urinary organic acid analysis

Measurement of urinary D- and L-glyceric acid enantiomers in
our patient revealed massive excretion of D-glyceric acid 4016
mmol/mol creatinine (control values <8 mmol/mol creatinine),
as well as normal excretion of L-glyceric acid 11,4 mmol/mol
creatinine (control values <63 mmol/mol creatinine) (Fig. 2a,

b). Urinary glycerate excretion in both parents and 3 healthy
siblings was in the normal range.

Biochemical assays of muscle and liver OXPHOS

Liver needle biopsy and muscle biopsy from the right quadri-
ceps were obtained at the age of six months, while the patient
was in the pediatric intensive care unit due to intractable sei-
zures. At the time the biopsies were obtained, the patient re-
ceived several anti-epileptic drugs including valproic acid.
Light microscopy, immunohistochemical staining including
COX, and electron microscopy were largely normal.
Enzymatic activities of the five respiratory chain complex as-
says showed normal activities of complexes II, IIl and V, while
complexes [ and IV demonstrated mild to moderately reduced
activities in both tissues but were more predominant in the liver
(supplementary Table 1). In view of these results, we examined
the effect of 1-5 mM D-glyceric acid on the activity of com-
plexes I and IV in normal mitochondria in vitro, but detected no
significant inhibition (supplementary Fig. 2).

Whole exome sequencing (WES)

Since the patient was the product of a consanguineous mar-
riage, we performed WES under suspicion of a recessively
inherited, rare, causal allele. WES yielded 47.2 million
mapped reads with a mean coverage of X67. Following align-
ment and variant calling, we performed a series of filtering
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Fig.2 a-b D- and L-glyceric acid enantiomers in urinary samples of (a) a
healthy control and (b) our patient. ¢-d Sanger sequencing of the T>C
mutation shown by arrows in a homozygous state in (¢) the patient and (d)

steps. These included removing variants that were called less
than X8, were off-target, heterozygous, synonymous, had mi-
nor allele frequency (MAF)>0.5% at Exome Aggregation
Consortium (ExAC, Cambridge, Massachusetts, USA; http://
exac.broadinstitute.org) or MAF > 1% at the Hadassah in-
house database (~1200 ethnic matched exome analyses).
The remaining variants were filtered for conservation and
pathogenicity; only four potential homozygous variants sur-
vived. Notably, none of them had any mitochondrial function
or effect and only one, the homozygous missense GLYCTK
variant [chr3:2.52,325,053 T>C (hgl9), ¢.455 T>C, NM_
145262.3], corresponded with the phenotype presented by our
patient. This variant was not annotated in the EXAC database
and was absent in the GnomAD, the dbSNP and the 1000
Genomes Project databases. The variant is predicted to change
a highly evolutionary conserved leucine to a proline [p.
Leul52Pro, NP_660305] (Fig. 2¢, d). In silico web-based ap-
plications predicted this variant to be disease-causing by the
MutationTaster software (Schwarz et al. 2014), “damaging”
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species a alignment
Human 152GAEDNLPDRDALRAA LAIQQLAEG
mutated 152GAEDNLPDRDAPRAA LAIQQLAE
Ptroglodytes ISZGAEDHLPDRDAERAA LAIQQLAE
Maulatta ISZGA!DNLPDRDAERAA LAIRQLAE
Featus ISZGAEDNLPDRDAERAA LAIRQLAE
Mmusculus ISZGABDNLPDRDAERAA LTIQQLAE
. Ggallus

E 6 ¢C ¢ | Trubripes

n Drerio 148 DAQKSA ECIRDLAS
Dmelanogaster 125 PDENAJRAR REIRQLAE
Celegans 13 KS FATREKVISEIRD

Xtropicalis 148 AAE!AA REIQSLAE

in one of his heterozygous parents. € Amino acid sequence alignments
showing high evolutionary conservation of the mutated residue in
GLYCTK (arrow)

by SIFT (sorts intolerant from tolerant) and “probably
damaging” by Polyphen 2. Sanger sequencing confirmed
our patient to be homozygous, and both parents heterozygous,
for this mutation, and it segregated perfectly in the family.

Discussion

Here we report a patient from a consanguineous marriage who
presented with infantile onset progressive encephalopathy asso-
ciated with DGA, confirmed both biochemically and genetically.

Since the first description in 1974 (Brandt et al. 1974), only
16 patients from 12 families were reported with DGA; of
them, only six (including our patient) had a genetic confirma-
tion (Kalim et al. 2017). The clinical, radiological and genetic
characteristics of our patient and all patients reported until
now are summarized in Table 1. Accordingly, DGA patients
have a heterogeneous clinical presentation, with the majority
(8/16) displaying a severe form dominated by progressive
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encephalopathy seizures and spastic quadriparesis (Brandt
et al. 1974; Grandgeorge et al. 1980; Duran et al. 1987;
Fontaine et al. 1989; Topcu et al. 2002; Insuga et al. 2010;
Sass et al. 2010; Swanson et al. 2017). In contrast, some pa-
tients (5/16) present a milder neurological phenotype charac-
terized by moderate developmental delay, autistic behavior
and speech delay (Wadman et al. 1976; Bonham et al. 1990;
Sass et al. 2010; Kalim et al. 2017), while a minority remain
completely asymptomatic (3/16) (Bonham et al. 1990; Kalim
et al. 2017). Interestingly, four siblings, documented almost
three decades ago, had either no symptoms at all or mild
neurological impairment (speech delay) (Bonham et al.
1990). This suggests a genotype phenotype correlation, as
well as yet unidentified modifying genetic factors.

