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Abstract In recent years the number of disorders known to
affect amino acid synthesis has grown rapidly. Nor is it just the
number of disorders that has increased: the associated clinical
phenotypes have also expanded spectacularly, primarily due
to the advances of next generation sequencing diagnostics. In
contrast to the Bclassical^ inborn errors of metabolism in cat-
abolic pathways, in which elevated levels of metabolites are
easily detected in body fluids, synthesis defects present with
low values of metabolites or, confusingly, even completely
normal levels of amino acids. This makes the biochemical
diagnosis of this relatively new group of metabolic diseases
challenging. Defects in the synthesis pathways of serine me-
tabolism, glutamine, proline and, recently, asparagine have all
been reported. Although these amino acid synthesis defects
are in unrelated metabolic pathways, they do share many clin-
ical features. In children the central nervous system is primar-
ily affected, giving rise to (congenital) microcephaly, early
onset seizures and varying degrees of mental disability. The
brain abnormalities are accompanied by skin disorders such as
cutis laxa in defects of proline synthesis, collodion-like skin
and ichthyosis in serine deficiency, and necrolytic erythema in
glutamine deficiency. Hypomyelination with accompanying

loss of brain volume and gyration defects can be observed
on brain MRI in all synthesis disorders. In adults with defects
in serine or proline synthesis, spastic paraplegia and several
forms of polyneuropathy with or without intellectual disability
appear to be the major symptoms in these late-presenting
forms of amino acid disorders. This review provides a com-
prehensive overview of the disorders in amino acid synthesis.

Introduction

In recent years exciting developments have taken place in the
discovery of disorders of amino acid synthesis. Several new
disorders have been reported as well as new phenotypes for
already known amino acid synthesis deficiencies, which is
mainly due to next generation sequencing of cohorts of pa-
tients with similar clinical phenotypes. A comprehensive
overview of these recent developments in amino acid synthe-
sis deficiencies will be presented here.

We all are aware of the fact that amino acids are the build-
ing blocks for peptide and protein synthesis and that they
perform important functions in intermediate metabolism.
However, many amino acids have specific cellular functions
of their own, in neurotransmission for instance, or energy
metabolism and detoxification. Historically, the biochemical
analysis of elevated levels of amino acids or their degradation
products in body fluids has been the cornerstone of diagnosing
inborn errors of metabolism. In 1996, Jaeken and colleagues
reported, for the first time, defects in the synthesis pathway of
the amino acid serine in children with severe neurological
symptoms. Low levels of serine and (glycine) in plasma and
cerebrospinal fluid (CSF) were the major diagnostic clues to
indicate a serine deficiency disorder. Since then, defects in
other amino acids synthesis pathways have been reported.
The study of patients with these synthesis defects unravels
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new and unique functions of the amino acids involved, for
instance in foetal development of the central nervous system
or maintenance of the peripheral nervous system. We have
also recently learned that these disorders can give rise to a
whole spectrum of clinical symptoms varying from lethal de-
velopmental defects to late onset adult spastic paraparesis. The
detection of amino acid synthesis deficiencies poses specific
challenges to our biochemical diagnostic procedures because
low values are easily missed, especially in milder phenotypes.
Much to our surprise, in some disorders, the plasma or CSF
concentrations of amino acids are non-informative, thus ne-
cessitating the use of sequencing techniques to confirm a clin-
ical diagnosis.

Awareness of amino acid synthesis disorders is important
because of the potential therapeutic consequences and the
sometimes very narrow window of opportunity to alter the
course of the disease and prevent neurological damage.

Serine deficiency

Defects in the genes encoding the three enzymes of the L-
serine synthetic pathway have been reported and, not surpris-
ingly, they all give rise to similar clinical phenotypes. L-serine
is synthesized from the glycolytic intermediate 3-
phosphoglycerate via three enzymatic conversions. The en-
zymes involved are 3-phosphoglycerate dehydrogenase (3-
PGDH, OMIM 606879), 3-phosphohydroxypyruvate amino-
transferase (PSAT, OMIM 610936) and phosphoserine phos-
phatase (PSP, OMIM 172480).

When serine deficiency disorders were first reported in
paediatric patients it appeared that there were some differ-
ences in phenotype between the three defects. However, with
recent insights obtained through whole-exome sequencing, it
is now obvious that it is not possible to discriminate the dif-
ferent gene defects on clinical grounds. Molecular defects in
the genes encoding the three enzymes can present with iden-
tical phenotypes ranging from a severe lethal antenatal pheno-
type to a milder adult onset polyneuropathy phenotype.
However, recognition of serine deficiency is important be-
cause good treatment results have been reported with L-
serine therapy.

Lethal serine deficiency phenotype (Neu-Laxova
syndrome)

The severe and lethal serine deficiency phenotype was already
known as Neu-Laxova syndrome (NLS). In 2014, two differ-
ent groups published mutations in serine synthesis genes in
patients with this Neu-Laxova syndrome (Acuna-Hidalgo et al
2014, Shaheen et al 2014). From this it was obvious that
defects in all three genes can give rise to the same clinical
phenotype.

NLS causes intrauterine or early postnatal death. Affected
children present with dysmorphic features consisting of prop-
tosis of the eyes, abnormal eyelids, microcephaly, small round
mouth, extensive skeletal abnormalities with contractures and
webbing of fingers and toes; skin abnormalities resembling a
collodion-like skin, and multiple structural abnormalities of
the central nervous system with neural tube defects, cortical
dysplasia, enlarged ventricular spaces and structural abnor-
malities of the cerebellum. Defects in serine metabolism were
detected through whole exome sequencing collaborations, and
not through detection of low values of serine in plasma.
Limited data are available on serine concentrations in body
fluids in patients with NLS, but in my personal experience,
plasma serine values can be very low (<30 μmol/L). No treat-
ment with L-serine has been reported in this severe phenotype,
but given the extensive and very early onset developmental
defects, successful treatment seems doubtful.

The 3-PGDH knock out mouse published some years ago
verymuch resembles the NLS phenotype and, so far, rescue of
the severe developmental defects in mice with L-serine thera-
py has not been reported (Yoshida et al 2004).

Infantile serine deficiency phenotype

Themajority of children with serine deficiency suffer from the
infantile phenotype, with phosphoglycerate dehydrogenase
deficiency as the major cause. The first cases reported by
Jaeken et al (1996) can also be classified within this pheno-
type. Many of the children were born after intrauterine growth
retardation and presented with congenital microcephaly. After
birth, intractable seizures developed within weeks to months,
and little to no psychomotor development was observed once
seizures are present. Children subsequently developed a se-
vere spastic quadriplegia during the first years of life.

It is important to recognize that congenital microcephaly
and seizures are not obligatory. Some children present first
with severe psychomotor disability accompanied by second-
ary microcephaly and failure to thrive (Brassier et al 2016).
One of the other symptoms regularly seen in infants is con-
genital cataracts (Tabatabaie et al 2010).

