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D-GLYCERIC ACIDURIA IS CAUSED BY GENETIC DEFICIENCY OF D-GLYCERATE KINASE
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In 1989, van Schaftingen has reported decreased D-glycerate kinase activity in the liver of a single patient with D-glyceric aciduria. However, this analysis has not been performed in other affected individuals, and the underlying defect has remained unknown on the gene level until now. We report three patients with deficiency of D-glycerate kinase. They are of Serbian, Mexican, and Turkish origin and include the patient initially reported in 1974. All Key Words: inborn error of metabolism, D-glycerate, serine, fructose, chirality, enantiomer

Introduction

L-glyceric aciduria is a well known indicator for primary hyperoxaluria type II (MIM ID 260000), a disease which may lead to urolithiasis and nephrocalcinosis due the low solubility of calcium oxalate. This is a clinically well defined and biochemically well understood inborn error of metabolism, caused by mutations in the GRHPR gene, which result in deficiency of glyoxylate reductase/hydroxypyruvate reductase (D-glyceric acid dehydrogenase; EC 1.1.1.26) [START_REF] Cramer | The gene encoding hydroxypyruvate reductase (GRHPR) is mutated in patients with primary hyperoxaluria type II[END_REF].

In contrast, the clinical presentation of patients with D-glyceric aciduria (MIM ID 220120) is rather heterogeneous. D-glyceric acid originates from serine catabolism and -to a minor extent -from fructose metabolism. Up to now, only 10 children with D-glyceric aciduria have been described in the literature (Table 1). Their clinical phenotypes range from an encephalopathic presentation leading to death at 2.5 months of age, chronic metabolic acidosis, seizures and severe mental retardation, microcephaly and speech delay to apparently healthy siblings. Three more cases have been mentioned, but not been characterized except for the report of D-glyceric acid identification in their urine [START_REF] Rashed | Chiral liquid chromatography tandem mass spectrometry in the determination of the configuration of glyceric acid in urine of patients with D-glyceric and L-glyceric acidurias[END_REF]. Since extraction of glyceric acid is often not effective in routine determinations of urinary organic acids (Wadman et al., 1976, and own observations), it may well be that D-glyceric aciduria is considerably underdiagnosed.

In the past, three different metabolic defects have been considered possible causes of Dglyceric aciduria. Deficiency of D-glyceric acid dehydrogenase as has been suggested early [START_REF] Kølvraa | D-glyceric acidemia: biochemical studies of a new syndrome[END_REF]). However, this hypothesis can be rejected today, not only, because this enzyme deficiency is known to result in primary hyperoxaluria type 2 with accumulation of the L-enantiomer of glyceric acid and not of the D-form, but also because the leukocyte enzyme activities reported by [START_REF] Kølvraa | D-glyceric acidemia: biochemical studies of a new syndrome[END_REF] [START_REF] Williams | L-Glyceric aciduria: a new genetic variant of primary hyperoxaluria[END_REF][START_REF] Chalmers | L-Glyceric aciduria (primary hyperoxaluria type 2) in siblings in two unrelated families[END_REF].

In a patient with normal erythrocyte triokinase (EC 2.7.1.28) activity, hepatic triokinase deficiency has been suggested as an underlying cause of D-glyceric aciduria, because oral loading with fructose or dihydroxyacetone yielded a major increase in the excretion of Dglycerate, while administration of 200mg L-serine/ kg body weight did not [START_REF] Duran | D-glyceric acidemia: an inborn error associated with fructose metabolism[END_REF]. However, van Schaftingen (1989) has noted on this case that triokinase deficiency would not explain the excretion of D-glycerate on a fructose-free regimen. [START_REF] Bonham | D(+)-glyceric aciduria: etiology and clinical consequences[END_REF] explained that a higher dose of L-serine may have been necessary in the patient of [START_REF] Duran | D-glyceric acidemia: an inborn error associated with fructose metabolism[END_REF] in order to get plasma L-serine levels high enough to raise excretion of Dglycerate. This implies impaired catabolism of serine in the patient -as well as in other individuals with D-glyceric aciduria -thus advocating against hepatic triokinase deficiency as an underlying cause.

