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ABSTRACT

OBJECTIVES: The clinical, biochemical and genetic findings in two Slovak patients with glutaric aciduria type |
(GAl) are presented.

BACKGROUND: GAl is a rare autosomal recessive neuro-metabolic disorder caused by deficiency of glutaryl-
CoA dehydrogenase, which is involved in the catabolic pathways of lysine, hydroxylysine and tryptophan. This
enzymatic defect gives rise to elevated levels of glutaric acid (GA), 3-hydroxyglutaric acid (3-OH-GA) and glu-
tarylcarnitine (C5DC) in body fluids.

METHODS: Biochemical and molecular-genetic tests were performed. Urinary organic acids were analysed by
Gas Chromatography/Mass Spectrometry (GC/MS) and the entire coding region of the GCDH gene, including
flanking parts, was sequenced.

RESULTS: We found the presence of typical metabolic profile and novel causal pathogenic variants in both GAl patients.
CONCLUSION: We present the first report of two Slovak patients with GAI, which differed in the clinical and
biochemical phenotype significantly. They were diagnosed by two distinct approaches - selective and newborn
screening. Their diagnosis was complexly confirmed by biochemical and later on molecular-genetic examina-
tions. Though we agreed with a thesis that early diagnostics might positively influenced patient’s health out-
come, contradictory facts should be considered. Supposed extremely low prevalence of GAl patients in the
general population and/or the existence of asymptomatic individuals with a questionable benefit of the applied
therapeutic intervention for them lead to doubts whether the inclusion of disease into the newborn screening
programme is justified well enough (Tab. 1, Fig. 3, Ref. 41). Text in PDF www.elis.sk.
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transaminase, 2-OH-GA — 2-hydroxyglutaric acid, 3-OH-GA —
3-hydroxyglutaric acid, C5DC — glutarylcarnitine, C8 — octanoyl-
carnitine, C16 — hexadecanoylcarnitine, ETF — electron-transfer
flavoprotein, FAD — flavin adenine dinucleotide, GA — glutaric
acid, GAI — glutaric aciduria type I, GCDH — glutaryl-CoA de-
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hydrogenase, GCDH — gene encoding glutaryl-CoA dehydroge-
nase, GC/MS — gas chromatography/mass spectrometry, MCAD
—medium-chain acyl-CoA dehydrogenase, MS/MS — tandem mass
spectrometry, ESI-MS/MS — electrospray-ionisation tandem mass
spectrometry, MRI — magnetic resonance imaging, NBS —newborn
screening, NNSC — National Newborn Screening Centre, PCR —
polymerase chain reaction, USG — ultrasonography

Introduction

Glutaric aciduria type I (GAI, synonym glutaric acidemia
type I, OMIM#231670) is a rare organic aciduria with autosomal
recessive inheritance caused by deficiency of glutaryl-CoA dehy-
drogenase (GCDH, EC 1.3.8.6). This inborn error of metabolism
has been firstly described in 1975 by Goodman in two patients
(1). Actually more than 500 cases have been reported worldwide.

The responsible GCDH gene (OMIM*608801) is localised
on chromosome 19 (19p13.2) (2), spans approximately 7 kb and
contains 12 exons, but the first exon is noncoding. GCDH gene
encodes a flavin adenine dinucleotide (FAD)-dependent mito-
chondrial matrix flavoprotein, which catalyses dehydrogenation
and decarboxylation of glutaryl-CoA to crotonyl-CoA in the com-
mon degradative pathway of L-lysine, L-hydroxylysine and L-
tryptophan (3, 4). According to published sources, more than 200
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pathogenic variants were described in the GCDH gene, most of
them are point mutations (missense/nonsense type) (5, 6).

The presence of serious pathogenic variants in the GCDH
gene leads to no residual enzyme activity and consequently to the
characteristic metabolic pattern. On the other hand, less serious
pathogenic variants preserve a sufficient residual enzyme activity
and therefore the excretion of glutaric acid (GA) can be elevated
only mildly or can be even normal (7, 8). Based on biochemical
findings, the amount of excreted GA and enzyme activities, two
subgroups of GAI patients can be distinguished. Low excretors
are with the residual enzyme activity up to 30 % and are defined
by a lower level of urinary GA excretion (below 100 mmol/mol
creatinine) and high excretors with a complete loss of enzyme
activity typically excrete high amounts of GA usually above 100
mmol/mol creatinine (9). GCDH genotype predicts only the bio-
chemical (not clinical) phenotype and high or low excretors may
have the risk of developing symptoms linked to this disorder.