As in many other inborn errors of metabolism that gives
rise to an encephalopathy, no specific seizure or EEG pattern
is observed in serine deficiency and infantile spasms, tonic-
clonic seizures, tonic, atonic, gelastic and myoclonic seizures
have all been reported. The same is true for associated EEG
abnormalities; both hypsarithmia and multifocal seizure activ-
ity evolving towards Lennox-Gastaut syndrome have been
observed. Although the clinical seizures can respond rapidly
to therapy (within weeks), normalization or improvement of
EEG abnormalities may take much longer, in some cases as
long as 6–12 months (de Koning et al 1998; Brassier et al
2016). Cranial MRI in patients with serine deficiency shows
a profound decrease of cerebral white matter volume due to
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hypomyelination (de Koning et al 2000). Cerebellar abnor-
malities were observed on MRI in only one patient with
PSAT deficiency (reported by Hart et al 2007). However, giv-
en the extensive cerebellar defects that can be observed in
NLS, cerebellar abnormalities will likely be present in more
patients with serine deficiency than reported so far.

Juvenile serine deficiency phenotype

At present, only one family has been reported with a juvenile
onset, much milder serine deficiency phenotype (Tabatabaie
et al 2011). In two sibs, who acquired normal early develop-
mental milestones but subsequently developed moderate de-
velopmental disability, atypical absence seizures began at
school age. Microcephaly was not present in these patients,
nor were there pyramidal signs. The patients were diagnosed
as teenagers because of low values of serine in plasma and
later also found in CSF. This diagnostic evaluation was done
as part of a work-up for their developmental delay. At that
time, one of the two sibs also had severe behavioural abnor-
malities and mood disturbances. Cranial MRI in both adoles-
cents was normal without any signs of hypomyelination. The
serine deficiency was caused by mutations in PHGDH.

With only these two patients reported in the literature, it is
difficult to speculate on the expanded clinical phenotype that
may yet occur in these milder juvenile onset forms of serine
deficiency.

Adult serine deficiency phenotype

Méneret et al (2012) reported an adult patient with serine
deficiency also caused by 3-PGDH deficiency. This pa-
tient was diagnosed with mild mental disability and mild
cerebellar ataxia in childhood, but developed a progres-
sive polyneuropathy in adulthood. In addition, congenital
cataract was operated in infancy, clearly demonstrating
that overlapping symptoms between the different clinical
serine deficiency phenotypes can occur in individual pa-
tients. Given the role of L-serine in myelin synthesis and
the fact that defects in serine palmitoyltransferase are a
well-known cause of polyneuropathy (hereditary sensory
and autonomic neuropathy type 1, OMIM 605712 and
605,713), it is very likely that adult patients exist who
suffer only from polyneuropathy and represent the very
mild end of the spectrum of serine deficiency. I am aware
of more adults with mild serine deficiency with predom-
inant polyneuropathy, a phenotype l ikely to be
underdiagnosed (unpublished data).

Diagnosis

Remarkably, the biochemical abnormalities found in all pa-
tients reported with either the infantile, juvenile or adult

phenotype were identical in plasma and CSF, and so a diag-
nosis of serine deficiency can be suspected from routine ami-
no acid analysis in plasma and CSF at any age. The values in
plasma and CSF were quite similar in all phenotypes and do
not correlate with disease severity, meaning that the pheno-
type cannot be predicted from the results of amino acid anal-
ysis. Serine deficiency is more pronounced in CSF, and is not
influenced by the absorption of amino acids from the diet, an
important confounder of plasma amino acids analyses.
Analysis of urine amino acids to diagnose serine deficiency
is not helpful because, for still unclear reasons, amino acid
excretion is normal in patients. While enzymatic assays are
available for the three L-serine synthesis enzymes, enzyme
testing is being replaced more and more by DNA diagnostics.
This is due to problems in the availability of the substrate
required for the 3-PGDH assay and the debated sensitivity
of the other assays (Hart et al 2007).

Treatment

Successful treatment with L-serine has been reported in pa-
tients with the infantile, juvenile and adult phenotypes.

Patients with infantile 3-PGDH deficiency can be treated
with oral supplementation of a high dose of L-serine (500–
700 mg/kg/day) and, for selected children with an insufficient
response of their seizures to L-serine monotherapy, glycine
(200–300 mg/kg/day) can be added to the treatment (de
Koning et al 1998). Treatment with amino acids, in general,
has a good effect on wellbeing and behaviour as well as on the
patient’s seizure frequency. In some patients, the seizures will
disappear and accompanying EEG abnormalities will resolve.
In others, the seizure frequency significantly improves.
Unfortunately, amino acid therapy does not have a positive
effect on psychomotor development in symptomatic patients
even when their seizures are responding. No progress, or only
very limited progress, in psychomotor development has been
observed during (long term) treatment follow-up (de Koning
et al 2002; Brassier et al 2016; personal observations).
However, treatment can be successful when amino acid ther-
apy is initiated before symptoms arise, either as antenatal L-
serine therapy given to the mother or as immediate postnatal
therapy on the first day of life in still asymptomatic patients
(de Koning et al 2004; Hart et al 2007).

Interestingly, patients with the juvenile and adult pheno-
type require much lower dosages of L-serine than young chil-
dren do. In adolescents and adults good treatment results were
obtained with 100–150 mg/kg/day L-serine without added
glycine to the treatment. Dose finding studies have not been
performed in adults but, in the patient reported by Méneret
et al (2012), 80 mg/kg/day L-serine was insufficient to correct
the biochemical abnormalities in CSF but correction did occur
with 100-150 mg/kg/day.
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It is unclear what the most appropriate age would be to
switch from higher to lower doses of L-serine in children
growing older and becoming adolescents. L-Serine treatment
in the juvenile patients reported by Tabatabaie et al (2011) was
initiated at 15 years of age, so it seems safe to adjust the dose
of L-serine from around this age.

Serine deficiency mimic and secondary serine deficiency

Interestingly, mutations in the gene encoding the major serine
transporter SLC1A4 (OMIM 600229) leading to a defect in the
ASCT 1 transporter, give rise to symptoms similar to those
seen in serine synthesis disorders. Srour et al (2015) reported
two sibs with secondarymicrocephaly, psychomotor disability
and spastic tetraplegia. Both sibs had a thin corpus callosum
on MRI, which was associated with non-specific white matter
abnormalities in one sib and delayed myelination in the other.
One of the sibs was more severely affected than the other.
Damseh et al (2015) reported nine patients with microcephaly,
hypomyelination, developmental delay and, to a variable ex-
tent, seizures. Heimer et al (2015) reported more patients, who
also presented with developmental disability, spasticity, mi-
crocephaly, seizures and hypomyelination with a thin corpus
callosum on brain MRI. Surprisingly, plasma amino acid con-
centrations were found to be normal in all patients. CSF amino
acids were analysed in only one patient and also found to be
normal. Differentiation of SLC1A4mutations from serine syn-
thesis disorders on clinical grounds appears difficult, although
congenital microcephaly seems to bemore frequent in patients
with serine synthesis defects and cataracts have not been re-
ported in ASCT1 transporter deficiency.

Very low levels of plasma serine and CSF serine have been
observed in patients with disorders other than defects in the
serine synthesis pathway. For instance, low serine values were
observed in patients with disorders of folate metabolism,
Menkes syndrome, complex 1 deficiency, and patients with
overwhelming viral illness (Surtees et al 1997; Keularts et al
2010; personal observations). Reasons for the low serine con-
centrations in folate disorders are obvious given the role of L-
serine in single carbonmetabolism, but one can only speculate
upon the mechanisms giving rise to low serine values in the
other disorders.