Since it is understood that in the human D-glycerate can only be metabolized to D-2phosphoglycerate [START_REF] Snell | The duality of pathways for serine biosynthesis is a fallacy[END_REF], it is reasonable to suspect D-glycerate kinase (EC 2.7.1.31) as the deficient enzyme. While liver activities of D-glycerate dehydrogenase and triokinase were normal, van Schaftingen (1989) demonstrated deficiency of hepatic D-glycerate kinase in a patient with D-glyceric aciduria described by [START_REF] Fontaine | Biochemical contribution to diagnosis and study of a new case of D-glyceric acidemia/aciduria[END_REF][START_REF] Largillière | D-glyceric acidaemia: clinical report and biochemical studies in a patient[END_REF]. However, confirmation of that finding in other individuals with D-glyceric aciduria was never reported. Possibly, this can be explained by the need for liver tissue for the enzyme assay, and by the fact that the latter is complicated by the low stability of the hepatic enzyme.

Until now, the possibility of D-glycerate kinase deficiency has never been investigated on the gene level (GLYCTK gene, MIM ID 610516). This has prompted us to search for its 

Patients, Materials and Methods

Patients

Patient A was the second son of Serbian parents. From the first days of life on he was severely hypotonic and showed almost no spontaneous movements. Generalized seizures started when the boy was 8 weeks old. He was fed a normal diet, but showed no mental development until he died from pneumonia at 3.5 years of age. This patient was the first individual in whom D-glyceric acidemia was described (Brandt et al., 1974+1976) and was in the focus of several reports which have been published until 1984 [START_REF] Kølvraa | Inhibition of the glycine cleavage system by branched-chain amino acid metabolites[END_REF]Kølvraa et al. 1976Kølvraa et al. , 1980a+b, 1984)). In this patient, clinical symptoms, high glycine levels in serum, cerebrospinal fluid and urine and decreased activity of the glycine cleavage system in an autopsy liver sample suggest that he may have been affected by nonketotic hyperglycinemia in addition to D-glyceric aciduria.

Patient Patient C is the second child of healthy consanguineous Turkish parents. Pregnancy and delivery in the 41 st gestational week were uneventful. Some dysmorphic features were noted, i.e., sunken-in eyeballs and nasal ridge, transversal palmar crease, micropenis. At the age of 12 hours the boy showed a cyanotic attack following milk aspiration.

Slow capillary refill, muscular hypotonia, bradycardia, and an episode of profound hypoglycemia (14 mg/dl) were observed as well. He was substituted with glucose 5 mg kg -1 min -1 . The patient has subsequently had recurrent episodes of hypoglycemia. Follow-up Substitution with L-thyroxine and hydrocortisone immediately, and intermittent growth hormone and testosterone corrected endocrine parameters and stabilized the patient. Full oral feeds could only be introduced slowly due to gastroesophageal reflux and muscular hypotonia. However, at the age of eight weeks the patient was dismissed in good condition, adequately thriving and developing for age.

Glyceric acid determination

Glyceric acid was quantified by GC-MS analysis (using a CP-Wax 58 (FFAB) column;

Varian) following liquid extraction from random urine or plasma and derivatization with diazomethane [START_REF] Lehnert | Long-term results of selective screening for inborn errors of metabolism[END_REF]. Isopropylmalonic acid served as internal standard. Prior to the extraction, plasma protein was precipitated with 50 mg solid sulfosalicylic acid per 1 ml plasma and removed by centrifugation. External calibration was performed using calibration curves obtained with 0 -100 mM D-glyceric acid calcium salt (Sigma-Aldrich) in water (for the urine) or in serum (for serum samples). Enantiomers of methylated enantiomers of glyceric acid were separated on a CP-Cyclodex B column (Varian).

Analysis of the GLYCTK gene

Genomic DNA was extracted from fibroblasts (patient A) or peripheral blood (patients B, C, and their parents, if available; controls) by standard methods. In order to exclude that the novel sequence variations, namely the missense mutation p.Phe493Cys (patient B), represent polymorphisms, 107 samples (214 chromosomes) [START_REF] Collins | Detecting polymorphisms and mutations in candidate genes[END_REF], were analyzed by sequence analysis of the coding region of exon 5 of the GLYCTK gene, using primers 5'-TTGGAGCAGAGTTGAGAAGGTG-3' (forward) and 5'-TGTCCTCATCCTCAGGGGTAG-3' (reverse). In view of the origin of patient B, 73 of the 107 control samples were anonymized samples from Hispanic women (kindly provided by Prof. Jan Kraus, University of Colorado).

Cloning and site-directed Mutagenesis

A human cDNA clone with transcript variant 1 of GLYCTK (NCBI NM_145262.2) in the Transfections of 10 µg plasmid DNA into HEK293 cells were performed using Xfect transfection reagent (Clontech). After 68.5 hours, cell samples were harvested and frozen at -80°C until analysis. The pEGFP-C1 plasmid (Clontech) was used to confirm successful transfection by fluorescence microscopy.