GAL is clinically characterised by a progressive movement
disorder such as dystonia and dyskinesia. The age of onset is typi-
cally within the first three years of life, but can range from the
prenatal period of foetus to adulthood (10). Early clinical diagnosis
is hampered by the lack of characteristic or even pathognomonic
signs and symptoms before an encephalopathic crisis (6). After
the birth, there is usually a period of approximately one year of
apparently normal development in children with GAI or only mild
neurological symptoms such as irritability and jitteriness may be
present. Moreover, macrocephaly represents a common though
nonspecific symptom found in 75 % of cases and appears shortly
after birth (11). Motor delay, hypotonia, dystonia, and dyskinesia
can progressively develop during the first years of life. Although
the intellect and cognitive functions are relatively well-preserved
in GAI patients, the numerous structural and functional cerebral
abnormalities that can begin in the last trimester of pregnancy had
been found. The white matter changes seem to increase with age,
both in patients with high as well as low excretion phenotypes (12).
The suspicion of GAI may be often omitted in patients with cere-
bral palsy and mental retardation as isolated symptoms (13, 14).
Due to cortical atrophy and expanded cerebrospinal fluid spaces
causing stretching of the cortical veins, GAI patients with typical
brain abnormalities on MRI have also an increased risk for sub-
dural haematomas after less significant trauma compared to the
healthy individuals. Based on the latest data, their incidence in
GAI patients was assessed at 4 %, which is lower than compared
to 20-30 % reported previously (15).

The first clinical manifestation of the disease may occur as an
acute encephalopathic episode triggered by infection, immunisa-
tion or surgical intervention and leads to the sudden onset of hy-
potonia and loss of head control as a first indicator of GAI (16).
In undiagnosed and untreated patients, the neurological impair-
ment can develop in age of 3-36 months of life. An irreversible
movement disorder develops in approximately 80-95 % of un-
treated patients (17). The first clinical manifestation can cause
the encephalopathy and irreversible brain damage, therefore the
recognition of macrocephaly in utero if possible and subsequent
early diagnostics and treatment is essential (18). According to
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data collected by Heringer et al (19), in the group of 176 GAI
patients, they detected significantly less frequent occurrence of
the movement disorders in patients identified by newborn scree-
ning (NBS) compared to patients revealed by selective screening
(26 % vs 73 %). The median age at diagnostics from NBS was
11 days of life, however in later-onset patients from selective
screening the diagnosis was established in median age of 450
days of life. The initiation of early treatment before the symp-
toms occur is important and can prevent the irreversible brain
damage and even death.

Material and methods

Samples

This study was conducted in two GAI patients, urine, serum
and whole blood samples from patients for DNA and biochemical
analyses were provided. Also the blood samples of parents were
received for confirmation of their carrier status.

Metabolite analyses

Routine blood and urine tests were performed for evaluation
of liver and renal function, serum electrolytes and glucose. The
urinary organic acids were extracted by ethyl acetate, derivatised
and analysed by GC/MS using the Thermo ITQ900 analyser (20).

Molecular-genetic analysis

Genomic DNA was extracted from peripheral blood leukocytes
using NucleoSpin® Blood (Macherey-Nagel). The entire coding
sequence of the GCDH gene was amplified by polymerase chain re-
action (PCR) using 10 pairs of primers designed by our laboratory
using Primer3 (Tab. 1). The optimised reaction cycling conditions
were as followed: initial denaturation at 95 °C for 3 minutes, 30

Tab. 1. The primer sequences designed for the amplification of the
coding region of GCDH gene.