Glutamine deficiency

Glutamine deficiency (OMIM 610015) appears to be ultra-
rare among the amino acid synthesis disorders. Since this dis-
order was first reported by Häberle et al 2005, only three
patients in total have been described in the literature
(Häberle et al 2005; Häberle et al 2011).

Glutamine is the most abundant amino acid in human plas-
ma and CSF. It accounts for up to 20% of the total amino acid

content in the human body. Similar to serine, glutamine is an
important metabolite involved in maintaining nitrogen bal-
ance and cellular energy metabolism. However, glutamine
synthetase also plays a key role in regulating the concentra-
tions of ammonia and glutamate in brain tissues by converting
these potential neurotoxic metabolites to glutamine.

The first two patients reported with glutamine deficiency
were severely affected newborns who presented with respira-
tory insufficiency, hypotonia, absence of spontaneous move-
ment and primitive reflexes (Häberle et al 2005). Both patients
developed generalized seizures. One patient died after 2 days
due to cardiac failure. The other patient died after 4 weeks and
had, in addition, severe erythematous skin lesions with blis-
tering and gastro-intestinal symptoms. Cranial MRI of both
patients showed extensive brain abnormalities with cerebral
and cerebellar atrophy and agyria. In one patient, multiple
paraventricular cysts in frontal and temporal lobes were ob-
served. In the other, a gyration pattern resembling that of pre-
term infants was combined with a small cerebellum, white
matter changes and subependymal cysts (Häberle et al 2005).

A third patient with a somewhat milder phenotype present-
ed with neonatal seizures and developed a chronic encepha-
lopathy with intractable seizures resulting in severe psycho-
motor disability (Häberle et al 2011). The boy also suffered
from necrolytic skin abnormalities although this appeared to
be episodic and was not present in the newborn period.
Cranial MRI revealed hypomyelination and a thin corpus
callosum, findings that are also observed in other amino acid
synthesis disorders. Importantly, this patient demonstrates that
glutamine deficiency is not necessarily a lethal disorder and
can give rise to an encephalopathy observed in other amino
acid synthesis disorders as well as many other inborn errors of
metabolism.

Diagnosis

Routine amino acid analysis showed a striking deficiency of
glutamine in plasma, CSF and urine (Table 1). In contrast, the
concentrations of glutamate (the metabolite before the meta-
bolic block) were normal, and only mild and variable
hyperammonemia was observed. The enzymatic defect was
confirmed in immortalized lymphocytes combined with mu-
tation analysis of the glutamine synthetase gene. All mutations
observed in the three patients affected the active site of the
protein (Frieg et al 2016).

It should be noted that, in the patient with the mild pheno-
type, analysis of plasma amino acids at the age of 6 months
demonstrated glutamine values just below the reference range,
indicating that marginally low concentrations of glutamine
should alert us to suspect this diagnosis (Häberle et al 2011).

Finally, low values of plasma glutamine can be associated
with severe illness, in particular in children suffering from
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multiple organ failure in intensive care units (Ekmark et al
2015).

Treatment

No treatment could be attempted in the two severely affected
patients, but treatment was attempted in the third patient
(Häberle et al 2012). This patient was given increasing doses
of L-glutamine, up to 1020 mg/kg/day, that resulted in a cor-
rection of plasma glutamine but only minimal increase of glu-
tamine values in CSF. Despite the fact that biochemical cor-
rection was incomplete, a clear improvement of his EEG ab-
normalities was observed with only minimal improvement in
his clinical status. It seems as in serine deficiency that only
early intervention will result in better clinical outcome.

Recently, also the synthesis of nicotinamide adenine dinu-
cleotide (NAD) was found to be disturbed in this disorder (Hu
et al 2015). The depletion of NAD in cells could be rescued by
nicotineamide supplementation, and this finding may open up
new possibilities for (combined) treatment in affected patients.

Disorders of proline synthesis

The first family with a defect in proline synthesis was reported
more than 15 years ago by Baumgartner et al (2000). Only
recently, mainly due to advances in exome sequencing, many
more patients and other defects in the proline synthesis path-
way have been reported. The clinical spectrum of disorders of
proline synthesis has expanded in a spectacular way. Because
the majority of these patients were diagnosed using molecular
techniques, the disorders are mostly known by their gene sym-
bols and (usually) not classified according to their accompa-
nying enzyme deficiencies. The defects in proline synthesis
are pyroline-5-carboxylate synthase (PSCS or ALDH18A1)
deficiency, pyroline-5-carboxylate reductase 1 (PYCR1) defi-
ciency and pyroline-5-carboxylate reductase 2 (PYCR2)
deficiency.

Most of the patients diagnosed with P5CS deficiency and
PYCR1 deficiency suffered from cutis laxa, and these disor-
ders are therefore classified as autosomal recessive cutis laxa
syndromes (PSCS AR cutis laxa type 2b, type 3a and type3b,
OMIM 138250). However, the discovery of children and
adults with specific heterozygous mutations in ALDH18A1
that lead to autosomal dominant forms of pyroline-5-
carboxylate synthase deficiency (OMIM 616603) shifts our
classical paradigm of autosomal recessive enzyme defects to-
wards that of (de novo) autosomal dominant paediatric and
adult-onset inborn errors of metabolism (Coutelier et al 2015;
Fischer-Zirnsak et al 2015). Since many patients are now be-
ing identified through exome sequencing, these findings have
important implications for our filtering strategies and the in-
terpretation of next generation sequencing (NGS) results, not

only for defects in proline synthesis but for the inborn errors of
metabolism in general.

Pyroline-5-carboxylate synthase deficiency (ALDH18A1)

As in serine deficiency, disorders of proline synthesis can
result in a broad spectrum of symptoms ranging from severe
neonatal forms to adult onset spastic paraplegia.

Infantile cutis laxa phenotype

A deficiency in P5CS will result in a combined deficiency of
L-proline, L-ornithine, L-citrulline and L-arginine, a disorder
first reported by Baumgartner et al (2000). In this first family,
P5CS deficiency was a slowly progressive neurodegenerative
disorder affecting both the central and peripheral nervous sys-
tem, combined with cataracts and extensive connective tissue
involvement. However, the majority of patients with P5CS
deficiency subsequently reported were shown to have a cutis
laxa syndrome (Bicknell et al 2008, Skidmore et al 2011,
Martinelli et al 2012, and others).

The main features in P5CS deficiency are microcephaly,
cutis laxa, progeroid features, mental disability, hypotonia,
seizures, joint laxicity, (intra uterine) growth retardation, and
cataract and corneal abnormalities. In some patients, addition-
al movement disorders such as tremor and dystonia were also
present (Mohamed et al 2011; Zampatti et al 2012; Wolthuis
et al 2014). On cranial MRI, hypomyelination with a thin
corpus callosum can be found, sometimes with cerebellar
abnormalities.

Patients with AR cutis laxa syndromes due to P5CS defi-
ciency show many overlapping features with patients diag-
nosed with PYCR1 deficiency (discussed below). Patients
with P5CS present more often with cataracts and corneal ab-
normalities, symptoms that are rare in PYCR1 deficiency and
abnormalities of plasma amino acids can be observed in P5CS
deficiency. The two disorders can only be discriminated by
their ultrastructural abnormalities in skin biopsies.