SDS-PAGE and Western Blot analysis

GLYCTK expression was studied on the protein level by SDS-PAGE followed by Western blot analysis. Homogenates of HEK293 cells transfected with a pcDNA3.1(+) vector carrying the GLYCTK cDNA reference sequence or the GLYCTK cDNA with one of the mutations identified in the patients A-C, or transfected with the empty vector, were used. Following 1 min centrifugation of the homogenates at 10,000 g and 4°C, protein assessment according to [START_REF] Lowry | Protein measurement with the folin phenol reagent[END_REF], and denaturation, 30 µg of supernatant protein were loaded per lane. The D-glycerate kinase protein was identified in the Western blot using a mouse polyclonal antibody against full-length human GLYCTK protein (Abnova H00132158-B01). The secondary antibody was a goat-anti mouse antibody (horseradish peroxidase conjugate, Southern Biotech 1010-05). For comparison, signal intensities were compared after reincubating the blot with a rabbit polyclonal antibody against the housekeeping enzyme GAPDH (Gene Tex, GTX100118). Here, the secondary antibody was a goat-anti rabbit 

Assessment of D-glycerate kinase activity

Immediately after thawing on ice, transfected HEK293 cells were homogenized in the cold.

For stabilization of the D-glycerate kinase and in order to bind enzyme-inhibiting calcium present in commercially available D-glycerate, 50 µM glycerate and 1 mM EGTA were added to 10 mM potassium buffer (pH 7.1) used for homogenization [START_REF] Van Schaftingen | D-Glycerate kinase deficiency as a cause of D-glyceric aciduria[END_REF].

Following 1 min of centrifugation at 10,000 g and 4°C the resulting supernatant was directly submitted to enzyme activity testing. Only two samples were investigated at the time, in order to analyze the samples within 5 min after the homogenization, as indicated in order to minimize degradation of the enzyme (van Schaftingen 1989). Enzyme activity was determined with a coupled assay [START_REF] Van Schaftingen | D-Glycerate kinase deficiency as a cause of D-glyceric aciduria[END_REF] 

D-glycerate in body fluids

The determination of urinary organic acids, a fundamental diagnostic test in the diagnostic work-up of a suspected inborn error of metabolism, revealed an abnormal pattern for the investigated patients. High concentrations of glyceric acid were detected, which is normally undetectable.

For patient A, deceased more than 30 years ago, no body fluids were available anymore for new analyses. However, for this patient D-glyceric acid concentrations of 1.0 to 1.3 mM in plasma (normal: not detectable) and 24-hour urinary excretion with ranges of 14 -23, 46.1 -62.2 and 25.0 -85.0 mmol have been reported previously [START_REF] Brandt | D-glycericacidaemia and non-ketotic hyperglycinaemia. Clinical and laboratory findings in a new syndrome[END_REF][START_REF] Kølvraa | In vivo studies on the metabolic derangement in a patient with D-glyceric acidemia and hyperglycinemia[END_REF]. We found elevated urinary glyceric concentrations of 9.32 mol/mol creatinine in a sample of patient B, 11.3, 8.61 and 18.6 mol/mol creatinine in three samples of patient C (normal: not detectable); all glyceric acid was in the D-form. For patient C, the glyceric acid analysis in a serum sample yielded 1 mM glyceric acid.

Mutations in the GLYCTK gene

All three patients presented with homozygous mutations in exon 5 of the GLYCTK gene encoding D-glycerate kinase, but no other mutations (Figure 1).

In patient A the mutation c.1448delT was identified, which predicts a frameshift resulting in premature stop of translation (p.Phe483SerfsX2). Child B presented with a homozygous missense mutation c. 1478T>G, resulting in an amino acid exchange p.Phe493Cys. In the third patient (C) a frameshift mutation c.1558delC was revealed, which suggests a massively altered, overlong product of protein synthesis (p.Leu520CysfsX108), which is probably prone to degradation. Analyses of DNA of the mother of individual B and of both parents of patient C revealed that the parents were heterozygous for the mutations. In contrast, none of 107 control samples (214 chromosomes) showed any of the three mutations. 

Expression analysis of the GLYCTK gene in HEK293 cells

Transfection of HEK293 cells with the vector carrying the cDNA reference sequence of GLYCTK resulted in a major signal in the Western blot analysis, which was much stronger than the faint band to be seen with the mock control (Figure 2; lanes 1,2,6).