GCDH gene primer sequence (5°—3")

GCDH_ex2+3F ACTGTAGCCTCGGCAGTGAA
GCDH_ex2+3R TCTCGGATTCTGGGACAGAG
GCDH_ex4F CACCTGATCAGTCTCGCTTG
GCDH_ex4R GAAAAACTGCAAAGGGACCA
GCDH_exSF AGAGACTCATGCCTCGCATC
GCDH_ex5R CAGAGGGTTCTGCAGTGTGT
GCDH_ex6F CTGCCTCCTTGTGTGTCCTT
GCDH_ex6R CAGAATAGGCTCAGGGGACA
GCDH_ex7F GGCAGCCTTGTGACTTTGTC
GCDH_ex7R AGTCGGTGAGGGGTCTGAC
GCDH_exS8F GGAGACCAGAGCCCACTACA
GCDH_ex8R CCGGCTGAGTAAGAATCACC
GCDH_ex9F GCCATCTGTGATGTGAACCA
GCDH_ex9R AGGACGTCACTGGTCATTCC
GCDH_ex10F AAGCTTGGGGGCACTGAG
GCDH_ex10R AGGACAAGAGGGACAGCAGA
GCDH_ex11F GTCCCTCATTGGGAGCTTG
GCDH_ex11R TGGAGTTGGACTCAGACCTGT
GCDH_ex12F CAGTGGCCTGGGGATACAT
GCDH_ex12R TCCATGGTTAAAAGTGGATTGA




cycles consisting of denaturation at 95 °C for 30 seconds, annealing
at 62 °C (exons 2—6, 8-11), 59 °C (exon 7) and 58 °C (exon 12)
for 30 seconds and extension at 72 °C for 1 minute, followed by
the final extension step at 72 °C for 5 minutes. Purified PCR pro-
ducts were sequenced using the ABI 3100 Avant Genetic Analyzer.
Mutation analysis was performed using SeqScape® Software v2.6.
All identified pathogenic variants were confirmed by sequencing
of both DNA strands and confirmed in the parents.

Results

Case 1

The female patient from the first at risk pregnancy of healthy
consanguineous parents was delivered in the 40th gestational week
by the caesarean section, because of macrocephaly (birth length
52 cm and weight 3550 g). The girl was monitored from the age
of two months by a neurologist for suspicion of demyelinating
disorder. USG examination of the brain in 1 year of age showed
no pathological finding. In psychomotor development only speech
difficulties and delays were observed. In the third year of life, an
intermittent altered state of consciousness (from somnolence to
sopor) and dystonic attacks were presented during an acute gas-
troenteritis of rotavirus aetiology. In the laboratory tests, severe
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uncompensated metabolic acidosis (pH 7.26), hypoglycaemia (1.4
mmol.I""), hyperuricaemia (630 umol.1"") and mildly elevated liver
transaminases (activity of AST 2.57 pkat.I"' and ALT 1.04 pkat.I'")
were found. Patient was treated by standard parenteral hydration
therapy, but the clinical recovery had been very slow (4 weeks).
During this period, she lost the ability to walk, talk and swallow.
Because of clinical picture and persistent metabolic acidosis with
significantly decreased level of free carnitine (3.3 pmol.lI"!, refer-
ence range 22.2-52.2 umol.1™") a suspicion for inherited metabolic
disease was made. An analysis of urinary organic acid in the In-
stitute of Inherited Metabolic Disorders in Prague was performed,
where increased levels of GA and 3-hydroxyglutaric acid (3-OH-
GA) were detected.

The course of the disease had been complicated during an
acute relapsing pyelonefritis and later on by skin abscesses, which
required immunomodulating therapy. In time of infectious illness,
the level of GA increased rapidly (818 — 5300 mmol/mol creati-
nine, reference < 5 mmol/mol creatinine) (Fig. 1). During an acute
attack period, the patient was treated by riboflavine, L-carnitine
and with low-lysine diet, and in the compensated state of disorder
only L-carnitine was applied. After the administration of 1g/day
of L-carnitine the level of carnitine have been normalised or even
increased (from 34.2 to 82.0 umol.1™"). Also the monitoring of the
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Fig. 1. Profile of urinary organic acids by GC/MS in GAI patient in attack — grossly elevated levels of GA and elevated level of 2-oxoglutaric
acid (A), control urine (B) and mass spectrum and chemical formula of GA-2TMS (C).
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Fig.2. Sequencmg analysis of exon 11 of the GCDH gene. A —c.1213dupA
in homozygous state found in patient no.1, B and C — ¢.1213dupA in
heterozygous state detected in both parents (B — mother, C — father).