Interestingly, Fischer-Zirnsak et al (2015) demonstrated
that de novo dominant mutations in P5CS can also cause a
similar cutis laxa phenotype. They reported eight paediatric
patients with cutis laxa and de novo mutations in ALDH18A1.
All mutations affected the same Arg138 residue of P5CS,
affecting P5CS activity and leading to mislocalisation of the
mitochondrial protein.

As discussed above, de novo dominant mutations are a
challenge for our NGS data filtering strategies and our inter-
pretation of NGS results. Sincemany of the enzymes we study
in metabolic disease are also multimeric protein complexes,
these observations are very relevant for other enzymes in
which dominantmutations affecting dimerization can give rise
to a clinical phenotype.
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Adult spastic paraparesis phenotype

Coutelier et al (2015) reported ALDH18A1mutations in adults
with spastic paraparesis. Autosomal recessive mutations were
associated with a complex spastic paraplegia combined with
cognitive impairment. Surprisingly, heterozygous mutations
in ALDH18A1 were also found in families with autosomal
dominant spastic paraplegia as well as in sporadic spastic
paraplegia patients (suggestive of de novo mutations).

Psychomotor disability and cognitive defects were only
seen in patients with the recessive form and biallelic muta-
tions, whereas lower limb spasticity was the predominant clin-
ical sign in patients with dominant mutations. Less frequent
findings were cataracts, as observed in paediatric cases. The
skin abnormalities including cutis laxa seen in children were
not reported in any of the adult patients.

Panza et al (2016) showed that dominant mutations in
ALDH18A1 are the cause of spastic paraparesis type 9, a dom-
inant spastic paraplegia associated with cataract and cyclic
vomiting. Heterozygous mutations can cause this disorder be-
cause they act as dominant-negative mutations at specific
sites, affecting dimerization of the enzyme complex and hence
enzyme activity. This again supports the paradigm shift in our
field towards (de novo) dominant inborn errors of metabolism
associated with enzyme deficiencies.

Diagnosis

Amino acid analysis in the first family reported with P5CS
deficiency showed a combined deficiency of proline, arginine,
citrulline and ornithine—an unusual combination of amino
acids decreases. Low values of arginine, citrulline and orni-
thine are all observed in urea cycle defects and its related
disorders, but the combination with low proline is only ob-
served in this defect. Plasma ammonia was only mildly in-
creased and decreased after meals in contrast to what happens
in urea cycle disorders.

Surprisingly, in the majority of paediatric patients reported,
no abnormalities were detected in any of the plasma amino
acids, and it is poorly understood why the results of biochem-
ical testing are inconsistent in P5CS deficiency. Timing of
plasma sampling might be one explanation, another might
be whether the mutations are in- or outside the active sites of
the enzyme complex (Panza et al 2016).

The finding of a low creatine peak on brain MRS by
Martinelli et al (2012) is very interesting and certainly could
be of help in other patients too. Low creatine onMRS not only
helps in establishing a diagnosis, but can also potentially be
used to monitor treatment results.

In adults with the recessive form of P5CS deficiency, the
sum of plasma citrulline, ornithine, proline and arginine was
indicative of a deficiency (Coutelier et al 2015). In adults with
the dominant spastic paraplegia, an important reduction in

plasma citrulline was seen in all (4/4) individuals tested, and
this reduction could potentially serve as a diagnostic marker
for P5CS-related spastic paraplegia (Coutelier et al 2015).

As discussed above, many of the (paediatric) patients had
normal plasma amino acids upon testing, and a clinical diag-
nosis is usually confirmed by mutation analysis. As stated
before, it is important to realize that observations of (de novo)
heterozygous mutations with dominant negative effects war-
rant careful interpretation of sequence results, particularly
when NGS strategies are used, and that the presence of a de
novo mutation favours a trio design of testing patient-parent
trios. Confirmation of sequence results that are difficult to
interpret is hampered by the absence of an accessible P5CS
enzyme assay.

Treatment

In the first report, patients were treated with oral L-ornithine.
One patient was treated from the age of five years and the sib
from 12 years. Disappointingly, this treatment with L-
ornithine had no clinical effect. The patient reported by
Martinelli et al (2012), received L-arginine with good effect.
L-Arginine was given because a decreased creatine peak on
MRS was observed and L-arginine therapy restored the low
creatine on spectroscopy. With mental disability being an im-
portant feature in the paediatric patients with P5CS deficiency,
this is an important finding. Unfortunately, no other patients
treated with L-arginine have been reported so far. The findings
of low citrulline in adults with the dominant spastic paraplegia
opens up the possibility of supplementing with L-citrulline,
but results of this therapy have not yet been reported
(Coutelier et al 2015).

Pyroline-5-carboxylate reductase 1 (PYCR1) deficiency

A defect in the gene encoding pyroline-5-carboxylate re-
ductase 1 was first reported by Reversade et al (2009) in
patients with cutis laxa and progeroid features. Mutations
in PYCR1 were found in 35 affected patients (from 22
families) with a phenotype classified as either de Barsy
syndrome, wrinkly-skin syndrome or gerodermia
osteodysplastica (OMIM 179035). In none of these pa-
tients were abnormal plasma concentrations of proline de-
tected. In another large series of patients, Dimopoulou
et al (2013) reported that PYCR1 deficiency can cause a
broad clinical spectrum. Wrinkly skin, joint laxity, typical
facial features, psychomotor disability, osteopenia, intra-
uterine growth retardation and hypotonia were the most
frequently observed and consistent clinical symptoms.
Patients can also suffer from movement disorders similar
to those seen in P5CS deficiency, and paediatric patients
with PYCR1 deficiency share many clinical symptoms
that overlap with those in patients with P5CS deficiency.
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In these large series of patients, mainly missense mutations
were found in PYCR1, with splice site mutations being next,
similar to what is seen in most inborn errors of metabolism.
Dimopoulou et al (2013) reported a genotype-phenotype cor-
relation and demonstrated that patients with mutations in the
first two exons were clinically less severely affected and had
no or very mild intellectual disability.

Adult phenotypes of PYCR1 deficiency likely exist and it
is to be expected that the adult phenotype will resemble adult
forms of P5CS deficiency.

The work of Reversade et al (2009) implicated mitochon-
drial dysfunction in PYCR1 deficiency and increased apopto-
sis as a possible pathogenic mechanism related to the dis-
turbed intracellular proline synthesis. Such a role of PYCR1
in mitochondrial function was recently confirmed by others
(Kuo et al 2016).

Treatment

There are no reports of attempts to treat patients with PYCR1
deficiency with specific (amino acid) therapy.

Diagnosis

Molecular testing is the primary method for diagnosing
PYCR1 deficiency. Biochemical abnormalities were not
found in any of the patients reported.