Western blot data were confirmed by results of enzyme activity tests which raised enzyme activity from trace amounts < 0.5 µmol min -1 g -1 protein to 30.7 µmol min -1 g -1 protein (Figure 3). For the recombinant human enzyme analyzed in HEK293 cell homogenate we obtained a K m value of 0.1 mM (mean of two independent transfection series). In contrast, expression of any of the three mutated forms of GLYCTK, c.1448delT, c. 1478T>G and c.1558delC, yielded neither an enhanced signal for GLYCTK in Western blot analysis nor activity in the enzyme activity test.

Discussion

Although several reports on D-glyceric aciduria have been published between 1974 and 2002, the molecular basis of this inborn error of metabolism has remained obscure. D-glycerate dehydrogenase deficiency was excluded as an underlying cause and convincing evidence is lacking for ascribing D-glyceric aciduria to triokinase deficiency (see Introduction). In contrast, activity testing of D-glycerate kinase which van Schaftingen has performed in the liver of a single patient with D-glyceric aciduria [START_REF] Van Schaftingen | D-Glycerate kinase deficiency as a cause of D-glyceric aciduria[END_REF], suggested that this may be the key enzyme. However, for more than twenty years those investigations have not been continued. The molecular basis of D-glyceric aciduria remained to be elucidated. We have now expressed the GLYCTK enzyme in a human expression system. Protein size, immunoreactivity and enzyme activity of cell homogenate confirmed that this approach has been successful. The K m value for D-glycerate which we have obtained (0.1 mM) is compatible with the wide range of values reported earlier for the liver enzyme of different [START_REF] Van Schaftingen | D-Glycerate kinase deficiency as a cause of D-glyceric aciduria[END_REF] and -applying acetone powder -2.5 -3.5 mM [START_REF] Thieden | Effect of fructose and gkyceraldehyde in ethanol metabolism in human liver and rat liver[END_REF] for human liver, 0.03 mM [START_REF] Thieden | Effect of fructose and gkyceraldehyde in ethanol metabolism in human liver and rat liver[END_REF] and 0.3 mM [START_REF] Holzer | Anreicherung, Charakterisierung und biologische Bedeutung einer D-Glyceratkinase aus Rattenleber[END_REF] for rat liver, 2.4 mM for horse liver [START_REF] Ichihara | Studies on the purification and properties of the Dglyceric acid kinase of liver[END_REF]. Archaea and bacteria which possess class II glycerate kinases (like animals do), have been reported

with K m values of several hundreds of µmol/l [START_REF] Kehrer | Glycerate kinase of the hyperthermophilic archaeon Thermoproteus tenax: new insights into the phylogenetic distribution and physiological role of members of the three different glycerate kinase classes[END_REF]. As noted already by [START_REF] Ichihara | Studies on the purification and properties of the Dglyceric acid kinase of liver[END_REF] and by van Schaftingen (1989) for hepatic D-glycerate kinase, the enzyme is quite labile. We can confirm this experience for the recombinant enzyme.

Rapid processing of the samples proved to be important for reliable analyses, as they are needed for the evaluation of the biological impact of sequence variations in the GLYCTK gene.

Sequencing of the GLYCTK gene in three unrelated patients with D-glyceric aciduria revealed mutations in exon 5 which will affect the N-terminus of the protein and have not been reported before. For patient A, a mutation (c.1448delT) was identified, which predicts a frameshift resulting in premature stop of translation (p.Phe483SerfsX2), which may yield a translation product which is prone to immediate degradation. In agreement with such a consequence, the protein was neither detected in Western blot analysis performed with an antibody raised against the full-length protein, nor resulted its expression in HEK293 cells in detectable GLYCTK enzyme activity. protein that was detectable in the immunoassay and completely abolished GLYTK activity.

An ENSEMBL search for domains of the GLYCTK protein indicated that its amino acids 401 -514, i.e., the part directly affected by the mutations found in patients A and B, form a MOFRL ("multi-organism fragment with rich leucine") domain. Since this is characteristic for class II glycerate kinases, which comprise animal glycerate kinases, [START_REF] Kehrer | Glycerate kinase of the hyperthermophilic archaeon Thermoproteus tenax: new insights into the phylogenetic distribution and physiological role of members of the three different glycerate kinase classes[END_REF] it may be well be that sequence variations in this part of the protein affect enzyme function and/ or stability.