GA level indicated the efficiency of therapy (176 — 298 mmol/mol
creatinine). Thus a long-term treatment with carnitine supplemen-
tation had protected the patient from the occurrence of encepha-
lopathic crises for the following twenty years. On MRI examina-
tion, supra and infratentorial demyelinating lesions were detected.

The patient is continuously monitored, well compensated with-
out dystonia, atetotic movements and she is fully mobile. She has
achieved secondary education and only in the case of disturbance
she suffers from stammering (balbuties).

Molecular-genetic findings in case 1

In the 24-years-old female patient we had found the frameshift
mutation c¢.1213dupA in the exon 11 of the GCDH gene in the ho-
mozygous state. This novel duplicating insertion is assumed to be
pathogenic due to altering the open reading frame and leading to
the formation of premature stop codon after 14 missense amino
acids and to the truncation of the peptide (p.Met405Asnfs*14).
The heterozygous carrier status for ¢.1213dupA in both parents
was confirmed (Fig. 2).

Case 2

The boy from the first physiological gravidity, delivered in
the 39th gestational week with birth length 50 cm, weight 3180
g and Apgar score of 10 was detected by positive newborn scree-
ning examination of glutarylcarnitine (C5DC). Concentration of
C5DC and ratios of other acylcarnitines from dried blood spot ac-
cording to NNSC were 2.12 pmol.I'! (reference 0-0.3 pumol.1™"),
ratios C5DC/C16 1.05 (reference 0—0.35) and C5DC/C8 69,75
(reference 0-5.8). Based on the newborn screening results, the
eutrophic newborn was admitted to hospital to the regional recall
centre because of high suspicion of GAI. Elevated levels of GA
202.8 mmol/mol creatinine, 3-OH-GA 19.4 mmol/mol creatinine
(reference < 3) and decreased level of carnitine 6.9 umol.I"! had
proved the diagnosis supposed by NBS.

Chosen therapeutic approach was based on summarised guide-
lines by Heringer et al (21). The authors had been emphasised that
the early therapeutic intervention prevents the development of
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striatal injury and resulting neurological symptoms in the majo-
rity of asymptomatic patients identified in the neonatal period by
NBS. In spite of this fact, MRI examination of the brain revealed
the frequent occurrence of extrastriatal abnormalities with unclear
relevance in these children which may manifest clinically later
on. Therefore, the main aim of NBS is to identify these patients
early and initiate the treatment in asymptomatic stage in order to
positively influence their clinical outcome.

Our clinically asymptomatic patient was monitored and treated
from 10th day of life. The neurological examination including
USG of the brain did not detect any positive findings. The origi-
nal specific dietary regimen was based on the restriction of the
lysine intake and was set at 100 mg/kg/day. Because of detection
of low level of lysine in blood the lysine dosage was increased to
108 mg/kg/day. L-carnitine intake was adjusted to 70 mg/kg/day.
A patient was discharged in good condition to home aftercare, but
he is still continuously monitored in the metabolic department.

Molecular-genetic findings in case 2

In the newborn male patient, we have detected the pathogenic
variant ¢.1262C>T (rs121434367) in the exon 12 of the GCDH
gene in the heterozygous status, which caused an exchange from
alanine to valine at amino acid position 421 in the precursor pro-
tein (p.Ala421Val). The second sequence variant was the substi-
tution ¢.1225G>A in the exon 11 of the GCDH gene in the he-
terozygous state causing an exchange from alanine to threonine at
amino acid position 409 in the precursor protein (p.Ala409Thr).
This sequence variant has not been reported until now. The car-
rier status for identified variants in both parents was detected.
The mother is a carrier for unreported variant ¢.1225G>A and the
father is a carrier of a second substitution ¢.1262C>T both in the
heterozygous state (Fig. 3).
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Fig. 3. Sequence analysis of exon 11 and 12 of the GCDH gene. A and
B — ¢.1225G>A sequence variant in heterozygous state in patient 2
(A) and his mother (B), C and D — pathogenic mutation ¢.1262C>T in
heterozygous state in patient 2 (C) and his father (D).




In order to predict the effect of ¢.1225G>A (p.Ala409Thr)
missense variant on GCDH function prediction software Muta-
tionTaster was used. This sequence variant was supposed to be
a probably deleterious. A substitution from hydrophobic alanine
residue to polar threonine, which may participate in the hydrogen
bonds formation can probably affect the GCDH function.