Pyroline-5-carboxylate reductase 2 (PYCR2) deficiency

PYCR2 deficiency (OMIM 616420) was recently reported as
a cause of secondary microcephaly and hypomyelination
(Nakayama et al 2015). In two consanguineous families, one
from Oman and one from Palestine, four affected children
presented with developmental disability, failure to thrive and
secondary microcephaly. Hypomyelination with a marked re-
duction of white matter volume was found onMRI along with
a thin corpus callosum. Mutations in PYCR2 were detected
because the affected patients shared the same homozygous
region, and a different homozygous missense mutation was
found in each family. The disorder was classified as
hypomyelinating leukodystrophy-10.

Another 18 patients from 11 families with PYCR2 muta-
tions were reported by Zaki et al (2016), expanding the clin-
ical phenotype to that of an even more severe and lethal neu-
rodegenerative disorder. In these patients, microcephaly, se-
vere failure to thrive, profound psychomotor disability, typical
facial features, ataxia and hyperkinetic movement disorders
were observed, often in combination with spastic tetraplegia.
Seizures were present in about half of the patients. The MRI
findings in these patients were somewhat more variable, with
progressive and extensive cortical atrophy as the main feature,
and varying white matter abnormalities and thin corpus

callosum in 60%. None of the reported patients survived be-
yond the age of 10 years, indicative of the severity and poor
prognosis of PYCR2 deficiency.

Like PYCR1, PYCR2 is a mitochondrial protein. Zaki et al
(2016) found evidence that PYCR2 is involved in regulating
apoptosis under conditions of oxidative stress, and the protein
likely plays a role in maintaining mitochondrial membrane
potential. While mitochondrial dysfunction for PYCR1 had
been demonstrated by Reversade et al (2009), a combined role
for PYCR1 and PYCR2 in protection against oxidative stress
was confirmed by Kuo et al (2016). This explains why mito-
chondrial dysfunction and increased lactate on brain MRS can
be observed in PYCR2 deficiency (personal observations).

Treatment

Similar to PYCR1 deficiency, there are no reports of treatment
with amino acids in PYCR2 deficiency.

Diagnosis

In patients with PYCR2 deficiency no biochemical abnormal-
ities were observed. In particular, plasma proline was always
normal. The only abnormal findings were marginal elevations
of glutamate excretion in two patients tested for amino acid
excretion in urine. Molecular testing is necessary to confirm a
clinical diagnosis of PYCR2 deficiency.

Asparagine deficiency

Similar to many of the patients with defects in proline synthe-
sis, patients with a defect in asparagine were diagnosed
through exome sequencing strategies. The first patients with
asparagine deficiency (OMIM 615574) caused by defects in
asparagine synthetase (ASNS) were reported by Ruzzo et al
(2013). Of nine patients from four families, the majority had
an epileptic encephalopathy with intractable seizures, progres-
sive (congenital) microcephaly, severe developmental disabil-
ity, axial hypotonia and spastic tetraplegia. As an additional
clinical feature, acoustic startles and symptoms resembling
hyperekplexia were observed in one of the families.

On MRI, decreased cerebral volume was seen in all pa-
tients, combined with a decreased size of the pons and a sim-
plified gyration pattern in 6/9 patients. In some patients, pro-
gressive MRI abnormalities were noted on follow-up scans.
As is not uncommon in epileptic encephalopathies associated
with metabolic diseases, multiple seizure types and EEG ab-
normalities were present. All patients had missense mutations
in the ASNS gene.

In 2015, Ben-Salem et al reported another child with con-
genital microcephaly who presented at day one with myoclon-
ic seizures, did not acquire any developmental milestones and
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developed a severe spastic tetraplegia. He had pale optic discs
and absence of visual responses. The MRI findings in this
patient were more severely abnormal and also showed a de-
creased cerebral volume with atrophy of the corpus callosum
and a marked ventriculomegaly. A third family with two af-
fected sibs was described by Alfadhel et al (2015).

Seidahmed et al (2016) described two patients from unrelat-
ed families with excessive startles resembling hyperekplexia.
The (acoustic) startles were striking clinical findings, including
non-habituation of the head retraction reflex on glabellar and
nose-tapping. In these two patients, truncal hypotonia was ev-
ident, which is in contrast with children with hyperekplexia
who have generalized stiffness. Acoustic startles and non-
habituation of the head-retraction reflex can provide important
diagnostic clues to asparagine deficiency.

In patients for whom follow-up was reported, not only the
clinical course and microcephaly, but also the abnormalities
on MRI that were progressive. All these symptoms indicate
that asparagine synthetase deficiency is a (slowly) progressive
neurodegenerative disorder similar to PYCR2 deficiency
(Palmer et al 2015).

A rapidly progressive course of disease has also been re-
ported by Sun et al (2016) in two sibs who had, in addition, an
eventration of the diaphragm resulting in severe respiratory
complications. Although this may be a rare coincidental asso-
ciation, it was the first abnormality reported outside the central
nervous system in this disorder and warrants careful investi-
gation of multiple organ involvement.

Asparagine synthetase catalyses the transfer of ammonia
from glutamine to aspartic acid to form asparagine, which is a
ubiquitously expressed enzyme. Palmer et al (2015) found no
correlation between the clinical phenotype and the effect of
mutations on protein expression in model systems. It is
puzzling how a ubiquitously expressed enzyme defect can
affect the central nervous system in such a specific way, and
we see a similar puzzling effect in the glutamine and proline
synthesis disorders. Palmer et al (2015) showed in cultured skin
fibroblasts of patients with asparagine deficiency that growth is
restricted under conditions of limited availability of asparagine
in the culture medium, and suggested that a similar mechanism
may explain the central nervous system abnormalities.

Diagnosis

Ruzzo et al (2013) commented on the potential pitfalls of a
biochemical diagnosis in asparagine deficiency. Apart from
our traditional focus on increased asparagine levels in catabol-
ic amino acid disorders, asparagine levels are normally low in
plasma and the lower range for asparagine in CSF is set at
0 mmol/l in many laboratories. In consequence, decreases in
asparagine levels may not be noticed or picked up during the
diagnostic process. However, low values of asparagine were
indeed found in just over half of the families reported to date,

with inconsistent elevations of glutamine. This means that
while asparagine synthetase deficiency can be suspected on
the basis of low values in plasma or CSF, it cannot be ruled out
by normal values, making biochemical testing for this inborn
error inferior to molecular testing.

Treatment

Treatment was attempted in a single patient reported by Alrifai
andAlfadhel (2016). In a 5.5-year-old boy, L-asparagine therapy
resulted in minimal improvement of mental status/conscious-
ness. However, it also led, surprisingly, to a worsening of his
seizures, and the amino acid therapy was discontinued. The
authors suggest that, similar to treatment in serine deficiency,
only very early or prenatal therapy might result in prevention
or amelioration of the neurological abnormalities. However, the
authors warn not to draw firm conclusions from the results of
treatment observed in this single case. Symptomatic treatment of
the seizures appeared problematic in the reported cases, but
Alrifai and Alfadhel (2016) found a favourable effect on the
seizure frequency in their patient using high dose valproate.