Refractory seizures and severe psychomotor retardation, man-
ifesting during the first year of life, albeit non specific, are the
core features of the severe form of DGA. Of note, seizure types
are generally variable and include generalized seizures, focal
seizures, infantile spasms, tonic-clonic spasms, clonic and myo-
clonic jerks and febrile induced seizures (Brandt et al. 1974;
Grandgeorge et al. 1980; Duran et al. 1987; Fontaine et al.
1989; Topcu et al. 2002; Insuga et al. 2010; Sass et al. 2010;
Swanson et al. 2017). Additional characteristics of severe DGA
are hypotonia (7/8), microcephaly (4/8), spasticity (6/8) and fail-
ure to thrive (3/8) (Table 1).

Brain imaging has become an important tool in the diagnostic
course of patients with epileptic encephalopathy. Only limited
data of brain MR imaging is available for DGA patients.
Accordingly, non specific cortical atrophy and white matter
changes are the main features reported (Topcu et al. 2002;
Insuga et al. 2010; Sass et al. 2010). Our report contributes to
current knowledge, as it shows for the first time, by repeated
MRI studies, progressive changes along the course of disease,
and it further demonstrates the generalized white matter, and
cerebellar and cortical involvement; this implies ongoing, de-
structive central nervous system pathology.

We described the fifth DGA mutation to be identified. Two
previously reported GLYCTK mutations (p.F483Sfs*2 and
p.Phe493Cys) cluster within the multi-organism fragment with
the rich leucine (MOFRL) domain of the enzyme (Sass et al.
2010). This domain is distinctive for animal glycerate kinases.
Although the precise function of MOFRL is not clear, muta-
tions located in this domain are predicted to impair enzyme
function and stability (Kehrer et al. 2007). Unsurprisingly, the
two patients identified with mutations in the MOFRL domain
presented with the severe form of DGA. The other two previ-
ously reported GLYCTK mutations are located in other areas of
the protein and these patients were either asymptomatic or
manifested a mild neurologic presentation (Sass et al. 2010;
Kalim et al. 2017). The novel p.Leul 52Pro mutation identified
in our patient is located within the Domain of Unknown
Function 4147 (DUF4147). This domain is frequently located
at the N-terminus region of proteins carrying the MOFRL
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domain, and its precise function is currently unknown.
Hence, we report here the only patient with the severe form
of DGA with a mutation located in this domain. Accordingly,
p-Leul52Pro should be considered a severe mutation associat-
ed with infantile onset and progressively deteriorating neuro-
logic course and grave outcome.

The highly variable clinical spectrum of DGA, ranging from
severe progressive infantile encephalopathy to a practically
asymptomatic condition raises the question as to whether DGA
is a true metabolic disorder or merely a biochemical phenotype
(Kalim et al. 2017). In a historic patient of DGA, Swanson et al.
recently identified the co-occurrence of non-ketotic
hyperglycinemia caused by a homozygous pathogenic mutation
in the AMT gene. This suggests that this patient’s severe neuro-
logical presentation may be related mainly to glycine encepha-
lopathy (Swanson et al. 2017). In addition to the known clinical
ambiguity, the mechanism of the neurological impairment re-
mains unsolved. Our patient presented with a clinical phenotype
that was initially assumed to be caused by a mitochondrial im-
pairment. Therefore, muscle and liver biopsies were obtained
(based on the apparent clinical involvement of these tissues)
and were studied for the activity of the respiratory chain com-
plexes. In view of the mild to moderate reduction in the activities
of complexes I and IV in both muscle and liver, we hypothesized
a secondary mitochondrial demise, caused by the massive tissue
accumulation of D glycerate. Our results suggest that inhibition
of OXPHOS by D glycerate is unlikely, implying an alternative
mechanism for the disease. The decreased activities of com-
plexes I and IV are probably secondary to valproic acid therapy
(Finsterer 2017), and consequent to the generalized poor condi-
tion of the patient during his intensive care stay.

In conclusion, we describe a patient who presented with pro-
gressive epileptic encephalopathy presumably caused by DGA,
due to a novel homozygous GLYCTK mutation. Our review of
all the cases that have been reported with DGA, clearly highlight
the severe neurological form as the most common presentation.
The precise pathological mechanisms, as well as the causes for
mild presentations (genetic, environmental), are yet to be deter-
mined. Additional studies of patients with DGA will further fa-
cilitate in resolving these matters.
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