Discussion

GAIl represents a rare treatable disease when diagnosed early
after birth with estimated prevalence based on neonatal scree-
ning programmes in Germany, Australia and USA of 1: 106 900
newborns, but this can vary in different populations or in other
ethnic groups (22). Based on the current natality in Slovakia and
taking into account the prevalence in other European countries,
we could say that approximately no more than one patient per
two years could be revealed. Nevertheless, during a period of last
twenty years, only three patients with GAI had been diagnosed in
Slovakia. However, the complete clinical, laboratory and mole-
cular-genetic data are available only in two of them.

In the recent study we reported these two patients diagnosed
by diverse approaches — selective and newborn screening. We refer
substantially distinct health outcome probably due to the different
age at diagnostics, initiation of treatment and type of detected muta-
tions. A first female patient was diagnosed at the age of three years
based on severe clinical presentation developed after gastroenteri-
tis. Unfortunately, macrocephaly as a typical symptom for GAI,
which had been presented even before birth and hypotonic features
remained unnoticed before the encephalopathic crisis occurred. At
the time of disease onset it was not possible to provide laboratory di-
agnostics of organic acidurias in Slovakia. But extremely low levels
of free carnitine in this patient led to the suspicion of metabolic dis-
order, which was subsequently confirmed abroad. The second male
patient was diagnosed in the neonatal period by NBS programme.

In past, particularly the patients without typical clinical symp-
toms (macrocephaly, developmental delay and neurological im-
pairment) could remain undiagnosed. From this point of view, the
diagnostic approach based on NBS is beneficial. The experience
with NBS in other countries showed that the majority of newborns
are asymptomatic though a macrocephaly and neurological symp-
toms such as hypotonia and asymmetric posturing are often present
(23). Therefore, the NBS is even more important in a high-risk
population such as: the Amish Community in Pennsylvania (USA),
the original inhabitants of the Canadian province of Ontario and
Manitoba called Oji-Cree (Canada), the Irish travellers (U.K.), the
Lumbee tribe in North Carolina (USA) and the indigenous inhabi-
tants of South Africa (17), where the prevalence of GAI should be
up to 1: 300. The occurrence of GAI in state of Andhra Pradesh
in India appears to be relatively more frequent caused by a higher
rate of consanguinity and endogamous marriages (18).

On the other hand, it is important to mention that cases of GAI
with adult-onset exist, too. Interestingly, the clinical outcome in
documented patients is dramatically different from those with
the typical early-onset. The phenotypic heterogeneity between
early-onset and late-onset disease is probably caused by potential
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existence of additional acquired, genetic and/or environmental
factors. The reported late-onset signs include recurrent head-
aches/migraine, oculomotor symptoms, neurologic and cognitive
deterioration, leukoencephalopathy, lower extremities weakness
and numbness, hyporeflexia, paresthesias, spasticity, gait distur-
bances, incontinence, bipolar disorder, axonal and demyelinating
neuropathy (24-28). Moreover, GCDH pathogenic variants known
to be associated with the severe early-onset disease were found in
patients with mild adult-onset or even asymptomatic, too (27, 29).
It is also important to mention that up to 25% of undiagnosed (and
also untreated) patients remain asymptomatic (15).

The first studies concerning inclusion of GAI into the newborn
screening programmes were initiated in the late 1990s in Austra-
lia, Germany and certain U.S. states. Since GAI meets several
fundamental criteria for inclusion in the NBS programme such
as the screened disease should be serious or potentially serious,
should be treatable and performed test must be sensitive and cost-
effective, in present represents a part of newborn screening pro-
grammes worldwide for more than fifteen years. In spite of that,
GAl is currently incorporated into the NBS panel only in one third
of E.U. member states. GAI is also not incorporated into NBS in
most regions of China and the selective screening is applied (30).
If NBS programmes are not available, the majority of patients are
identified after the first disease attack and the treatment is delayed.