Conclusions

Defects in the synthesis pathways of the non-essential amino
acids L-serine, L-glutamine, L-proline and L-asparagine pre-
dominantly affect the central nervous system, in particular in
the infantile-onset forms. Interestingly, the synthesis defects
have some clinical characteristics in common including micro-
cephaly, psychomotor disability, seizures and white matter ab-
normalities on MRI. Defects in the synthesis of serine, gluta-
mine and proline are also associated with specific symptoms of
the skin, including collodion-like skin in serine deficiency,
necrolytic erythema in glutamine deficiency and cutis laxa in
proline synthesis disorders.We have learned in recent years that
serine and proline deficiency disorders give rise to a broad
spectrum of clinical phenotypes with a lethal (foetal) phenotype
on one end and adult-onset neurological disease on the other.

In contrast to the spectacular gain of insight into the clinical
spectrum we have witnessed in amino acids synthesis disor-
ders, reports on how to treat these disorders are still rare, but
promising in the serine synthesis disorders. Treatment should
therefore gain more attention given the potential benefits of
supplementing missing substrates. Whole exome sequencing
has proven to be invaluable for elucidation of some of these
disorders. Biochemical investigation, traditionally our first ap-
proach in patients with a suspected inborn error of metabo-
lism, is insufficient, at least for diagnosing patients with pro-
line and asparagine synthesis defects.

The observation that dominant mutations can also cause
amino acid synthesis disorders will shift our classical para-
digm of recessive inborn errors of metabolism. This shift
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requires careful interpretation of molecular diagnostics and
the further development of functional assays for these amino
acid disorders primarily approached by NGS techniques.

Acknowledgements I would like to thank Kate McIntyre, editor of the
department of genetics, for editing the manuscript.

Compliance with ethical standards

Conflicts of interests The paper is based on a presentation held at the
SSIEM annual symposium in Lyon in 2015. T. J. de Koning declares that
he has no conflict of interest. He has received grants from the Metabolic
Power Foundation, the Metakids Foundation and the Ride4Kids founda-
tion (all non-profit) for studying movement disorders in metabolic dis-
eases. He has received research grants fromActelion pharmaceuticals (for
profit) for studying movement disorders in NP-C disease and an honorar-
ium for presenting at a sponsored meeting on NP-C. None of the funding
obtained relates to the work presented here.

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

Acuna-Hidalgo R, Schanze D, Kariminejad A, Nordgren A, Kariminejad
MH, Conner P, Grigelioniene G, Nilsson D, Nordenskjöld M,
Wedell A, Freyer C, Wredenberg A, Wieczorek D, Gillessen-
Kaesbach G, Kayserili H, Elcioglu N, Ghaderi-Sohi S, Goodarzi P,
SetayeshH, van deVorstM, SteehouwerM, Pfundt R, Krabichler B,
Curry C, MGMK, Boycott KM, Gilissen C, Janecke AR, Hoischen
A, Zenker M (2014) Neu-Laxova syndrome is a heterogeneous met-
abolic disorder caused by defects in enzymes of the L-serine bio-
synthesis pathway. Am J Hum Genet 95:285–293

Alfadhel M, Alrifai MT, Trujillano D, Alshaalan H, Al Othaim A, Al
Rasheed S, Assiri H, Alqahtani AA, Alaamery M, Rolfs A, Eyaid
W (2015) Asparagine Synthetase deficiency: new inborn errors of
metabolism. JIMD Rep 22:11–11

Alrifai MT, Alfadhel M (2016) Worsening of seizures after asparagine
supplementation in a child with asparagine synthetase deficiency.
Pediatr Neurol 58:98–100

Baumgartner MR, Hu CA, Almashanu S, Steel G, Obie C, Aral B, Rabier
D, Kamoun P, Saudubray JM, Valle D (2000) Hyperammonemia
with reduced ornithine, citrulline, arginine and proline: a new inborn
error caused by a mutation in the gene encoding delta(1)-pyrroline-
5-carboxylate synthase. Hum Mol Genet 9:2853–2858

Ben-Salem S, Gleeson JG, Al-Shamsi AM, Islam B, Hertecant J, Ali BR,
Al-Gazali L (2015) Asparagine synthetase deficiency detected by
whole exome sequencing causes congenital microcephaly, epileptic
encephalopathy and psychomotor delay. Metab Brain Dis 30:687–694

Bicknell LS, Pitt J, Aftimos S, Ramadas R, Maw MA (2008) Robertson
SP a missense mutation in ALDH18A1, encoding Delta1-pyrroline-
5-carboxylate synthase (P5CS), causes an autosomal recessive
neurocutaneous syndrome. Eur J Hum Genet 16:1176–1186

Brassier A, Valayannopoulos V, Bahi-Buisson N, Wiame E, Hubert L,
Boddaert N, Kaminska A, Habarou F, Desguerre I, Van Schaftingen
E, Ottolenghi C, de Lonlay P (2016) Two new cases of serine defi-
ciency disorders treated with l-serine. Eur J Paediatr Neurol 20:53–60

Coutelier M, Goizet C, Durr A, Habarou F, Morais S, Dionne-Laporte A,
Tao F, Konop J, StollM, Charles P, JacoupyM,Matusiak R, Alonso I,
Tallaksen C, Mairey M, Kennerson M, Gaussen M, Schule R, Janin
M, Morice-Picard F, Durand CM, Depienne C, Calvas P, Coutinho P,
Saudubray JM, Rouleau G, Brice A, Nicholson G, Darios F, Loureiro
JL, Zuchner S, Ottolenghi C, Mochel F, Stevanin G (2015) Alteration
of ornithine metabolism leads to dominant and recessive hereditary
spastic paraplegia. Brain 138:2191–2205

Damseh N, Simonin A, Jalas C, Picoraro JA, Shaag A, Cho MT, Yaacov
B, Neidich J, Al-Ashhab M, Juusola J, Bale S, Telegrafi A, Retterer
K, Pappas JG, Moran E, Cappell J, Anyane Yeboa K, Abu-Libdeh
B, Hediger MA, Chung WK, Elpeleg O, Edvardson S (2015)
Mutations in SLC1A4, encoding the brain serine transporter, are
associated with developmental delay, microcephaly and
hypomyelination. J Med Genet 52:541–547

de Koning TJ, Duran M, Dorland L, Gooskens R, Van Schaftingen E,
Jaeken J, Blau N, Berger R, Poll-The BT (1998) Beneficial effects
of L-serine and glycine in the manegement of seizures in 3-
phosphoglycerate dehydrogenase deficiency. Ann Neurol 44:261–265

de Koning TJ, Jaeken J, Pineda M, Van Maldergem L, Poll-The BT, van
der Knaap MS (2000) Hypomyelination and reversible white matter
attenuation in 3-phosphoglycerate dehydrogenase deficiency.
Neuropediatrics 31:287–292

de Koning TJ, DuranM, VanML et al (2002) Congenital microcephaly and
seizures due to 3-phosphoglycerate dehydrogenase deficiency: out-
come of treatment with amino acids. J Inherit Metab Dis 25:119–125

de Koning TJ, Klomp LW, van Oppen AC et al (2004) Prenatal and early
postnatal treatment in 3-phosphoglycerate-dehydrogenase deficien-
cy. Lancet 364:2221–2222