In the third patient (C) a frameshift mutation c.1558delC was identified which results not only in the replacement of a evolutionary conserved branched-chain amino acid residue by cysteine, but encodes elongation of the translation product by more than 100 amino acids, which suggests that no stable protein will be formed. Indeed, GLYCTK protein was not detected in the immunoblot or in the enzyme activity test.

14 tentatively protein coding transcripts of the GLYCTK gene are listed in NCBI and EBSEMBL data bases. However, except for transcript variant 1, which we have now expressed in HEK293 cells, no enzyme activity derived from another GLYCTK transcript has been reported. Notably, any of the three mutations in exon 5 which we have identified, has resulted in the loss of detectable protein and enzyme activity, including the missense mutation p.Phe493Cys. Hence, it is not surprising if transcript variants presenting with sequence variations or deletions affecting exon 5 will not result in functional protein. [START_REF] Sorek | How prevalent is functional alternative splicing in the human genome?[END_REF], aberrant rather than regulated splicing can account for many of such transcript variants.

Excretion of D-glyceric acid in the patients reported here resembled the range of values previously reported for most other children with D-glyceric aciduria [START_REF] Wadman | D-Glyceric acidemia in a patient with chronic metabolic acidosis[END_REF][START_REF] Grandgeorge | L'acidémie D-glycérique: a propos d'une nouvelle observation anatomo-clinique[END_REF][START_REF] Duran | D-glyceric acidemia: an inborn error associated with fructose metabolism[END_REF][START_REF] Fontaine | Biochemical contribution to diagnosis and study of a new case of D-glyceric acidemia/aciduria[END_REF][START_REF] Bonham | D(+)-glyceric aciduria: etiology and clinical consequences[END_REF], thus rendering patients A, B and C quite typical representatives of children with D-glyceric aciduria. Interestingly, mutations could be identified in all three individuals in whom we have identified D-glyceric aciduria. Thus, we provide no evidence for genetic heterogeneity of Dglyceric aciduria. Segregation analyses revealed that all parents studied were heterozygous carriers of the mutations, which is compatible with an autosomal recessive trait of inheritance.

D-glyceric aciduria has been identified in patients of various ethnic origins. However, knowledge about D-glyceric aciduria is very limited. This may not only reflect that standard protocols used for the assessment of urinary organic acids may show rather low sensitivity for glyceric acid and that this disorder therefore may be underdiagnosed. In addition, the limited diagnostic options beyond invasive liver biopsy can have prevented detailed investigations. In Human Mutation

  had homozygous mutations in exon 5 of the GLYCTK gene encoding D-glycerate kinase: Leu520CysfsX108). Transient overexpression of the variant GLYCTK genes in HEK293 cells clearly showed loss of enzyme activity and immunoreactivity when compared to the reference enzyme. Our work has revealed mutations in the GLYCTK gene as the cause of Dglycerate kinase deficiency and D-glyceric aciduria and provides a non-invasive approach for further diagnostic work-up and research.

  the patient first described by[START_REF] Brandt | Hyperglycericacidaemia with hyperglycinaemia: A new inborn error of metabolism[END_REF] and in two newly diagnosed children with D-glyceric aciduria.

  insufficiency with complete absence of TSH, hGH, ACTH, cortisol, sexual hormones and prolactin and agenesis of the hypophysis on MRI (empty sella), which was explained by a homozygous mutation in the HESX1 gene (Prof. Pfäffle, Leipzig, Germany). Both adrenal glands were not detected in ultrasound investigations. A basic metabolic work-up yielded an elevated signal of glyceric acid in the analysis of urinary organic acids, but no oxalic aciduria.

  exon-intron boundaries of the GLYCTK gene of the patients were amplified by PCR and prepared for direct sequencing by a commercial provider (LGC Genomics, Berlin, Germany). Primer sequences and PCR conditions are available upon request. DNA sequences were analyzed using CodonCode Aligner software (CodonCode Coporation, Dedham, MA, USA). Nucleotide numbering reflects cDNA numbering with +1 corresponding to the A of the ATG translation initiation codon in the GenBank reference sequence NM_145262.3, according to journal guidelines (www.hgvs.org/mutnomen). The initiation codon is codon 1. The corresponding reference intron sequence is available from GenBank file NG_023246.1.

  vector pCMV6-AC was obtained from Origene (cat. no. SC319873). It was used for transformation of DH10B competent cells (Invitrogen). The Stratagene QuickChange sitedirected mutagenesis kit was applied to introduce alternatively the mutations c.1448delT, c.1478 T>G and c.1558delC into the GLYCTK cDNA sequence carried by the vector pCMV6-AC. Successful mutagenesis was confirmed by sequence analysis. Subsequently, the different GLYCTK cDNA sequences were cloned into the mammalian expression vector pCDNA3.1(+) (Invitrogen) via the restriction sites HindIII and XhoI.