Since 2013, the screening of GAI was officially included also
in the Slovak newborn screening programme. In the past, selec-
tive metabolic screening was performed by GC/MS and analysis
of urine organic acids was principal approach for detection of
GAI patients. Nowadays, the newborn screening test is based on
the determination of CSDC concentrations in dried blood spots
by tandem Mass Spectrometry (MS/MS) method and was shown
to be cost-effective. Equally, Bessey et al (31) had assessed the
cost-effectiveness of expanded NBS programme in England. Their
results suggested that expanded NBS including GAI was poten-
tially cost-saving in the meaning of lower total costs and higher
quality of life compared to no screening. Although the sensitivity
of C5DC screening in a general population represents almost 95%
(32), the cases of missed low excretors are reported.

Biochemically, GAI is characterised by the accumulation of
glutaric acid (GA), 3-hydroxyglutaric acid (3-OH-GA), glutaconic
acid (not obligatorily) and glutarylcarnitine (C5DC) in the body
fluids (urine, blood, cerebrospinal fluid) and tissues (33). These
metabolites can be analysed by Gas Chromatography/Mass Spec-
trometry (GC/MS) or by ElectroSpray-lonisation tandem Mass
Spectrometry (ESI-MS/MS). GAI patients with normal C5DC
levels can be diagnosed by the presence of increased levels of
urinary 3-OH-GA which is considered being the most confiden-
tial diagnostic marker. In some patients, the urinary excretion of
GA can be completely normal and the glutaconic acid may appear
during an acute attack only. Due to limited efflux across the blood-
brain barrier, the in vivo metabolic monitoring of intracerebrally
accumulated neurotoxic GA and 3-OH-GA was not possible. At
present, for this purpose (1)H magnetic resonance spectroscopy
with the metabolite findings correlating with biochemical pheno-
type and duration of the disease can be applied (34).
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Also, it is necessary to consider the possibility of incorrect dia-
gnosis that could be caused by glutaric aciduria type II (multiple
acyl-CoA dehydrogenase deficiency), pseudoglutarylcarnitinae-
mia (caused by interfering acylcarnitines identified as hydroxyoc-
tanoylcarnitine and hydroxydecanoylcarnitine) in patients with
medium-chain acyl-CoA dehydrogenase (MCAD) deficiency as
well as in newborns with renal failure, and maternal aciduria glu-
taric type [ (17).

GAI is a treatable disorder and the guidelines for the GAI
management were published by Koélker et al (16) and afterwards
summarised by Heringer et al (21). Appropriate therapeutic recom-
mendations can prevent the movement disorder and irreversible
cerebral damage in GAI patients identified especially by NBS. A
progressive disease with late diagnostics may lead to the deve-
lopment of dementia, cerebral neoplasms, peripheral neuropathy
as well as chronic renal failure (19). The dietary lysine restriction
leads to the reduction of accumulated GA, 3-OH-GA and glutaryl-
CoA also in the brain. The supplementation by carnitine avert the
risk of secondary carnitine depletion, increases the production of
nontoxic C5DC and the adequate concentration of free carnitine in
brain, liver and plasma fills up the pool of intracellular free coen-
zyme A. Riboflavin is administered less frequently because there
is no general evidence that it improves the neurological outcome
(5). Infection, fever, vomiting and/or inadequate energy intake
may lead to the development of the metabolic encephalophatic
crisis, which can cause an irreversible neurological damage. Thus,
the emergency situations consist of the administration of high-
calorie and low-protein treatment (21, 35, 36). It is important to
emphasise the fact that a neuropathic crisis in low excretors may
occur independently of the patient’s metabolic status, though the
occurrence of these damaging episodes decreases with the age,
especially after five years of life.

Biochemical phenotype in both reported patients was charac-
terised by abnormal excretion of GA, but with different magnitude
of excretion. In the first patient, monitored levels of GA were of-
ten extremely elevated even during the well compensated period
and did never reach the physiological values. Thus, the disease
had been manifested in a manner typical for high excretors. In the
second newborn patient, the excretion of GA was only slightly in-
creased at the time of diagnostics and after carnitine supplementa-
tion and normalisation of carnitine value in the serum, the excretion
of GA was even within a normal range (4.2 mmol/mol creatinine).
For these reasons, we think that the second patient could be cat-
egorised as a low excretor probably with a higher residual enzyme
activity. In this case, the biochemical phenotype can result from
mild pathogenic mutations found in the GCDH gene. Before car-
nitine supplementation, we observed low levels of free carnitine
as a result of secondary depletion in both patients. In addition to
an increased level of 3-OH-GA, which is most likely produced
in minor pathway from glutaryl-CoA, we also observed a mark-
edly elevated level of 2-oxoglutaric acid, aconitic acid and mildly
elevated excretion of other dicarboxylic acids in both patients.