Dimopoulou A, Fischer B, Gardeitchik T, Schröter P, Kayserili H,
Schlack C, Li Y, Brum JM, Barisic I, Castori M, Spaich C,
Fletcher E, Mahayri Z, Bhat M, Girisha KM, Lachlan K, Johnson
D, Phadke S, Gupta N, SimandlovaM, KabraM, David A, Nijtmans
L, Chitayat D, Tuysuz B, Brancati F, Mundlos S, VanMaldergem L,
Morava E, Wollnik B, Kornak U (2013) Genotype-phenotype spec-
trum of PYCR1-related autosomal recessive cutis laxa. Mol Genet
Metab 110:352–361

Ekmark L, Rooyackers O, Wernerman J, Fläring U (2015) Plasma gluta-
mine deficiency is associated with multiple organ failure in critically
ill children. Amino Acids 47:535–542

Fischer-Zirnsak B, Escande-Beillard N, Ganesh J, Tan YX, Al Bughaili
M, Lin AE, Sahai I, Bahena P, Reichert SL, Loh A, Wright GD, Liu
J, Rahikkala E, Pivnick EK, Choudhri AF, Krüger U, Zemojtel T,
van Ravenswaaij-Arts C,Mostafavi R, Stolte-Dijkstra I, Symoens S,
Pajunen L, Al-Gazali L, Meierhofer D, Robinson PN, Mundlos S,
Villarroel CE, Byers P, Masri A, Robertson SP, Schwarze U,
Callewaert B, Reversade B, Kornak U (2015) Recurrent de novo
mutations affecting residue Arg138 of Pyrroline-5-carboxylate syn-
thase cause a Progeroid form of autosomal-dominant cutis Laxa. Am
J Hum Genet 97:483–492

Frieg B, Görg B, Homeyer N, Keitel V, Häussinger D, Gohlke H (2016)
Molecular mechanisms of glutamine Synthetase mutations that lead
to clinically relevant pathologies. PLoS Comput Biol 12:e1004693

Häberle J, Gorg B, Rutch F, Schimdt E, Toutain A, Benoist JF, Gelot A,
Suc AL, Höhne W, Schliess F, Häussinger D, Koch HG (2005)
Congenital glutamine deficiency with glutamine synthetase defi-
ciency. N Engl J Med 353:1926–1933

Häberle J, Shahbeck N, Ibrahim K, Hoffmann GF, Ben-Omran T (2011)
Natural course of glutamine synthetase deficiency in a 3 year old
patient. Mol Genet Metab 103:89–91

Häberle J, Shahbeck N, Ibrahim K, Schmitt B, Scheer I, O’Gorman R,
Chaudhry FA, Ben-Omran T (2012) Glutamine supplementation in
a child with inherited GS deficiency improves the clinical status and
partially corrects the peripheral and central amino acid imbalance.
Orphanet J Rare Dis 7:48

J Inherit Metab Dis (2017) 40:609–620 619



Hart CE, Race V, Achouri Y,Wiame E, SharrardM, Olpin SE,Watkinson
J, Bonham JR, Jaeken J, Matthijs G, Van Schaftingen E (2007)
Phosphoserine aminotransferase deficiency: a novel disorder of the
serine biosynthesis pathway. Am J Hum Genet 80:931–937

Heimer G, Marek-Yagel D, Eyal E, Barel O, Oz Levi D, Hoffmann C,
Ruzzo EK, Ganelin-Cohen E, Lancet D, Pras E, Rechavi G,
Nissenkorn A, Anikster Y, Goldstein DB, Ben ZB (2015)
SLC1A4 mutations cause a novel disorder of intellectual disability,
progressive microcephaly, spasticity and thin corpus callosum. Clin
Genet 88:327–235

Hu L, Ibrahim K, StuckiM, Frapolli M, Shahbeck N, Chaudhry FA, Görg
B, Häussinger D, Penberthy WT, Ben-Omran T, Häberle J (2015)
Secondary NAD+ deficiency in the inherited defect of glutamine
synthetase. J Inherit Metab Dis 38:1075–1083

Jaeken J, Detheux M, Van Maldergem L, Frijns JP, Alliet P, Foulon M,
Carchon H, Van Schaftingen E (1996) 3-Phosphoglycerate dehydro-
genase deficiency and 3-phosphoserine phosphatase deficiency: in-
born errors of serine biosynthesis. J Inherit Metab Dis 19(2):223–
226

Keularts IM, Leroy PL, Rubio-Gozalbo EM, Spaapen LJ, Weber B,
Dorland B, de Koning TJ, Verhoeven-Duif NM (2010) Fatal cere-
bral edema associated with serine deficiency in CSF. J Inherit Metab
Dis 33(Suppl 3):S181–S185

KuoML, LeeMB, TangM, den BestenW, Hu S, SweredoskiMJ, Hess S,
Chou CM, Changou CA, Su M, Jia W, Su L, Yen Y (2016) PYCR1
and PYCR2 interact and collaborate with RRM2B to protect cells
from overt oxidative stress. Sci Rep 6:18846

Martinelli D, Häberle J, Rubio V, Giunta C, Hausser I, Carrozzo R,
Gougeard N, Marco-Marín C, Goffredo BM, Meschini MC,
Bevivino E, Boenzi S, Colafati GS, Brancati F, Baumgartner MR,
Dionisi-Vici C (2012) Understanding pyrroline-5-carboxylate syn-
thetase deficiency: clinical, molecular, functional, and expression
studies, structure-based analysis, and novel therapy with arginine.
J Inherit Metab Dis 35:761–776

Méneret A, Wiame E, Marelli C, Lenglet T, Van Schaftingen E, Sedel F
(2012) A serine synthesis defect presenting with a charcot-marie-
tooth-like polyneuropathy. Arch Neurol 69:908–911

Mohamed M, Kouwenberg D, Gardeitchik T, Kornak U, Wevers RA,
Morava E (2011) Metabolic cutis laxa syndromes. J Inherit Metab
Dis 34:907–916

Nakayama T, Al-Maawali A, El-Quessny M, Rajab A, Khalil S, Stoler
JM, Tan WH, Nasir R, Schmitz-Abe K, Hill RS, Partlow JN, Al-
Saffar M, Servattalab S, LaCoursiere CM, Tambunan DE, Coulter
ME, Elhosary PC, Gorski G, Barkovich AJ, Markianos K, Poduri A,
Mochida GH (2015) Mutations in PYCR2, encoding Pyrroline-5-
ca rboxy l a t e Reduc t a s e 2 , c ause mic rocepha ly and
Hypomyelination. Am J Hum Genet 96:709–719

Palmer EE, Hayner J, Sachdev R, CardamoneM, Kandula T, Morris P, Dias
KR, Tao J, Miller D, Zhu Y, Macintosh R, Dinger ME, Cowley MJ,
Buckley MF, Roscioli T, Bye A, Kilberg MS, Kirk EP (2015)
Asparagine Synthetase deficiency causes reduced proliferation of cells
under conditions of limited asparagine.MolGenetMetab 116:178–186

Panza E, Escamilla-Honrubia JM, Marco-Marín C, Gougeard N, De
Michele G, Morra VB, Liguori R, Salviati L, Donati MA, Cusano
R, Pippucci T, Ravazzolo R, Németh AH, Smithson S, Davies S,
Hurst JA, Bordo D, Rubio V, Seri M (2016) ALDH18A1 gene muta-
tions cause dominant spastic paraplegia SPG9: loss of function effect
and plausibility of a dominant negative mechanism. Brain 139:1–8