  Cell culture and transfection of HEK293 cellsExpression studies for GLYCTK cDNA reference sequence, GLYCTK cDNA with any of the three mutations or the empty vector (mock control) were performed in human embryonic kidney cells of the cell line HEK293. HEK293 cells were purchased from DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany) and cultivated in DMEM (Dulbecco's Modified Eagle's Medium) supplemented with 10 % heatinactivated fetal bovine serum and antibiotic-antimycotic no. 15240 (all from Gibco).

  peroxidase conjugate, Southern Biotech 4010-05). Molecular weights of proteins were estimated using the Biorad protein standard cat.no. 161-0374.

  Child B presented with a homozygous missense mutation c.1478T>G, resulting in an amino acid exchange p.Phe493Cys. Neither this (nor any other of the patients' mutations) has been detected in 214 control chromosomes, most of them with a similar ethnic background than patient B. This makes it unlikely that the missense mutation simply represents a polymorphism. The high degree of conservation of the phenylalanine residue 493 next to a second phenylalanine advocates for a functional role of this residue. All vertebrates studied (Figure4). Even in fruit fly and nematode one phenylalanine residue is still present and the other replaced only by another aromatic amino acid, tyrosine or tryptophan. Like the frameshift mutations the amino acid exchange p.Phe493Cys yielded no

  view of the heterogeneous clinical presentation of children with D-glyceric aciduria, further work is needed to clarify whether D-glycerate kinase deficiency is a disease or a merely biochemical variant. It is possible that D-glycerate kinase deficiency has consequences later in life, perhaps as a predisposing factor. Long-term follow-up studies with a greater number of individuals may be required to detect such effects; observations on the basis of three pediatric patients alone may not be sufficient. Our finding that homozygous mutations in the GLYCTK gene cause D-glycerate kinase deficiency and D-glyceric aciduria, opens the opportunity to learn more about this inborn error of metabolism. Mutation analysis in the GLYCTK gene provides a non-invasive tool for confirmatory tests as well as for epidemiological studies.
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F

  Figure 3 419x593mm (150 x 150 DPI)

  

  For determination of the K m value, variable substrate concentrations of up to 1mM D-glycerate were applied, otherwise the concentration of D-glycerate was 1 mM. The protein concentrations of the samples were determined by the Lowry method using bovine serum albumin as the standard(Lowry et al., 
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. Within this assay, 2-phosphoglycerate formed from D-glycerate is converted to pyruvate by added enolase and pyruvate kinase. In order to increase sensitivity, we monitored NADH-dependent reduction of pyruvate to lactate (catalyzed by lactate dehydrogenase) not in a photometric assay, but by fluorescence analysis in a BioTek Synergy HT microplate reader (excitation 360 nm, emission 460 nm).

Table 1 :

 1 Previously reported patients with D-glyceric aciduria Turkish girl, hypotonia and feeding difficulties noted at 2 months, first generalized seizures at 1 year of age; at 3 years severe spastic tetraplegia, profound encephalopathy and hypotrophy[START_REF] Fontaine | Biochemical contribution to diagnosis and study of a new case of D-glyceric acidemia/aciduria[END_REF][START_REF] Largillière | D-glyceric acidaemia: clinical report and biochemical studies in a patient[END_REF] 13-year-old Asian boy with mild speech delay and microcephaly, normal school[START_REF] Bonham | D(+)-glyceric aciduria: etiology and clinical consequences[END_REF] 5-year-old Asian boy with mild speech delay and microcephaly, normal school[START_REF] Bonham | D(+)-glyceric aciduria: etiology and clinical consequences[END_REF] 9-year-old Asian girl, considered developmentally normal, normal school[START_REF] Bonham | D(+)-glyceric aciduria: etiology and clinical consequences[END_REF] 7-year-old Asian girl, considered developmentally normal, normal school[START_REF] Bonham | D(+)-glyceric aciduria: etiology and clinical consequences[END_REF] Boy from Turkey, infantile spasms, autistic behaviour and white matter lesions with cerebral atrophy[START_REF] Topcu | D-glyceric aciduria in a six-month-old boy presenting with West syndrome and autistic behaviour[END_REF] 
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