The experimental evidence exists that accumulation of GA and
its metabolites may cause complex changes in metabolism due to
the inhibitory effect on enzymes and transporters of dicarboxylic
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acids that may affect energy metabolism including the Krebs cycle
(37). These effects in the central nervous system can significantly
influence the constituents and mechanisms of neurotransmission.
The severe form of the disease in the first patient is also supported
by the finding of uncompensated metabolic acidosis, considerable
hypoglycaemia and signs of hepatotoxic damage. During the fol-
low up in the second patient, no extreme changes in the acidobasic
parameters and blood glucose were observed.

In enzymopathies, the character of sequence changes may
often predict a degree of enzymatic deficiency and the biochemi-
cal phenotype at least. Therefore, to predict the possible impact
of sequence variants on GCDH function it is important to have
knowledge about its tertiary structure. GCDH gene encodes 438
amino acids and 44 amino-terminal signal residues are cleaved
off after import into the mitochondrion. The active GCDH acts
as homotetramer and the monomer unit consists of three domains,
two o-helical amino-terminal domains (A —residues 45-167 and C
—residues 282-438) and a f-sheet domain in the middle (B —resi-
dues 168-281). FAD is also involved in this enzymatic reaction as
a coenzyme (38). Region A consists of six a-helices and probably
is not involved in the binding of substrate and except of the first
five amino acid residues does not participate on oligomerisation
as well. Region B is a f-sandwich, which is in the proximity with
FAD coenzyme. The region C consists of four antiparallel a-helices
directly participating in the interaction with FAD by connecting
loops between them. Functionally, this region represents the most
important component because it creates the core of the tetramer
form of the GCDH protein and the presence of pathogenic va-
riants in the region C are supposed to affect the binding of FAD
and contacting between monomeric units. Moreover, the amino
acids sequence is evolutionary highly conserved in mouse, human
and pig GCDH (38, 39).

Besides a described mutation (c.1262C>T) we also report two
novel sequence variants in the GCDH gene not reported yet — a
duplicating insertion c.1213dupA leading to the premature stop
codon formation and a missense variant ¢.1225G>A (p.Ala409Thr)
consider to be probably deleterious according to MutationTaster
prediction software.

The known pathogenic variant ¢.1262C>T (p.Ala421Val) is
typical, but not restricted to the Amish community and leads to
an impaired association of enzyme subunits (40). Its experimen-
tal expression in the prokaryotic system led to significant residual
enzyme activity (40 %) and was termed as “leaky” pathogenic
variant (7, 41).

In conclusion, we have identified two Slovak patients with
different clinical and biochemical phenotype. Their diagnosis was
confirmed at biochemical and molecular-genetic level, and two
novel sequence variants in the GCDH gene had been reported.
Based on the tertiary structure of the protein and the function of
its particular regions, we consider these changes to be pathogenic
mutations. Based on these findings, it is important to emphasise
the benefit of GAI inclusion into the NBS programme arising
from the possibility to express a suspicion for this neurometabolic
disease in asymptomatic newborns with subsequent confirmation
of diagnosis and the initiation of early therapeutic intervention



before the symptoms or even irreversible neurological damage
develop. Despite of these unequivocal positive aspects, GAI is
incorporated into the NBS programmes not even in a half of E.U.
member states. This decision probably arose from the fact that the
disease did not fulfil all established newborn screening criteria.
The incidence of GAI is extremely rare in the general population
even with a relatively high proportion of asymptomatic indivi-
duals. Although the treatment can be administered in these clini-
cally healthy patients soon after birth, its benefit is not clear.
During the last twenty years only three patients were identified in
Slovakia. Moreover, likewise as in our patients, the significance
of novel sequence variants in the GCDH gene can be ambiguous
and their genotype-phenotype correlation is problematic. All these
pros and cons aspects raise the question whether the inclusion of
GAI into NBS is really justified in Slovakia.
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