ReversadeB, Escande-BeillardN, DimopoulouA, Fischer B, Chng SC, LiY,
ShboulM, ThamPY,Kayserili H, Al-Gazali L, ShahwanM,Brancati F,
LeeH,O’ConnorBD, Schmidt-vonKeglerM,MerrimanB,Nelson SF,
Masri A, Alkazaleh F, Guerra D, Ferrari P, Nanda A, Rajab A, Markie
D, Gray M, Nelson J, Grix A, Sommer A, Savarirayan R, Janecke AR,
Steichen E, Sillence D, Hausser I, Budde B, Nürnberg G, Nürnberg P,
Seemann P, Kunkel D, Zambruno G, Dallapiccola B, Schuelke M,
Robertson S, Hamamy H, Wollnik B, Van Maldergem L, Mundlos S,

Kornak U (2009) Mutations in PYCR1 cause cutis laxa with progeroid
features. Nat Genet 41:1016–1021

Ruzzo EK, Capo-Chichi JM, Ben-Zeev B, Chitayat D,MaoH, Pappas AL,
Hitomi Y, Lu YF, Yao X, Hamdan FF, Pelak K, Reznik-Wolf H, Bar-
Joseph I, Oz-Levi D, Lev D, Lerman-Sagie T, Leshinsky-Silver E,
Anikster Y, Ben-Asher E, Olender T, Colleaux L, Décarie JC, Blaser
S, Banwell B, Joshi RB, He XP, Patry L, Silver RJ, Dobrzeniecka S,
Islam MS, Hasnat A, Samuels ME, Aryal DK, Rodriguiz RM, Jiang
YH, Wetsel WC, JO MN, Rouleau GA, Silver DL, Lancet D, Pras E,
Mitchell GA, Michaud JL, Goldstein DB (2013) Deficiency of aspar-
agine synthetase causes congenital microcephaly and a progressive
form of encephalopathy. Neuron 80:429–441

Seidahmed MZ, Salih MA, Abdulbasit OB, Samadi A, Al Hussien K,
Miqdad AM, Biary MS, Alazami AM, Alorainy IA, Kabiraj MM,
Shaheen R, Alkuraya FS (2016) Hyperekplexia, microcephaly and
simplified gyral pattern caused by novel ASNS mutations, case re-
port. BMC Neurol 16:105

Shaheen R, Rahbeeni Z, Alhashem A, Faqeih E, Zhao Q, Xiong Y,
Almoisheer A, Al-Qattan SM, Almadani HA, Al-Onazi N, Al-
Baqawi BS, SalehMA, Alkuraya FS (2014) Neu-Laxova syndrome,
an inborn error of serine metabolism, is caused by mutations in
PHGDH. Am J Hum Genet 94:898–904

Skidmore DL, Chitayat D, Morgan T, Hinek A, Fischer B, Dimopoulou A,
Somers G, Halliday W, Blaser S, Diambomba Y, Lemire EG, Kornak
U, Robertson SP (2011) Further expansion of the phenotypic spectrum
associated with mutations in ALDH18A1, encoding Δ1-pyrroline-5-
carboxylate synthase (P5CS). Am J Med Genet A 155A:1848–1856

Srour M, Hamdan FF, Gan-Or Z, Labuda D, Nassif C, Oskoui M, Gana-
Weisz M, Orr-Urtreger A, Rouleau GA, Michaud JL (2015) A ho-
mozygous mutation in SLC1A4 in siblings with severe intellectual
disability and microcephaly. Clin Genet 88:e1–e4

Sun J,McGillivray AJ, Pinner J, Yan Z, Liu F, Bratkovic D, Thompson E,
Wei X, Jiang H, Asan, Chopra M (2016) Diaphragmatic eventration
in sisters with asparagine synthetase deficiency: a novel homozy-
gous ASNS mutation and expanded phenotype. JIMD Rep doi:10.
1007/8904_2016_3

Surtees R, Bowron A, Leonard J (1997) Cerebrospinal fluid and plasma
total homocysteine and related metabolites in children with cystathi-
onine beta-synthase deficiency: the effect of treatment. Pediatr Res
42:577–582

Tabatabaie L, Klomp LW, Berger R, de Koning TJ (2010) L-serine syn-
thesis in the central nervous system: a review on serine deficiency
disorders. Mol Genet Metab 99:256–262

Tabatabaie L, Klomp LW, Rubio-Gozalbo ME, Spaapen LJ, Haagen AA,
Dorland L, de Koning TJ (2011) Expanding the clinical spectrum of
3-phosphoglycerate dehydrogenase deficiency. J Inherit Metab Dis
34:181–184

Wolthuis DF, van Asbeck E,MohamedM, Gardeitchik T, Lim-Melia ER,
Wevers RA, Morava E (2014) Cutis laxa, fat pads and retinopathy
due to ALDH18A1 mutation and review of the literature. Eur J
Paediatr Neurol 18:511–515

Yoshida K, Furuya S, Osuka S, Mitoma J, Shinoda Y, Watanabe M,
Azuma N, Tanaka H, Hashikawa T, Itohara S, Hirabayashi Y
(2004) Targeted disruption of the mouse 3-phosphoglycerate dehy-
drogenase gene causes severe neurodevelopmental defects and re-
sults in embryonic lethality. J Biol Chem 279:3573–3577

Zaki MS, Bhat G, Sultan T, Issa M, Jung HJ, Dikoglu E, Selim L,
Mahmoud GI, Abdel-Hamid MS, Abdel-Salam G, Marin-Valencia
I, Gleeson JG (2016) PYCR2 mutations cause a lethal syndrome of
microcephaly and failure to thrive. Ann Neurol 80:59–70

Zampatti S, Castori M, Fischer B, Ferrari P, Garavelli L, Dionisi-Vici C,
Agolini E, Wischmeijer A, Morava E, Novelli G, Häberle J, Kornak
U, Brancati F (2012) De Barsy syndrome: a genetically heteroge-
neous autosomal recessive cutis laxa syndrome related to P5CS and
PYCR1 dysfunction. Am J Med Genet A 158A:927–931

620 J Inherit Metab Dis (2017) 40:609–620

http://dx.doi.org/10.1007/8904_2016_3
http://dx.doi.org/10.1007/8904_2016_3

	Amino acid synthesis deficiencies
	Abstract
	Introduction
	Serine deficiency
	Lethal serine deficiency phenotype (Neu-Laxova syndrome)
	Infantile serine deficiency phenotype
	Juvenile serine deficiency phenotype
	Adult serine deficiency phenotype
	Diagnosis
	Treatment
	Serine deficiency mimic and secondary serine deficiency

	Glutamine deficiency
	Diagnosis
	Treatment

	Disorders of proline synthesis
	Pyroline-5-carboxylate synthase deficiency (ALDH18A1)
	Infantile cutis laxa phenotype
	Adult spastic paraparesis phenotype
	Diagnosis
	Treatment
	Pyroline-5-carboxylate reductase 1 (PYCR1) deficiency
	Treatment
	Diagnosis
	Pyroline-5-carboxylate reductase 2 (PYCR2) deficiency
	Treatment
	Diagnosis

	Asparagine deficiency
	Diagnosis
	Treatment

	Conclusions
	References


